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We propose and explore an all-optical technique for ultrafast characterization of electronic ring currents
in atoms and molecules, based on high-harmonic generation (HHG). In our approach, a medium is
irradiated by an intense reflection-symmetric laser pulse that leads to HHG, where the polarization of the
emitted harmonics is strictly linear if the medium is reflection invariant (e.g., randomly oriented atomic or
molecular media). The presence of a ring current in the medium breaks this symmetry, causing the emission
of elliptically polarized harmonics, where the harmonics’ polarization directly maps the ring current, and
the signal is background-free. Scanning the delay between the current excitation and the HHG driving pulse
provides an attosecond time-resolved signal for the multielectron dynamics in the excited current
(including electron-electron interactions). We analyze the responsible physical mechanism and derive
the analytic dependence of the HHG emission on the ring current. The method is numerically demonstrated
using quantum models for neon and benzene, as well as through ab initio calculations.
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Excited atoms and molecules can carry electric currents
that circulate in microscopic media. From a quantum
mechanical perspective, these currents are understood as
a coherent wave packet comprising a superposition of
bound states, causing the wave function to oscillate in time
[1-6]. If this wave packet carries angular momentum, ring
currents circulate in the medium. For instance, a hydrogen
atom excited to a 2p state with nonzero magnetic quantum
number m carries a ring current. More complex systems can
also carry ring currents, e.g., spin-orbit wave packets in
atoms [7] or multielectron wave packets in larger mole-
cules, such as Mg-porphyrin [3]. This phenomenon is
general to any high-dimensional (d > 1) quantum system
and is especially interesting because it typically occurs on
the natural timescale of electronic motion—attoseconds to
femtoseconds. Understanding ring currents can thus pave
the way for manipulating and controlling ultrafast proc-
esses on the nanoscale, including chemical bond formation
and topologically protected currents [8,9], as well as for
the generation of intense magnetic field pulses [10,11].
However, electronic ring currents within atoms and mol-
ecules are very difficult to detect and, consequently, also
very difficult to control.

Traditional approaches to generate and analyze ring
currents rely on the application of strong magnetic fields
[12], sacrificing the temporal resolution. More recent
proposals suggest optically exciting a current (either by
an optical resonant excitation [3,4] or by ionization [13-16])
and subsequently probing it with a second ionizing pulse
[17-19]. This method was recently experimentally demon-
strated in argon [6] and requires angularly, temporally, and
energetically resolving photoelectrons.
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An alternative promising idea is to probe ring currents
using high-harmonic spectroscopy, which is a powerful all-
optical tabletop technique that, for example, was success-
fully used to detect ultrafast charge migration [20]. So far,
the only work in this direction theoretically investigated
high-harmonic generation (HHG) driven by few cycle
monochromatic elliptical pulses in a medium with a strong
single electron ring current state [13]. They showed that the
HHG yield uniquely depends on the pump’s ellipticity,
particularly in the cutoff region; however, the dependence
on the current density was not explored. Moreover, using
this scheme for exploring ultrafast ring currents would be
very challenging because (i) the differential HHG response
using this approach is relatively weak, (ii) it does not
exhibit one-to-one correspondence to the current density,
and (iii) the elliptical pulse itself generates a current in the
medium, which disrupts the measurement process and its
temporal resolution.

Here, we propose and theoretically explore a novel
approach for ultrafast ring current characterization in media
that at zero current exhibits reflection symmetry (e.g.,
isotropic gas or liquid, aligned molecular gas with a
reflection symmetry, and reflection-invariant crystals).
The scheme relies on fundamental symmetry considera-
tions in HHG, where the driving pulse is specifically
chosen to exhibit a reflection symmetry that standardly
leads to linearly polarized harmonic selection rules [21].
However, if the medium carries ring currents, this sym-
metry-based selection rule is broken, causing the emission
of elliptically polarized harmonics. The emitted harmonic
ellipticities exhibit direct one-to-one scaling to the ring
current, which we analytically derive, providing a robust
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background-free signal. This scheme can be implemented
using linearly polarized monochromatic pumps and col-
inearly or cross-linearly polarized bichromatic pumps,
making it highly versatile. We numerically demonstrate
the technique using quantum models for neon and benzene
systems, and ab initio time-dependent density functional
theory (TDDFT) calculations. Lastly, our ab initio calcu-
lations reveal that electron-electron (e-e¢) interactions
induce attosecond multielectron dynamics in the current-
carrying states, which are mapped onto the high-harmonic
response and are detectable within our scheme.

We first outline our approach. The Hamiltonian of the
HHG process is given by

%:%O+%im(t)’ (1)

where 7 is a field-free Hamiltonian that accounts for the
electronic energy in the atom, molecule, or solid (including
kinetic energy, potential energy due to interactions with the
nuclei, and electron-electron interactions), and %, (¢) is an
interaction Hamiltonian between the field-free system and
the irradiated laser pulse. The HHG spectral response is
found by solving the time-dependent Schrédinger equation
defined by # and Fourier transforming the induced non-
linear polarization in the medium p(t) = (¥(7)|7|¥(z)),
where W(¢) is the time-dependent multielectron wave
function. This problem typically does not have an analytic
solution and is often very challenging to solve numerically.
Still, considerable headway can be made by analyzing the
symmetries of #, which are generally spatiotemporal
[dynamical symmetries (DSs)]. Whenever # is invariant
under a unitary DS, the emitted HHG response follows
strict restrictions in the form of selection rules. These may
dictate the allowed harmonic orders (i.e., the HHG emis-
sion frequencies) and/or their polarization state [21].
HHG selection rules have been demonstrated and utilized
for a number of applications, including shaping the high-
harmonic polarization [22-26] and performing ultrafast
spectroscopy for molecular symmetry [27], molecular ori-
entation [28,29], chirality [30,31], and the carrier-envelop
phase [32]. Here we propose an analogous symmetry-break-
ing spectroscopy approach for ring currents—we purpose-
fully choose a probe laser pulse such that # is invariant under
particular DSs that involve a reflection operation, imposing
linearly polarized harmonics selection rules in ring-current-
free media (i.e., the polarization of all allowed high har-
monics is strictly linear along particular axes) [21]. However,
if there is ring current in the medium then the reflection
symmetry breaks, and harmonics are emitted with elliptical
polarizations rather than linear, i.e., with polarization com-
ponents transverse to the previously allowed emission. We
shall show below that the intensity and ellipticity of the
harmonic emission maps one-to-one the total ring current.
Notably, there is a major difference between DS breaking
HHG spectroscopy of ring currents and of previously

probed quantities that are based on symmetry breaking
of # [27-30,32], as in this case # is always invariant
under the symmetry in question. In other words, |¥(z))
itself leads to reflection symmetry breaking when it
comprises an excited ring current, even though # is
invariant under the reflection DS [because the sum of
projections of |[¥(7)) is not symmetric]. Utilizing this
property, we can derive the explicit dependence of the
harmonic response on the ring current. In the Supplemental
Material (Sec. IV) [33], we analytically show that the HHG
yield polarized transverse to the standardly allowed emis-
sion axis (i.e., the “forbidden” HHG emission) scales like
the total ring current squared

IﬁHG & ‘Irzing’ (2)

where Jy;,, denotes the total ring current. More generally,
we prove that the HHG ellipticity follows the relation

EHHG X Jring/(B + Jring)’ (3)

where B denotes a background emission from current-free
states and is generally a function of the medium’s ioniza-
tion rate. For Jy,, <1, eypg depends linearly on Jipn,,
while for larger values the denominator can be Taylor
expanded to yield a parabolic behavior. This analytical
current-to-HHG mapping is highly convenient for a
spectroscopic technique: the current can be exactly recon-
structed from measurements.

Next, we explore several examples that demonstrate the
applicability of the above analytical correspondence, start-
ing with a pump-probe geometry schematically illustrated
in Fig. 1(a): in step 1, a ring current is excited in the
medium due to strong-field ionization from an intense
circularly polarized pump laser pulse, which is sub-
sequently probed in step (2) by an intense linearly polarized
probe pulse. The probe pulse is polarized along the x axis
and is therefore invariant under the reflection y — —y
(denoted as o,). This standardly leads to x-polarized
harmonic selection rules. Importantly, since the initial
current excitation is circular, the pump pulse itself does
not generate harmonics. Similarly, since the probe pulse is
linear, it itself does not induce a ring current in the medium.
Hence, the ellipticity of the high harmonics reflects the
state of the initial current excitation, which is temporally
resolved.

We numerically demonstrate this scheme using a
noninteracting-electrons quantum model for neon,
where the atom is occupied by four valence 2p,,_.
electrons (see Supplemental Material Secs. 1 and 2
[33]). Figures 1(b)-1(e) present the exemplary high-
harmonic emission spectra and the average harmonic
ellipticities vs the calculated ring current in the medium
(which is varied by changing the duration of the pump
pulse). When there is no current excitation (i.e., the pump’s
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(a) Pump-probe scheme illustration: a ring current is first excited in the medium by interaction with a circularly polarized

pump. The medium is subsequently irradiated by an intense linearly polarized probe pulse that generates high-harmonic radiation,
whose polarization state is correlated to the excited ring current. (b)—(e) Symmetry-breaking spectroscopy of ring currents in quantum
model of neon using monochromatic pump and probe beams for A = 800 nm. (b,c) HHG spectral yield with and w/o pump pulse,
respectively. Harmonic ellipticities are indicated over each harmonic line showing that current-free media emit perfectly linear
harmonics, while ring current-carrying media emit elliptical harmonics. (d) HHG emission ellipticity-helicity vs the ring current
generated by the pump pulse (different lines indicate different harmonics). (e) Average HHG ellipticity vs ring current in the medium

compared to analytical model given in Eq. (3). The plot calculated for pump power of 3.6 x 10 W/cm?,

of 2 x 10" W/cm?.

duration is zero), the system is invariant under ¢, sym-
metry, so strictly linearly polarized harmonics are emitted
[see Fig. 1(b)]. As stronger and stronger currents are
excited, the HHG emission ellipticity increases, providing
a background-free signal that corresponds to the ring
current [see Fig. 1(c)]. Furthermore, the harmonics polari-
zation helicity embeds the information on the ring current
direction, since it changes sign if the ring current is
reversed. Figure 1(d) shows that the ellipticity of all
harmonics in the spectrum exhibits one-to-one mapping
with Jyy,. Figure 1(e) further plots the average ellipticity of
harmonics in the spectrum vs Jy,,, showing an extremely
accurate fit to the formula in Eq. (3) (R = 0.99997).

It is instructive to discuss the underlying mechanism
responsible for the symmetry-breaking phenomenon. In the
symmetric case (current-free media), each half-cycle of the
probe pulse generates HHG emission that only differs
by a z phase shift along the x axis. The emission from
consecutive half-cycles interferes in time, leading to the
generation of linearly polarized odd harmonics that uphold
the symmetry-based selection rules. On the other hand,
following the circular pump, a ring current is excited in the
medium, because the 2p,,_, | states have a faster ionization
rate than the 2p,,__; states [16] (a ring current may also be
excited by a circular pulse that is tuned to a transition [3,4]).
This means that the electron density in the 2p shell carries
angular momentum, which manifests in its interaction
with the probe pulse by partially breaking the symmetry
between consecutive half-cycles—the HHG emission

and probe power

between half-cycles now also differs by a z phase shift
along the y axis (the y-polarized emission is nonzero
because the bound state’s angular momentum deflects
the ionized electrons away from the x axis [13-16]).
This effect lifts the reflection symmetry, while preserving
the twofold discrete rotational symmetry that leads to odd-
only harmonics [39]. As the current density increases, the
ionized electrons are deflected further away from the x axis,
causing stronger y-polarized emission in each half-cycle,
therefore increasing the harmonic ellipticities. This mecha-
nism is independent of the pulse envelope.

We next explore this scheme using a noninteracting-
electrons quantum model for benzene molecules that
captures the symmetry properties of benzene and its
valence states (Dg;, symmetry point group). In particular,
we occupy four electrons in the equivalent of the 7z, and
73 degenerate highest occupied molecular orbitals (see
Supplemental Material [33] for details). Figures 2(a)
and 2(b) present the HHG ellipticity vs the total ring
current in randomly orientated benzene gas, showing
similar results to those obtained in neon. Harmonic
ellipticities form a background-free signal for ring current
detection in benzene, closely following the behavior
predicted by Eq. (3). In the Supplemental Material
[33], we present almost identical results from aligned
benzene when the alignment preserves the reflection
symmetry of the probe (i.e., the C—C bond is aligned
parallel or perpendicular to the x axis). Accordingly, from
this point on we only consider aligned benzene gas where
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Symmetry-breaking spectroscopy of ring currents in quantum models of benzene and neon systems. (a,b) Same as in Fig. 1(d),

(e), but for orientation-averaged benzene medium, and with monochromatic linearly polarized probe pulses for 4 = 1700 nm with probe
power of 7 x 10> W/cm? and pump pulses with power 1.1 x 10" W/cm?. (c)—(d) Same as in Fig. 1(d),(e), but using w-2@ bi-
chromatic cross-linear probe pulses, where even harmonics are also emitted with elliptical polarization due to the bi-chromatic scheme.

the C—C bond is parallel to the x axis, greatly reducing
the computational time.

The above discussion focused on monochromatic ring
current detection schemes, i.e., where both pump and probe
beams have the same wavelength. This approach is favor-
able for experimental implementation, but leads to odd-
only harmonic spectra. By adding a second harmonic (2w)
component to the probe beam, one can lift the twofold
rotational symmetry in # that leads to odd-only harmonic
generation. This effectively doubles the signal-to-noise
ratio for the technique, since the number of measurable
ellipticities is doubled. The addition of the 2w component
to the probe beam can be done in two different ways that
preserve the reflection DS in #: (i) the 2w beam can be
linearly polarized along the x axis, colinearly with the @
beam, or (ii) the 2w beam can be linearly polarized along
the y axis, cross linearly with the @ beam. In the colinear
case, # upholds a “static” ¢, symmetry just as before.
This approach leads to results similar to those in Figs. 1 and
2, except that even harmonics are also emitted (see
Supplemental Material [33]).

We turn our attention to the cross-linear case. Here, #
exhibits a reflection DS of the type x - —x, 1 - +T/2,
where T = 2z /w is the optical period. This DS imposes
linearly polarized harmonics selection rules, where odd
harmonics are x polarized and even harmonics are y
polarized [21]. Unlike in the static symmetry case discussed
above, the DS is only an approximate symmetry of 7,
because the probe pulse has a finite temporal duration. Still,
the selection rules are upheld as long as the probe pulse
duration is much larger than 7 [40,41]. The advantage of

using this scheme is that it typically leads to larger HHG
ellipticities that are easier to detect. This is a result of the
helical trajectory followed by the electron in each half-cycle
when it is driven by the cross-linear probe pulse [40]—the
emitted harmonic ellipticities are larger because the
y-polarized emission in each half-cycle is larger to begin
with. Figures 2(c)-2(d) present numerical results from the
quantum model of neon with the w-2w cross-linear probe
pulse, demonstrating that the sensitivity in the cross-linear
scheme is larger (the average harmonic ellipticity is larger by
roughly a factor of 2). Importantly, the analytical behavior
derived in Eq. (3) is still upheld. Similar results are also
obtained for benzene (see Supplemental Material [33]). We
also note that slightly elliptical harmonics (up to ellipticity
0.04) are emitted from the current-free medium, because the
probe pulse has a finite duration of ~22 fs.

So far, we have numerically investigated our technique
with noninteracting electron models, which describes the
qualitative behavior of ring currents and are effective for
studying the mechanism behind HHG symmetry breaking.
It is, however, also useful to perform quantitative ab initio
calculations that include e-e interactions, because these
allow exploring multielectron dynamics within the excited
state. To this end, we have performed TDDFT calculations
of HHG from excited ring currents in both neon
and benzene using the ocCTOPUS code [42-44] (see
Supplemental Material [33] for details).

Figures 3(a)-3(c) present ab initio results from the
monochromatic scheme in benzene that exhibits similar
behavior to that observed in the noninteracting electron
models. The main difference is that the average harmonic
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FIG. 3.

Pump-probe delay [attoseconds]

Symmetry-breaking spectroscopy of ring currents in Ab-initio calculations in benzene using monochromatic pump and probe

beams for A = 1250 nm. (a,b) HHG spectrum with and w/o current excitation, respectively (harmonic ellipticities indicated in black over
each harmonic order). (c) Average HHG ellipticity vs ring current in the medium compared to analytical model in Eq. (3). (d) Ellipticity
of HHG emission vs the time-delay between current excitation and probe pulse for several selected harmonic orders, showing effects of
e-e dynamics in the excited current which are imprinted onto the HHG emission. Plot calculated for probe power of 5 x 103 W /cm?.

ellipticity is slightly smaller in the ab initio calculation than
in the quantum model (though still experimentally meas-
urable [45]). This arises because the ab initio calculation
also includes HHG emission from deeper states that do not
carry angular momentum and are neglected in the quantum
model (e.g., the 2s? electrons in neon and sigma electrons
in benzene). The Supplemental Material [33] presents
similar ab initio results for neon.

Lastly, we explore the electron dynamics within the ring
current by scanning the delay between the current excita-
tion and the HHG probe pulse. It is important to point out
that in the noninteracting electron models there is inher-
ently no such dynamics, since in our case all bound states
are exact eigenstates of %, even after current excitation.
Consequently, the harmonic ellipticities are delay indepen-
dent in these models, reflecting the steady-state nature of
ring currents. Thus, any delay-dependent harmonic ellip-
ticities directly correspond to e-e interactions within the
ring current.

Figure 3(d) presents the harmonic ellipticity vs the
pump-probe delay for several selected highly oscillatory
harmonics in benzene. Unlike in the noninteracting
electron models, here the ellipticity of all the harmonics
in the spectrum slightly oscillates on various timescales
and amplitudes, though most harmonics vary weakly.
Physically, this effect arises since the current-carrying
multielectron wave function is not an exact eigenstate of
7. Thus, the electrons “breathe” (expand and contract) in
response to the excitation by exerting classical coulomb
forces on each other and quantum exchange and

correlation. This dynamical process indicates the state of
the ring current during its interaction with the probe pulse,
which is imprinted on the harmonic emission. While the
intensities of these oscillations may depend on the specific
system and computational method, we verify that the effect
is general, as it is observed in both neon and benzene
systems using monochromatic and bichromatic probe
pulses, as well as using different exchange-correlation
functionals.

Notably, the largest variation in harmonic ellipticities is
observed near “dips” in the HHG spectra [e.g., harmonics
15 and 31 in Fig. 3(b)]. These seem to be characteristic for
multielectron effects in HHG and were previously observed
in various forms [46—49]. We hypothesize that these photon
energies are resonant to the characteristic timescale of the
e-e interactions in the atom and molecule, making them
highly susceptible to the electron dynamics in the current
(because these energies correspond to particular electron
trajectories [50] that sample the variation in the ring current
between ionization and recombination times). Interestingly,
different behavior is observed from neon (see Supplemental
Material [33]), indicating the different nature of these
multielectron systems. Most importantly, this phenomenon
is experimentally accessible by our approach and may be
used to explore the complex nature of many-body systems.

To summarize, in this Letter we have established HHG
symmetry-breaking spectroscopy as a versatile, robust, and
effective method for ring current characterization. We
numerically explored the scheme in several geometries
and in two model systems of neon and benzene. We showed
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that it results in all-optical, ultrafast, background-free
signals with one-to-one analytical correspondence between
the ring current and the HHG emission. We further
validated the scheme with ab initio calculations and
predicted experimentally detectable e-e effects in the
excited-current states.

We expect that this approach will prove highly useful for
ultrafast molecular spectroscopy and for manipulating
electronic currents in atoms, molecules, and solids.
Importantly, the proposed technique is applicable for prob-
ing time-dependent ring currents by scanning the pump-
probe delay (in which the temporal resolution is limited by
the durations of the pump and probe pulses), as well as by
analyzing the relative behavior of different harmonic orders.
Furthermore, the spatial current density distribution in
complex systems could potentially be probed by mapping
the HHG emission to the initial transverse momentum of the
ionized electrons. Extensions to oriented molecular media
which are nonreflection symmetric are also possible. These
exciting possibilities should be investigated in future work.
Looking forward, a similar HHG symmetry-breaking
approach can be implemented to characterize a variety of
ultrafast phenomenon, e.g., topological, magnetic, electron
correlation, etc., and we envision that it could advance the
field of attosecond science.
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