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Exploration of magnetic field generation of H> " by direct
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Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China
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Coherent electronic dynamics are of great significance in photo-induced processes and molecular magnetism. We
theoretically investigate electronic dynamics of triatomic molecule H%+ by circularly polarized pulses, including electron
density distributions, induced electronic currents, and ultrafast magnetic field generation. By comparing the results of
the coherent resonant excitation and direct ionization, we found that for the coherent resonant excitation, the electron is
localized and the coherent electron wave packet moves periodically between three protons, which can be attributed to the
coherent superposition of the ground A’ state and excited E™ state. Whereas, for the direct single-photon ionization, the
induced electronic currents mainly come from the free electron in the continuum state. It is found that there are differences
in the intensity, phase, and frequency of the induced current and the generated magnetic field. The scheme allows one to
control the induced electronic current and the ultrafast magnetic field generation.

Keywords: ultrafast magnetic field generation, electronic ring current, coherent resonant excitation, direct

single-photon ionization
PACS: 32.80.—t, 32.90.+a, 42.25.Kb, 42.65.Re

1. Introduction

To explore quantum dynamics by using ultrafast laser
pulses on its intrinsic time scale is an area of current interest.
The rapid development of the techniques of attosecond pulse
generation, has become an important tool for investigating
electronic dynamics on its natural attosecond time scale and
sub-nanometer dimension. And it also promotes the develop-
ment of some optical imaging technologies, such as Coulomb
explosion,!!?! laser-induced electron diffraction.>*! Now the
shortest 43-as pulses can be used for new ultrafast optical
imaging.!”! Ultrafast negative charge migration illustrates the
electron dynamics on attosecond time scale, which is a fun-
damental quantum process in many biological and chemical
reactions.!®! This process can be used for selective laser ex-
citation in molecules.!'!!] Besides, coherent superposition of
electronic states leads to an electronic ring current inside the
molecule,!!'>!13! which is of latent applied value on molecular
magnetism and can be used as a new source of ultrafast mag-
netic field. Recent experiments demonstrate that people can
precisely manipulate the spatial distribution of currents in the
semiconductor and subsequently control the ultrafast magnetic
field generation.!'"*! Exploring the time-dependent ultrafast
magnetic field that depends on the electronic coherence may
provide a direct way to access and control the electronic quan-
tum coherence dynamics in photophysical and photochemical
reactions in real time. Optically induced magnetic fields are
also used as tools for investigating new phenomena in molec-
ular and material sciences.!!>~'”] Now a lot of researches have
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shown that the ultrafast magnetic fields can be efficiently pro-
duced in molecules from electronic ring currents.?>>!1 Results
show that the laser-induced magnetic fields generated by elec-
tronic currents are static and can be much larger than those
obtained by traditional methods about static field.[>”) There-
fore, it is of great significance to the development of molecular
magnetism. However, most of researches has been focused on
linear molecular systems and single electronic state processes.

In this work, we will theoretically study the induced co-
herent electron currents and the ultrafast magnetic field gener-
ation of triatomic molecule H%+ by circularly polarized pulses.
Due to the effect of the circularly polarized pulses, the co-
herent superposition of multiple electronic states gives rise to
electron ring current in molecules. The electron dynamics of
H§+ molecule is investigated by two channels: the coherent
resonant excitation and the direct single-photon ionization. By
investigating electron dynamics of H%Jr molecule on its natu-
ral attosecond scale, we can realize the quantum control of the
ultrafast magnetic field generation.

2. Theoretical method

In our simulation, we numerically solve the two-
dimensional (2D) time-dependent Schrodinger equation
(TDSE), which can exactly describe the excitation and ion-
ization dynamics of H§+ molecule. As illustrated in Fig. 1(a),
the H§+ molecule oriented in the (x,y) plane. The centroid co-
ordinate system is used and the coordinate of the three protons
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satisfied the centroid equation
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The corresponding TDSE of H§+ molecule under Born—
Oppenheimer approximation (BOA) can be expressed as fol-

lows:
D ) BOM ), )
where
P2
Hy(r)= - +V(r)

is the field-free Hamiltonian and P is the electron momentum.
V(r) is the soft-core Coulomb potential of the H3™ molecule.
r = (x,y) is in the two-dimensional x—y plane.

The molecular soft-core Coulomb potential can be writ-
ten as

1

2
\/(x—0)2+(y—%Rcos%) +c
1

V(x,y) = -

. 2 2
\/(x+Rsm%) +(y+%Rcos%) +c

1
- @)

\/(x—Rsin %)24— (y+ 3Rcos %)2+c

where the soft parameter ¢ = 0.35 is used to remove the singu-
larity of Coulomb potential and obtain the precise energies of
certain electronic state in H3 ™ molecule.!>! R is the distance
between two protons and the bond angle ® = 60°. For H%’L
molecule, at internuclear distance R = 4 a.u., the three lowest
electronic states are A’, ET, and E~. The excited electronic
states E*, are degenerate with E-symmetry and obtained as
Vgt = (I[Iél) + il//éz)) /v/2,1231 corresponding to angular mo-
mentum m + 1 around the z axis. The two orthogonal real
components l//él) and l//éz) are obtained by solving TDSE with
imaginary-time evolution method. In Fig. 1(b), we present
the initial electron density of A’ electronic state obtained by
solving TDSE with imaginary-time evolution method. One
sees that the A’ electronic state can be approximated as a
combination of 1s orbitals of three H atoms. Moreover, the
corresponding molecular orbital obtained by the Gaussian09

program 241

are shown in Fig. 1(c), which is in good agreement
with the initial electron density distributions obtained by the
imaginary-time evolution method. The corresponding ioniza-
tion potentials are respectively I,(A") = 1.08 a.u. (29.38 eV)
and I,(E") = [,(E7) = 0.923 a.u. (25.02 eV).[>

The circularly polarized laser pulse is used to investi-
gate the electron dynamics in molecules.?323 The inter-

action between the electron and the laser pulse is - E(t) =

xE\(1)é,+yE,(t)é, under the length gauge and dipole approx-
imation in the (x,y) plane. The expression of the circularly
polarized laser pulse is as follows:

E(t) =Eof (t) [cos (wr)é, +sin (wr)é,], 3)

which propagates along the z axis with polarization direc-
tion &, and &, in the (x,y) plane. A sin*(7t/nTp) envelope
f(¢) is adopted, where Ty = 27/ is the optical cycle (o.c.).
This pulse satisfies the total zero area [E(¢)dr = 0.1*6] The
2D TDSE in Eq. (1) is numerically solved by a second-order
split-operator method combined with fast Fourier transform
(FFT) technique.?”-?8] The time step is fixed at Ar = 0.01 a.u.
(1 a.u. = 24 as) and the spatial steps are Ax = Ay = 0.25 a.u.
(1 a.u. = lag). The total spatial length is 128 a.u. The cos'/®
mask function is used to suppress unphysical effects generat-
ing from the reflection of the wave packet from the boundary.
And the absorption boundary is set to |x,y| =40 a.u.

(a)

(b)

(c)

Fig. 1. (a) H%Jr molecule oriented in the (x,y) plane. S; (i =1, 2, and 3)
denotes the s orbital of the atomic H on proton i. R is the distance between
two protons and the bond angle @ = 60°. (b) The A’ electronic state of H%*
molecule calculated by imaginary-time evolution method. (c) Illustration of
the A’ orbital of H%"’ molecule obtained by Gaussian09.

The quantum expression of the time-dependent electronic
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current density in the length gauge can be written as[?%-3%!

i

j(’l",l) = 5 [W(rvt)vrw* (’I",l‘) - ‘I’* (’I",I)V,,,l[/(’l",t)} ) (4)

where

v, = 2it 25
ox’ + 8y'7

and v (7,r) is the time-dependent electron wave packet ob-

tained from Eq. (1). The corresponding time-dependent mag-

netic field B(r,¢) is obtained by using the following classical

Jefimenko’s equation:[3!!

Ho j(’l"/,tr) 1 8.7 (T/atr)
B(rg) = X0
('I",I) 4”/ |J’I’-7’q3 + |’[’—’I’/|26 at

x(r—1r")d3, 5)

where t, =t — r/c is the retarded time and pp = 47 x 107 NA~2
(6.692 x 10~* a.u.). For the static-induced magnetic field af-
ter the laser pulse, equation (5) reduces to the classical Biot-

Savart law.31]

3. Results and discussion

The purpose of the present work is to investigate the in-
duced electron current and generation of ultrafast magnetic
field of H%+ molecule, with cyclic geometry, due to ultra-
fast negative charge migration in molecules. We investigate
the electronic dynamics of H%+ molecule in two cases: (i)
the coherent resonant excitation”) and (ii) the direct single-
photon ionization, which is shown in Fig. 2. For the coher-
ent resonant excitation, the left-handed circularly polarized
laser pulse leads to the charge migration from A’ state to E*
state. The energy difference between A’ state and E™ state
is Eg+ — Ear = 0.15 a.u., which is corresponding to the laser
wavelength A = 300 nm (@ = 0.152 a.u.). For the direct
single-photon ionization, we adopt a laser field with the wave-
length A =30 nm (w = 1.52 a.u.) leading to a direct single-
photon ionization process since the photon energy @ > I, (I, =
1.08 a.u.). The pulse intensity is Iy = 1.375 x 10'> W.cm™2
(Ep = 0.0198 a.u.) with duration of 10Ty, where Tp = 27/ ®,
(i.e., 1 o.c. is 1000 as for 300 nm, 100 as for 30 nm) are fixed.
The wave function propagates freely for 27 after the end of
laser pulses.

In Figs. 3(a) and 3(b), we display the density distribu-
tions of the electron wave packet around the peak of pulse.
From Fig. 3(a) one sees that the electron is localized and
the coherent electron wave packet moves counterclockwise
among the three protons periodically. The duration of one cy-
cle is about Ty = 1000 as, approximately equal to one cycle
of the laser field with 300 nm. Besides, the electron density
distribution presents symmetric structures on y axis at time
t =5.25 o.c., 5.75 o.c., and asymmetric structures on y axis

at time r = 5.0 o.c., 5.5 o.c., 6.0 o.c. However, from Fig. 3(b)
one sees that the electron density distribution maintains a sym-
metric structure, which do not depend on the time.

continuum state

1
3
(b) A=30 nm
E-
2 E+
(a) A=300 nm
AV

Fig. 2. Tllustration of resonance excitation and direct ionization in our
scheme: (a) the coherent resonant excitation arises between A’ state and E™
state in Hg* molecule by A =300 nm (@ = 0.152 a.u.) circularly polar-
ized laser pulses; (b) the direct ionization from the A’ state to the continuum
state after one-photon absorption by a circularly polarized laser pulse with
wavelength A =30 nm (@ = 1.52 a.u.).

The circularly polarized pulse with the wavelength of
A =300 nm, leads to the charge migration from A’ state to E™
state. A coherent resonant excitation between the two elec-
tronic states arises after one-photon absorption which leads to
a coherent superposition state. The resulting coherent super-

position state wave function can be represented as[??!

7iEA/l

Vo (r.t) =caya (r)e +epr Y (r)e B (6)

where Wy /g+(r) and En g+ are the wave functions and en-
ergies of the A’ state or ET state, ca JE+ 18 the occupation
coefficients.?”) The corresponding spatial distributions of co-
herent electron density as functions of time are described by

A(r,1) = [y (r,0)
= A®) (1) + AE) () AW E) () ()

AX (1) = leayw () and A (r) =
|cg+ Wi+ (7)[%, and AW E") (7 1) is the interference term,

ANED (1)~ Jew (t) e (1)] W (r) Wisr (7) | cos (AEE), (8)

where

where AE = Eg+ — E/ is the energy difference between the A’
state and E* state. The interference term AXE") (1) is time-
dependent, which describes the attosecond coherent electronic
migration. 33! The oscillation period of the interference term
is V(0 =27 /AE = Ty. Thus, the time-dependent coherent
electron density distributions depend on the interference term
of the A’ state and E* state. At AEt = n7, t = nTy/2, where n
is an integer, the interference term cos (AEt) = +1 leads to the
maximum asymmetric structures of the electron density distri-
butions, whereas at AEt = (n+1/2)x,t = (n+1/2)(Ty/2) and
cos (AEt) = 0, symmetric structures are produced, as shown in
Fig. 3(a). For the direct single-photon ionization, the electron
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is ionized from the A’ state to the continuum state by absorb-
ing one-photon. Thus, the coherent superposition state does
not exist anymore. As a result, the electron density distribu-
tions cannot be influenced by the coherent effects, so it present
a symmetric structure, which do not depend on the time, as il-
lustrated in Fig. 3(b).

(a) [(@y.t))*

(b) |w(m,y,t)|2 max l]nin

t;=5.00.c.

2
&
>
g
=
>
2
L
>
5
G
>
5=6.0 o.c. t; =6.0 o.c.
2
£
>
—6 —2 2 6 —6 —2 2 6
z (a.u.) z (a.u.)
Fig. 3. Density distributions of the electron wave packet p(x,y,t) =

|w(x,y,1)]* in the (x,y) plane at different moments ranging from r = 5T,
to 67p: (a) the coherent resonant excitation and (b) the direct single photon
ionization.

Based on the evolution of the electron density distribu-
tions, we further investigate the induced electron ring cur-
rent inside molecules. We show the distributions of the in-
duced electronic current densities j(r,t) at various moments
in Figs. 4(a)-4(b). The white arrows represent the directions
of the electronic currents. In Fig. 4(a) for the coherent resonant
excitation case, we see that the induced ring electronic current

evolves counterclockwise with a period of 7o = 1000 as. Be-
sides, the evolution of the electronic current is approximately
in phase with the rotation of the coherent electron wave pack-
ets. It is shown that the time-dependent electron current pro-
duced in charge migration attributed to the periodical evolu-
tion of the coherent electron wave packet between the protons.
In Fig. 4(b) for the direct single-photon ionization case, we
see that the ring current also evolves with a counterclockwise
direction. The period is Tp = 100 as. And the structure of
electron current density is similar as that of the electron den-
sity distribution in Fig. 3(b).

(b) J(t)  max
t;=>5.0 o.c.

. min

.

>
»

«

5.25 o.c.

[y
«

v
v

A

O O.C.

i

[
soa t,
a * a
o
L)
» .
- .
»
A s Ty
« .
. v
« 4 a4
W ——
P —
« e T
v ie Te

z (a.u.)

z (a.u.)

Fig. 4. The electronic current distributions for different times ranging from
t = 5Ty to 6Ty. The white arrows label the directions of the electronic cur-
rents. (a) The coherent resonant excitation and (b) the direct single-photon
ionization.

In order to better observe the variation of electron current
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with time, we investigate the electronic currents by integrat-
ing j(7,7) over the section from » =0 to r = e. Since the
electronic current is continuous, the probability of the electron
currents being measured through any cross sections originated
from the center point are equal.l*!! The integral equation of

Eq. (4) along the x axis can be written as!>*]

0
J() = /7 j(x.0.0)-,dx, ©)

where j(r,t) = ji(r,1)é+ j,(r,1)é, and &, are the unit vec-
tor along x and y directions. As shown in Figs. 5(a) and 5(b),
the electronic currents J () oscillate periodically with time
t resembling a cosine function and the oscillation period is
about one optical cycle. Moreover, the change in intensity of
the electronic currents with time is approximated in phase with
the amplitude change of the driving pulse. It is shown that the
intensity of the electronic currents is sensitive to the ampli-
tude of the driving pulse. In Fig. 5(a) we can see that for the
coherent resonant excitation case, the intensity of the induced
electronic current reaches the maximum value 0.0195 a.u. at
5.0 o.c.
(t > 10 o.c.), the weak electronic current still exist and os-

Of note is that after the pulse being switched off

cillates with a period 7' = 0.67Ty. According to the coherence
of electron wave packets, the coherent electron wave packets
still spread spatially after the pulse being switched off and its
quick spread results in a shorter oscillation period of induced
electronic current, compared with the case of the pulse being
switched on. In Fig. 4(b) for the direct single-photon ioniza-
tion case, we find that the intensity of the induced electronic
current also reaches its maximum value 0.0015 a.u. at 5.0 o.c.
However, the electronic current will not exist after the pulse
being switched off since there is no coherent electron wave
packet.

In Figs. 5(a) and 5(b), we label the five moments #;—5
which corresponds to the Figs. 4(a) and 4(b) with red crosses.
From five moments in Fig. 5(a), one can see that the value of
the electronic current is positive at f, = 5.25 o.c., 3 = 5.5 o.c.,
whereas it is negative at t; = 5.0 o.c., t4 = 5.75 o.c., t5s =
6.0 o.c. Att, =5.25 o.c. and 14 = 5.75 o.c., the intensity is
close to 0. From five moments in Fig. 5(b), one can see that
the value of the electronic current is positive at f; = 5.0 o.c.,
t4=5.750.c.,t5 = 6.0 0.c., while it is negative atr, = 5.25 o.c.,
t3 = 5.5 o.c.
the electronic current is also close to O at t, = 5.25 o.c. and

Similar as that in Fig. 5(a), the intensity of

t4 = 5.75 o.c. The direction of electronic current are different
in two cases at time ¢+ — ¢t + Tp/2 as illustrated in Figs. 4(a)
and 4(b). The results show that the induced electronic cur-
rents oscillate periodically with different phases in two cases
and the intensity of the coherent resonant excitation case is ap-
proximately one order of magnitude larger than that of direct
ionization case. Since the electrons are ionized to the con-
tinuum state for the direct single-photon ionization case, the

induced electronic current mainly comes from the free elec-
trons in the continuum state, thus leading to a weak electronic
current inside the molecules. And the oscillation of the elec-
tronic current is affected by coherent electron wave packet for
case of the coherent resonant excitation.

0.02 (a) J(1)

0.01
E
S; 0
=
—0.01
70.02 1 1 1 1 1 1 1 1 1 1 1
L5F (b) J(¢)
= 0.5
<
7
S
= 05
N
~15

Time (o.c.)
Fig. 5. Illustration of the time-dependent electronic currents for two cases (a)
the coherent resonant excitation and (b) the direct single-photon ionization,
the red crosses label five moments t; = 5.0 o.c., t, = 5.25 o.c., 13 = 5.5 o.c.,
ty =5.75 o.c., ts = 6.0 o.c. respectively.

The induced time-dependent electronic current can gen-
erate an internal ultrafast magnetic field in the molecule. In
Figs. 6(a) and 6(b), we display the time-dependent magnetic
fields B(r = 0,¢) at the molecular center generated by the
electronic currents j(7,¢), which are shown in Figs. 5(a) and
5(b). According to classical physics,*>! the direction of gen-
erated magnetic fields mainly along the z axis, perpendicu-
lar to the (x,y) plane. The generated magnetic field also has
dependence on the molecular orbitals. Figures 6(a) and 6(b)
show the generation of magnetic fields with different intensi-
ties and phases at every nuclear centers. Due to the spiral ef-
fect of the circularly polarized laser pulse, the generated mag-
netic fields at every nuclear centers are not equivalent. The
magnetic field B(r = 0,¢) at the molecular center arises from
the electron current, which is determined by the coherent su-
perposition of the wavefunctions of the three protons. It is
found that the time-dependent magnetic fields oscillate peri-
odically with a period Ty, which indicate the electron coher-
ence of the currents. As shown in Figs. 6(a) and 6(b), one
can see that the oscillating magnetic field still exist after the
pulse being switched off for the case of coherent resonant ex-
citation, whereas the magnetic field does not exist anymore
after the pulse being switched off for the case of direct single-
photon ionization. The evolution of the magnetic field can be
predicted by the induced electronic currents as illustrated in
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Figs. 5(a) and 5(b), confirming the coherence of the electron.
The results show that for the coherent resonant excitation the
enhanced magnetic field B(r = 0,¢) has the maximum value
0.27 T, whereas for the direct single-photon ionization case
the maximum value is 0.015 T. The difference of the magnetic
fields about two cases is associated with the electronic cur-
rents, and is also dependent on the photoionization process in
molecules. Consequently, one can control the magnetic fields
by adjusting the laser parameters. And the photoionization
process encoded in the electron currents can be reconstructed
with spatial and temporal resolutions by generated magnetic
fields.

0.5
0.3
g 0.1f
E =
N —-0.1
Q L
—0.3F
—0.51 L L L L L
0.04F (b) B(r.t —7r=0
CET r=o
Ao T =83
. 0.02 R A T =3
B N ’!\ ‘, l " ‘ " r " \ /\\
T 0._/\/\ \/\ \\/\\/\/\/\wﬁ-
N . IR 17 RV AT Y T VAR R
2 - SYULE ERVER A
—0.02} SESSATAATRY
—0.04} L L L L L L L L L L L
0 2 4 6 8 10 12

Time (o.c.)

Fig. 6. Illustration of the time-dependent magnetic fields at the molecular
center = 0 and the three molecular proton centers, generated by the elec-
tronic currents corresponding to those in Figs. 5(a) and 5(b) for (a) the coher-
ent resonant excitation and (b) the direct single-photon ionization.

4. Conclusion

We use the triatomic molecule with cyclic geometry H%+
as a benchmark system to investigate the induced electronic
current and the generation of ultrafast magnetic field. Results
from numerical solutions of the molecular TDSE show that
the induced electronic currents and the generated magnetic
fields depend on the photoionization process of molecules in
intense laser fields. We calculated the electronic current and
magnetic field in two cases: the coherent resonant excitation
and the direct single-photon ionization. The circularly polar-
ized pulses with wavelengths A = 300 nm and A = 30 nm are
adopted respectively. For case of the coherent resonant exci-
tation, with the asymmetric distributions of the coherent su-
perposition as functions of ¢, the enhanced electron current
arises subsequently, leading to the enhanced magnetic field
generation. Moreover, the periodical evolution of the coher-
ent electron wave packet leads to the fact that the electronic

current oscillates periodically, which can produce oscillating
magnetic fields. For the direct single-photon ionization, the
electron is ionized from the A’ state to the continuum state
by absorbing one-photon. So, the coherent superposition state
does not exist anymore. Since the induced electronic current
mainly comes from the free electrons in the continuum state, it
can generate a relative weak magnetic field. The results show
that both the electronic current and the magnetic field have dif-
ferent phases in the two cases. Moreover, the intensity of the
coherent resonant excitation case is approximately one order
of magnitude larger than that of direct ionization case. One
can modulate the electronic current and the magnetic field by
adjusting the parameters of the driving field. So, exploring the
photoionization process in molecules is essential for control-
ling of the electronic current and the ultrafast magnetic field
in molecule. In principle, our work can be used to explore
the electronic dynamics in ring-molecules systems, presenting
a general scheme which can also suitable for different atoms
and molecules, and this scheme has great potential for ultrafast
magnetism and electron dynamics.
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