
PHYSICAL REVIEW A 99, 053416 (2019)

Spatiotemporal evolution of ultrafast magnetic-field generation in molecules with intense
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We present ultrafast magnetic-field pulse generation in aligned molecules from numerical solutions of time-
dependent Schrödinger equations. The one-electron molecular ion H2

+ as a benchmark model is used to describe
the ultrafast photophysics process. Schemes with bichromatic high-frequency corotating and counterrotating
(ω, 2ω) and (ω, 3ω) circularly polarized UV laser pulses are presented to produce the spatial and temporal
evolution of the generated magnetic field. We discuss how interference effects between multiple resonant
excitations modulate the evolution of the generated magnetic field. It is found that the modulation of generated
magnetic fields is dependent on the pulse frequency and helicity combination and the molecular alignment,
which is attributed to the different resonant excitation processes with various molecular orbitals that vary the
intramolecular coherent electron currents. The spatiotemporal evolution of generated magnetic fields is shown
to be related and strongly different for molecular around-axis and in-plane electron currents. The scheme allows
one to control the induced magnetic-field-pulse generation as a tool for ultrafast optical magnetism.
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I. INTRODUCTION

Controlling electron dynamics with intense ultrashort laser
pulses on its natural timescale, the attosecond (1 asec =
10−18 s) since the 1s H atom orbit period is 152 asec, has
motivated the birth of a new science, attosecond physics
[1,2]. To date 43 asec pulses are the shortest available pulse
for new ultrafast optical imaging [3]. With mid-infrared
femtosecond lasers, high-order harmonic generation (HHG)
spectra of very high order 5000 (1.6 keV) can also be gen-
erated thus allowing for the generation of pulses as short
as a few attoseconds [4]. With these new attosecond pulses
electrons can therefore be visualized and controlled on the
attosecond timescale and subnanometer dimension in atoms,
molecules, and surfaces [5–10]. However the development
of attosecond pulse technology has been limited to linear
polarization. Circularly polarized attosecond pulses have been
now proposed as future tools for studying attosecond electron
currents and their dynamics in atoms [11–14] and molecules
[15–17]. A drawback of single circularly polarized pulses is
the suppression of recollision of ionized electrons with parent
ions contrary to linearly polarized pulses, where laser-induced
recollision generates HHG [18]. Combinations of bichromatic
circularly polarized pulses were predicted as early as 1995 to
generate harmonics due to enhanced ionized electron-parent
ion recombination [19,20] allowing one to generate circularly
polarized harmonics, e.g., [21–24], from which one can gen-
erate circularly polarized attosecond pulses [25].

The science of magneto-optics is currently influenced by
the discovery that magnetic polarization of atoms in matter
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is controllable, generated and monitored by ultrafast laser
pulses on the femtosecond (1 fs = 10−15 s) timescale, the
timescale of atomic motion in matter [26–28]. Recently, the
generation of electronic ring currents in aromatic molecules
obtained from quantum-chemical numerical simulations have
produced static magnetic fields by means of linearly and
circularly polarized UV pulses resonant with degenerate π

molecular orbitals [29–32]. The generated magnetic fields
can be much larger than those obtained by traditional static
fields. It has been found that the generated magnetic field
from electronic rings in atomic orbitals is strongly depen-
dent on the quantum numbers and the nuclear charge [32].
The strategy allows one to produce strong magnetic fields
by controlling the orbital angular momentum in atoms and
molecules. In these previous studies, coherent rotational elec-
tronic states are prepared resonantly, thus leading to static
magnetic fields. Moreover the induced currents have been
found to rely strongly on the coherence of the excited
states [33], allowing one to reconstruct molecular attosecond
charge migration [34,35] via the control of electron-state
symmetry [36,37].

Coherent circular electronic wave packets in quasicontinua
induce temporal coherent electron currents, giving rise to
time-dependent magnetic fields [38–41]. In the present work,
we study the spatiotemporal evolution of the magnetic-field-
pulse generation by intense bichromatic circularly polarized
UV laser pulses. Simulations are performed on the benchmark
molecule H2

+ [42] by numerically solving the corresponding
time-dependent Schrödinger equation (TDSE). The evolution
of the generated magnetic field in spatiotemporal space is
shown to be dependent on the molecular alignment and the
pulse frequency and helicity combination, reflecting the ul-
trafast coherent electron excitation dynamics in molecules.
Various molecular excited state orbitals give rise to different

2469-9926/2019/99(5)/053416(10) 053416-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.053416&domain=pdf&date_stamp=2019-05-20
https://doi.org/10.1103/PhysRevA.99.053416


GUO, YUAN, LU, AND BANDRAUK PHYSICAL REVIEW A 99, 053416 (2019)

x

y-

z
z-B

(x,y)

(a) in plane

(b) around axis
corotating

counterrotating

E(t)

continuun
Rydberg

2p u

2p u

1s g

in plane  around axis

m=1 m=1 or -1 m=2 m=1 or -1

m=1

m=1 or -1 m=1 or -1

=1
00

 n
m

=1
00

 n
m

=7
0 

nm

=7
0 

nm

FIG. 1. Upper row: Illustration of time-dependent magnetic field
generation in the molecular ion H2

+ by bichromatic circularly
polarized laser pulses with their field polarization vectors in the
(x = ρ cos θ, y = ρ sin θ ) plane, propagating along the z axis, for
the two cases (a) in-plane, the molecule aligned along the x axis,
R ‖ (x, y), and (b) around-axis, the molecule aligned along the z
axis, R ⊥ (x, y). The pulses with co- and counterrotating components
and frequency combinations (ω, 2ω) and (ω, 3ω) are used to induce
electron currents in molecules, leading to magnetic fields along the z
axis. Bottom row: The possible photoexcitation and photoionization
pathways to produce coherent electron currents and magnetic fields
by bichromatic (ω, 2ω) circularly polarized laser pulses. The excited-
state orbitals (m) depend on the molecular alignment and the pulse
frequency and helicity combinations.

coherent electron currents. We focus on the frequency com-
binations (ω, 2ω) and (ω, 3ω) of bichromatic circular pulses
for which the net electric fields have distinct symmetries,
as illustrated in Fig. 1, which can be used to generate cur-
rents with symmetry [43]. Such a combination of ultrafast
circularly polarized pulses can lead to recollision of elec-
trons with parent ions [44], which has been recently used
to develop bicircular high-harmonic spectrometry in atoms
and molecules for exploring dynamical symmetries [45] and
generating polarized attosecond pulses [46]. Time-delayed
opposite-helicity circularly polarized pulses have been also
investigated in atoms to produce, by single-photon and mul-
tiphoton ionization electron vortices in atomic [47,48] and
molecular [49] systems, new electronic photoionization pat-
terns. Here we find that using bichromatic circularly polarized
UV laser pulses, the interference effects between multiple
pathway excitation processes lead to an ultrafast modulation
of generated magnetic fields, which is shown to be sensitive
to the molecular alignments, as illustrated in Fig. 1. The
molecular rotational and vibrational motions on picosecond
(1 ps = 10−12 s) and femtosecond timescales are ignored
because these effects are much slower than the laser-molecule
interaction that occurs within the attosecond timescale.

The paper is organized as follows: In Sec. II, we briefly
describe the numerical and computational methods. Simu-
lation results obtained by time-dependent quantum electron
wave packet calculations for the aligned molecule H2

+ are
presented and discussed in Sec. III. Spatial and temporal
evolutions of generated magnetic fields by bichromatic cir-
cularly polarized laser pulses correspond to coherent electron
excitations. Finally, we summarize our findings in Sec. IV.
Throughout this paper, atomic units (a.u.) are used unless
otherwise noted.

II. THEORETICAL AND COMPUTATIONAL METHODS

In the present work numerical solutions of TDSEs are used
to study the generation of magnetic fields in the molecular
ion H2

+ as a benchmark model that can be investigated
completely in both theory and experiment [42] and compared
to the molecular alignments parallel and perpendicular to the
plane of the laser polarization, as illustrated in Fig. 1. For
an aligned single-electron molecular ion H2

+ within the fixed
nuclei (Born-Oppenheimer approximation) frame, Fig. 1, the
corresponding TDSE is written as

i
∂

∂t
ψ (r, t ) = H (r, t )ψ (r, t ), (1)

where the field-molecule Hamiltonian is H (r, t ) = T (r) +
V (r) + r · E(t ) and r = (ρ, θ, z) with (x = ρ cos θ , y =
ρ sin θ ). V (r) is the two-center molecular Coulomb potential.
We use cylindrical coordinates r = (ρ, θ, z) to describe the
electron dynamics in the laser polarization (x, y) plane, with
the molecular center r = 0.

The field-molecule interaction is treated in the length
gauge and dipole approximation, since by exact solutions of
the TDSE, numerical results are gauge invariant [50]. The
laser field E(t ) = êxEx(t ) + êyEy(t ) with polarization vectors
êx and êy in the (x, y) plane propagates along the z axis, having
the form

E (t ) = E0 f (t )

{
êx[cos(ω1t ) + cos(ω2t )],
êy[sin(ω1t ) + ε sin(ω2t )],

(2)

with pulse frequencies ω1 and ω2, and helicity components
ε = +1 for corotating and ε = −1 for counterrotating com-
ponents. êx and êy are the two orthogonal laser polarization
directions. A smooth f (t ) = sin2(πt/nτ1/2) pulse envelope
for the maximum electric field amplitude E0, corresponding
to intensity I0 = cE2

0 /8π , is adopted, where one optical cycle
(oc) period τ1/2 = 2π/ω1/2.

We solve numerically the 3D TDSE in Eq. (1) of the
H2

+ single-electron molecule system by a five-point finite-
difference method and fast Fourier transform (FFT) technique
combined with high-order split-operator propagation methods
[51,52]. The time step is fixed at 
t = 0.01 a.u. (1 a.u. = 24
asec) and the spatial discretization is 
ρ = 
z = 0.25 a.u.
(1 a.u. = 1a0, Bohr radius) for radial grid sizes 0 � ρ �
128 a.u., greater than the maximum electron excursion αd =
E0/ω

2
1/2, |z| � 64 a.u., and angle grid size 
θ = 0.01 radians.

To prevent unphysical effects due to the reflection of the ion-
ized wave packet from the boundary, a “mask function” with
the form cos1/8[π (ρ − ρa)/2ρabs] is used at ρabs = ρmax −
ρa = 24 a.u. with ρmax = 128 a.u.
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As illustrated in Fig. 1, the time-dependent magnetic
field B(r, t ) along the z axis is generated from the induced
electronic currents in the laser polarization (x, y) plane by
bichromatic circularly polarized attosecond UV laser pulses.
The time-dependent electronic current density is defined by
the quantum expression also in the length gauge,

j(r, t ) = i

2
[ψ (r, t )∇rψ

∗(r, t ) − ψ∗(r, t )∇rψ (r, t )]. (3)

ψ (r, t ) is the exact Born-Oppenheimer (static nuclei) electron
wave function obtained from the TDSE equation (1), and
∇r = eρ + eθ

1
ρ
∇θ + ez∇z in the cylindrical coordinates. The

corresponding time-dependent magnetic field is calculated
using the following classical Jefimenko equation [53]

B(r, t ) = μ0

4π

∫ [
j(r′, tr )

|r − r′|3 − 1

c|r − r′|2
∂j(r′, tr )

∂t

]

× (r − r′)d3r′, (4)

where tr = t − r/c is the retarded time and μ0 = 4π ×
107 N A−2 (6.692 × 10−4 a.u.). For static-field time-
independent conditions occurring after the pulse, Eq. (4)
reduces to the classical Biot-Savart law.

III. RESULTS AND DISCUSSION

The purpose of the present work is to study the magnetic-
field generation in molecules by intense bichromatic circular
polarization pulses with both corotating and counterrotating
components. We use a typical molecule, H2

+, which is aligned
parallel [Fig. 1(a)] or perpendicular [Fig. 1(b)] to the laser
propagation direction. In the simulations, the molecule is ini-
tially prepared in the ground 1sσg state of the aligned molecule
H2

+ at equilibrium Re = 2 a.u. (1.06 Å) with the ionization
potential Ip = 1.1 a.u. (29.72 eV). The initial electron wave
function ψ (r, t = 0) is obtained by propagating an initial ap-
propriate wave function via the field-free TDSE in imaginary
time [52]. We adopt bichromatic circularly polarized pulses in
Eq. (2) at frequencies (ω1 = ω,ω2 = 2ω) or (ω1 = ω,ω2 =
3ω) as illustrated in Fig. 1. Each component of the bicircu-
lar pulse has intensities Ix = Iy = 3.5 × 1014 W/cm2 (E0 =
0.1 a.u.), with wavelength λ = 100 nm (ω = 0.456 a.u.),
resonant with the 1sσg–2pσu parallel transition, or λ = 70 nm
(ω = 0.65 a.u.), resonant with the 1sσg–2pπu perpendicular
transition, and five cycles’ duration for each, 5τ1 = 1.667 fs
(100 nm) or 5τ2 = 1.167 fs (70 nm). The Keldysh parameter
γ = √

Ip/2Up (in a.u.), for the ponderomotive energy Up =
I/4ω2 (a.u.), is γx/y = 6.77 at 100 nm and γx/y = 9.68 at
70 nm, for each field component, indicating a region of
multiphoton ionization processes [1,2].

A. Time-dependent magnetic fields

We first present the evolution of the generated magnetic
field with time. To illustrate the effects of coherent electron
currents, we compare molecular excitation processes with
various pulse frequencies and molecular alignments, which
lead to different angular momentum states. Figure 2 illustrates
the time-dependent molecular orbital populations of the three
lowest 1sσg, 2pσu, and 2pπu electronic states of H2

+ exposed
to monochromatic 70 nm and 100 nm circularly polarized

(optical cycles)

FIG. 2. Time-dependent molecular orbital population in the
molecular H2

+ 1sσg, 2pσu, and 2pπu electronic states by (a), (c)
λ = 70 nm and (b), (d) 100 nm monochromatic circularly polarized
pulses for the two cases of molecular alignments (a), (b) in plane, the
molecular axis R ‖ x, the laser polarization plane, and (c), (d) around
axis, R ⊥ (x, y), as illustrated in Fig. 1. The pulse intensity I0 =
3.5 × 1014 W/cm2 (E0 = 0.1 a.u.) and duration 5 oc, where 1 optical
cycle (oc) = 2π/ω; i.e., 1.167 fs for λ = 70 nm (ω = 0.65 a.u.) and
1.667 fs for λ = 100 nm (ω = 0.456 a.u.) are used.

pulses. In Figs. 2(a) and 2(b) the molecular R axis is aligned
in the (x, y) polarization plane of the pulse, as in Fig. 1(a), and
in Figs. 2(c) and 2(d) the molecular R axis is parallel to the z
pulse propagation direction, with the (x, y) field polarization
perpendicular to R, Fig. 1(b). Thus for the in-plane excitation
ionization Fig. 1(a), at 70 nm one has mainly a 1sσg–2pπu

perpendicular resonant transition to both degenerate m = ±1
angular momentum states, Fig. 2(a), whereas at 100 nm, the
Ex component of the pulse excites mainly the 2pσu state due
to change resonance excitation with a transition moment R/2
parallel to R [54], leading to enhanced ionization [55]. In
fact at 800 nm, charge-resonant enhanced ionization occurs
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with in-plane circular polarization as in linear polarization,
thus confirming the strong radiative coupling when Ex ‖ R
[44,56]. For the 70 nm excitation ionization around the R
molecular axis, Fig. 2(c) shows mainly a 1sσg–2pπ+

u tran-
sition to the m = +1 angular momentum state around the
z/R axis for positive helicity, with negligible 2pσu excitation.
For the λ = 100 nm perpendicular excitation around the R
axis, no resonant excitation is expected due to selection rules,
and the 1sσg state ionizes directly via Rydberg or continuum
states. Comparing the in-plane to the around-axis cases at
λ = 70 nm, Fig. 2(a) vs Fig. 2(c), one notes that the in-plane
ionization exceeds the round axis result by nearly a factor of
two due to ionization of both m = +1 and −1 2pπu states by
perpendicular transitions.

In Figs. 3 and 4 we simulate the temporal evolution of the
generated magnetic fields Bz(r = 0, t ) at the molecular center
of the H2

+ molecule (Fig. 1) generated by 5-cycle pulses for
various wavelengths λ single frequencies ω, and their combi-
nations (ω, 2ω), (ω, 3ω) with co- and counterrotating compo-
nents. It is found that the generated magnetic field oscillates
with time t on the attosecond timescale. We use the driving
circularly polarized laser pulses with their field vectors in the
(x, y) plane. The induced electron currents evolve in the (x, y)
plane as well. As a result, the generated magnetic fields are
mainly along the z axis, perpendicular to the laser polarization
plane, as illustrated in Fig. 1. Two cases around the molecular
R/z axis, Figs. 3(a) and 4(a), and in the molecular (x, y) plane,
Figs. 3(b) and 4(b), are compared. The fundamental pulse
wavelengths are used at (Fig. 3) λ = 70 nm (ω = 0.65 a.u.)
and (Fig. 4) λ = 100 nm (ω = 0.456 a.u.). The strongest
magnetic field Bz(r = 0, t ) = 0.7 T is obtained in Fig. 3(a), at
70 nm around the z axis as the ω frequency excites resonantly
the 2pπ+

u state and an m = +1 electron current in the (x, y)
plane around the R molecular axis. The current (population)
has a maximum at each optical cycle in agreement with the
2pπu population in Fig. 2(b). The counterrotating bichro-
matic (ω, 2ω) and (ω, 3ω) circularly polarized pulses (green
lines) essentially follow the single ω pulse magnetic fields
whereas the corotating pulses (red lines) generate magnetic
fields slightly larger than single ω pulses. The in-plane (x, y)
currents generate corresponding magnetic fields, Fig. 3(b),
which change sign at the middle duration time (∼2.5 oc) of all
pulses. Minima-maxima occur again at the optical cycles. The
main difference at 70 nm between around-axis and in-plane
magnetic fields is that around axis, Fig. 3(a), a single magnetic
quantum number state m = +1 or −1 is excited resonantly
whereas for in-plane excitation, Fig. 3(b), both degenerate
m = ±1 states are excited coherently. Of note is that at 3.5
cycles, the 70 nm in-plane magnetic fields have the same
intensity as the around-axis magnetic field, Fig. 3(a), but with
opposite phases. Figure 4 illustrates magnetic fields generated
at 100 nm excitation. It is interesting that, in Fig. 4(a), mainly
positive magnetic-field oscillations are generated around the
molecular R/z axis, whereas in the molecular (x, y) plane,
Fig. 4(b), co- and counterrotating magnetic fields are out of
phase. At 100 nm excitation, which is nonresonant with the
1sσg–2pπu transition, the Ex and Ey electric-field components
are perpendicular to R in circular polarization around the z
axis, Fig. 1(b), but in in-plane alignments, Fig. 1(a), Ex is
parallel to R, inducing large 2pσu excitation due to charge

(a) around axis

(b) in plane

=70 nm

z
z

(optical cycles)

FIG. 3. Temporal evolutions of the generated magnetic field
Bz(r = 0, t ) in the molecular ion H2

+ by bichromatic circularly po-
larized UV laser pulses with various frequency combinations and co-
and counterrotating components. The pulse fundamental frequency
ω = 0.65 a.u., corresponding to λ = 70 nm, leads to a perpendicular
1sσg–2pπu resonant excitation. Two cases, (a) around axis and (b) in
plane, are compared. The pulse intensity I0 = 3.5 × 1014 W/cm2

(E0 = 0.1 a.u.) and duration 5 oc = 1.167 fs, where 1 optical cycle
(oc) = 2π/ω = 232 asec for λ = 70 nm, are used.

resonance with no 2pπu-state excitation, Fig. 2(b). The current
symmetries generated by the symmetries of the net (ω, 2ω)
and (ω, 3ω) fields induce strong phase variation in the mag-
netic fields as illustrated in Fig. 4(b).

Figures 3 and 4 summarize the time-dependent magnetic
field Bz(r = 0, t ) generated at the molecular center. The res-
onant 1sσg–2pπu excitation by the 70 nm pulse, Figs. 2(a)
and 2(c) with m = ±1, is dominant in the evolution processes
of the magnetic-field generation. As shown in Fig. 3, the
magnetic fields oscillate with time t with the same period
and amplitude for the frequency combinations (ω, 2ω) and
(ω, 3ω) with both co- and counterrotating components. In

053416-4



SPATIOTEMPORAL EVOLUTION OF ULTRAFAST … PHYSICAL REVIEW A 99, 053416 (2019)

(a) around axis

(b) in plane
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z
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FIG. 4. Temporal evolutions of the generated magnetic field
Bz(r = 0, t ) in the molecular ion H2

+ by bichromatic circularly po-
larized UV laser pulses with various frequency combinations and co-
and counterrotating components. The pulse fundamental frequency
ω = 0.456 a.u., corresponding to λ = 100 nm, leads to a parallel
1sσg–2pσu resonant excitation. Two cases, (a) around axis and (b) in
plane, are compared. The pulse intensity I0 = 3.5 × 1014 W/cm2

(E0 = 0.1 a.u.) and duration 5 oc = 1.667 fs, where 1 optical cycle
(oc) = 2π/ω = 331 asec for λ = 100 nm, are used.

both around-axis [Fig. 3(a)] and in-plane [Fig. 3(b)] pro-
cesses, higher frequency excitations are negligible. However,
as shown in Fig. 4, the generated magnetic field Bz(r = 0, t )
is shown to be dependent on the pulse-frequency combina-
tion. The time-dependent magnetic fields Bz(r = 0, t ) at λ =
100 nm (ω) and frequency multiplication 2ω and 3ω pulses in
both around-axis and in-plane cases are strongly influenced by
the different field symmetries. The modulation illustrates the
effects of the interference between the coherent electron wave
packets. Such bichromatic laser pulses produce a photoelec-
tron with the same kinetic energies by the two ω + ω and one
2ω photon absorption or three ω + ω + ω and one 3ω photon
process. As a result, these electron wave packets interfere with

each other. In particular, (ω, 2ω) and (ω, 3ω) corotating and
counterrotating pulses create out-of-phase magnetic fields.

We examine next the (ω, 2ω) process as an example to de-
scribe the ultrafast magnetic field generation. According to the
attosecond photoionization perturbation theoretical model, the
total transition probability is the square of the two amplitudes
with an interference term of the cross products of the two one-
and two-photon ionization amplitudes. The interference term
can be given by [57–59]

A(1,2)(t ) = 2W (1)(t )W (2)(t ) cos(η), (5)

where W (1) and W (2) are respectively the transition matrix
elements for the two ω (ω + ω) and one 2ω photoionization
processes, which are determined by the driving laser pulses,
and η is the phase of the coherent electron wave packets. The
corresponding laser-induced electron angular current jθ (r, t )
is expressed as [34,35]

d

dt
A(1,2)(t ) + ∂

∂θ
jθ (t ) = 0. (6)

In Eq. (6), the angular electron current jθ (t ) is shown to
be dependent on the transition interference term A(1,2). As
shown in Eq. (4), the generated magnetic field arises from
the electron current, B(t ) ∼ jθ (t ). Therefore during the pho-
toexcitation and ionization processes, the induced magnetic
field Bz(r = 0, t ) is modulated by the interference effects
in Eq. (5), as illustrated in Fig. 4. However, for the case
at λ = 70 nm, the contribution of generated magnetic fields
from the interference term A(1,2) is negligible since the strong
1sσg–2pπu resonant excitation dominates, thus leading to sim-
ilar time-dependent magnetic fields in Fig. 3. The dependence
of the generated magnetic field Bz(r = 0, t ) on the pulse fre-
quency combination illustrates the difference of the coherent
excitation-ionization processes. As illustrated in Fig. 1, the
excited-state orbitals (m) are different for different excitation
processes. Therefore, varying the molecular alignments and
the pulse frequency and helicity combinations gives rise to a
strong modulation of the spatial distributions of the generated
magnetic field, as discussed next.

B. Spatially resolved attosecond magnetic field distributions

We next present the spatial evolution of the generated
attosecond magnetic fields. Figures 5 and 6 display the density
distributions of the generated magnetic field Bz(r, t ) in the
two planes, (x, y, z = 0) and (x, y = 0, z), by bichromatic
counterrotating (ω, 2ω) circularly polarized laser pulses at
different moments (from left to right panels) t = 2.0 oc,
2.25 oc, 2.5 oc, and 2.75 oc with a time interval of 0.25 oc.
We plot the distributions for the two cases, in Fig. 5 the
molecular alignments along the x axis, and the z axis in
Fig. 6, i.e., the molecular axis is parallel [in plane, Fig. 1(a)]
and perpendicular [around axis, Fig. 1(b)] to the laser (x, y)
polarization plane. The bichromatic (ω, 2ω) counterrotating
circularly polarized pulse wavelengths are (a) 70 nm and
35 nm, and (b) 100 nm and 50 nm, with respectively πu and σu

resonant excitation. It is found that the generated field B(r, t )
evolves periodically with time, following the driving electric
field. The evolution of the generated magnetic fields with time
is in good agreement with the results in Figs. 3 and 4.
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(a) 70 nm, 35 nm),  in plane

co 5.2co 52.2co 0.2 2.75 oc

(b) (100 nm, 50 nm ),  in plane

(x,y,z=0)

(x,y=0,z)

(x,y,z=0)

(x,y=0,z)

FIG. 5. Density plots of spatiotemporal magnetic fields Bz(r, t ) in the (x, y, z = 0) and (x, y = 0, z) planes at different moments (from left
to right) t = 2.0 oc, 2.25 oc, 2.5 oc, and 2.75 oc, where 1 optical cycle (oc) = 2π/ω. Two cases of the bichromatic (ω, 2ω) counterrotating
circularly polarized laser pulses with their field vectors in the molecular (x, y) plane [in plane, Fig. 1(a)] are presented. The pulse wavelengths
are, respectively, (a) (70 nm, 35 nm) and (b) (100 nm, 50 nm); cf. Figs. 3(a) and 4(a).

The spatial distributions of the generated magnetic field
in the (x, y, z = 0) plane reflect the symmetry of the molec-
ular orbitals of the excited states. For the process by the
bicircular 70 nm and 35 nm pulse, the 1sσg–2pπu resonant
excitation dominates with πu symmetry. For the in-plane case
with R ‖ x, the excited electronic states are degenerate with
m = ±1. The perpendicular excitation therefore leads to an
oscillation of the generated magnetic field Bz(x, y) in the up
(y > 0) and down (y < 0) half planes, perpendicular to the
molecular R/x axis, in Fig. 5(a). For the around-axis case,
the excited-state orbital is given in the cylindrical coordinates,
Fig. 1, ψπu = ψx + iψy = ψ (x, y)eimθ , m = 1. The electronic
density distributions are localized around the molecular axis.
As a result, the time-dependent magnetic field Bz(r, t ) shows
a rotation around the molecular R axis in Fig. 6(a). For the
bichromatic 100 nm and 50 nm pulse, the different molecular
alignments give rise to various excitation processes. Such few
cycle pulses with broad spectral widths produce dense excited
Rydberg states below the molecular ionization potential since

2ω < Ip, where Ip is the molecular ionization potential. In the
case of the molecule aligned along the z axis, i.e., the around-
axis case in Fig. 1(b), the excited states have respective πu

symmetry with m = 1 and δg symmetry with m = 2 after one
2ω and two ω, (ω + ω), photon absorptions. Since the excited
electronic state wave functions are a function of the azimuthal
angle eimθ , the magnetic fields also evolve around the molec-
ular R axis, in Fig. 6(b), similar to those in Fig. 6(a). For the
process of the molecule aligned along the x axis, i.e., the in-
plane case in Fig. 1(a), the σg-σu parallel resonant excitation
occurs for the 100 nm pulse. In the bichromatic circularly
polarized pulse with wavelengths 100 nm and 50 nm, this
process is composed of two-pathway excitation processes, a
single 2ω photon process and a ladder excitation πg ← σu ←
σg. The two-pathway processes can be regarded as two single
photon perpendicular excitation processes from, respectively,
the 1sσg and the 2pσu electronic states. The excited electronic
states are degenerate with m = ±1. Consequently, one ob-
tains that the magnetic field oscillates in the up-down plane,
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(a) 70 nm, 35 nm),  around axis

co 5.2co 52.2co 0.2 2.75 oc

(b) 100 nm, 50 nm),  around axis

(x,y,z=0)

(x,y=0,z)

(x,y,z=0)

(x,y=0,z)

FIG. 6. Density plots of spatiotemporal magnetic fields Bz(r, t ) in the (x, y, z = 0) and (x, y = 0, z) planes at different moments (from left
to right) t = 2.0 oc, 2.25 oc, 2.5 oc, and 2.75 oc, where 1 optical cycle (oc) = 2π/ω. Two cases of the bichromatic (ω, 2ω) counterrotating
circularly polarized laser pulses with their field vectors perpendicular to the molecular R/z axis [around axis, Fig. 1(b)] are presented. The
pulse wavelengths are, respectively, (a) (70 nm, 35 nm) and (b) (100 nm, 50 nm); cf. Figs. 3(b) and 4(b).

in Fig. 5(b). The evolution of the time-dependent magnetic
field Bz(x, y, z = 0, t ) reflects the degeneracy of the excited
electronic states.

The generated magnetic fields are mainly localized along
the z axis, perpendicular to the (x, y) currents, as predicted by
classical physics [60]. In the present molecular case, the evo-
lution of the generated magnetic field with time results from
the corresponding time-dependent induced electron currents,
i.e., coherent electron wave packets, for which a semiclassical
model provides estimates of the radii of the circular electron
currents at single frequencies ω and field amplitudes E0 [61].
Assuming zero initial electron velocities, maximum induced
electron velocities v = 2E0/ω give circular radii

rn = 2E0

ω2

√
1 +

(
n + 1

2

)2

π2, n = 0, 1, 2, . . . , (7)

at times t = (2n + 1)π/ω. Thus at Ix = Iy = 3.5 ×
1014 W/cm2 (E0 = 0.1 a.u.), one obtains at λ = 70 nm,

r0 = 0.87 a.u. and r1 = 2.27 a.u., and at λ = 100 nm,
r0 = 1.8 a.u. and r1 = 4.6 a.u. Short cycles n = 0 give the
largest magnetic fields due to small radii at shorter time tn.

For the in-plane case, Fig. 5, the protons are situated at
x = ±R/2 = ±1 a.u. The magnetic fields Bz are maximum
at z = 0, i.e., along the x-aligned R nuclear axis, but appear
generally at each proton, with different phases. Similarly
around the z axis, parallel to R, the protons are situated at
z = ±R/2 = ±1 a.u. As shown in Fig. 6, the magnetic field
lies at positions with maximum values of x = 0.9 a.u. for the
(70 nm, 35 nm) process and x = 1.6 a.u. for the (100 nm, 50
nm) process. For example, at time 2.75 oc, one finds that the
maximum magnetic field Bz appears at position (0,0.9,0) a.u.
in Fig. 6(a) and at (−1.6, 0, 0) a.u. in Fig. 6(b). The maximum
displacements of the magnetic fields depend on the pulse
wavelengths, reflecting the dimensions of the laser-induced
electron currents, predicted from Eq. (7). In the circular laser
field at frequency ω and field strength E0, the first maximum
laser-induced electron radius is given by the semiclassical

053416-7



GUO, YUAN, LU, AND BANDRAUK PHYSICAL REVIEW A 99, 053416 (2019)

ionization model. At λ = 70 nm, the corresponding radius is
r0 = 0.87 a.u., and at λ = 100 nm, r0 = 1.8 a.u., in agreement
with the numerical simulations, where the electron rotates
around the molecular R axis with radius r0 in the (x, y, z = 0)
plane, in Fig. 6.

However, for the in-plane case in Fig. 5, the displacements
of the generated magnetic field are slightly larger than those
in Fig. 6. The difference results from Coulomb effects from
the two nuclei. Figure 5 shows that the magnetic-field distri-
butions mainly lie around the two molecular proton centers;
i.e., the maxima Bz(x, y = 0, z) occur around x = ±R/2 =
±1, as illustrated in the (x, y = 0, z) plane. According to
molecular orbital theory, the molecular wave function is a
linear combination of the atomic configurations, i.e., ψ (r) =
[ψR(r = R/2) + ψL(r = −R/2)]/

√
2, where ψR(r = R/2)

and ψL(r = −R/2) denote the wave functions of the atomic
orbital on the left r = −R/2 and right r = R/2 protons. From
Eqs. (3) and (4) one sees that the generated magnetic field
depends on the electron wave function, i.e., B ∼ ψ∇ψ , giving
rise to the maxima of Bz(−R/2, y, z) and Bz(+R/2, y, z) with
opposite phases [33]. At the molecular center, the magnetic
field is a simple sum of the two parts on the two protons with
opposite phase, i.e., Bz(r = 0, t ) = Bz(r = R/2, t ) + Bz(r =
−R/2, t ). Due to the helicity effects of the circular polariza-
tion field, the generated magnetic fields on the two proton are
not equivalent, Bz(r = R/2, t ) 	= Bz(r = −R/2, t ). Magnetic
fields are generated at the molecular center at r = 0, as shown
in Figs. 3 and 4. As a consequence of the induced electron
currents, the generated magnetic fields evolve around the
molecule with radii r′

0 = R/2 + r0 = 2.0 a.u. at λ = 70 nm
and 35 nm and r′

0 = 3 a.u. at λ = 100 nm and 50 nm, as
illustrated in Figs. 5(a) and 5(b). Of note is that, in these cases,
the molecular axis is perpendicular to the (x = 0, y, z) plane.
The two center effects do not influence the spatial (x = 0, y, z)
distributions of the generated magnetic field. As a result, the
evolution of B(x = 0, y, z, t ) is similar to those around the
axis.

The spatiotemporal evolution of the induced magnetic field
illustrated in Figs. 5 and 6 reflects electron coherence. As
mentioned above, the resonant excitation between the ground
1sσg electronic state and the excitation electronic state with
different orbital momentum m induces coherent angular elec-
tron current, jθ , therefore leading to ultrafast magnetic-field
generation in Figs. 3–6. The dependence of the generated
magnetic field on the pulse frequency and helicity and the
molecular alignment indicates the property of the coherent
resonant excitation induced by the bichromatic circularly
polarized pulses. The observed magnetic-field distributions
are mapped from the induced electron currents. Therefore,
the coherent excitation encoded in the electron currents can
be reconstructed with spatial and temporal resolutions by the
generated magnetic field.

IV. SUMMARY

We present spatial and temporal evolution of the magnetic-
field-pulse generation in molecules by intense bichromatic
circularly polarized UV laser pulses. The single-electron di-
atomic H2

+ is used as a benchmark model system since it
can be fully and accurately investigated in both theory and

experiment [42]. Results from numerical solutions of the
molecular TDSE show that generated magnetic field pulses
are dependent on the molecular alignments and pulse fre-
quency and helicity combinations. We simulate the magnetic
field in two cases of molecular alignments, parallel and per-
pendicular to the laser polarization plane (Fig. 1), at different
pulse frequency λ = 70 nm resonant with πu orbitals and
100 nm resonant with σu orbitals and helicity (corotating and
counterrotating) combinations.

The results show that the time-dependent generated mag-
netic fields are modulated in bichromatic circularly polarized
pulses due to interference effects of coherent circular electron
wave packets. The modulation of the generated magnetic field
is also sensitive to the molecular alignment and the pulse
frequency and helicity combinations. At different pulse fre-
quency combinations, different resonant excitation processes
give rise to various electron currents and magnetic fields.
In the 100 nm cases, the electron currents arising from the
double resonant excitations by two ω and one 2ω with differ-
ent rotating components interfere with each other. Moreover,
the excited-state orbitals and corresponding coherent electron
currents depend on the pulse helicity, as illustrated in Fig. 1.
Consequently, the magnetic field oscillates strongly with time,
which is a function of the pulse frequency and helicity com-
bination, in Fig. 4. The magnetic fields for the corotating
and counterrotating components evolve generally with op-
posite phases. However, in the 70 nm cases, the 1sσg–2pπu

resonant excitation dominates and the interference effects
between multiphoton excitation processes are negligible. As
a consequence of dominant single ω resonant excitations,
the coherent interference effects are absent and the magnetic
field exhibits similar evolution processes at different pulse
frequency combinations, as shown in Fig. 3.

Generation of ultrafast magnetic field pulses by single-
frequency few-cycle circularly polarized pulses has been
shown to be stable with respect to bichromatic excitation
schemes at frequencies resonant with π orbitals (
m = ±1
transition) in molecules. Excitations of electron currents with
definite angular momentum both around the molecular inter-
nuclear axis or in plane thus generate magnetic fields that
remain invariant to multiple-frequency excitations. Neverthe-
less, the in-plane currents generate magnetic fields that change
phases in the middle of the duration of all pulses, single and
corotating/counterrotating bichromatic circularly polarized
pulses. Excitations of σ orbitals (
m = 0 transition) occur
with intense resonant circular polarized pulses preferentially
in molecule-laser polarization parallel alignments, due to
strong charge resonance electronic transitions parallel to the
internuclear axis. The in-plane currents for the latter parallel
alignments undergo strong Coulomb interactions with nu-
clei, producing stronger corotating and counterrotating laser-
induced magnetic fields than single-frequency excitations, but
with phases oscillating at twice the lower laser frequency.
Of note is that in this in-plane parallel laser-molecule align-
ment, corotating bichromatic pulses lead to magnetic fields
out of phase with counterrotating combinations at magnetic-
field maxima-minima (n oc), whereas corotating (ω, 3ω)
and counterrotating (ω, 2ω) maxima-minima are in phase at
half cycles, i.e., (2n + 1)/2 oc. These results, resonant π

vs σ orbital in-plane excitation with single vs bichromatic
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circularly polarized pulse, emphasize the importance of elec-
tron current–nuclear interactions. In such molecule-laser po-
larization parallel alignments, i.e., in plane, bichromatic cir-
cularly polarized pulses generate generally more intense ul-
trafast magnetic fields than by single-frequency pulses, but
with phases that vary at single (ω) and twice single (2ω)
laser frequencies. The present results in principle pave a way
to generate and control ultrafast magnetic fields by bichro-
matic circularly polarized laser pulses, which can be extended
to other complex molecular systems for studying electron

dynamics in ultrafast magneto-optics [62] and molecular chi-
ral properties [63].
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