Dynamics of an excitation-transfer trimer:
Interference, coherence, Berry’s phase
development, and vibrational control of
non-adiabaticity @

Cite as: J. Chem. Phys. 158, 124307 (2023); https://doi.org/10.1063/5.0139174
Submitted: 18 December 2022 + Accepted: 28 February 2023 « Published Online: 24 March 2023

Jeffrey A. Cina

COLLECTIONS

Chemical Physics

Yo
o
©
c
-
-
O
ﬂ
Q
A o
-

Note: This paper is part of the JCP Special Topic on Celebrating 25 Years of Two-Dimensional Infrared (2D IR)
Spectroscopy.

@ This paper was selected as an Editor's Pick

G
@

Time to get excited.

Lock-in Amplifiers —from DC to 8.5 GHz

— - Praveapeeren | . |
BERLEL™ | - N\ # Zurich
/ AIP =5 S N\ Instruments
/. Publishing
3. Chem. Phys. 158, 124307 (2023); https://doi.org/10.1063/5.0139174 158, 124307

© 2023 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=2023708&setID=378408&channelID=0&CID=740896&banID=520944490&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=3baaf36e92ffc5850302086a0099c51d2f33b374&location=
https://doi.org/10.1063/5.0139174
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=jcp
https://doi.org/10.1063/5.0139174
https://orcid.org/0000-0002-3637-2995
https://aip.scitation.org/author/Cina%2C+Jeffrey+A
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=jcp
https://doi.org/10.1063/5.0139174
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0139174
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0139174&domain=aip.scitation.org&date_stamp=2023-03-24

The Journal

of Chemical Physics ARTICLE

scitation.org/journalljcp

Dynamics of an excitation-transfer trimer:
Interference, coherence, Berry’s phase
development, and vibrational control

of non-adiabaticity @

Cite as: J. Chem. Phys. 158, 124307 (2023); @ ﬂ]
Submitted: 18 December 2022 + Accepted: 28 February 2023
Published Online: 24 March 2023

Jeffrey A. Cina

AFFILIATIONS

Department of Chemistry and Biochemistry, Oregon Center for Optical, Molecular, and Quantum Science,
University of Oregon, Eugene, Oregon 97403, USA

Note: This paper is part of the JCP Special Topic on Celebrating 25 Years of Two-Dimensional Infrared (2D IR) Spectroscopy.
Author to whom correspondence should be addressed:

ABSTRACT

We detail several interesting features in the dynamics of an equilaterally shaped electronic excitation-transfer (EET) trimer with distance-
dependent intermonomer excitation-transfer couplings. In the absence of electronic-vibrational coupling, symmetric and antisymmetric
superpositions of two single-monomer excitations are shown to exhibit purely constructive, oscillatory, and purely destructive interference
in the EET to the third monomer, respectively. In the former case, the transfer is modulated by motion in the symmetrical framework-
expansion vibration induced by the Franck-Condon excitation. Distortions in the shape of the triangular framework degrade that coherent
EET while activating excitation transfer in the latter case of an antisymmetric initial state. In its symmetrical configuration, two of the three
single-exciton states of the trimer are degenerate. This degeneracy is broken by the Jahn-Teller-active framework distortions. The calculations
illustrate closed, approximately circular pseudo-rotational wave-packet dynamics on both the lower and the upper adiabatic potential energy
surfaces of the degenerate manifold, which lead to the acquisition after one cycle of physically meaningful geometric (Berry) phases of 7.
Another manifestation of Berry-phase development is seen in the evolution of the vibrational probability density of a wave packet on the lower
Jahn-Teller adiabatic potential comprising a superposition of clockwise and counterclockwise circular motions. The circular pseudo-rotation
on the upper cone is shown to stabilize the adiabatic electronic state against non-adiabatic internal conversion via the conical intersection,
a dynamical process analogous to Slonczewski resonance. Strategies for initiating and monitoring these various dynamical processes exper-
imentally using pre-resonant impulsive Raman excitation, short-pulse absorption, and multi-dimensional wave-packet interferometry are
outlined in brief.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION explored in computational simulations and sophisticated ultra-

fast experiments, with many of the latter representing reveal-

From the earliest years of chemical physics, the paradig-
matic process of electronic excitation transfer, involving, as it
does, a complex interplay between electronic and nuclear dynam-
ics, has been a perennial subject of experimental and theoretical
investigation. *~ Many theoretical studies have focused on electronic
energy transfer (EET) in molecular dimers embedded in condensed-
phase media.” "~ The transport of electronic excitation energy in a
wide array of chromophoric multimers, including those responsi-
ble for natural solar-energy harvesting in photosynthesis, has been

ing applications of multi-dimensional electronic spectroscopy.
Some of this work has led to worthwhile, extended conversations
on the role of various types of coherence in electronic excitation
transfer.

While certain interesting features of energy-transfer in molec-
ular trimers have been identified, symmetric (including equilateral)
EET homo-trimers, in particular, do not appear to have been char-
acterized as rigorously and comprehensively as dimers. Beyond its
inherent interest as a molecular process in the smallest multimeric
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host, excitation transfer in a cyclic trimer can be regarded as a
model for EET dynamics in circular photosynthetic light-harvesting
complexes.'”'® This paper aims to provide a useful illustration of
some of the unique dynamical processes that can occur in trimers
and, by extension, in other small symmetrical EET systems. The
experimental implementation of several of the dynamical processes
considered here would rely on the ability to address, via laser-
polarization selection, individual monomers within the complex
having transition dipole moments that are not parallel with others.
However, it is possible that similar processes could be observed in
small arrays of trapped atomic ions,” ** utilizing direct excitation
with tightly focused laser beams.

The main text of this paper begins by introducing the
Hamiltonian operator for an equilateral triangular trimer with
intermonomer distance-dependent electronic excitation-transfer
couplings. Normal coordinates are identified, which comprise
symmetric expansion and contraction of the trimer, along with
shape-changing coordinates responsible for scalene and isosceles
distortions. The electronic Hamiltonian is broken down into por-
tions that exclude and include the effects of changes in the EET
coupling due to the distortion coordinates. The former portion is
diagonalized to obtain singly excited exciton states that prove use-
ful for further description. Two of these single-exciton states are
found to be degenerate and subject to Jahn-Teller splitting through
the latter portion of the Hamiltonian when framework distortions
break the equilateral symmetry. To facilitate selective excitation and
probing, the monomers are ascribed to have mutually perpendicular
electronic transition dipole moments.

Section I1I explores the effects of multi-path interference in the
electronic excitation transfer from the initial singly excited states
comprising coherent superpositions of different site-excited states.
In the absence of asymmetric framework-distortion dynamics, the
sum and difference superpositions of two site-states are shown to
exhibit an oscillatory excitation transfer to the third monomer,
due to constructive interference, and no excitation transfer to
the third monomer, due to destructive interference, respectively.
Framework-distortion dynamics is then shown to diminish the exci-
tation transfer from the sum state and to enable excitation transfer
from the difference state.

With an eye toward molecular geometric-phase development,
nearly adiabatic dynamics on the trimer’s lower Jahn-Teller sur-
face is considered in the section after that. A practical explanation
is provided of how the adiabatic electronic eigenstates of spatially
varying composition can be made to change continuously and ren-
dered single-valued with respect to the nuclear coordinates. Further
exposition is given of how, using polarization selection, a nuclear
wave packet can be launched on a chosen excited adiabatic potential
from a moving ground-state packet. Cyclic distortion-mode pseudo-
rotation about the conical intersection, a desired state of motion
for the direct experimental observation of geometric/Berry-phase
acquisition,” " is illustrated. A less direct physical manifestation
of geometric-phase accumulation is demonstrated in the destructive
interference between superposed clockwise- and counterclockwise-
moving packets upon their completion of half-odd numbers of
pseudo-rotational cycles.

The possible exertion of dynamical control over the non-
adiabatic transitions from the trimer’s upper to its lower Jahn-Teller
surface is the last topic considered. Based on an analogy with the
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stabilization against the non-adiabatic decay of the upper-surface
Born-Oppenheimer-like molecular eigenstates of large pseudo-
rotational angular momentum, which are known to exhibit
Slonczewski resonances,’”® we investigate the time-evolution of
pseudo-rotating upper-surface wave packets whose motion circles
the intersection point. Time-dependent states of this kind are con-
trasted with upper-surface wave packets of similar vibrational energy
that undergo linear motion and, at first, move away from the conical
intersection, at the cost of passing through it afterward.

In a concluding discussion, we entertain the prospects for
experimental tests of the various predicted dynamical processes
using multi-dimensional wave-packet interferometry and other
ultrafast spectroscopic methods. The necessary future elaborations
of the illustrative trimer model are also briefly outlined, and the
connections with the work of others are discussed.

Il. MODEL TRIMER

We employ a simple model of an equilaterally shaped
excitation-transfer trimer in order investigate the effects of dynam-
ical changes in the size and shape of a symmetrical complex
upon multi-path interference in energy transfer, geometric-phase
acquisition, and non-adiabatic decay during coherent pseudo-
rotation within a Jahn-Teller-active degenerate manifold of singly
electronically excited states. The trimer, shown schematically in
Fig. 1, comprises identical molecular chromophores 4, b, and ¢,
each with ground and excited electronic levels g and e. We denote
the eight electronic site-states of the trimer as |G) =|ggg),
|A) = legg),  [B) = lgeg), |C) = |gge), |A) =[gee), |B) = lege),
|C) = |eeg), and |E) = |eee). The monomers are confined to a
plane and separated by a mass-weighted distance L at their equilib-
rium positions in the G-state. They are bound together by pairwise
harmonic potentials of frequency Q, with \/f/2Q <« L. We assume
that the coupling strength for energy transfer between excited and
unexcited monomers, J(R;j) = J, + J,(R; — L), depends linearly on
distance in the same way, whether or not the third monomer is
electronically excited.

Starting with a system of two-dimensional Cartesian coordi-
nates for the location of each monomer, carrying out a normal-mode

LD

FIG. 1. Energy-transfer trimer whose monomers are arranged in an equilateral
triangular configuration with nonparallel (here, mutually perpendicular) transition
dipole moments.
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analysis, and discarding the overall translational and rotational
modes lead to the trimer Hamiltonian

T
H-= pr + Ho(q). (1)

The components of the vectors,

psym qsym
p: pscal and q= scal |» (2)
Pisos isos

are the normal momenta and coordinates for symmetric expan-
sion, and the scalene and isosceles distortions of the three-monomer
framework are shown in Fig. 2. These correspond to the familiar
vibrational modes of an equilateral triatomic molecule.

The electronic Hamiltonian is given by

H,(q) = Ho(q) + Hi(q). (3)

In the first term of Eq. (3), mixing among the singly and doubly
excited site-states is symmetrical,

2 2
Wy w
sym 2 2 2
2 Gsym + ) (qscal + qisa:)

+v(|A)(A[ +[B)(B| +[C){C])

+0(JA)(A] +|B)(B| +|C)(CI) + D |E)E|

+ o + 11gsym) [(IB)(A] +[C){B[ + |A)(C]|

+|A)(B| + [B)(C| +|C)(A]) + Hc] (4)

Ho(q) =

where wgm = V3Q and w-= \/g Q are the symmetric- and
distortion-mode frequencies, respectively, and the upsilons are bare
electronic energies. The second term in Eq. (3) accounts for the
effects upon excitation transfer of differing changes in the inter-
monomer distance within the a-b, b—c, and c-a pairs due to scalene
and isosceles distortions,

H1(q) :_]lqtsas[(|B)<A|+|A>< | +HC]

+]1( qscal+ qiSDS) |C B‘ ‘B C|)+HC]

+]( Gscal + %sos)[(|A C| ‘C A|)+HC] (5)

- N~  / S 7

Goym Gicar Gisos
N J

w=032)"2Q

—312
w,,,= 3" Q

FIG. 2. Normal coordinates of the excitation-transfer trimer, including the
nondegenerate symmetric vibration and the degenerate framework-distortion
modes.
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While H; (g) will not be treated through a perturbation-theory
expansion, it is, nonetheless, useful to determine the eigenstates of
Ho(q). In this paper, the focus will be on the unexcited and singly
excited electronic states. The electronic ground state |G) remains an

Doym 2

eigenket of Ho(q), with energy ec(q) = =" qeym +
excited eigenkets of Ho(q) are the excitonic states

“’72 p?. The singly

1 I _jln iz
|+):%(|A)elz +[B) e +|C)e ), ()

[4) e + [B) ¢+ [C) e'F), )

\—%7(

and

10) = %<|A> +[B)+[C)), (8)

with energies

2 2
€+(q) =€- (Q) =v+ qsym P2 - (]0 + IIQSym) 9)

and

o>
€0(q) = U+ stm PZ +2(]0 +]lqsym)~ (10)
We have introduced cylindrical distortion-mode coordinates with
Qa1 = pcos@ and g, = psin . It is interesting to observe that the
eigenkets of Ho(q) given in Eqgs. (6)-(8) remain independent of the
nuclear coordinates g.

Within the space spanned by the ground and singly excited
states, the zeroth-order electronic Hamiltonian can now be
written as

1G)ec(q)(Gl+ ) |o)es(g) (o (11)

0=0,+

Ho(q) =

Writing the first-order electronic Hamiltonian in the exciton basis,

Hi(q) = ip([+){~le™ + |-)(+[e")
2P0} e+ 1-MoDe ™ v He]. (12)

reveals that the triangular symmetry-breaking distortions effect
a Jahn-Teller coupling within the degenerate plus/minus exciton
manifold and also couple the degenerate and nondegenerate exci-
tonic states. The former effects will be larger than the latter, as
the splitting between the degenerate and nondegenerate excitonic
manifolds goes as ~3(Jo + J1qsym ), which is assumed to be larger than
Jip-

In the electronic subspace spanned by the ground and singly
excited states, the dipole moment operator is given by

= o+ o+
= uea(|A)(G| +|G){A]) + ue, (IB)(G| +|G){BI)
+ pec(|C)(G] +[G)(C]). (13)
For present purposes, the unit vectors e, e;, and e, are taken to be

mutually perpendicular, but any symmetrical arrangement in which
they span three-dimensional space would suffice.
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I1l. WHICH-PATH INTERFERENCE IN EXCITATION
TRANSFER

The model trimer provides a test-bed for studying multi-path
interference in electronic excitation transfer. From the sum and
difference superposition states %(|A) +|B)) and %(|A) -|B)),
for instance, one might anticipate constructive and destructive
“two-slit” interference, respectively, in energy transfer to monomer
c. Those initial states could be prepared by short-pulse absorption
with the respective laser polarizations % (es+ep)and % (ea —ep).
The situation will be complicated by the simultaneous occurrence of
a — band a < b excitation transfer, however. Interesting effects are
also to be expected from the Franck-Condon activation of the sym-
metric and distortional framework vibrations following the short-
pulse electronic excitation, which, through the distance-dependence
of the EET couplings, influence the intermonomer electronic energy
transfer.

Figure 3 plots the time-evolution of the C-state population
under %pr +Hy(q) (gray) and %pr +Ho(q) + Hi(q) (black),
starting from the normalized sum of site-states A and B times
the nuclear ground state |Osym)|Oscar)|Oisos). These and the other
calculations in this section were carried out by diagonalizing the
trimer Hamiltonian in a basis of excitonic states and 1D eigen-
states for the symmetric, scalene, and isosceles vibrations repre-
sented on uniformly spaced discrete position grids. The zeroth-order
EET coupling constant was assigned the value J, = 8. The para-
meter determining energy transfer’s distance dependence was set to

T = -V 2RQ°.

Both calculations exhibit episodes of coherent out-and-back
population of the C-state at frequency ~3Jy/h, corresponding to
the approximate splitting between degenerate and nondegenerate
exciton states. Even in the absence of the distortion-mode dynamics
governed by H(q), coherent population transfer is turned off and
on at frequency wsym as a result of the periodic loss and regaining
of the overlap between the symmetric-mode wave functions

1
[W(0)>= E( |A>+|B> )|Osymoscaloisos>

0.8

o
o

C-state population
o
S

I
(S

0.0t!
0.0 0.5 1.0 1.5 2.0 2.5

t x (Q/217)

FIG. 3. Population of the C-state as a function of time, starting from a symmetric
superposition of the A and B electronic states. Dynamics excluding (including)
dependence of the EET coupling elements on the framework-distortion modes is
shown in gray (black).
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accompanying the degenerate and nondegenerate excitonic
components, due to their differing Franck-Condon displacements
(h/ wfym and -2J,/ wfym, respectively) in the symmetric framework-
expansion vibration [see Egs. (9) and (10)]. The maximum C-state
population is seen to be about 0.89, rather than unity.

These features can be understood by using Eqs. (6)-(8) to write

e L \/5 o), (14)

|A) - B)

7 €), (15)
and
€)= ﬁ &)+ 510 (16)
Here,
= (1 + 1)) (17)
and
= S5 (1t 4 1) (18)

are alternative eigenkets of Ho(q) with energies e;(q) = €z(q)
= e.(q) [see Eq. (9)]. The probability amplitude in C starting from
the sum-state becomes

(C¥sum (1))

_it[1,T 1
- <C|e # (3 prHo (@)1 (9)] ﬁ(lA) + IB))IOSymoszisas>

> g{e‘%[%fpm(q)] _ (E|e—%[§PTP+65<q)+Hn(q)]|g)}

X |Osym Oscaloisas): (19)

where, in the second equality, we have neglected the small effects
by which H; couples the degenerate and nondegenerate excitonic
manifolds. Neglecting H; altogether, as in the gray curve of Fig. 3,
gives an approximate C-state population,

(¥ ()ONCIE (1)

4 i3 w1 1
= §{1 — Re[ei;yo (Osym|ehr(;Pfym+;wfqusz)'m+2hq”m)
_u(L LT U )
x e~ 1\ 2Pym™ 2 Ysymsym =1 dym |05ym>:|}’ (20)

which can be evaluated analytically. A key point is that the C-state
population becomes 8/9 = 0.888, rather than unity, when the wave-
packet overlap in square brackets takes the value —1. The diminution
over time of the bursts of oscillatory excitation transfer, seen in
the black curve of Fig. 3, results from the degradation of the sec-
ond term in braces in Eq. (19) by Jahn-Teller dynamics in the
framework-distortion modes.

Since the electronic portion of the difference superposition
state,
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ay(0)) = 4L

‘Osymoscaloisos) = |z)|05ym Osculoisos)) (21)

is orthogonal to both |¢) and |0), the excitation transfer to site ¢ can-
not occur in the absence of coupling to the framework distortions, as
shown by the dashed line in Fig. 4. Nuclear motion at the symmetric-
and distortion-mode periods of Q/wsm = 0.577 and Q/w = 0.816,
respectively, is evident in the solid curve of Fig. 4, which includes
distortional effects on the EET coupling, along with a delayed onset
of a small amount of coherent excitation exchange at the frequency
~3Jo/h.

It will perhaps be worthwhile in future studies to con-
sider whether the electronic coherence in a multi-chromophoric
array,”” imposed externally by exciting-laser polarization, could
be used to influence the directionality of the excitation trans-
fer to a targeted acceptor by a near-field mechanism akin to
wave-vector matching. In an interesting recent report, Tomasi and
Kassal®” investigated the effects of the initial intersite vs interex-
citon coherence upon the relative efficiency of recombination and
excitation-trapping in multi-chromophore systems characterized by
site-based or exciton-based dissipation. Cao and Silbey'’ exam-
ined cases of varied signs of coupling elements within a trimeric
excitation donor as an illustration of their general theory of exci-
tation transfer and trapping kinetics. As an application of his
polaronic quantum master equation theory, Jang treated a case of
donor-bridge-acceptor excitation transmission.”! A recent report
by Engelhardt and Cao'’ explores the effects of both dephasing
and the Aharonov-Bohm effect on the steady-state current- and
waiting-time distribution of electron transport through a three-site
mesoscopic system. In another study, Hossein Nejad et al.*’ evalu-
ated the effects of the interference between the direct and indirect
pathways on the excitation transfer between donor and acceptor
chromophores.

Thorough studies of multi-path interference in molecular elec-
tron transfer have led to the conclusion that Coulombic interactions
with moving charges tend to leave a strong enough imprint on

1
[¥(0)>= E( |A>-|B> )losymoscaloisos>

o
-
o

C-state population

o
o
a

FIG. 4. Population of C starting from a difference-state superposition of A and
B. Dynamics excluding (including) the dependence of the EET coupling on the
framework-distortion modes is plotted with a dashed (solid) line.
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the surrounding medium to record its path and thereby extin-
guish the quantum mechanical interference effects in the transfer
probability. """

IV. NEARLY ADIABATIC DYNAMICS ON THE LOWER
JAHN-TELLER SURFACE

Section III considered the evolving populations in different
excitonic or site states, fixed singly excited electronic states whose
identities do not change with the size and shape of the trimer. In this
section and the next one, we examine the motion of nuclear wave
packets associated with different adiabatic electronic states, excited
states whose compositions are slaved to the nuclear configuration.

Adiabatic electronic eigenenergies and eigenkets are found
by diagonalizing the electronic Hamiltonian of Eq. (3) for vari-
ous nuclear arrangements q = (q,),,,» Gscap Gios)- 1217¢ 5 shows the

singly excited eigenenergies E, (q), E-(q), and Eo(q) as functions of
(dyear> 9is0s) for the value ggym = ]I/wfym; although it may not be obvi-
ous from the figure, these potential energy surfaces are not strictly
cylindrically symmetric, due to the terms in Hi(q) that couple
degenerate and nondegenerate excitonic states. While the Ey surface
resembles the harmonic distortion potential %wz (hu + Gioos) Of the
electronic ground state (absent in its slight departure from cylindri-
cal symmetry), E; and E_ participate in a conical intersection at the
equilateral configuration (g, 4;,,) = (0,0).

While the electronic eigenenergies E;(gq) and E;(q + dq) for
nearby nuclear configurations have similar values, the correspond-
ing adiabatic electronic states for adjacent configurations that are
returned by numerically diagonalizing H,;(q) may be given unre-
lated overall phase factors. In order to describe nuclear wave packets

Qscal / Prms

FIG. 5. Adiabatic electronic potential energy surfaces E+(J1/w§y,,,,qsca,,q,-sos)

(orange), E— (J1/wlym, Gscal, Gisos) (blue), and Eo(Jy/wdm, Gscar, Gisos) (green)
for the energy-transfer trimer. The bare electronic energy is assigned the value

v =200 hQ and pyms =/ N/2w.
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@ in radians

associated with different adiabatic potential energy surfaces, a rule
must be imposed on the coordinate-dependent phase of each |o(g))
that renders the electronic state single-valued and amenable to
numerical differentiation as a function of g.

To address this issue, we first solved the three-by-three elec-
tronic Schrodinger equation on a grid of nuclear configurations
q = (4y,,» p>¢) and then shifted the phases of the oth adiabatic elec-
tronic states for different nuclear configurations, starting from the
one at an arbitrary reference point g, so that each state has a pos-
itive, real-valued overlap (near unity) with adiabatic states of the
same electronic index for adjacent g values. As expected based on
the general analyses of adiabatic phase factors, it was found that this
procedure led to violations of single-valuedness: for ¢ = + or —, the
last adiabatic state in a closed, single-loop path around the point
of conical intersection differed in sign from the otherwise nearly
identical first state, a problem that was not encountered with the
nondegenerating [0(q) ).

This shortcoming was easily corrected on our spatial
grid, which utilizes cylindrical distortion-mode coordinates. The
coordinate-dependent states for o = + or — were multiplied by

phase factors ¢/("*2)¢ featuring an arbitrary half-odd multiple of
the azimuthal angle. As illustrated in Fig. 6, this strategy leads
to excited adiabatic electronic states that vary continuously with
nuclear configuration while maintaining single-valuedness.

Treating the dynamics of our model trimer with adiabatic elec-
tronic states and their accompanying nuclear wave packets does not
confer a significant computational advantage, as it could for a larger
system. It is physically illuminating, nonetheless, to describe the
initial-state preparation and subsequent evolution in those terms,
while calculating the time-dependent state by decomposing it in a
basis of vibronic eigenstates.

To this end, we find the eigenstates and energies of the full
trimer Hamiltonian of Eq. (1), within the singly electronically
excited manifold, in a basis of excitonic states and one-dimensional
symmetric-mode and radial and angular distortion-mode nuclear
eigenstates appropriate to the electronic ground state, with each of
the nuclear factors being sampled on the same grid over which adia-
batic electronic states are evaluated above. It is, then, straightforward
to express a chosen initial state of the trimer as a superposition
of eigenfunction components and take an inner product with a

=== Re[(C|-(¢])]
""" Re[(C|0(¢))]

ARTICLE scitation.org/journalljcp

FIG. 6. Real part of the amplitude of
each of the singly excited adiabatic elec-
tronic eigenstates in the site-state C.
The curves manifest the continuity and
single-valuedness of | +(q)), | —(q)),
and [0(q)) along closed paths from
¢ =0 to 27 (with sym = J1/w3,, and
p = —J1/w?), which, in the first two
instances, encircle a conical intersection.

Re[(Cl+(¢))]

particular adiabatic electronic eigenstate at any later time to find the
associated time-propagated nuclear wave packet.

A. Cyclic shape-changes: Coherent pseudo-rotation

The change in the sign of the electronic wave function upon
adiabatic encirclement of a conical intersection,””"’ which can
be equivalently described as the development of a Berry phase
equal to 7,””" has long been a subject of interest in molecular
physics. Cina, Smith, and Romero-Rochin put forward a strategy for
directly tracking the time-development of this nontrivial geometric
phase.”” " Their approach, which has not yet been implemented,
relies on the short-pulse electronic excitation of a pseudo-rotating
nuclear wave packet with pairs of phase-locked laser pulses of
variable intrapulse-pair delay. A copy of this wave packet gener-
ated by one sub-pulse—the target—encircles a conical intersection
between the excited-state adiabatic surfaces and interferes with a
reference packet prepared by the other sub-pulse. Those authors
showed that the resulting fluorescence-detected wave-packet inter-
ferometry signal could monitor excited-state dynamics at the level
of amplitudes, including geometric-phase acquisition, rather than
probability densities.

The classical equations of motion on the adiabatic distortion-
mode potentials, temporarily stripped of their slight cylindrical
asymmetries, show that closed circular trajectories of radius p_;
occur with angular velocities

2.
¢+ =+ %ﬁh (forpcirc > *%)> (22)
circ

wzpcirc - i
p- =\ ———— for peire > = |, 23
? Pcirc ( orp w? ) (3)
and
(Po = £WpPcirc, (24)

on the plus-, minus-, and zero-surfaces, respectively. Based on these
classical trajectories, we can define the initial conditions for approxi-
mately circular distortion-mode wave-packet dynamics—molecular
pseudo-rotation—on any of the three singly excited surfaces. In this
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section, we investigate the distortional pseudo-rotation of the trimer
on E. (g) (with the same Hamiltonian parameters as before), setting
the stage for future studies of electronic geometric phase acquisition
and its measurement by optically phase-coherent ultrafast spec-
troscopy. Although the ultimate origin of molecular Berry-phases
resides within the Born-Oppenheimer approximation,” it is hoped
that the prospects raised here will motivate tests demonstrating
that geometric-phase accumulation by nuclear wave packets in the
presence of conically intersecting potential energy surfaces remains
a physically meaningful manifestation of adiabatic dynamics.
Pseudo-rotation on the upper cone E_(q), which should also give
rise to geometric phase development, is explored in Sec. V, in order
to study the effects of the initial conditions of nuclear motion on
non-adiabatic decay to E; (q).

A nuclear wave packet with positions and momenta localized
around chosen values could be launched on a selected excited-
state adiabatic potential by short-pulse electronic absorption from
an appropriately moving packet in the G-state (prepared, for
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instance, by sequential pre-resonant impulsive Raman excitation).
Because the matrix elements of the dipole moment operator com-
ponents between |G) and each of the |6(q)) are nuclear-coordinate
dependent, laser polarization (along with spectral content) plays
an important role in adiabatic target-state selection. Polarization
selection will be based on the central location g, of the ground-
state wave packet at the time of short-pulse electronic excitation.
However, since the packet has nonzero width, its edges may undergo
amplitude-transfer to other than the nominally selected surface (the
resulting imperfect adiabatic-state selection could be mitigated by
the finite spectral bandwidth of the exciting pulse).

In order to investigate nearly circular pseudo-rotation in the
lowest adiabatic electronic excited state, we imagine starting with a
nuclear wave packet |y;(0)) in G, displaced by J1 /w3, in Gy With

the time-zero expectation value of g, equal to p,, . = =2],/ w?, and

that of p, - setto peirc o+ = 1/ pc,-rc(w2 peirc + J1). This packet would be

executing elliptical pseudo-rotation in the electronic ground-state,
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FIG. 7. Distortion-mode nuclear probability density on the plus (a), minus (b), and zero (c) singly excited adiabatic potential energy surfaces, prepared by short-pulse
excitation from the electronic ground state of a wave packet displaced in the scalene mode with isosceles-mode momentum chosen to give rise to nearly circular pseudo-

rotation in the plus-state. Note the much smaller probability densities in the (deselected) minus- and zero-states.
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FIG. 8. Distortion-mode nuclear probability densities on the plus-state adiabatic surface at one-third (a), two-thirds (b), and three-thirds (c) of the classical period for circular

pseudo-rotation at the chosen displacement.
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while undergoing coherent oscillatory motion in the symmetric
mode. The time-zero displacement of the symmetric mode is cho-
sen to match the common minimum position of the degenerate
excitonic states so that, upon electronic excitation, little oscillatory
expansion and contraction of the trimer ensue within the degener-
ate manifold. The desired polarization direction is determined from
#o = (+(J1/@iym» peirc, 0)|@2|G), and the starting nuclear wave pack-

ets in the three excitonic states are evaluated from %|G>|l{/@(0)),

without using pulse propagators’””” to account for the effects of
finite spectral bandwidth.

Qscal / Prms
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In our examination of the ensuing distortion-mode dynamics
in the adiabatic electronic excited states, we take advantage of the
immobility of the symmetric mode in the plus- and minus-adiabatic
states and evaluate the appropriate three-dimensional nuclear wave
functions at ggm = J1 / wfym, rather than calculating an inner product
with a symmetric-mode wave function. Figure 7 plots the result-
ing time-zero 2D nuclear probability densities in all three adiabatic
electronic excited states. It is seen that, with the chosen excitation
polarization, most of the excited-state probability density resides on
the lowest (plus) Jahn-Teller surface. A small amount of density

— 40
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— 48

— 40

32

24
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FIG. 9. Left to right in upper and lower rows are the contour plots of the absolute value of an evolving double wave packet on the plus adiabatic surface at intervals of one-half
the period for circular pseudo-rotation. The initial distortion-modes packet superposes equal amplitudes moving in clockwise and counterclockwise directions. Destructive
interference at half-odd-period propagation times is an observable consequence of geometric-phase acquisition under adiabatic dynamics.
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is generated on the upper cone (minus-potential), and a negligi-
ble probability density is created in the zero-state. Largely adiabatic
dynamics on the lowest surface follows, as shown in Fig. 8, and it
consists of nearly circular pseudo-rotation, as the classical prediction
suggests.

Cyclic pseudo-rotation about a conical intersection would be
useful in seeking to observe an adiabatic geometric-phase accumu-
lation by the corresponding complex-valued nuclear amplitude with
the optical phase-controlled ultrafast spectroscopy.’® " An experi-
mental test of this kind would involve monitoring the contribution
to the excited-state population due to the interference between a
pseudo-rotating wave packet that acquires a geometric phase and
another one that does not. While the original exploration of this
strategy’® promoted circularly pseudo-rotating wave packets in the
electronic ground-state to a Jahn-Teller-active excited state and
relied on the trough of that potential to channel wave-packet motion,
the predictions of this section show that more advantageous, nearly
circular trajectories of any radius around the conical intersection
are also possible. This amplitude-level physical consequence of adi-
abatic nuclear dynamics on a potential surface participating in a
conical intersection would also be manifested in a complete exper-
imentalirleiconstruction of the evolving nuclear wave packet on that
surface.”"””

B. Geometric/Berry-phase interference effects
in double wave packets

It is possible to envisage the observation of the less direct con-
sequences of geometric-phase development in this energy-transfer
trimer. In this subsection, we examine the time-evolution of a

-6 -4 -2 0 2 4 6
qscaI/prms

(a)

q\SOS /prms
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superposition of two circularly pseudo-rotating distortion-mode
wave packets on the trimer’s lower Jahn-Teller surface. Figure 9
explores the propagation of a wave packet in the plus-adiabatic state
that was launched by a short-pulse excitation from a wave packet
in G comprising a superposition of packets having equal ampli-

tudes with the expectation value of p, . set to +1/ pc,-,c(wzpcirc +J1)
and —\/ peirc( wzpcm +J1) , which are otherwise identical to the one

considered in Sec. IV A. This figure plots the absolute value of the
nuclear probability amplitude rather than the probability density.
As a result of their acquisition of equal and opposite
geometric phase factors (i.e., phase factors differing in sign, such
as €% =i and e? = —i), the clockwise- and counterclockwise-
moving wave packets are seen to interfere destructively in the
vicinity of ¢ = 7 after half-odd multiples of the pseudo-rotation

period 74 = 27/¢4 = 27\ / peirc /(wzpmc +J1). Hence, the geometric-

phase acquisition leads, in this instance, to zero probability for
the trimer to have a negative value of the scalene distortion
coordinate in the absence of an accompanying isosceles deforma-
tion. This observable consequence of the nuclear dynamics in the
presence of a conical intersection is in keeping with the prior
predictions by Izmaylov and co-workers on the effects of geometric-
phase development in chemical reaction dynamics”™* and transport
phenomena.™

In order to emphasize the fact that the destructive interference
predicted in Fig. 9 is a physical manifestation of Berry-phase acquisi-
tion rather than an artifact of an adiabatic description, we contrast it
with the corresponding wave-packet evolution on a similarly shaped
potential surface that does not participate in a conical intersection.

Qscal / Prms

(b)

FIG. 10. Propagation of a double wave packet similar to that considered in Fig. 9 but on a single plus-like adiabatic potential surface of unchanging electronic character.
In the absence of the nuclear coordinate-dependence of an electronic state participating in a conical intersection, the two components of the double wave packet do not
acquire geometric phase factors of opposite sign; after half a period of evolution, constructive rather than destructive interference ensues. The numerical size of the absolute
values of the probability amplitude shown here differs from those in Fig. 9 because the symmetric vibrational mode has been suppressed in these calculations. In the present
instance, the initial double wave packet is also not “trimmed” by imperfect polarization selection.
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Figure 10 plots the evolution of the double wave packet just con-
sidered on a two-dimensional potential energy surface identical to
Ei(h/ wfym, Gscal> Gisos )» Which, however, is associated with a single,
fixed electronic state whose identity does not change with nuclear
configuration. In this case, destructive interference does not occur at
¢ = m after half a period of clockwise and counterclockwise pseudo-
rotation, leading to a nonvanishing probability of observing negative
values of the scalene-distortion coordinate.

It is worth noting that, with a limiting choice p_, = ~J; /@’
equal to the trough radius on the lower Jahn-Teller surface, the
classical angular velocity of Eq. (22) would vanish and the two
superposed wave packets would become the same. In this situation,
analogous to those considered by Izmaylov and co-workers,”  the
spreading wave packet encircles the conical intersection on both
sides, leading to a Berry-phase-induced destructive interference in
the probability density. While an initial packet like this one might
be easier to generate in some instances, the larger-radius compo-
nents of the double wave packet considered in Fig. 9 meet up on the
opposite side of the conical intersection at well-defined times equal
to half-odd multiples of a finite pseudo-rotational period and benefit
from the more nearly adiabatic dynamics that occurs at larger p . .

ARTICLE scitation.orgljournalljcp

Larger pseudo-rotational radii might challenge a harmonic descrip-
tion of the potential or the linear dependence of EET coupling
on intermonomer distance, but the geometric nature of the Berry
phase would make it resilient to these complications until displace-
ments become so large that they encounter other potential-energy
crossings.

Observing nodes in the evolving nuclear probability density
due to destructive interference would constitute a compelling illus-
tration of the molecular geometric phase effects. (For remarkable
recent quantum-simulation experiments that report doing so, see
Refs. 64 and 65, discussed in Sec. V1.) Such an observation would
not fully characterize molecular Berry phase acquisition, how-
ever, since it would fail, for example, to determine which branch
of the split wave packet develops which oppositely signed phase
factor. The wave-packet interferometry measurements,’® perhaps,
including complete wave-packet reconstruction,”’”” promise a fuller
picture of the molecular geometric phase development. Preparing
double wave packets along the lines of Fig. 9 would represent a step
toward superposing a target wave packet with an exhaustive fam-
ily of reference wave packets, as would be required for experimental
state reconstruction.
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FIG. 11. Contour plots of the absolute value of the evolving distortion-mode nuclear wave packets launched by short-pulse absorption with polarization targeting the minus
(upper) Jahn-Teller adiabatic potential-energy surface. The top row shows the evolving wave packet on the upper surface at times 0, 7_, and 27—, from left to right, where
7_ is the period of classical circular pseudo-rotation at the chosen radius on the minus-surface. The bottom row shows the evolving wave packet on the plus (lower) surface,
at the same three times, created primarily by the non-adiabatic decay from the upper surface.
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V. NON-ADIABATIC DYNAMICS ON THE UPPER
JAHN-TELLER SURFACE

While the pseudo-rotational distortion-mode dynamics begin-
ning on the lower Jahn-Teller (plus) surface can remain largely
adiabatic in nature, it is to be expected that the motion on the upper
(minus) surface will typically be subject to non-adiabatic decay to
the lower surface by way of the conical intersection between the two
adiabatic potentials.”® However, Slonczewski and Moruzzi*® have
characterized isolated, high-lying Born-Oppenheimer-like molecu-
lar eigenstates on an upper Jahn-Teller surface that are stabilized
by pseudo-rotational angular momentum and exhibit long-lived
resistance to non-adiabatic decay. It is, therefore, interesting to
investigate the dynamical analogs of these Slonczewski resonances
by exploring the evolution of pseudo-rotating wave packets on
the upper surface of our EET trimer and their susceptibility to
non-adiabatic transitions.

Figure 11 exhibits the evolving amplitudes on the minus-
and plus-surfaces resulting from the short-pulse excitation of
a wave packet |y;(0)) in the electronic ground-state hav-

ing {qym) =11/ @5y (dyeat) = Paire = ~2J1/@", and (pisos) = peire -

=4/ pcirc(wzpcim— J1). The polarization of the exciting pulse is

determined from g, = (—(J1/@3m» peire; 0)|f2|G) in this instance, so
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as to optimize transfer to the upper cone. The starting wave
packet in the minus-adiabatic state, along with those at 7_ = 27/¢_

=2m\/ peirc/ (wzpc,-,c —J1) and 27_, are plotted in the top row. The

bottom row shows the amplitudes on the lower surface at the
same three times, including those of the small initial plus-state
wave packet and the growing amplitudes after one and two minus-
state pseudo-rotational periods. While significant non-adiabatic
decay is seen to occur, the majority of the amplitude survives
on the upper cone after circumnavigating the conical intersection
twice. The stabilization of the upper-surface amplitude would be
expected to become increasingly effective at larger pseudo-rotational
radii.

The latter trend might not be as strong if, at each stage
of increasing initial radius, the corresponding pseudo-rotational
momentum were directed radially outward, rather than perpendic-
ular to the displacement. Figure 12 examines the linear distortion-
mode motion of this kind, analogous to that of Fig. 11 and possessing
the same vibrational energy but with (p_,) rather than (p, ) equal

to /pcirc(wzpcirc —J1) . This arrangement allows the wave packet to

flee the intersection-point in its early motion, at the cost of pass-
ing through it repeatedly later on. Initially, (p,.,) = 1.22w(q,,,) in
this case and the wave packets encounter the conical intersection
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FIG. 12. Same as Fig. 11 but for a distortion-mode wave packet launched on the upper Jahn-Teller adiabatic surface with the initial vibrational momentum directed radially

outward. For the sake of comparison, the time intervals are again multiples of 7_.
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repeatedly over the 27_ 2 1.63 (27/w) time-range. The destruc-
tive interference resulting from oppositely signed Berry phases is
responsible for the node observed on the negative-q, , side of the
probability density on the minus-adiabatic surface, which is espe-
cially evident in the plot at time 7_ shown in the middle of the
upper row in Fig. 12. The adiabatic vector potential responsible
for the geometric-phase development may also play a role in the
interference processes that occur after or in advance of the non-
adiabatic dynamics illustrated by the lower row of this figure.” It
is interesting to observe that the plus-state wave packet shown in the
middle of the lower row in this figure lacks a node on the minus-
4, @xis. This behavior is attributable to the fact that | - (q)) for
positive g, and |+ (q)) for negative g, are very similar elec-
tronic states, so the wave packet remains focused as it would on
a single surface associated with an electronic state of unvarying
character.

In this comparison between pseudo-rotational and linear
distortion-mode motions, there is not as dramatic a difference
between the two cases as would be expected with initial distortions
more in excess of the wave-packet width. In both instances, the
amplitude non-adiabatically transferred to the lower surface is seen
to be concentrated in the Jahn-Teller trough.

VI. CONCLUDING DISCUSSION

The studies of quantum mechanical interference in excitation
transfer reported here, along with predictions for the influence of
coherent dynamical motion on both electronically adiabatic and
non-adiabatic processes in a model EET trimer, provide impetus
for further theoretical study and the pursuit of experimental imple-
mentation. Numerous data-rich investigations of electronic energy
transfer in biophysical and materials-oriented multi-chromophore
complexes using phase-coherent ultrafast multi-dimensional spec-
troscopy testify to a widespread interest in these important funda-
mental processes and the technical capability to explore them.

An important next step will be to complement the purely
dynamical results reported here with simulations that explicitly
incorporate initial-state preparation using nonzero-duration laser
pulses and the calculation of predicted wave-packet interferometry
and other ultrafast-spectroscopy signals. Apart from the processes of
the kind considered in Sec. 111, which would start with a short-pulse
Franck-Condon excitation from a quiescent nuclear configuration,
the preparation stage would require externally initiating coherent
pseudo-rotational distortion-mode motion in the system’s elec-
tronic ground-state. This kind of nonstationary change in shape can
be driven by impulsive stimulated Raman excitation with crafted
sequences of electronically pre-resonant laser pulses,”” a method
that has been demonstrated experimentally” and explored further
in dynamical simulations””*’ but whose ultimate capabilities have
not yet been tested.

The present study focuses on a threefold symmetric trimer
whose monomer transition dipoles are mutually perpendicular. It
would be sufficient, though, for those moments to span three-
dimensional space. The selective excitation of a given monomer
could be driven by a resonant laser pulse that is perpendicular to
the transition moments of the other two monomers.

It will be worthwhile to consider the possibility that, in small
energy-transfer systems with monomers of different masses and
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site-energies, certain useful types of coherent structural motion
could be initiated by the direct Franck-Condon excitation or
using terahertz pulses that address infrared-active modes. In addi-
tion, some of the processes considered here are likely to have
interesting analogs in trimers of different shapes, including linear
configurations.

A current preprint by Makri,”' investigating electronic frustra-
tion and Berry’s phase interference in tight-binding models, builds
on a prior study by Dani and Makri® of excitation transfer in
trimeric dendrimers and bears interesting connections to the present
work. It considers a cyclic tight-binding trimer with constant cou-
pling parameters and incorporates the interaction of each site with
an independent harmonic bath. In one parallel among several, that
work examines the effects of interference on population transfer
from one site to the other two, a process that may be viewed as the
reverse of those considered in Sec. I11.

A theoretical study, by Schwennicke and Yuen-Zhou,” of
induced gauge fields in a molecular homotetramer made use of the
Floquet theory to investigate the effect of an elliptically polarized
infrared driving field whose frequency is slightly offset from that of
a Franck-Condon active intramonomer vibration. It was found that
the IR field imposes an excitonic Aharonov-Bohm phase-shift that
renders the tetramer optically active to an extent determined solely
by that field’s ellipticity.

Two recent studies report on the experimental quantum sim-
ulations of geometric-phase interference effects’**” along the lines
considered by Izmaylov and co-workers” ™ and in Sec. 1V B,
using trapped atomic ions. Both of these studies employed hyper-
fine levels of "'Yb* as a qubit representing two molecular elec-
tronic levels that participate in a conical intersection and modeled
a pair of degeneracy-breaking vibrational modes using the trans-
verse spatial modes of the trapped species. The experiments of
Whitlow et al.** involved five trapped ions, one of whose hyper-
fine states served as the qubit. The adiabatic state preparation
followed by the measurement of the motional-state probability
density revealed a node resulting from the destructive interfer-
ence between the portions of the motional state that bypass the
conical intersection on opposite sides. In the experimental simu-
lations of Valahu et al,® a single atomic ion provided the qubit
and the initial wave packet corresponded to a two-dimensional
harmonic oscillator ground state displaced to the circular trough
on the lower adiabatic potential of a Jahn-Teller surface. Under its
subsequent, nearly adiabatic dynamical evolution, a node of van-
ishing probability density arose as a result of opposite-sign Berry
phase acquisition between the arms of the wave packet that had
spread in clockwise and counterclockwise directions about the point
of degeneracy.

The model Hamiltonian investigated in this report is designed
to illustrate the key processes in the simplest way possible. Further
elaboration will be needed in order to make quantitative simulations
of dynamics and signals. It is possible that in some EET com-
plexes, a few modes of structural deformation, including changes
in intermonomer distances and orientations, will be followed by
the vibrationally adiabatic displacement of other, higher-frequency
modes, simplifying their theoretical treatment. However, it will be
necessary in any case to incorporate additional intramonomer, inter-
monomer, and host-medium vibrations. Among other features, the
effects of nonzero temperature will be important to consider. We
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can speculate optimistically that the dynamics seen in Figs. 3, 4, 7-9,
11, and 12, including interference effects, will likely prove resilient
to thermal activation of the low-frequency framework-distortion
modes, as their behavior would be replicated similarly for each
member of a low-temperature ensemble. The thermal effects in a
small-multimer excitation transfer have been considered previously
by Dani and Makri."”"!
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