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Dynamical Jahn-Teller effects on the generation of electronic ring currents
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The generation of electronic ring currents in ring-shaped molecules by photoexcitation with circularly
polarized laser light is considered in the presence of vibronic coupling effects. (E × e) Jahn-Teller distortions,
unavoidable by symmetry in the (E ) subset of electronic states supporting the ring current, mix the clockwise and
anticlockwise circulation directions of the electrons and can suppress the maximum achievable current by at least
one order of magnitude, already for moderate vibronic coupling strengths, as compared to the Born-Oppenheimer
limit of fixed atomic positions. The circulation direction of the electrons is found to depend on the spectral region
of the (E × e) Hamiltonian. This fact results in the surprising effect that the same polarization direction of the
laser pulse can trigger either clockwise or anticlockwise electronic dynamics depending on the wavelength of
the photons. These findings are illustrated in a model of the triazine molecule.
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There is a growing interest in inducing, probing, and con-
trolling electronic ring currents in ring-shaped molecular sys-
tems due to their potential applications in the next generation
of optoelectronic devices [1–10]. Recent experiments real-
ized ring currents in ring-shaped organic chromophores with
strong magnetic fields and showed that the light absorption
properties of the molecules were substantially modified [1].
From a theory perspective, it is well understood that circularly
polarized light can also trigger ring currents by resonantly
exciting the electrons to a manifold of doubly degenerate
electronic states of (E ) symmetry related to a symmetry
axis of the molecule [3,11–15]. It is inevitable by symmetry,
though, that the (E × e) Jahn-Teller (JT) effect couples the
(E ) electronic states and (e) vibrational modes in all molecu-
lar point groups able to support ring currents [16–19], thus
potentially mixing the two pristine ring-current circulation
directions defined in the uncoupled limit [20,21]. The effects
of the vibrational-electronic (vibronic) coupling in (E × e)
JT (and Renner-Teller) systems are well understood in the
areas of electronic spectroscopy [22–24], ultrafast vibronic
dynamics [25,26], and charge migration [27]. However, it is
not yet clear how vibronic couplings effects, particularly the
dynamical (E × e) JT effect [17], modify the properties of the
ring currents, limit their magnitude and stability, and thus their
controllability.
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In this Letter, we describe the theory of photoinduced
molecular ring currents under nuclear-electronic couplings.
We then apply this theory to the general (E × e) JT Hamil-
tonian, where the vibronic coupling results in a conical
intersection (CI) between the corresponding adiabatic poten-
tial energy surfaces and to a complex vibronic spectrum at
moderate to strong couplings [17]. The (E × e) JT Hamilto-
nian constitutes the basis on which the description of more
complex vibronic interactions, involving multimode effects
in polyatomic molecules, have been built [19]. Its general
features have been well known since the pioneering works
of Longuet-Higgins and others [17,18,28,29], making it an
ideal model to unravel the connection between molecular ring
currents and nonadiabatic effects in molecules. The dramatic
effects of the vibronic coupling on the photoinduced ring
currents are finally demonstrated on the JT Hamiltonian of
the sym-triazine molecule [30].

Within a diabatic representation of electronic states
|�l (Q0)〉 defined at the reference nuclear configuration
Q0 [19], the jth eigenstate of the total molecular Hamiltonian
can be written as

| j〉 =
∑

l

∣∣�( j)
l

〉 ⊗ |�l (Q0)〉, (1)

where |�( j)
l 〉 indicates the nuclear wave function correspond-

ing to the lth electronic state. Here and in the following,
boldfaced quantities q and Q denote the collective co-
ordinates of electrons and nuclei, respectively, and the
�qr = (x, y, z)r indicate the spatial coordinates of the rth
electron.

We consider now the doubly degenerate (E ) subspace
of excited electronic states [|�x(Q0)〉, |�y(Q0)〉] defined at
the minimum energy geometry Q0 of the totally symmetric
ground electronic state |�A(Q0)〉. Doubly degenerate sub-
spaces are always present in molecules with a rotation axis

2643-1564/2021/3(4)/L042003(5) L042003-1 Published by the American Physical Society

https://orcid.org/0000-0002-1760-2898
https://orcid.org/0000-0003-4629-414X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.L042003&domain=pdf&date_stamp=2021-11-12
https://doi.org/10.1103/PhysRevResearch.3.L042003
https://creativecommons.org/licenses/by/4.0/


KRISHNA R. NANDIPATI AND ORIOL VENDRELL PHYSICAL REVIEW RESEARCH 3, L042003 (2021)

Cn of order n � 3, which enable degenerate electronic ring
currents in the two rotation directions around this symme-
try element [3,11,31]. To define these currents, one needs
to introduce the complex linear combination of the two real
orthonormal electronic configurations

|�±(Q0)〉 = 1√
2

[|�x(Q0)〉 ± i|�y(Q0)〉]. (2)

The vibronic coupling [cf. Eq. (7)] mixes the two (E ) elec-
tronic configurations and the vibronic eigenstates | j〉 of the
total molecular Hamiltonian can thus each be written as

| j〉 =|�( j)
+ 〉 ⊗ |�+(Q0)〉 + |�( j)

− 〉 ⊗ |�−(Q0)〉. (3)

In the above expression, we assume that the vibronic coupling
mechanism only mixes the two components of the (E ) states
with each other, which is the case in the (E × e) JT Hamil-
tonian. In general though, the (E ) states may also couple
to states of other symmetry representations, for example (A)
and/or (B), in particular point groups [19,22,23]. These other
electronic states do not contribute to the ring current and we
can neglect them for the purposes of our analysis. Starting
with ansatz (3), and inserting the electronic current operator
related to the electronic charge density via the continuity
equation [32], one arrives at an expression for the one-body
electronic current of the jth vibronic eigenstate �Jj (�q) [cf. the
Supplemental Material (SM) [33] for the complete deriva-
tion]. By introducing cylindrical coordinates �q = (r, θ, z) for
the electrons, integrating �Jj (�q) over the radial and axial co-
ordinates, and averaging the remaining flux over the θ angle,
one arrives at [33]

C j = h̄

me
(P( j)

+ − P( j)
− ) (4)

for the ring current of the vibronic eigenstate | j〉 of the full
vibrational-electronic Hamiltonian, where P( j)

± = 〈�( j)
± |�( j)

± 〉.
This state-specific current is proportional to the imbalance of
the population of the E+ and E− electronic states in | j〉. If one
considers the time-dependent Born-Huang expansion [34]

| j(t )〉 = |�+(t )〉 ⊗ |�+(Q0)〉 + |�−(t )〉 ⊗ |�−(Q0)〉 (5)

instead of the eigenstates (3), the same train of arguments
follows and the time-dependent current of the wave packet
reads [33]

C(t ) = h̄

me
[P+(t ) − P−(t )]. (6)

Equations (4) and (6) are our main working equations.
All molecular point groups with at least one rotational axis

of order n � 3 have one (E ) representation that transforms as
the (x, y) components of the dipole operator, where (x, y) is
the plane of rotation perpendicular to the axis [18,35]. These
are, for example, the (E1u) and (Eu) representations in the D6h

and D4h point groups of benzene [15] and porphyrins [31], re-
spectively. Therefore, one-photon electronic transitions from
the totally symmetric ground-electronic state to the (E ) states
are allowed and the interaction of the molecules with circu-
larly polarized light in the molecular (x, y) plane can generate
ring currents owing to angular momentum conservation in the
photoabsorption process [20,36].

The interaction between the molecule and light prop-
agating along the z direction is described in the elec-
tric dipole approximation and the electromagnetic radia-
tion is treated classically. The interaction term thus reads
−[μ̂xEx(t ) + μ̂yEy(t )], with transition dipole operators μ̂v =
μAE [|�v (Q0)〉〈�A(Q0)| + H.c.]. The electric field Ev (t ) is de-
rived from the vector potential Av (t ) = E0

ωL
S(t ) sin(ωLt − φv )

as Ev (t ) = −∂Av (t )/∂t . The pulse envelope is taken to be
S(t ) = �̃(t − τ ) sin2( πt

τ
), and E0, τ , and ωL are the maximum

amplitude, pulse duration (start to end), and carrier fre-
quency of the pulse, respectively, and �̃(t − τ ) is the inverse
Heaviside step function. For circular polarization, all pulse pa-
rameters for both v → (x, y) polarization directions are taken
to be equal except for the φv phases. These are (φx = 0, φy =
π/2) for a left circularly polarized pulse (LCP) and (φx =
π/2, φy = 0) for a right circularly polarized pulse (RCP).

We apply the above considerations to the (E × e) JT model
system with the Hamiltonian

Ĥ = T̂N + Ĥel

= T̂N + ω

2
ρ2I3×3 +

⎛
⎜⎝

ε+ 0 κρe−iα

0 εA 0

κρeiα 0 ε−

⎞
⎟⎠, (7)

written here in its polar representation for the (e) vibra-
tional modes (ρ, α) [17,19]. The electronic part of the total
molecular Hamiltonian Ĥel is represented in the diabatic basis
{|�A(Q0)〉, |�±(Q0)〉} and includes an off-diagonal first-order
JT interaction between the (E ) electronic states and (e) vibra-
tional modes [19]. I3×3 is the 3 × 3 unit matrix, and ω, ε±,A,
and κ are the frequency of the (e) modes, the energy of the
diabatic electronic states at the reference geometry Q0 (i.e.,
ρ = 0), and the linear JT coupling parameter, respectively.
The vibronic interaction between the two (E ) states can be
characterized by the dimensionless coupling strength param-
eter κ/ω. The diagonalization of the Hel matrix as a function
of the (ρ, α) coordinates yields the adiabatic potential energy
surfaces with the “Mexican-hat” shape meeting at a CI at
ρ = 0 [37].

The effect of the vibronic coupling on the ring currents
is most conveniently described by introducing the eigenstates
of the two-dimensional (2D) harmonic oscillator (HO) in the
polar representation χn,m(ρ, α) = 〈ρ, α|n, m〉, where n and
m are the radial and angular momentum quantum numbers
of the 2D HO [38]. These can be extended to |n, m, l〉,
including the l quantum number for the electronic angular
momentum operator around the rotational axis and defined
by L̂el|�±(Q0)〉 = ±h̄ |�±(Q0)〉 and L̂el|�A(Q0)〉 = 0. The
total angular momentum operator in the (E × e) JT system
thus reads −ih̄2∂/∂α + L̂el (cf. Ref. [17] for a discussion
on the factor 2 for the vibrational term) and a ring current
operator Ĉ = L̂el/me can be introduced by comparing Eqs. (4)
and (6) with the definition of L̂el. Now, the vibronic eigenstates
of the total Hamiltonian can be classified by the vibronic
angular momentum quantum number q = 2m + l , which is
conserved under the vibronic coupling [17]. The totally sym-
metric |�A(Q0)〉 electronic state participates only in the q = 0
block, whereas the |�±(Q0)〉 states span both q = ±1 blocks
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FIG. 1. Ring current Cjq values in h̄/me units for the eigenstates
of the q = −1 block as a function of the coupling strength κ/ω.
The dotted-dashed curve in orange represents the current of the most
optically bright eigenstate while the blue curve indicates the largest
ring current achievable at a specific coupling strength.

due to the vibronic coupling. The JT coupling matrix elements
of Ĥ in the |n, m, l〉 basis are given in the SM for complete-
ness [33,39].

Dipolar transitions from the ground electronic state fulfill
the selection rule �q = ±1 and circularly polarized radiation
can only induce transitions (0 ↔ 1) for LCP and (0 ↔ −1)
for RCP [20]. Finally, the vibronic eigenstates | jq〉 of the
complete Hamiltonian (7) in the q = 1 block are one-to-one
degenerate with the eigenstates of the q = −1 block. The
degenerate pairs are related by the reversal of the signs of
the l and m quantum numbers in all basis states |n, m, l〉 in
their basis set expansion [17,30]. As a result, the electronic
populations and currents of the vibronic eigenstates fulfill
P( j±1 )

± = P( j∓1 )
∓ and C j+1 = −C j−1 [cf. Eq. (4) and SM [33]].

In the following discussion we fix ω = 0.003 a.u.
(≈660 cm−1), and ε± − εA = 7 eV, both in the typical range
for molecular vibrations and vertical electronic transitions
in molecules as, e.g., sym-triazine (D3h) [30] and benzene
(D6h) [40]. The magnitude of the ring current 〈 jq|Ĉ| jq〉me/h̄
(in dimensionless units) is strongly affected by the vibronic
coupling strength κ/ω, as seen in Fig. 1 for the q = −1 block.
In the weak vibronic coupling regime, i.e., κ/ω � 1, the
ring current supported by each eigenstate is close to either
1 or −1. In the limit κ → 0, |0, 0,−1〉 coincides with the
eigenstate with the largest transition dipole matrix element
|〈0, 0, 0|μ̂| j−1〉|, which is also the state that supports the
largest ring current (in absolute terms). As the vibronic cou-
pling increases towards κ/ω = 1.0, the state with the largest
transition dipole does not necessarily coincide with the state
featuring the largest current (cf. blue and orange curves in
Fig. 1). The state-dependent ring current of all states quickly
decreases as the coupling increases due to the progressive
mixing of the left (E−) and right (E+) circulations of the elec-
trons and the participation of high-lying vibrational levels. For
stronger coupling, κ/ω > 2, the largest attainable current for
a single eigenstate reaches an average ∼20% of the magnitude
of the current achievable in the zero coupling limit (or by
artificially fixing the molecular geometry to Q0).

The stationary ring current in a specific molecular eigen-
state [cf. Eq. (4)] can be achieved by a long and narrow-
bandwidth circularly polarized pulse, whereas time-dependent
ring currents [cf. Eq. (6)] can be obtained with a circularly
polarized pulse of sufficient bandwidth that is resonant with
a set of molecular eigenstates of the same q block. While
considering phototriggered ring currents, we set the product
of the electric field amplitude and the transition dipole ma-
trix element, E0 · μAE , low enough to remain in the regime
of first-order perturbations. In this regime, the ring currents
are intensity independent when normalized by the amount
of total excitation Pex(t f ) = [1 − P0(t f )], where P0(t ) is the
population of the absolute ground state and t f is the final time
of the simulation after the pulse is over. Pex(t f ) is kept in the
order of 5 × 10−2 or lower.

In the following we consider phototriggered ring currents
in an (E × e) JT system with a κ/ω ≈ 2.2, the value corre-
sponding to the sym-triazine system [30]. We consider both
long (250 fs) and short (30 fs) RCP pulses, whose spectrum
is shown superimposed in Figs. 2(a) and 2(b) in red and
green, respectively. At about 6.8 eV, the long pulse is resonant
with the eigenstate featuring the largest transition dipole mo-
ment. This state is part of the lower-energy absorption band,
which is energetically located below the CI (marked with
a cross on the energy axis). The bandwidth of the pulse is
narrow enough to overlap effectively with only one vibronic
eigenstate, which results in a stationary ring current after the
pulse is over, as indicated by the red curve in Fig. 2(c). As
expected, the excitation-normalized stationary ring current co-
incides with the ring current of the corresponding eigenstate,
C jq = C(t f )/Pex(t f ), about −0.075 in h̄/me units. The shorter
pulse, in contrast, overlaps with several eigenstates, resulting
in a coherent excitation and an oscillatory ring current [cf.
the green curve in Fig. 2(c)]. Because the eigenstates in this
spectral region are characterized by an clockwise electronic
circulation (as seen from the laser source), as indicated by
the negative Cj/(h̄/me) values shown in blue in Fig. 2(a), the
coherent oscillatory current does not change its direction and
its time-averaged value is negative.

As a comparison, we consider now the spectral region at
about 7.2 eV, and thus above the CI as shown in Fig. 2(b).
Specific eigenstates in this spectral region can be identified
with either right or left circulation of the electrons. The
long pulse is resonant with one single eigenstate and re-
sults, again, in a stationary ring current [cf. red curve in
Fig. 2(d)], although of larger magnitude (∼0.14) than before
and, remarkably, with opposite circulation direction of the
electrons as compared to the long pulse with a lower pho-
ton energy. Thus, different spectral regions of a JT system
may feature opposite circulation directions of the electrons,
which is a direct consequence of the vibronic coupling effects
and of the mixing of the electronic and vibrational angular
momenta. Therefore, a RCP does not necessarily result in
clockwise circulation of the electrons, as in the κ → 0 limit.
A shorter pulse in this spectral region results in an oscillatory
current [cf. the green curve in Fig. 2(d)] which, however,
oscillates now with both positive and negative ring current
values. The ring current changes direction periodically al-
though it remains positive when time averaged.
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FIG. 2. (a) Absorption spectrum (∝|μ00 jq |2) for the 2D sym-triazine (E × e) JT Hamiltonian (orange, left y scale) and eigenstate ring
currents [C jq/(h̄/me)] (blue, middle y scale) as a function of the eigenstates’ energy superimposed with the spectral representation of the short
(τ = 30 fs, shaded in green) and long (τ = 250 fs, shaded in red) RCPs resonant with the lower band of the absorption spectrum. (b) Same
as (a) but pulses are resonant with the spectral region above the CI (marked × on the energy axis). (c), (d) Time-dependent ring currents
[C(t )/(h̄/me)/Pex(t f )] generated by the pulses shown in (a) and (b), respectively. The time-dependent ring currents are normalized by the total
excitation probability Pex(t f ) after the pulse (cf. main text). The inset in (a) shows the geometry of sym-triazine and the horizontal red line in
(a) and (b) is to guide the eye.

Finally, it is interesting to note that the energetic proxim-
ity of the CI at about 7 eV has no particular consequences
for the ring currents. The ground vibronic eigenstate |0−1〉
of the q = −1 block is found to be at about 6.8 eV with
the current approaching zero. This state lies further deep
in the “Mexican-hat” adiabatic potentials at the coupling
κ/ω > 2.5 (not shown), where the mixing of both circulation
directions is very strong and no currents can be generated
in this spectral region. As the eigenstates’ energy increases
and approaches the CI energy, C jq and |μ00 jq |2 keep vary-
ing smoothly and no special effects related to the CI are
present. Nonetheless, even at relatively large vibronic cou-
plings it is possible to identify spectral regions where either
stationary or oscillatory ring currents can be generated. Due
to the vibronic coupling, however, these currents are about
one order of magnitude smaller than the currents that can
be generated in the κ → 0 limit [in which case C/(h̄/me)
is ±1]. We remark that these and the above claims are not
affected by the inclusion of second-order JT coupling (cf.
Fig. S1 in SM and its discussion).

In conclusion, molecular systems with the necessary sym-
metry in their ground electronic state support stationary
and oscillatory ring currents upon photoexcitation to an
(E )-representation manifold of electronic states by circu-
larly polarized light, even in the presence of strong vibronic
coupling effects. We have arrived at expressions for such
currents in terms of vibronic eigenstates and of time-
dependent nuclear-electronic wave packets, and applied the
theory to the paradigmatic (E × e) JT Hamiltonian. The
observations made on JT systems are general and have
consequences for laser-generated ring currents and their
control in complex molecules, and indicate that vibronic cou-
pling effects are central and must be considered in future
applications.
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