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Generation of ultrafast magnetic fields from molecular coherent electron currents
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Coherent electron currents in circular charge transport are of great importance in photoinduced processes,
magneto-optics, and reaction dynamics of molecules. We present ultrafast magnetic field generation by circularly
polarized attosecond ultraviolet laser pulses in molecular media. Simulations in a one electron molecular model
H+

2 show that the induced magnetic field exhibits periodic oscillations on attosecond time scales, which depends
on the laser pulse and molecular alignment. We attribute it to the coherent electronic currents, arising from
resonant coherent excitation between the ground and excited electronic states. The temporal evolution of the
generated magnetic fields and the induced electronic currents relies on the molecular orbital superposition in the
electron coherence, providing a way for controlling ultrafast magnetic field generation.
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I. INTRODUCTION

Rapid developments of ultrafast laser technology allow one
to study electronic dynamics on its natural time scale, the at-
tosecond (1 as = 10−18 s) [1,2]. High order harmonic genera-
tion (HHG) by linear polarization ionization recombination is
the main source of isolated attosecond pulses [3,4]. Currently,
43 as pulses are the shortest available pulses for new ultrafast
optical imaging [5]. Alternatively, optically induced magnetic
fields have also been adopted as a tool for investigations of
new phenomena in molecular and material sciences, including
molecular paramagnetic bonding [6], nonequilibrium elec-
tronic processes [7], demagnetization processes [8], coherent
ultrafast magnetism [9], and optical magnetic recording [10].
These magnetization phenomena are currently studied with
femtosecond circular-polarization x-ray sources due to their
nanometer resolution and ultrarapid response shorter than
physical relaxation times [11–14]. It has been found that one
can efficiently produce magnetic fields in molecules from
electronic ring currents. By quantum-chemical numerical sim-
ulations unidirectional constant valence-type electronic cur-
rents and associated static magnetic fields [15,16] can be
generated by means of circularly polarized π attosecond UV
laser pulses resonant with degenerate π orbitals. Results show
that the laser-induced magnetic fields from electronic currents
are static and can be much larger than those obtained by
traditional static field methods [17]. Moreover, linearly polar-
ized laser pulses can also be used to induce ring currents in
degenerate excited states by controlling the rotation direction
of π electrons in planar or nonplanar aromatic molecules [18].
The driving laser pulses can be optimized as well by optimal
control theory [19]. In general, single electron states or the
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continuum are used to produce electron currents and static
magnetic fields [15,16] or time-dependent fields [20,21].

In this work we present a scheme to produce ultrafast
magnetic fields by intense attosecond circularly polarized UV
pulses in molecules. We consider the process from a coherent
electronic superposition state, created by a resonant excita-
tion. Recently, investigations of ultrafast electronic dynamics
in an initial coherent state have been attracting considerable
attention [22–24]. It has been shown that an intense ultrafast
pump pulse can induce electron charge transport across a
molecular structure [25–30] by the coherent excitation of
electronic states. The pure electron response offers a pos-
sibility for quantum control of molecular reactions on the
attosecond time scale. By preparing a coherent electronic state
with a laser pulse, electron currents can also be produced
in ring molecules which has been adopted as a source of
ultrafast magnetic field generation [16,20]. It is found that
electron coherences and electron currents inside molecular
benzene are functions of the polarization and helicity of
the laser pulse, and the symmetry property of the excited
electronic state [29]. Advanced high harmonic spectroscopy
and photoelectron momentum spectra have been used to di-
rectly measure and control electron coherence and charge
migration dynamics [30–32]. We focus on ultrafast magnetic
field generation from coherent electron currents. Simulations
are performed on aligned H+

2 from numerical solutions of
time-dependent Schrödinger equations (TDSEs). We adopt
a wavelength λ = 70 nm circularly polarized laser pulse,
resonant with the 1sσg − 2pπu states. Because of the multiple
state excitation by circularly polarized pulses, coherent su-
perposition of electronic states gives rise to coherent electron
currents inside molecules, thus leading to the generation of
attosecond magnetic fields. It is found that the resulting strong
magnetic fields oscillate periodically, arising from coherent
combinations of electronic circular wave packets. Strongest
magnetic fields are generated both in time and space on and
around nuclei due to electron current localization in molecular
planes.
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The paper is arranged as follows: In Sec. II, we briefly
describe the computation methods. The numerical results by
solving TDSEs for aligned H+

2 are presented and discussed
in Sec. III. Finally, we summarize our findings in Sec. IV.
Throughout this paper, atomic units (a.u.) are used unless
otherwise noted.

II. NUMERICAL METHODS

Within a static [Born-Oppenheimer approximation BOA]
nuclear frame, molecular TDSEs read as

i∇tψ (r, t ) = [Ĥ0(r) + r · E(t )]ψ (r, t ). (1)

H0(r) = T (r) + Vc(r) is the field free molecular Hamilto-
nian. The corresponding three-dimensional (3D) TDSE is
solved using cylindrical coordinates r = (ρ, θ, z)) with the
plane x = ρ cos θ and y = ρ sin θ , as illustrated in Fig. 1. The
molecular kinetic energy term can be written as

T (ρ, θ, z) = −1

2

[
1

ρ

∂

∂ρ
ρ

∂

∂ρ
+ 1

ρ2

∂2

∂2θ
+ ∂2

∂2z

]
. (2)

Vc(r) is the molecular Coulomb potential where a soft param-
eter is used to remove the singularity and accurate production
of the electronic state potential energies of H+

2 [33]. For H+
2

at equilibrium Re = 2 a.u., the eigenenergies of the three
lowest electronic states, the ground 1sσg state, the first excited
2pσu state, and the second degenerate excited 2pπu state,
are, respectively, Eσg

= −0.58 a.u., Eσu
= −0.15 a.u., and

Eπu
= 0.07 a.u. The corresponding ground-state dissociation

energy Ed = E∞ − Eσg
= 0.08 a.u. The molecular ion is

prealigned before ionization and this can be readily achieved
with current laser technology [34]. The radiative interaction
between the laser field and the electron is described by r ·
E(t ) = êxρ cos θEx (t ) + êyρ sin θEy (t ) in the length gauge
for circularly polarized laser pulses,

E(t ) = E0f (t )[êx cos(ωt ) + êy sin(ωt )], (3)

propagating in the z direction and êx/y is the field polar-
ization direction. The laser polarization corresponds to pos-
itive (right) helicity. A smooth sin2(πt/nτ ) pulse envelope
f (t ) for maximum amplitude E0 and intensity I0 = 1

2cε0E
2
0

is adopted, where one optical cycle τ = 2π/ω. This pulse
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FIG. 1. Illustration of ultrafast magnetic field generation by a
circularly polarized UV laser pulse with its field vector polarized in
the (x = ρ cos θ, y = ρ sin θ ) plane, propagating along the z axis.
j (x, y ) denotes induced electron currents in the laser polarization
plane and Bz presents the generated magnetic field along the z axis.
Two cases for different molecular alignments (a) R||z and (b) R||x
are compared.

satisfies the total zero area
∫

E(t )dt = 0. The 3D TDSE is
solved numerically by a second order split operator method in
the time step δt combined with a fifth order finite difference
method and Fourier transform technique in the spatial steps
δρ, δz, and δθ [35,36]. The time step is taken to be δt = 0.01
a.u.=0.24 as. The spatial discretization is δρ = δz = 0.25 a.u.
for a radial grid range 0 � ρ � 128 a.u. (6.77 nm) and |z| �
32 a.u. (1.69 nm), and the angle grid size δθ = 0.025 radian.
To prevent unphysical effects due to the reflection of the
wave packet from the boundary, we multiply ψ (ρ, θ, z, t ) by
a “mask function” or absorber in the radial coordinates ρ

with the form cos1/8[π (ρ − ρa)/2ρabs]. For all results reported
here we set the absorber domain ρa = ρmax − ρabs = 104 a.u.
with ρabs = 24 a.u., exceeding well the field induced electron
excursion αd = E0/ω

2 of the electron.
The time-dependent electron current density in the molec-

ular ionization process is defined by the quantum expression,

j(r, t ) = i

2
[ψ (r, t )∇rψ

∗(r, t ) − ψ∗(r, t )∇rψ (r, t )], (4)

where ψ (r, t ) is the exact BOA electron wave function
obtained from Eq. (1) and ∇r = eρ∇ρ + eθ

1
ρ
∇θ + ez∇z in

cylindrical coordinates. Then the corresponding induced time-
dependent magnetic fields are calculated using the following
classical Jefimenko’s equation [37],

B(r, t ) = μ0

4π

∫ [
j(r′, tr )

|r − r′|3 + 1

|r − r′|2c
∂j(r′, t ′)

∂t

]
× (r − r′)d3r′, (5)

where tr = t − r/c is the retarded time and μ0 = 4π ×
10−7 NA−2 (6.692 × 10−4 a.u.). For the static time-
independent conditions occurring after the laser pulse, then
Eq. (5) reduces to the classical Biot-Savart law [37] B(r, t ) =
μ0

4π

∫ j(r′,t )×(r−r′ )
|r−r′ |3 d3r′.

III. RESULTS AND DISCUSSIONS

We first consider the case of ultrafast magnetic field gen-
eration in the molecule H+

2 at equilibrium aligned along
the z axis, R||z in Fig. 1, perpendicular to the laser (x, y)
polarization plane. Since the induced electron currents by
the circularly polarized pulse are localized in the laser (x, y)
plane, the generated magnetic field mainly lies along the z

axis, as illustrated in Fig. 1. We therefore only present the
results Bz(r, t ). Figure 2 displays the generated magnetic field
Bz(r = 0, t ) at the molecular center by circularly polarized
attosecond laser pulses. The molecular initial wave function
is prepared in the ground 1sσg state calculated by propagating
an appropriate test wave function in imaginary time using the
zero-field TDSE in Eq. (1). The pulse intensity I0 = 3.5 ×
1014 W/cm2 (E0 = 0.1 a.u.) and duration 5τ (optical cycles,
o.c.), corresponding to 580 as full width at half maximum
(FWHM) are used. We choose the pulse wavelength λ =
70 nm (ω = 0.65 a.u.), resonant with the σg − πu excitation
in H+

2 at equilibrium Re = 2 a.u.. For comparison, results of
Bz(r = 0, t ) by λ = 30 nm (ω = 1.52 a.u.) and λ = 100 nm
(0.456 a.u.) circularly polarized pulses are also presented in
Fig. 2. Such pulses create currents with a maximum radius
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FIG. 2. Generation of ultrafast magnetic fields Bz(r = 0, t ) in
the molecule H+

2 aligned along the z axis, perpendicular to the laser
(x, y) polarization plane, Fig. 1(a), by attosecond circularly polarized
UV laser pulses at (solid line) λ = 70 nm (ω = 0.65 a.u.), (dotted
line) 30 nm (1.52 a.u.), and (dashed line) 100 nm (0.456 a.u.).
The pulse intensity I0 = 3.5 × 1014 W/cm2, and durations 5τ , where
τ = 2π/ω, (i.e., 1 o.c. is 232 as for 70 nm, 99 as for 30 nm, and 331
as for 100 nm) are fixed. Gray thin line denotes the pulse envelope
f (t ).

around the z axis, rc � 2E0/ω = 1.0 a.u. (at λ = 100 nm)
[20].

In Fig. 2 we see that time-dependent magnetic fields os-
cillate following the circularly polarized pulses. The induced
magnetic fields Bz(r = 0, t ) are, however, shown to be sensi-
tive to the pulse wavelength. At λ = 70 nm, strong magnetic
fields with the maximum value Bz = 0.72 T [(Tesla) 1 T =
104 Gauss] at the molecular center are obtained, whereas
for the cases at λ = 30 nm and 100 nm, the maximum in-
duced magnetic fields are, respectively, weak Bz = 0.04 T and
0.1 T due to nonresonance and the radius of electron currents
∼E0/ω

2 [20], as discussed below. The enhancements of the
induced magnetic fields at λ = 70 nm mainly result from the
resonant excitation between the 1sσg and 2pπu electronic
states. Of note is that after the pulses switch off (>5 o.c.),
strong magnetic fields remain. The oscillations with a period
�τ = τ = 2π/ω, the same as the pulse, illustrate the electron
coherence of the currents in the molecule.

The circularly polarized pulse at λ = 70 nm [ω = 0.65
a.u.= Ip(2pπ+

u ) − Ip(1sσg ) = 0.65 a.u.], where Ip are the
molecular ionization potentials, leads to a σg − π+

u (�m =
+1) resonant excitation. As a result, a coherent superposition
state of the two electronic states, the 1sσg state and the 2pπ+

u

state of positive (right) helicity, is created. The wave function
of the coherent superposition state is expressed as

ψ
(1)
0 (r, t ) = cσg

ψσg
(r)e−iEσg t + cπ+

u
ψπ+

u
(r)e−iE

π
+
u

t
. (6)

ψσg/π
+
u

(r) and Eσg/π
+
u

are the wave functions and energies of
the ground or excited state, and cσg

and cπ+
u

are the occupa-
tion coefficients. The corresponding time-dependent coherent
electron density distributions are described by

A(r, t ) = ∣∣ψ (1)
0 (r, t )

∣∣2

= A(σg )(r) + A(π+
u )(r) + A(σg,π

+
u )(r, t ). (7)

The coherent electron dynamics is composed of the two elec-
tronic state densities, A(σg )(r) = |cσg

ψσg
(r)|2 and A(π+

u )(r) =

|cπ+
u
ψπ+

u
(r)|2 state, and their interfering superposition,

A(σg,π
+
u )(r, t ) = cσg

cπ+
u
ψσg

(r)ψπ+
u

(r)e−i�Et + c.c., (8)

where �E = Eπ+
u

− Eσg
is the energy difference between the

two 1sσg and 2pπ+
u electronic states. A(σg )(r) and A(π+

u )(r)
are time independent. The superposition term A(σg,π

+
u )(r, t )

as a function of time t describes the attosecond coherent
electronic charge migration [30] with the oscillation period
�τ (0) = 2π/�E = 232 as = τ . During the pulse excitation,
the population in the excited state increases gradually. The
σg − π+

u resonant excitation with angular momentum �m =
+1 for positive (right) helicity leads to circular electron cur-
rents around the molecular axis. As a result, strong magnetic
fields are induced. The increase of the magnetic field Bz(t )
with time in Fig. 2 results from the increase of the population
and currents. After the pulse t > 5τ , state occupation coef-
ficients are constant, where |cσg

(t )|2 = |〈ψσg
(r)|ψ (r, t )〉|2 =

0.2 and |cπ+
u

(t )|2 = |〈ψπ+
u

(r)|ψ (r, t )〉|2 = 0.4. Combining
Eqs. (4)–(8) we see that the evolution of the magnetic fields
with time arises from the coherent superposition of the two
electronic states.

For the excited 2pπ+
u electronic state in Fig. 1(a), the wave

function can be written as ψπ+
u

(r) = [ψx
πu

+ iψ
y
πu

]/
√

2 =
ψ̃πu

e−iη, |ψ̃πu
|2 = [|ψx

πu
|2 + |ψy

πu
|2]/2, and ψx

πu
and ψ

y
πu

are
the degenerate real orbital components [38]. The phase η

is defined as η = tan−1[|ψy
πu

|/|ψx
πu

|]. The induced electron
currents in molecules can be described by the electronic
angular continuity equation [28,29],

d

dt
A+(t ) + ∂

∂θ
j+
θ (t ) = 0. (9)

For the perpendicular polarization case of R||z, Fig. 1(a), the
interfering term in Eq. (8) can be expressed as

A+(t ) ∼ 2
∣∣cσg

(t )cπ+
u

(t )
∣∣ψσg

ψ̃πu
cos(�Et − θ ), (10)

since θ = η. Consequently, the time-dependent electronic
density A(t ) and angular currents jθ (t ) evolve around the
molecular axis with the same period of τ = 2π/�E. The
induced magnetic field is therefore a function of time t , i.e,
Bz(t ) ∼ cos(�Et ).

For the case of a λ = 30 nm (ω = 1.52 a.u.) circularly
polarized laser pulse, a direct single photon ionization pro-
cess dominates since ω > Ip (Ip = 1.1 a.u.). Magnetic fields
mainly come from the free electron in the continuum. As
shown in Eq. (4), the laser-induced electron current j is a
product of the continuum electron density (ionization prob-
ability) A(r, t ) = |ψ (r, t )|2, and the laser-induced velocity v

(or ∇r), i.e., j ∼ Av. From Eq. (5) one obtains that the gen-
erated magnetic field Bz(r = 0, t ) at the molecular center is
shown to be directly proportional to the induced electron cur-
rent j and inversely proportional to the current radius r , which
then can be simplified to Bz ∼ Av/r . The magnetic field then
can be decomposed into two components, the ionized electron
density A and a ratio of the electron velocity and radius,
κ = v/r . A corresponds to the transition amplitudes, which
are determined by the intrinsic transition dipole of molecules
and the electric field strength. The ratio κ is determined by the
pulse amplitude and frequencies. At wavelength λ = 30 nm,
the electron is released from the molecular medium quickly
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with a large radius since r ∼ 1/ω2 [20]. As a result, weak
magnetic fields are induced. After the pulse switches off, the
quick spread of the electronic wave packets in the continuum
suppresses the induced magnetic field generation.

It is found that at λ = 100 nm, the direct transition between
the ground 1sσg state and the excited 2pσu state is forbid-
den due to select rules for circular polarization. However,
such ultrashort circularly polarized laser pulse can induce
coherent Rydberg circular electronic wave packets with the
δg orbital symmetry by absorbing two photons since 2ω � Ip.
The corresponding wave function of the coherent electronic
state is

ψ
(2)
0 (r, t ) = cσg

ψσg
(r)e−iEσg t + cRydψRyd(r)e−iERyd t , (11)

where ψRyd, cRyd, and ERyd are the wave function, occupation
coefficient, and energy of Rydberg states. The corresponding
energy difference between the coherent states is �E = 2ω =
0.912 a.u.. As shown in Fig. 2, the oscillations of the induced
magnetic field are composed of two stages: At the first stage
(t < 5 o.c.) the induced magnetic field follows the laser pulse
with period τ = 2π/ω and after the pulse (t > 5 o.c.), it
oscillates with a period �τ = τ/2, confirming the coherent
Rydberg wave packets. For the two photon λ = 100 nm case,
the excitation probability is smaller than that of the single
photon λ = 70 process. Consequently, weak magnetic fields
with the maximum value Bz = 0.1 T are induced in Fig. 2. In
Rydberg states the coherent circular wave packets also spread
spatially. As a result the evolution of the induced magnetic
field with time decreases gradually in amplitude.

The generated magnetic fields have also been shown to
be sensitive to the geometry of the molecular orbitals. We
next present magnetic field generation at different molecular
alignments. Figure 3 shows results of induced magnetic fields
at the nuclear centers r = ±R/2 and the molecular center
r = 0 by the λ = 70 nm circularly polarized laser pulse. The
other parameters are the same as in Fig. 2. Two cases of
molecular alignments, (a) R||z where (ex, ey ) ⊥ R and (b)
R||x with ex ‖ R, as illustrated in Fig. 1, are compared. It
is found that periodical oscillations of magnetic fields are
generated for both alignments. For the case of the molecu-
lar internuclear axis perpendicular to the laser polarization
plane, R||z, the same magnetic fields are produced at two
nuclei, Bz(r = −R/2, t ) = Bz(r = +R/2, t ) with the maxi-
mum value 0.61 T. The magnetic field at the molecular center
Bz(r = 0, t ) is slightly larger than those at the nuclei ±R/2.
However, for the case of the molecule parallel to the laser
polarization plane, R||x, the induced magnetic field Bz(r, t )
is strongly dependent on the measurement position r. The
time-dependent magnetic fields at the nuclei r = ±R/2 os-
cillate periodically with opposite phases, Bz(r = −R/2, t ) ≈
−Bz(r = +R/2, t ) with maximum field strength 0.83 T. At
the molecular center the induced magnetic field Bz(R = 0, t )
is suppressed where the maximum field is 0.3 T. The depen-
dence of induced magnetic fields on the molecular alignment
indicates the different orbital combinations and evolutions of
the coherent electronic wave packets.

For the case of the molecular axis parallel to the laser
polarization plane, R||x, the resonant σg − πu excitation cor-
responds to a perpendicular transition. The coherent excited
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FIG. 3. Evolutions of the induced magnetic field Bz(r, t ) at the
molecular center r = 0 and the nuclei r = ±R/2 in H+

2 aligned along
(a) the z and (b) x axes by λ = 70 nm (ω = 0.65 a.u.) attosecond
circularly polarized UV laser pulses, as illustrated in Fig. 1. The
pulse intensity I0 = 3.5 × 1014 W/cm2 (E0 = 0.1 a.u.) and duration
5τ , (o.c.), corresponding to 580 as FWHM are used.

state is then given by [39]

ψπu
(r) = −i

[
ψπ+

u
(r) − ψπ−

u
(r)

]
/
√

2 = ψy
πu

, (12)

where ψπ±
u

= ψz
πu

± iψ
y
πu

. The corresponding time-dependent
electron density distribution of the interference term is

A(t ) ∼ −∣∣cσg
cπ±

u

∣∣ψσg
ψ̃π±

u
cos(�Et ) sin(η). (13)

Combination of Eqs. (9) and (13) shows that the electron
density distributions and the angular electron currents evolve
periodically with a period 2π/�E, leading to a periodical
oscillation of the induced magnetic field Bz(r, t ) in Fig. 3(b).
Of note is that the coherent electron wave packets and cor-
responding angular electron currents move mainly along the
y axis, perpendicular to the molecular axis due to A(t ) ∼
sin(�Et ) cos(η) since the σg − πu transition is an allowed
perpendicular transition induced by Ey [Fig. 1(b)].

We show in Fig. 4 induced spatiotemporal electron currents
at various moments after the λ = 70 nm circularly polar-
ized pulse duration. Results are calculated numerically by
jθ (x, y, z = 0, t ) = jθ (ρ, θ, z = 0, t ) in Eq. (4). Varying the
time t leads to a period evolution of 232 as, the same as
in Fig. 2 for the magnetic field. As predicted in Eqs. (10)
and (13), the electron current jθ (x, y, t ) is determined by the
function cos(�Et ), giving rise to the periodical evolution of
2π/�E = τ , as shown in Fig. 4. The maximum and minimum
of electron currents jθ (t ) are mirror images of each other
at time t → t + τ/2, confirming the period of the electron
coherence.

In Fig. 4(a) for the perpendicular field polarization case,
R||z, the induced electron currents evolve with an anticlock-
wise direction around the molecular axis, generating unidirec-
tional magnetic fields along the molecular axis [Fig. 3(a)]. As
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FIG. 4. Contour density plots of induced angular electron
currents jθ (x, y, t ) at z = 0 at different moments of the molecular
ion H+

2 at equilibrium Re = 2 a.u. after the λ = 70 nm and 5 o.c.
circularly polarized pulse E(t ) with its field vector polarized in the
(x, y ) plane. Two cases of the molecule aligned along the (a) z and
(b) x axes, i.e., perpendicular and parallel to the laser polarization
plane; c.f. Fig. 3. Arbitrary units of distributions are used.

a consequence of the equivalent electronic densities on the two
nuclei ±R/2, i.e., |ψ (−R/2, t )|2 = |ψ (+R/2, t )|2, the simi-
lar magnetic fields are produced in Fig. 3(a), Bz(−R/2, t ) =
Bz(+R/2, t ). At the molecular center r = 0, the electron
wave function is the overlap between the two nuclear or-
bitals. Therefore, the generated magnetic fields are the sum
of those at the nuclei ±R/2, i.e., Bz(0, t ) ∼ Bz(−R/2, t ) +
Bz(+R/2, t ). Their overlap enhances the magnetic fields at
the molecular center. However, for the parallel field-molecule
case, R||x, in Fig. 4(b), the induced electron currents oscillate
periodically in the up (y > 0) and down (y < 0) direction,
perpendicular to the molecular R or x axis. As a result, the
generated magnetic fields on the nuclei vary periodically and
show opposite phases. As shown in Fig. 4(b), when the elec-
tron current goes up, the magnetic field on the right nuclear
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FIG. 5. Time-dependent magnetic field generation Bz(r, t ) at the
molecular center r = 0 and the nuclei r = ±R/2 in H+

2 aligned along
(a) the z axis and (b) the x axis by λ = 50 nm (ω = 0.91 a.u.)
attosecond circularly polarized UV laser pulses, as illustrated in
Fig. 1. The pulse intensity I0 = 3.5 × 1014 W/cm2 (E0 = 0.1 a.u.)
and duration 5τ , (1 o.c.=165.6 as) are used.

center is positive whereas that on the left is negative. Altering
the electron currents leads to a reverse process. Their superpo-
sition with opposite phases gives rise to suppression of gen-
erated magnetic fields at the molecular center Bz(r = 0, t ).
Due to the helicity effect of the circularly polarized laser
pulse, the strengths of the generated magnetic fields on the
two nuclei are not equal at the same time, |Bz(−R/2, t )| �=
|Bz(+R/2, t )|. Consequently, the time-dependent magnetic
field Bz(0, t ) at the molecular center has been induced in
Fig. 3(b).

The angular spread of the molecular alignment may de-
crease the coherent excitation and charge migration, leading
to a suppression of magnetic field generation. As shown in
Figs. 2–4 the generated magnetic field Bz(r, t ) depends on
the measurement position r and the symmetry of the coherent
superposition state, i.e., the molecular alignments. Therefore,
the angular spread does not influence significantly the mag-
netic field generation. Moreover, the circularly polarized laser
pulse has equal field amplitudes in each orthogonal direction
which decrease such suppression of the generated magnetic
field.

We finally present the process of generating time-
dependent magnetic fields Bz(r, t ) in the aligned molecu-
lar ion H+

2 by a Rydberg resonant λ = 50 nm (ω = 0.911
a.u.) and 5τ circularly polarized laser pulse. Figure 5 dis-
plays the results of magnetic fields Bz(r, t ) with different
molecular alignments (a) R ‖ z and (b) R ‖ x. The other
laser parameters are the same as in Fig. 3. We also mea-
sure the magnetic field Bz(r, t ) at the three positions, the
two nuclei r = ±R/2 and the molecular center r = 0 as
a function of time t . Similar phenomena are obtained in
Fig. 5, as the processes by the σg − πu resonant λ = 70 nm
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pulse in Fig. 3. Oscillations of the time-dependent generated
magnetic fields are produced again with period τ = 2π/ω =
165.6 as. For the perpendicular field-molecule case, R ‖ z,
the induced magnetic fields at the two nuclei are the same
Bz(r = −R/2, t ) = Bz(r = R/2, t ) whereas for the parallel
case, R ‖ x, the magnetic fields Bz(r = −R/2, t ) ≈ −Bz(r =
R/2, t ) with opposite phases. This process corresponds to
a coherent superposition between the ground 1sσg state and
excited Rydberg states, as predicted in Eq. (10). The λ = 50
nm circularly polarized laser pulse creates coherent Rydberg
circular polarization electronic wave packets with πu orbital
symmetries after one ω photon absorption. As illustrated in
Fig. 4, the different molecular alignments therefore lead to
distinct evolution processes of induced electron currents and
generated magnetic fields by circularly polarized pulses.

IV. CONCLUSIONS

Ultrafast magnetic fields generated from molecular coher-
ent electron currents by circularly polarized attosecond laser
pulses have been studied by numerically solving TDSEs. The
single electron molecular ion H+

2 as a benchmark system is
used to illustrate the effects of the electron current coher-
ence. It is found that a circularly polarized pulse creates a

coherent superposition of ground and excited electronic states
and attosecond time-dependent electronic ring currents inside
molecules, leading to oscillating magnetic field pulse genera-
tion in real time. Such ultrafast intramolecular electronic cur-
rents are controlled by the symmetry of the molecular orbitals.
The orbital properties of molecules are essential parameters
for controlling ultrafast magnetic field generation. One can
also explore coherent electron dynamics by measurements of
the temporal magnetic field dynamics. The present demon-
stration paves the way to induce and control intense magnetic
fields by intense ultrafast circularly polarized laser pulses,
which in principle, can be extended to other complex molecu-
lar systems and surfaces, and therefore has great potential for
studying electron dynamics in ultrafast magneto-optics [40],
the study of attosecond dynamics of nuclear processes at very
high intensities [41], and molecular chiral properties [42].
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