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We present a scheme to control the generated ultrafast magnetic field in H2+
3 molecules using multi-frequency tri-

circular pulses composed of co- and counter-rotating bicircular pulses. Simulations show that the field amplitude and the
wavelength are two significant factors for magnetic field generation by tricircular pulses. Specifically, the strength of the
magnetic field is linearly related to the field amplitude at λ0 = 50 nm, while at λ0 = 70 nm, the strength first increases and
then decreases with the amplitude, this can be attributed to the resonance between the ground and excited states. Moreover,
the phase and helicity of bicircular pulses are shown to have important effects on the magnetic field. The dependence
of the magnetic field on the phase arises from the interference effect between multiple ionization pathways. These find-
ings illustrate a guiding principle for controlling the magnetic field in molecular systems for future research in ultrafast
magneto-optics.
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1. Introduction

With the rapid advance of attosecond physics,[1–3] it has
become important to explore the electron dynamics within
molecular systems. By using attosecond pulses, electron dy-
namics on the natural attosecond time scale can be visualized
and controlled.[4–8] In particular, the development of attosec-
ond technology has extended from linearly polarized to cir-
cularly polarized (CP) pulses. Since CP pulses have a two-
dimensional polarization plane and their ellipticity can pro-
vide additional freedom for electron motion, they are now
proposed as a useful tool for studying attosecond electron
dynamics.[9–11]

In recent years the magnetic phenomena generated by
laser fields have attracted extensive attention due to their po-
tential applications in many fields, such as magnetic data
recording and femtosecond opto-magnetism.[12] Researchers
have found that few-femtosecond CP and π laser pulses can
be applied to induce electronic ring currents and associated
induced magnetic fields in oriented molecules.[13–15] The gen-
erated magnetic fields can be much larger than those obtained
with traditional static fields.[16,17] Recently, based on an at-
tosecond time scale, a new attosecond magnetization has been
realized.[18–25] Much effort has been devoted to investigating
the dependence of ultrafast magnetic field generation from co-
herent electronic currents in H+

2 on the laser parameters and
molecular alignment.[19,23,25] Moreover, the generation of ul-
trafast magnetic fields from the point of view of resonance
excitation of H2+

3 molecules by monochrome CP laser pulses

has also been explored.[26] Indeed, similar magnetic phenom-

ena have also been demonstrated in recent studies. For exam-

ple, applying structured light to coherent control in a semicon-

ductor allows the structure from optical frequency light to be

transferred to currents and THz radiation and their accompa-

nying magnetic fields.[27] Notably, coherent control of elec-

tron dynamics in strong fields includes not only coherent reso-

nance between electronic states but also coherence induced by

quantum interference between two or more laser fields. Cur-

rently, multiple color CP laser pulses have been used to theo-

retically explore these highly nonlinear optical phenomena.[28]

However, research about magnetic field generation under mul-

tiple color CP laser pulses is scarce, and this field is worthy of

further exploration.

In previous work we studied magnetic field generation of

H2+
3 molecules induced by monochrome CP laser pulses.[26]

This work further explores the induced magnetic fields un-

der intense tricircular laser pulses by numerically solving the

corresponding fixed nuclei time-dependent Schrödinger equa-

tion (TDSE). Results show that the generated magnetic field

presents a linear relationship with the field amplitude of the bi-

circular pulses with a co-rotating component in tricircular laser

pulses under the multi-photon ionization mechanism, which is

different under the resonance excitation mechanism. In addi-

tion, the phase and helicity of the bicircular pulses also have

important effects on the magnetic field due to interference be-

tween multiple ionization pathways.
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2. Theoretical methods
The interaction between the laser field and H2+

3 is de-
scribed by the two-dimensional TDSE

i
∂ψ(𝑟, t)

∂ t
= [H0 (𝑟)+Hint (𝑟, t)]ψ (𝑟, t) . (1)

In this equation, the Hamiltonian with the field-free
H0 (𝑟)= (p2

x + p2
y)/2+Vc (𝑟), where (p2

x + p2
y)/2 is the molec-

ular kinetic term and the molecular Coulomb potential Vc (𝑟)

term can be written as

Vc (𝑟) =−
3

∑
i=1

1√
(x−Nix)

2 +(y−Niy)2 +β

. (2)

Figure 1 shows the molecular geometry of H2+
3 .

The molecule is aligned along the x-axis; the rational-
ity of such practice has been demonstrated in previous
research.[26,29] The nuclear coordinates Nix and Niy of H2+

3
are fixed, N1x = 0, N2x = −Rsin(θ/2), N3x = +Rsin(θ/2),
N1y = (2/3)Rcos(θ/2), N2y = −(1/3)Rcos(θ/2), and N3y =

−(1/3)Rcos(θ/2). R = 2 is the distance between two protons

and θ = 60∘ is the angle between two molecular bonds. A soft
parameter β = 0.4 a.u. is used to remove the Coulomb singu-
larity and to meet the eigenenergy (−1.81 a.u.) of the ground
A′ state for H2+

3 .
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Fig. 1. Molecular geometry of H2+
3 with equilateral triangle geometry. Ni

denotes the nucleus, where i = 1, 2, and 3. R represents the molecular in-
ternuclear distance and θ = 60∘ is the bond angle between two molecular
bonds.

The Hint = r ·E (t) is the field–molecule interaction. For
tricircular laser pulses, E (t) has the form

𝐸 (t) =𝐸1 (t)+𝐸2 (t)+𝐸3 (t) = E0 f (t)

{
êx
[
(1+η)cos(ω1t +φω1)+ cos(ω2t +φω2)+η cos

(
ω3t +φω3

)]
êy
[
(1+η)sin(ω1t +φω1)+ξ1 sin(ω2t +φω2)+ηξ2 sin

(
ω3 +φω3

)]} , (3)

where η is the field amplitude of the 𝐸1 (t) and 𝐸3 (t) pulses.
φω1 = φω2 = φω3 = 0 are the carrier envelope phases (CEPs) of
the pulses 𝐸1 (t), 𝐸2 (t), and 𝐸3 (t). ξ1 and ξ2 present the he-
licities of the 𝐸2 (t) and 𝐸3 (t) pulses. In the length gauge, the
field vector polarized in the molecular (x, y) plane, propagating
along the perpendicular z-axis. From Eq. (3), we can obtain
the bicircular laser pulses (ω1 +ω2, ξ1 = ±1, η = 0) and tri-
circular laser pulses (ω1+ω2+ω3, ξ1 =−1, ξ2 =+1, η ̸= 0).
A sin2 envelope f (t) for a duration of 6τ (1τ = 2π/ω0), is
used. E0 is the amplitude of the field, corresponding to a laser
intensity I0 = cε0E2

0 . Molecular TDSE in Eq. (1) is solved by
a second-order accurate split-operator method with a time step
of ∆t = 0.05 a.u. and the Fourier transform technique.[30,31]

The initial wave packet is constructed by the imaginary time
propagation method. The wave function at any time can be
expressed as

ψ(𝑟, t +∆t)

= e−i(p2/4)∆t e(−iVc(𝑟)−iHint(𝑟,t))∆t e−i(p2/4)∆t
ψ(𝑟, t)

+O(∆t)3. (4)

The spatial coordinates are discretized by the grid points
from −64 a.u. to 64 a.u., containing 512 grid points in both
x- and y-directions, and the time step is ∆t = 0.05 a.u. More-
over, in order to prevent unphysical effects originating from

the reflection of the wave packet from the boundary, the wave
function is multiplied by a cos1/8 mask function at each time
step. The domain of absorption |x,y| ranges from 50 a.u. to
64 a.u.

The time-dependent electronic current density is defined
by the quantum expression in the length gauge

𝑗(𝑟, t) =−e
i
2
[ψ(𝑟, t)∇𝑟ψ

*(𝑟, t)−ψ
*(𝑟, t)∇𝑟ψ(𝑟, t)] , (5)

where ∇𝑟 = ∂

∂x 𝑖 +
∂

∂y𝑗 and ψ (𝑟, t) is the electron wave
packet obtained from Eq. (1). Then, the corresponding time-
dependent magnetic field 𝐵(𝑟, t) can be obtained using the
following classical Jefimenko equation:[32]

𝐵(𝑟, t) = −e
µ0

4π

∫ [
𝑗(𝑟′, tr)

|𝑟−𝑟′|3
+

1

|𝑟−𝑟′|2c

∂𝑗(𝑟′, tr)
∂ t

]
×(𝑟−𝑟′)d3𝑟′, (6)

where tr = t − r/c is the retarded time and µ0 = 4π ×
107 N·A−2 (6.692× 10−4 a.u.). For the static induced mag-
netic field after the laser pulse, equation (6) reduces to the
classical Biot–Savart law.

3. Results and discussion
We investigate the magnetic field generation of H2+

3 un-
der tricircular laser fields. The form and schematic diagram of
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the laser field can be seen in Eq. (3) and Fig. 2(a). The laser
frequencies are ω1 = ω0, ω2 = 2ω0, and ω3 = 4ω0. Here, two
wavelengths of λ0 = 50 nm and 70 nm were considered, cor-
responding to ω0 = 0.91 a.u.

(
ω1 < Ip,ω2 > Ip,ω3 > Ip

)
and

0.65 a.u.
(
ω1 < Ip,ω2 < Ip,ω3 > Ip

)
. Note that the ionization

energy of the ground state A′ of H2+
3 is Ip (A′) = 1.81 a.u. The

laser duration is 6τ = 1.0 fs for λ0 = 50 nm and 1.4 fs for
λ0 = 70 nm. At λ0 = 50 nm, ionization can occur by absorbing
two ω0 (ω0 < Ip), which corresponds to the two-photon ioniza-
tion mechanism. At λ0 = 70 nm, there is a resonance mech-
anism from ground state to first excited state. In the present
calculations, the intensity of the tricircular laser pulses is fixed
at I0 = 1×1014 W/cm2 (E0 = 0.0534 a.u.). The ponderomotive
energies Up = E2

0/4ω2
0 = 8.6×10−4 a.u. (ω0 = 0.91 a.u.) and

1.687×10−3 a.u. (ω0 = 0.65 a.u.) correspond to Keldysh pa-
rameters γ =

√
Ip/2Up = 32.4 and 23.16≫ 1, implying a mul-

tiphoton process. Figure 2(b) shows the A′ electronic ground

state at equilibrium distance (R = 2 a.u.), which is obtained
numerically from imaginary time propagation of the field-free
TDSE in Eq. (1).

x
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z
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Fig. 2. (a) Illustration of the attosecond magnetic field 𝐵 (t) (blue line,
along the z-axis) for H2+

3 by an intense ultrashort tricircular laser pulse
(red line). The green line represents the corresponding current 𝑗 (t) in the
molecular (x, y) plane. The magnetic field 𝐵 (t) is perpendicular to the
current. (b) Two-dimensional plots of the initial wave function density
for the ground state A′ of H2+

3 by numerically solving field-free TDSEs
in Eq. (1).
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Fig. 3. The time-dependent magnetic field 𝐵 (𝑟 = 0, t) under different field amplitudes η of tricircular laser pulses with (a1)–(a4) λ0 = 50 nm
(ω0 = 0.91 a.u.) and (b1)–(b4) λ0 = 70 nm (ω0 = 0.65 a.u.). The laser frequencies are ω1 = ω0, ω2 = 2ω0 and ω3 = 4ω0, the intensity is
I0 = 1×1014 W/cm2 and the duration is 6τ (cycles).

Firstly, the effect of laser fields E(t) with different field
amplitudes (η) on the magnetic field was explored. As illus-
trated in Fig. 2(a), since the electronic currents are generated
in the (x, y) plane, the induced magnetic fields are mainly lo-
calized along the z-axis, so we focus on the magnetic field
𝐵 (𝑟 = 0, t) at the center of the molecule. Figure 3 shows
𝐵 (𝑟 = 0, t) with different η for two wavelengths. As for
the case of λ0 = 50 nm (Figs. 3(a1)–3(a4)), we can find that
𝐵 (𝑟 = 0, t) is sensitive to η . At η = 0, 0.6, 1.0, and 2,
𝐵 (𝑟 = 0, t) are produced with maximum values of 0.661 T,
1.029 T, 1.304 T, and 2.119 T. These results indicate that an in-
crease in η will give rise to a stronger magnetic field. It should
be mentioned that at η = 0 the laser pulses were reduced to
bicircular laser pulses (see Eq. (3)). From this, we compared

the strengths of magnetic fields from bicircular and tricircular
laser pulses. It is obvious that the generated magnetic fields
are weaker by the former than by the latter, further confirm-
ing that tricircular laser pulses are more efficient at enhancing
the magnetic field. Then, we studied the case of λ0 = 70 nm
(Figs. 3(b1)–3(b4)). When η is 0, 0.6, 1.0, and 2, the maxi-
mum value of 𝐵 (𝑟 = 0, t) is 5.469 T, 7.312 T, 7.278 T, and
5.392 T, respectively, indicating that the maximum magnetic
field first increases and then decreases with the increase in η ,
which is different from the case of λ0 = 50 nm.

In order to more intuitively see the effect of η on the
magnetic field, the maximum values of the magnetic field
𝐵 (𝑟 = 0) with different η at two laser wavelengths (50 nm
and 70 nm) are presented in Fig. 4. Here, the maximum values
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are marked as 𝐵m. It can be seen that 𝐵m and η show a linear
relationship for λ0 = 50 nm, while the relationship between
𝐵m and η at λ0 = 70 nm is quite different. As η increases,
𝐵m also increases at first, and when η increases to 0.8, 𝐵m

reaches a maximum value (7.387 T); then, when η continues
to increase, the magnetic field begins to weaken. Addition-
ally, the 𝐵m obtained at λ0 = 70 nm is higher with a range
of 3.27 T–4.8 T than that obtained at λ0 = 50 nm. This is
due to the different mechanisms by which multiphoton ion-
ization and resonance excitation occurred at λ0 = 50 nm and
70 nm, respectively. Resonant excitation is more conducive to
the generation of magnetic fields.
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Fig. 4. Maximum values of the induced magnetic fields 𝐵 (𝑟 = 0, t) with
η by tricircular laser pulses with (a) ω0 = 0.91 a.u. (λ0 = 50 nm) and
(b) ω0 = 0.65 a.u. (λ0 = 70 nm). (c) The parametric Lissajou curve of
the driver fields with different η . The laser frequencies are ω1 = ω0,
ω2 = 2ω0 and ω3 = 4ω0 and the intensity is I0 = 1×1014 W/cm2.

From Eq. (5), the electronic current 𝑗 (𝑟, t) is actually
written as j ∼ ρ∇r. ρ = |ψ (𝑟, t)|2 is the continuum elec-
tron density. Therefore, the induced magnetic field 𝐵 (𝑟 = 0)
in Eq. (6) can be simplified to [note that the time-dependent
term (1/c)∂𝑗 (𝑟, t)/∂ t in Eq. (6) is usually found to be
negligible[23,25,33]]

𝐵 (𝑟, t)∼ 𝑗

𝑟2 ∼ ρν/𝑟2. (7)

From Eq. (7), 𝐵 (𝑟 = 0) is proportional to the electron
probability density ρ and the electron velocity ν , and inversely
proportional to the square of current radius r.[25] Density ρ

corresponds to the transition amplitude, which is determined
by the transition dipole of the molecules and the electric field
strength. Thus, the magnetic field is also proportional to the
transition amplitudes. Next, we can adopt the ultrafast pho-
toionization model[34,35] to understand the relationship be-
tween magnetic field on the field amplitude η in Fig. 4.

For the multiphoton ionization mechanism, the sensitivity
of magnetic fields to η results from the interference caused by
the multiphoton ionization channel during the modulation of
two bicircular processes. The tricircular pulse E(t) in Eq. (3)
can be regarded as a combination of two bicircular pulses with
counter-rotating and co-rotating components

𝐸 (t) =𝐸− (t)+𝐸+ (t) , (8)

where

𝐸− (t) = E0 f (t)

{
êx [cos(ω1t +φω1)+ cos(ω2t +φω2)]

êy [sin(ω1t +φω1)− sin(ω2t +φω2)]

}
,

𝐸+ (t) = ηE0 f (t)

{
êx
[
cos(ω1t +φω1)+ cos

(
ω3t +φω3

)]
êy
[
sin(ω1t +φω1)+ sin

(
ω3t +φω3

)]} .

Therefore, at λ0 = λ1 = 50 nm and λ2 = λ1/2 with a bi-
circular counter-rotating laser pulse 𝐸− (t), the total transition
probability is the square of the two amplitudes with an inter-
ference term of the cross products of the one-ω2 and two-ω1

photon ionization amplitudes; then, the total transition proba-
bility can be written as (for details see part 1 of the supporting
information (SI))

ℱ (−)
2ω1+ω2

= |A2ω1 |
2 + |Aω2 |

2 +A(2ω1+ω2)
2ω1+ω2

. (9)

The interference terms A(2ω1+ω2)
2ω1+ω2

can be simply written as

A(2ω1+ω2)
2ω1+ω2

∝ A*
2ω1

·Aω2 +A*
ω2

·A2ω1

= 2σ
(1)

σ
(2)E0 (ω1)

2 E0 (ω2)cos(∆φ1) , (10)

where σ (2) and σ (1) are transition amplitudes of the one-ω2

and two-ω1 +ω1 photons and ∆φ1 = 2φω1 − φω2 is the phase
difference.

Similarly, for a bicircular co-rotating laser pulse 𝐸+ (t),
it is composed of simultaneous two-ω1 +ω1 photons and one-
ω3 = 4ω1 photons. The interference terms can be simply writ-
ten as

A(2ω1+ω3)
2ω1+ω3

∝ A*
2ω1

·Aω3 +A*
ω3

·A2ω1

= 2σ
(1)

σ
(3)

η
2E0 (ω1)

2
ηE0 (ω3)cos(∆φ2) , (11)

where the relative phase difference ∆φ2 = φω3 −2φω1 = 0.
Based on the above, the total transition probability under

a tricircular pulse in Eq. (3) (E(t) = E−(t)+E+(t)) is the sum
of the square of the two amplitudes with their interference term

ℱ (−,+) =
∣∣∣ℱ (−)

2ω1+ω2

∣∣∣2 + ∣∣∣ℱ (+)
2ω1+ω3

∣∣∣2 +ℱ (−,+)
2ω1+ω2,2ω1+ω3

, (12)

where ℱ (−,+)
2ω1+ω2,2ω1+ω3

is the simultaneous interference term,
which can be expressed as

ℱ (−,+)
(2ω1+ω2,2ω1+ω3)

∝ ℱ (−)*
2ω1+ω2

·ℱ (+)
2ω1+ω3

+ℱ (+)*
2ω1+ω3

·ℱ (−)
2ω1+ω2

= 8σ
(1)

σ
(2)

σ
(1)

σ
(3)

η
3E0 (ω1)

2 E0 (ω2)

×E0 (ω1)
2 E0 (ω3)cos(∆φ3) , (13)

where ℱ (−)
2ω1+ω2

and ℱ (+)
2ω1+ω3

are transition amplitudes of ion-
ization from E− (t) and E+ (t) bicircular pulses, and the rela-
tive phase is ∆φ3 = φω2 −φω3 = 0. More details can be found
in part 1 of the SI.

It can be seen from Eq. (13) that the interference term
is proportional to η . As η increases, the interference term
increases, thus the total transition probability in Eq. (13) is in-
creased. Then, according to 𝐵 ∼ ρν/𝑟2, we can see that the
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magnetic fields increase with increasing transition probability,
which can explain why the generated magnetic field becomes
stronger as η increases in Fig. 4(a). However, for photon
ionization of excited electronic states with intermediate res-
onances, the ionization probability can be written as[33,36]

W re
∝ ⟨ψc |𝑟 ·𝐸|ψE ′⟩⟨ψE ′ |𝑟 ·𝐸|ψ0⟩ ∼W ieW ic, (14)

where W ie and W ic are the transition dipole matrix elements,∣∣W ie
∣∣2 = |⟨ψE ′ |𝑟 ·𝐸|ψ0⟩|2 is the time-dependent excitation

probability, which can be written as the population
∣∣W ie

∣∣2 ∼

PE ′ = |⟨ψE ′ |ψ (t)⟩|2, W ic is the photo-ionization probability of
the intermediate resonant electronic state, which can be writ-

ten as
∣∣W ic

∣∣2 = |⟨ψc|𝑟 ·𝐸|ψE ′⟩|2 =
∣∣∣σ (1)ℱ (𝐸)

∣∣∣2, and σ (1) is
the ionization amplitude. Obviously, the ionization probabil-
ity W re in Eq. (14) is sensitive to the population in the inter-
mediate resonant state. Therefore, the induced magnetic field
is closely related to the resonant excitation probability, which
plays an essential role at λ0 = 70 nm. This is also the main
reason for the difference between the results at λ0 = 70 nm
and those at λ0 = 50 nm.
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Fig. 5. Time-dependent probabilities P(t) of the ground A′ state (black line) and the excited E ′ state (red line) of H2+
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In order to support the above conclusion and explore the
process of resonant excitation, we further compared the evolu-
tion of the population for ground and excited states with time.
Figure 5 presents the population as a function of the time in the
two electronic states Pgr (t) = |⟨ψA′ |ψ (𝑟, t)⟩|2 for the ground

A′ state and Pex (t) = |⟨ψE ′ |ψ (𝑟, t)⟩|2 ∼
∣∣W ie

∣∣2 for the excited
E ′ state at λ0 = 70 nm with different η . As η increases from 0
to 0.8, the population of the ground state decreases, while that
of the excited state increases, leading to an enhanced magnetic
field. However, when η continues to increase, the population
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transfers back to the ground state due to Rabi oscillations.[33]

At this point, the population of the excited state decreases, so
the magnetic field gradually weakens. This explains why the
𝐵m shown in Fig. 4(b) first increases when η increases from
0 to 0.8, then, as η continues to increase, 𝐵m is weakened.
Meanwhile, we also calculated the ionization probability at
λ0 = 50 nm (see Fig. S1 in part 2 of the SI). It can be seen that
the ionization probability increases with η , which is consis-
tent with the change law of 𝐵m with η . Based on the above,
it is known that changing η of the tricircular field can con-
trol magnetic field generation. Of course, here we also need to
consider the effect of wavelength. The magnetic field obtained
by the resonance mechanism is stronger, but it should be noted

that for this mechanism a large η will suppress the excitation
probability, thereby weakening the magnetic field.

In addition, coherent electron currents in charge trans-
fer induced by a coherent superposition from resonant exci-
tation are of great significance in photoinduced processes. We
further study the distribution of electron currents at different
times from t = 6.0τ–7.0τ without an external electric field
(Fig. 6). It can be clearly seen that under resonant excitation
of A′–E ′ states, although the laser pulse is turned off, the elec-
tronic ring current evolves with a clockwise direction at dif-
ferent moments of 6.0τ–7.0τ . This result is consistent with a
previous study,[16] and also confirms that the electrons circu-
late stably in the molecular rings.
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3 (ξ1 =±1) with different CEPs φω2 . The laser wavelengths are λ1 = 70 nm (ω1 = 0.65 a.u.) and λ2 = 35 nm (ω2 = 1.30 a.u.), the

duration is 6τ (cycles) and the intensity is I0 = 1×1014 W/cm2.

In Eq. (3), if η = 0, the tricircular laser pulses are reduced

to bicircular ones (ω1 +ω2, ξ1 = ±1, η = 0, where ξ1 = −1

represents the counter-rotating field and ξ1 = +1 is the co-

rotating field). We choose laser wavelengths of λ1 = 70 nm

and λ2 = 35 nm to explore the effect of helicity and CEP on

the magnetic field induced by bicircular pulses. Here, we fix

φω1 = 0 in the 𝐸1 (t) pulse and vary φω2 in the 𝐸2 (t) pulse.

Figures 7(a) and 7(b) show the maximum values of the in-

duced magnetic field 𝐵 (𝑟 = 0, t). It was found that as CEP

φω2 varies from 0 to 4π in the counter- and co-rotating fields,

the magnetic fields of both cases vary as a cos function of φω2

and oscillate with a period of 2π . This result indicates that the

generated magnetic field is sensitive to φω2 , which can be at-

tributed to the interference effect between multiple ionization

pathways during the process of photoionization by the bicir-

cular laser pulses. Specifically, for bicircular laser pulses with

a wavelength of λ1 = 70 nm or λ2 = 35 nm, an electron needs

to absorb three ω1 photons or two ω2 photons to ionize. Ac-

cording to the ultrafast ionization model, the total transition

probability can be understood as the square of the two ampli-
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tudes of the λ1 = 70 nm and λ2 = 35 nm laser pulses with an
interference term of the two amplitudes (for more details see
part 3 of the SI). The interference term can be written as

W (1,2) = W (1)*W (2)+W (1)W (2)*

= 2σ
(1)

σ
(2)E0 (ω1)

3 E0 (ω2)
2 cos(∆φ) , (15)

where the relative phase is ∆φ = 2φω2 − 3φω1 and φω1 = 0.
Therefore, according to Eq. (7), 𝐵 ∼ cos(∆φ). From this,
we know that the relationship between the magnetic field and
φω2 should show a cos-like function curve, which explains
the time-dependent magnetic field generation in Figs. 7(a) and
7(b). Furthermore, in order to ensure that it is caused by the
interference term in the multiphoton ionization process rather
than resonance, we also give the transition excitation proba-
bilities from A′–E ′ at different φω2 (Figs. 7(c) and 7(d)). The
transition excitation probabilities are almost the same, which
proves that the resonance excitation is not the reason why the
dominant magnetic field is sensitive to the phase. Actually,
for resonance excitation, the excited state transition probabil-
ity is determined by the intrinsic transition dipole of molecules
and the electric field strength and is insensitive to the pulse
phase.[23]

4. Conclusion
In summary, we present a theoretical scheme to control

the ultra-fast magnetic field generation of H2+
3 molecules in-

duced by multi-frequency tricircular pulses composed of co-
and counter-rotating circularly polarized laser pulses. The re-
sults show that the magnetic field strength is sensitive to the
field amplitude (η) and the wavelength in the tricircular fields.
Specifically, the strength of the magnetic field is linearly cor-
related with η at λ0 = 50 nm under the multiphoton ioniza-
tion mechanism. At λ0 = 70 nm under resonance excitation
the strength first increases and then decreases with increasing
η . The main reason for this is that the transition excitation
probabilities from the ground state to the first excited state are
suppressed at larger η , resulting in a weaker magnetic field.
Meanwhile, the electronic ring currents still exist even after
the laser pulse is switched off at the resonance mechanism.
Moreover, we also explore the effect of pulse phase and he-
licity on the magnetic field under bicircular pulses. It was
found that the dependence of the generated magnetic field on
the pulse phase arises from interference between multiple ion-
ization pathways.
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