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The ionization of the prealigned nitric oxide molecule by strong circularly polarized laser fields is studied via
theoretical simulations of the spin-resolved photoelectron momentum distributions by solving numerically the
three-dimensional time-dependent Schrodinger equation. Due to the spin-orbit entanglement in the ground state
of nitric oxide and the sensitivity of the tunnel ionization of its doubly degenerate valence 2. orbitals carrying
opposite electron ring currents to the sense of the laser-field rotation, the momentum-resolved spin-polarized
photoelectrons are produced. We show that the spin polarization exhibits strong dependence on the kinetic
energy as well as the emitting angle of the photoelectron. In addition to the laser control, the momentum gate in
strong-field experiments would enable full control of the spin polarization.
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I. INTRODUCTION

As a fundamental process in attosecond physics, tunnel ion-
ization of atoms and molecules is the primary step towards a va-
riety of strong-field phenomena such as high-order-harmonic
[1-4] and attosecond-pulse generation [5-7], nonsequential
double ionization [8,9], electron localization in molecular dis-
sociation [10-12], laser-induced electron diffraction [13-16],
multielectron dynamics [17-21], and so on. Having such an
important role, tunnel ionization itself has attracted continuous
investigations [22-26]. For example, low-energy structure in
photoelectron spectra [27,28] and tunneling time [29-32] have
been extensively studied in the past decade. Recently, the
spin dynamics of the photoelectron released from noble-gas
atoms by nonadiabatic tunnel ionization has been introduced
into the realm of attoscience [33-35]. The underlying physics
of producing spin-polarized photoelectrons and its potential
applications, ranging from probing the magnetic properties on
surfaces [36] to detecting the molecular chirality [37,38] at
subfemtosecond time scales, have been attracting increasing
interest.

In 2013, it was predicted in theory that the tunnel ionization
of the valence p shell of noble-gas atoms by strong circularly
polarized (CP) laser fields could produce spin-polarized
photoelectrons [33]. The spin polarization of the photoelectron
is a result of the spin-orbit couplings in the ionic states
|P32) and |Py2) of a noble-gas atom and the sensitivity of
ionization in circularly polarized laser fields to the sense of the
initial electron rotation in current-carrying valence p orbitals
[39-43]. However, due to fourfold degeneracy of the ionic
ground state |P3/,), the spin polarization can reach only up
to 50%. Integrated over both ionic |P;,;) and |Py/;) states,
the spin polarization would decrease even further [33]. In a
landmark experimental study by Hartung er al. [35], up to
30% spin polarization depending on the photoelectron kinetic
energy was observed.

To achieve a higher degree of spin polarization of the
photoelectron from noble-gas atoms, the ionization channel
to the ionic state | Pj/;) needs to be separated from that to
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the | P3;) state in the experiment. Alternatively, highly spin
polarized photoelectrons can be produced from the linear
molecule, e.g., nitric oxide (NO) [44,45]. In contrast to
noble-gas atoms (excluding helium) which have closed p
shells and zero net spin in the ground state but open shells
in ionic states, NO has an open valence 7 shell with only
one electron but a closed shell after the removal of the
valence electron, making the physical process for production
of spin-polarized photoelectrons simpler. The ground state of
NO is degenerate and has spin-orbit coupling. It splits into
two doubly degenerate states, |I1; ;) and |I13,,), separated by
an energy of about 120 cm™! (0.015 eV). The selection of
the ground state |I1;,,) of NO, on which we will focus in the
present study, can be done in the molecular-beam experiment
[46]. The NO molecule in this ground state has two equally
possible electron configurations, Zni and 271, in the valence
shell; that is, the valence electron of the current-carrying
2w, (2m_) orbital has spin down (up). Our previous study
[44] showed that, in general, the ionization yield of the
counterrotating st orbital with respect to the rotation of the
strong CP laser pulse is higher than that of the corotating one.
Due to different ionization rates for rotating m. orbitals in CP
laser fields, as illustrated in Fig. 1, strong right-CP laser pulses
remove more spin-up photoelectrons from the ground state
[T11,2) of NO. Therefore, the production of photoelectrons
with controllable spin polarization by strong CP laser fields is
feasible.

Generally, the momentum-integrated spin polarization of
the photoelectron cannot have very large values except for
weak and fast-rotating CP laser fields. But the momentum
gate for photoelectrons will provide potential access to achieve
much higher spin polarization. It has been shown that the
electrons removed from current-carrying atomic py orbitals
move and deflect differently [47,48]. The electron momentum
and angular deflection are then mapped onto the photoelectron
momentum distribution (PMD). We expect that the momentum
drift and angular deflection can also be observed in PMDs for
current-carrying molecular w1 orbitals. Given that for NO
the valence electron of the 2ni orbital has spin opposite

that of the 27! orbital, dislocation of the PMD peaks for
these two orbitals would lead to the momentum-resolved
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FIG. 1. The mechanism for the production of spin-polarized
photoelectrons from the ground state [I1;,;) of NO by circularly
polarized laser pulses.

spin polarization of photoelectrons. So far, however, it is
still a challenge to measure the momentum-resolved spin
polarization of photoelectrons in experiments. In this paper,
we theoretically simulate three-dimensional (3D) PMDs for
the electron removed from the valence 27Ti and 27" orbitals of
NO by a few-cycle circularly polarized laser pulse. Our results
show that both 3D PMDs for Zni and 271 orbitals exhibit
double-crescent structures but with observably different mo-
mentum drifts. We find that the streaks of the two-dimensional
(2D) PMDs for these two orbitals are noticeably dislocated.
By calculating the difference between the PMDs for spin-up
and spin-down photoelectrons, momentum distributions for
spin-polarized photoelectrons are obtained. We also show that
the spin polarization strongly depends on both the kinetic
energy and the emitting angle of the photoelectron and can
reach more than 90% for very low kinetic energies or at certain
emitting angles.

II. NUMERICAL CALCULATION

In the present work, we numerically solve the 3D time-
dependent Schrodinger equation (TDSE) in the Cartesian
coordinate system for the interaction between the NO molecule
and the laser field. The molecule is prealigned along the z axis
and perpendicular to the polarization plane of the laser pulse.
Since the valence m shell of the NO molecule consists of
only one electron, the single-active-electron approximation is
applied in our calculations. Then, the length-gauge 3D TDSE
for the single-electron wave function, W(r,r) = W(x,y,z,t),
within the dipole approximation is given by (atomic units are
used unless stated otherwise)

9 V2
i W(r,t) = [—7 + Vo(r)+r- E(t)]\y(r,t), (1)

with Vy(r) being the effective potential of NO [44]. The laser

pulse used in our calculations is a right-CP laser pulse, and its
electric field is given by

E(t) = £ sin? (”-}) [cos(wt)e, + sin(wr)ey] )
n

for t € [0,nT], and otherwise, E(¢) = 0, where £, w, n, and
T = 27 /w are the electric field amplitude, the laser frequency,
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the number of laser cycles, and the period of one laser cycle,
respectively.

The propagation of the wave function in Eq. (1) is
performed using the split-operator Crank-Nicolson method
with five-point finite differences on a nonuniform grid. The
general procedure follows the method introduced in Ref. [49].
The general formulas for the finite-difference coefficients on
the nonuniform grid are derived in the Appendix. During the
time evolution of the wave function, the unphysical reflections
at boundaries of the calculation box are avoided by using
the split function that separates smoothly the outgoing wave
packet. This wave packet is then propagated analytically by
using the Volkov Hamiltonian and then contributes coherently
to the final wave function w(p,%nq) in the momentum space
[50,51]. After the pulse is off, the propagation of the wave
function continues for an additional 5 fs, so that the ionized
wave packet is well separated from the bound wave packet.
At the end of the propagation (t = f,q), the wave packet in
the area |r| < 80 a.u. is eliminated with a smooth absorber.
The remaining part of the wave function is then transferred
from the position space to the momentum space. Finally, the
transformed wave function is coherently added to w(p,Zena)-
The final PMD is calculated as Y (p) = |w(p, fena)|*

In our simulation, the box ranges from —346.1 to
346.1 a.u. for the x and y dimensions and from —138.1 to
138.1 a.u. for the z dimension. The step sizes are Ax = 0.13
a.u. for |x| < 14 a.u., and otherwise, Ax = 0.39 a.u., and the
same is true for the y dimension. For convenience of the
Message Passing Interface (MPI) programming, we adopt a
fixed step size Az = 0.24 a.u. for the z dimension. The time
step At = 0.02 a.u. is used for time propagation.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) present the 3D PMDs Y.(p) for
the electron released from the valence Zni and 27 orbitals
of NO by a three-cycle (n = 3) right-CP laser pulse. Here,
the subscripts + and — indicate the positive and negative
electron angular momenta +/% and —7, respectively. Thus,
they correspond to the corotating and counterrotating orbitals
with respect to the CP laser pulse. The wavelength and the
intensity of the pulse are 800 nm and 1.75 x 10 W/cm? (£ =
0.05 a.u.), respectively. The electric field given by Eq. (2)
reaches its maximum pointing to —e, att = 1.57.

One can see that the 3D PMDs in Figs. 2(a) and 2(b)
split into two similar crescent distributions. This is due to
the nodal structure of the 274 orbital of NO and the fact
that the destructive interference of the wave packets ionized
from two nuclei leads to the minimum in the PMDs near
p. = 0 [52]. As we will discuss below, the double-crescent
distribution provides an additional degree of control to obtain
highly spin-polarized photoelectrons.

Another important feature of the PMDs in Figs. 2(a)

and 2(b) is that two crescent distributions of ni exhibit

a radius larger than that of 7!, This difference indicates
that the ionization of the corotating ni orbital by the
right-CP laser pulse results in a larger momentum drift.
In our calculations, the peaks of the one-dimensional (1D)
distributions depending on the radial momentum p,, calculated
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FIG. 2. The 3D PMDs for the electron released from the (a) valence 27ri and (b) 271 orbitals of NO. These distributions are normalized
to their maxima. The coordinate axes on the left side show the components of the photoelectron momentum vector. (c¢) The physical picture on
the right side illustrates the ionization processes for these orbitals by a right-CP laser pulse.

as Yi(p,) = p? [[ Yi(p)cosOdOd¢, are at 1.04 and 0.88 a.u.

for corotating ni and counterrotating 7 orbitals, respectively.

Meanwhile, the ionization ratio between _ and 7 orbitals is
3.16.

The underlying ionization processes for the m. orbitals
can be explained in Fig. 2(c). When the electric field reaches
its maximum pointing to —e,, the Coulomb potential on the
opposite site is bent, and the electron will tunnel out of the
nuclei through the rotating barrier. Since the . electron
rotates counterclockwise about the molecular axis, the electron
released along the opposite direction of the electric field has
an initial momentum Pjpia1 pointing to ey, which is the same
direction as the much larger momentum acquired from the
electric field, denoted as Preak- In contrast, the direction of the
initial momentum of the electron released from the 7_ orbital
is opposite that of pgeak- Then, according to the “simple-man’s
theory,” the final momentum drifts for the 7 orbitals are given
by pfifil = Dstreak = Pinitial, indicating a larger momentum
drift for the corotating m, orbital. In addition, due to the
nonadiabatic effect on the ionization rate of current-carrying
orbitals in the CP laser pulse, the yield of the photoelectron
from the counterrotating w_ orbital is higher than that from
the . orbital [44], which is also illustrated in Fig. 2(c).

Next, let us focus on the spin polarization of the pho-
toelectron after the strong-field tunnel ionization. Since the
electron configurations 27Ti and 27 are equally distributed
in the degenerate ground state |I1;,,) of NO, both the spin-
up and spin-down photoelectrons will be produced during
the interaction of the ensemble of NO molecules with the
CP laser pulse in the experiment. However, thanks to the
different momenta and yields for the spin-up and spin-down
photoelectrons, the momentum-resolved spin polarization of
photoelectrons can be achieved by a strong CP laser field.

We present the 2D PMDs Y. (py,py) = [ Ya(p)dp, in
Figs. 3(a) and 3(b) and Y. *(p,,p.) = [ Y+ (p)d¢ in Figs. 3(d)

and 3(e). Due to the electron configurations and the pre-
alignment of the molecule, the PMDs Y, and Y_ for the
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FIG. 3. The 2D PMDs for the photoelectrons released from the
(a) and (d) valence 2ni and (b) and (e) 27! orbitals of NO and (c)and
(f) the momentum distribution of the spin-polarized photoelectrons;
see Fig. 2 for the definition of the components of the photoelectron
momentum vector.
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FIG. 4. The 1D distributions of the spin-up (black curves) and spin-down [orange (light gray) curves] photoelectrons as a function of
(a) the photoelectron kinetic energy, (b) the elevation angle, and (c) the azimuthal angle. (d)—(f) The corresponding distributions of the spin
polarization of photoelectrons. The thickness of the curves indicates the results for three different pulse intensities defined in the text.

ionization of the current-carrying m, and m_ orbitals are
equivalent to the distributions Y+ and Y ! for the spin-down and
spin-up photoelectrons, respectively [45]. By calculating the
absolute asymmetry of the 2D PMDs for the spin-up and spin-
down photoelectrons, defined as A = YT — YV, we obtain the
momentum distribution of the spin-polarized photoelectrons,
as shown in Figs. 3(c) and 3(f). The positive and negative
values of the absolute asymmetry A stand for the spin-up and
spin-down polarizations of photoelectrons, respectively.

To gain deeper insight into the momentum-resolved spin-
polarized photoelectrons, we calculate the 1D distributions
of the spin-up and spin-down photoelectrons as a func-
tion of the photoelectron kinetic energy Ey,, the eleva-
tion angle 6, and the azimuthal angle ¢, according to
YL(V2Eq). YL(0) = [[ Ye(0)p] cosOdp,d¢, and YL($) =
[J Yi(p)p? cos 0dp,df, respectively. The results for three
different pulse intensities, I; = 1.75 x 10 W/cm?, I, =
1.5 x 10" W/cm?, and I3 = 1.25 x 10" W/cm? (indicated
by the thickness of the curves), are shown in Figs. 4(a)—4(c).
The spin polarization of photoelectrons is calculated as

Y-yt

i @

and the corresponding distributions are shown in Figs. 4(d)—
4(f).

First, as shown in Fig. 4(a), the kinetic energy of the
spin-down photoelectron released from the corotating orbital
is larger than that of the spin-up photoelectron released
from the counterrotating orbital. The underlying physics has
already been discussed above and shown in Fig. 2(c). The
peak positions of the spectra in Fig. 4(a) for the spin-up

and spin-down photoelectrons are 10.54 and 14.72 eV for
Ii, 9.04 and 13.33 eV for I, and 7.55 and 11.77 eV
for I3, respectively. These energy differences in the spectra
for spin-up and spin-down photoelectrons lead ultimately to
the strong energy dependence of the spin polarization ranging
from 4-96% to —58%, as shown in Fig. 4(d). The zero crossings
of the spin polarization for /;, I, and I3 are located at 21.82,
20.30, and 18.83 eV, respectively, and are shifted to lower
kinetic energy with decreasing pulse intensity. For dominant
ionization, the spin polarizations at peak positions of the
spectra for the spin-up photoelectrons are 75%, 78%, and 81%
for intensities Iy, I, and I, respectively.

Second, from Fig. 4(b) we can see that the elevation angles
with respect to the peaks of the distribution for the spin-up
photoelectron (located at 6 &~ +15°) have an obvious offset
from those for the spin-down photoelectron (located at 6 ~
£12°). This can be understood from the 2D PMDs Y.(p,, p;)
shown in Figs. 3(d) and 3(e). The momentum drifts along p,
are similar for both cases, but the spin-up photoelectron has
a smaller momentum drift along p,, as shown in Fig. 3(e).
Thus, the elevation angle, defined as 6 = arctan 5—;, for the
emitting spin-up photoelectron is larger than that for the
emitting spin-down photoelectron. Moreover, due to the higher
ionization yield of the spin-up photoelectron, we can see from
Fig. 3(f) that the distribution of the spin-up polarization is
broader. This leads to the strong dependence of the spin
polarization on the elevation angle, as shown in Fig. 4(e).
The spin polarization reaches the maximum +92% located
at § ~ +42°, where the production of spin-up photoelectrons
becomes dominant. Although the spin polarization generally
decreases with increasing kinetic energy, the spin polarizations
at these two specific emitting angles are enhanced in the
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entire range of the kinetic energy. According to our simulation
results for 7, for a kinetic energy of around 20 eV, the spin
polarizations at 8 ~ +42° are about 80%, which is obviously
much larger than the angle-integrated spin polarization shown
in Fig. 4(d). Furthermore, at emitting angles 6 &~ +42°, the
ionization yields become dominant at a kinetic energy of
7.97 eV, and the corresponding spin polarization is 96%.

Finally, due to the Coulomb effect, the peaks of the
¢-dependent distributions of the photoelectrons are slightly
deflected from ¢ = 90°, which has been observed in attoclock
experiments [29]. For NO, the offset azimuthal angle of the
spin-up photoelectron is approximately 3° larger than that of
the spin-down photoelectron because the spin-up photoelec-
tron has a smaller kinetic energy and it spends more time
interacting with the Coulomb potential. However, the variation
of the azimuthal angle ¢ has merely a weak effect on the spin
polarization, as shown in Fig. 4(f), because it is associated
with only the varying instant field strength of the few-cycle
CP laser pulse along the ¢ coordinate. As already predicted in
Ref. [44], the spin polarization is high for low laser intensities,
and it is in accordance with the slightly larger spin polarization
at ¢ =270° than at ¢ =90°. Figure 4(f) also shows, in
accordance with our prediction, that the spin polarization
in the whole range of the azimuthal angle increases with
decreasing pulse intensity. The average spin polarization of
photoelectrons, according to Eq. (3) for total ionization yields,
is 52%, 55%, and 58% for I,, I, and I3, respectively.

IV. CONCLUSION

In summary, we have predicted that the spin polarization
of photoelectrons produced by nonadiabatic ionization of
current-carrying orbitals in strong circularly polarized laser
fields can be enhanced by filtering the momentum and the
emitting angle of photoelectrons in experiments. For the
ensemble of NO starting from the ground state |IT;,;) with
one electron in the doubly degenerate valence m shell, the
momentum-resolved spin polarization can reach values above
90% for slow photoelectrons and also for electrons emitted at
angles +42° that are measured from the polarization plane. Our
study clearly shows that the momentum-resolved spin polar-
ization can be much larger than the average spin polarization
(in our case between 50% and 60%) that is controlled only
by the laser pulse. Thus, besides the laser control, the use of
the momentum gate in strong-field experiments will enhance
the spin polarization of photoelectrons. Such full control of
femtosecond spin-polarized electron pulses by varying not
only the laser parameters but also the photoelectron momen-
tum and its emitting angle is advantageous for experimental
investigations of ultrafast spin-resolved processes in physics,
chemistry, and biology, for example, the ultrafast detection of
magnetic properties and chirality of materials and molecules.
In particular, spin-polarized electrons are used for imaging
magnetic microstructures at surfaces and in thin films [53],
and those produced by short pulses can be further used for
time-resolved magnetic imaging.
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APPENDIX: FINITE-DIFFERENCE COEFFICIENTS

To facilitate the derivation of the formula for finite-
difference coefficients, we consider the 1D wave function
Y¥; = ¥ (x;) [as the cut of the 3D wave function ¥ (x;,y,z)
at fixed values y and z] distributed on a nonuniform grid
with grid points x; (j = 1, ...,J). Using the five-point central
finite-difference method, the second-order derivative of v/; is
written as

0 = Clyj o+ Cvrj_1 + Cly;
+CiYj1 + ClYa,

with five coefficients C{ (s = 1, ...,5) that, in general, depend
on the grid index j.

To interpolate the wave function ¥; on a nonuniform grid,
we use the interpolation polynomial in the Lagrange form for
a set of K data points (xg,¥y) (k =1, ...,K), and it is given
by [54]

(AL)

K
L(x) =) yuli(x),

(A2)

k=1

with
X — Xp,
l =
o= [ — (A3)
1<m<K
m#k

Then, the second-order derivative at a certain grid point x, is
obtained from

K
L', =D W) _, - (Ad)
k=1

By comparing Eq. (A4) with Eq. (Al), we find that the
coefficients C{ (s =1,...,5) in Eq. (Al) correspond to
the values of [/(x) (k=1,...,5) at x = x3 with K =5 in
Eq. (A4).

The second-order derivative of /;(x) is calculated straight-
forwardly from Eq. (A3), and its general expressions are

T —
nex Xk = Xm)
m#k

li(x) =

x> 2| TT G- || a5
1<K | 1<p<K 1<m<K
a7k pétk.q} mé{k.p.q}
for K > 4 and
1
B =2 ] ——— (A6)

(xk - xm)

li);f?s
for K = 3. Therefore, based on the chosen grid points
and the order of the finite-difference method, we obtain
the corresponding coefficients from Eq. (A5) or (A6). For
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example, in the special case of the uniform step size Ax,
we get for K = 5 the coefficients {—1/12,4/3, — 5/2,4/3, —
1/12}/ Ax? from Eq. (A5) and use them as the five-point finite-
difference coefficients in Eq. (A1), which are independent
of the grid index j due to the uniformity of the grid. If
three points (K = 3) are used for the central finite-difference

PHYSICAL REVIEW A 95, 063410 (2017)

method, we obtain from Eq. (A6) the well-known coefficients
{1, =2,1}/Ax?. In this case, the procedure returns to the
common Crank-Nicolson method. One can also obtain from
Eq. (AS) the coefficients for seven-point or even higher-order
central finite-difference methods, but then Eq. (A1) needs to
be rewritten correspondingly.
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