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Abstract

The interaction dynamics in the scattering process between surface and species were
studied earlier using the one-electron Hamiltonian in the presence of a
(monochromatic) electromagnetic field. This work defines a new concept, "the
temporal effective density of states”. This quantity is essential in obtaining the ion
neutralization probability in the ion-surface scattering and is equivalent to the time
average of the transient energy-dependent current through the system. Our
applications ensure that this kind of the tunneling current can be controlled by the
electromagnetic field parameters such as its frequency and its strength. Then, adiabatic
and non-adiabatic electron tunneling regimes are investigated and discussed for the
process. Also, in the limit of very low ion velocity one can find, an equivalent behavior
for the temporal effective density of states.
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1. Introduction

Processes in the gas-phase metal surface that are assisted and supported by electromagnetic
magnetic fields prove essential to understanding surface physics. In this field, Chemical
reaction dynamics in gas-phase reactions and those that happen at the gas-solid interface have
started to be dominated by chemists. The electromagnetic field had been used to study processes
state - selected reactions, transition - state spectroscopy.

The electromagnetic field has many controllable parameters: propagation vector,
polarization, intensity, and frequency. By controlling these parameters as well as the

* majed.nattig@uobasrah.edu.ig

134


mailto:majed.nattiq@uobasrah.edu.iq

Israa Q. Taha... et al. SJPS 2023 (December), Vol. 2, No. 2, p.p.: 134-146

consistency of the radiation. Researchers use a supple stimulator to check the chemical
dynamics [1, 2]. Much research has been done on how electromagnetic fields interact with
matter in uniform systems [3-6]. However, The laser-induced surface phenomena, including
dissociation, adsorption, reactions, and migration, for heterogeneous systems (such as atoms
adsorbed on a solid surface or gaseous atoms near it), have been thoroughly researched and
explored for various systems [7, 8]. (For more information, check references in [9-13].

The orthonormal basis set for electron states in atoms and metals was extended in terms of
the total wave function, which satisfied the Schrodinger equation dependent on time. For the
amplitudes of these processes, a system of interconnected ordinary equations was derived.
Surface processes that are aided by an electromagnetic fields should occur at field intensities
similar to those in related atomic collision reactions (~ 1016 W/m2).

There are two regimes of coupling between the external field and the electrons [14-17]. The
first one is low frequency regime, in the adiabatic regime, where the tunneling rate I'/7%
dominates the transport time and the external field frequency @ is smaller than the tunneling

rate I'/7 | electrons sense a static external field, i.e., the external field dependent on time only
affected the electronic states adiabatically. The external field frequency is higher than the

tunneling rate in the second, high frequency regime, i.e. ® >> I'/7 Since energy quanta (7@
) can be absorbed or emitted by electrons during the non-adiabatic regime, which produces
direct tunnel current, electrons can sense the oscillation of the external field during the transport
time. The case that we have found in our previous works[9, 10].

Our aim is to use the earlier develop theoretical treatment [9, 10] related to the interaction
of the monochromatic electromagnetic field with the atom-surface scattering process to define
a new concept, which we call "the temporal effective density of states" and to discuss the
adiabatic and non-adiabatic electron tunneling regimes for the process.

2. Formalism

One electron resonant process in collisions of slow atoms (ions) with a metal surface in
the presence of electromagnetic field had been considered in Ref. [18]. The system's
Hamiltonian (atom + surface + laser field) was expressed as follows:

H(t)=H, + V(1) (1)

where, both the atom-metal interaction and the interaction with the electromagnetic field are
included in operator V(t). The electromagnetic field effect on the ion-surface neutralization
(SIN) mechanism during the ion-surface scattering process was studied [19-26] by extending
the one-electron formalism developed by Easa and Modinos [22, 27] to enclose an additive term
in the system Hamiltonian that required to describe the electromagnetic field- assisted charge
transfer processes.

At time (t), the ion neutralization probability is given by [9, 10, 22, 28],

nA(t) = X ‘ CAu’ (t)‘z
w'(occ.)

All occupied surface states are included in the summation., and the equation of motion of
the amplitude is given by [9, 10],

()
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. | ~ ~

CAu'(t) = _%8im (t)CAu’(t)_ 7 [ VAH’(t)+ WAH'(t)]
T P ®3)

- ?Z [ VAH'(t)Jr WAp'(t)] jt [VpA (t')+ WHA (t’)]CAp’(t')dt'

. o
Then, we define the following relations [9, 10, 20],
Car(t)=V,Cle1)
- - —i(e -& )t
Uy, 0+ W, (0)= Vi H) )
H(t) = V(t) + W(t) )
2
p.(e)=3|V,[ 8z, - )
u
where, ps(g) represents the surface density of states. Then, Egs. (2) and (3) become,
: i i i -e
Cle',t)=——¢,, (t)C(s",t)——e ATH(t)
h h ) (5)
_hiz H(t)f: dt’ H(t')eigA -0 [de ps(g) g et C(g',t)
and,
na(t)=[p,(s) Cle",t)["de’ (6)

If we put ps(f:) =p (asconstant, p =1/4p), then the definition of the delta function is only the

remaining energy integral as [e™"" de = 278(t —t') [22]. And finally we have,

Cle't)= [—%sim (t)_h% H(t)d C(g’,t)—%H(t)e"(g"gz)t )

A wide-band approximation may be used to describe this approximation. Eqg. (7) should be
solved with the initial conditions, C(&',t,)=0.
The matrix element of H(t) in Eq. (4) can be read as,

H(t) = V(t) + egu W(t) (8)
The atomic orbital, overlap ultimately only when the ion is close to the surface, and W(t) has
the same specific manner as that of V(t). Thus the simplest model for W(t) is analog to [26]:

V(t)z V. oot ,W(t):WO ooall [e-imt—iS +eiwt+i8] Lo, = m )

The laser coupling strengths and hopping are Wo and VO, respectively. u is the species
velocity's An ordinary component.

Our numerical analyses of the ion (survival) probability and investigation of the impact of
the electromagnetic field on the electron transfer process in an ion-surface system use Eq. (7).

We offer the idea of the density of states at the effective level site, which is described by

Pett (g’t) , to learn more and investigate the possible direction of the transfer of charge between
the incident solid surface and the ion.
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Pat (£,8) = p (2)[C (e, 1) (10)
Such that the ion level occupancy n , (t) is given by,

P(t) =n,(t) = Tpeff (e,t)de (11)

Uy

In analogy to the static occupancy n A(z) that defined by [22]:

0,2 = | pale,2)de (12)

Hence, the probability P(t) of charge exchange at any time t is calculated from the area

under the ~e (g’t) curve in the energy range from the bottom of the conduction band, o, up

€

to Fermi level position =0 The amount of this area should depend on the shape of

per (2:1) at each time t (time-dependent).
However, the shape of this physical function depends on the interaction matrix elements,

namely, the hopping one Vo and the one related to field strength W, But, as it should be, at

any time the following condition must be fulfilled,
[ pui (e.0)de =1 (13)

During the time of scattering, the non-stationary tunneling current will appear through the
system which we define it as:
dpP(t)
I(t) =——+~ 14
(t) it (14)

And one can find, for the period t -t (where t

tunneling current value which can be written as:

_ 1 t r r__ p(tf)
<|(tf)>_t tjl(t)dt_t t

f 0 t, f 0

fis final scattering time), the average

(15)

Hence, one can define on the basis of Eq. (11) the average tunneling current as a function of
the energy as,

<| (5)> = Pt (€) (16)
tf _to
then, this energy-dependent tunneling current is equivalent to the effective density of states
1U(t, —t,)

Eqg. (10) without the multiplication factor
+iot
It is well-known that if the perturbation is harmonic time-dependent (Oce ) then the

system level 20 win split to three levels, namely, £(t) gng 2.0)* 70 Here, we also

expected that due to this kind of harmonic perturbation (Ocemt ) which is applied to our system

as it is given by the electromagnetic field strength formula Eq.(9), the system levels are

generated from £alt) 1o obtaining £alt)* N7@ \ith n is an integer.
Some of these levels might be positioned above the Fermi level, while others might be
positioned below the conduction band (bottom), where they might not actively participate in
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the resonance charge exchange process. Therefore, we derive in static regime (velocity —0) the
energy dependent static neutralization probability which is written as a summation of
Lorantzian shape functions as [10],

3 A (Z)+2A(2)
Pa(6:2) = n;_g" (€ —£,(Z) +nhw)? + (A, (Z) +2A (2))? (17
with,
g, =2 = (18)

TAc+2n, | I TA Toa,
The atomic level half width due to tunnel coupling with the metal surface in the presence of

— 2 2
electromagnetic field, is A=A+ 28 = mpl|Vo [+ 2W,[] with the tunneling rate I' =24

Theoretically, one also can use a appropriate incorporation of two parameters,

electromagnetic power that related with Wo and the electromagnetic frequency @, which could
be selected to choose the adiabatic or the non-adiabatic regimes.

In the following, We thoroughly examine the effects of various system variables, such as
coupling and hopping strengths, the electromagnetic field frequency and the normal component

of the species velocity on the effective level density of states Par (&:1) in order to elaborate the
way by which they enhance the charge exchange process.

3. The model parameterization

To calculate the ion neutralization probability, Eq. (7) is solved numerically with the initial
conditions Cle't,) = 0 Where, P=1/48 and B s related to the band width (: 43). The
atomic unit system is employed throughout the work, and all energies have been determined in
relation to the Fermi level. The parameters used are p=0.2205au. , the surface work function
¢=0.1837a.U. yng £x =-0.2756aU. \yhich is measured with respect to vacuum level.

The image effect is taken into account throughout the following relation [29],

em =1/[4(Z, +ult] (19)

Where %o = 4.5353 a.u. is the screening length.
Generally, the velocity of the projectile ion is taken to be in the range of

0.001a.u.su=<0.0la.u. ong o js fixed on the values 0.112, 0.056 and 0.0028 a.u.
The value of nA("O): p(x) is the main quantity of interest due its experimental importance,

so the values of Na (oo) are calculated from Eq. (7) to investigate the adiabatic and non-adiabatic
features of the charge transfer process in the presence of electromagnetic radiation as in the
following.

Initially, the atomic energy level position 4 is one of the most important parameter in
determining the direction of the charge transfer process in the absence of electromagnetic field.
By varying €A we have sweep the energy values for met stable state which are separated by
o see Figure 1. There is two plateau, the left corresponds to higher occupation Na() =1

and the right corresponds to lower occupation Na () 0, to the left and to the right of the
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position of the atomic energy level gA(Zo). With the action of electromagnetic field, the left
plateau is lying below nearly by the same amount that the right one is raised, with the same
crossing points, indicating the atomic level sense to the electromagnetic field.

1.0
A —W_=00 au.
'_\\____ - = W_=005au.
084 ° W, =01 au.
0.6
6 g
Q- 0.4- \ -
u=0.01 a.u. e
VO= 0.1a.u. g
021 o=o0112au.  \'----- ~ \'.
v
0.0 4 SN
-0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

E. (au)
Figure 1. Shows the values of P(x) as a function of &, for three different values of
W, =0.0,0.05,0.1a.u. with u=0.01a.u.and V, =0.1a.u..

In the following, We thoroughly investigate the impacts of various system parameters, such

as Vo, Wo (or consequently I'=2A), and ®@on the P (&,0)

non-adiabatic regimes by which the tunneling process occurs.

to investigate the adiabatic and

Firstly, e (£,00) is shown in Figure 2 for the case of very low velocity (i.e. Y =0-001a.u.y
The figure shows two clear extra peaks (P1,P2 and P1',P2") positioned at lower and higher parts
of the main peak (M) having relatively small height, showing the photon side peaks located at

e=¢e,(Z,)+nheow ; N=-2,-112

energies . Since, the position of the peak (P2) is above Fermi

level, it will be ignored since it does not contribute to P(t). While the position of the lower one

(P2') affects the calculated of the area under the curve, but it may be of order of 10 ~ of the area
under the central one which may also be ignored in comparison. Consequently, these peaks (P2
and P2") may be ignored for such application that needs an analytical formalism to avoid
mathematical complexes.
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VO: 0.1 a.u. - = W_=0.0 a.u.
n o
o= 0.112 a. u. N —WO =0.05 a. u.
84 u=0.001 a.u. 1
1
6 -
3
i
= 44
O—d)
2_
0 T T T T T

T T T T
-05 -04 -03 -02 -01 00 01 02 03 04 05
E (a.u.)

Figure 2. Shows the effective level density of states as a function of energy at low energy
u=0.001a.u. with W, =0.05a.u. and V, =0.1a.u..

I (5)(tf _to) = Pett

However, the actual 1(¢) characteristics will be more complicated than that shown in Figure
2. The symmetrical side peaks are a result of using the wide band approximation i.e.

ps(e) > p _

A simulation of (2,0) based on Eg. (16) gives the similar curve.

However, the final ion level occupancy N (0) depends on the shape of Pett (g’tf ) which is
needed to perform the integral in Eq. (15).

V, W

The effects of different parameters such as o and U on the peaks height as well as

widths of the shapes as the ion is scattered off the surface (t :OO) will be discussed. The
relative variation of the peaks height of the three peaks (M , P1 and P1') are as follow. On

varying the values of Vo (keeping Y= 0-01a.U. gng Wo =0.052.U.y 4o peight of the central
peak largely increases due to the effect of the hopping process, while the height of the other

W

peaks decrease (Figure 3a). While one finds opposite features when " is increased.

On keeping Yo = 018U gnq u=0.01a.u. ity Wo yarying, the electromagnetic strength

effects appear in increasing the heights of the left and right peaks (Figure 3b).
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Figure 3. Shows the variation of peaks height as a function of V_ in (a); W, in (b).

In the following, the adiabatic and non-adiabatic regimes will be discussed. The behavior of

Ps.(:0.0) i shown in Figure 4 such that by increasing A (by increasing the strength Vo) at

ratio changes. When

and ©=0.112a..  one notes that decreasing Yo makes the peaks height

V, =W

o the peaks height become equal (Figure 4c) .
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WO: 0.05a.u.,®m=0.112 a.u.

V =0.15 a.u.

st

o (E0.0)

14 (a)

0 T T T T T T T T T
-0.5 -04 -03 -0.2 -0.1 0.0 0.1 0.2 03 04 05

E (a.u.)

W()= 0.05a.u.,m=0.112 a. u.

V0= 0.1 a. u.

st
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O N T T T T T T T

T
-0.5s -04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
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WO: 0.05a.u.,®=0.112 a.u.
V,=0.05 a.u.

0 (E0.0)
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-0.5 -04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

E (a.u.)

Figure 4. Shows the behavior of p, (£,0.0) in non-adiabatic regime when decreasing A by
decreasing the strength V_, where (a) V, = 0.15a.u. (b) V, = 0.1a.uand (c) V, = 0.05a.u
at fixed W, =0.05a.u. and o =0.112a.u..
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On transition from non-adiabatic regime to adiabatic regime by decreasing the frequency ®@

&, .
Peit (£:) behavior as seen

, we change the inequality between A and © this is obvious in the
in Figures 5a, 5b and 5c¢ .

WO

Figures 5a, 5d and 5e show also that by increasing the field strength , One can change

the relative height and width of the peaks of Pas (6,) .In this case, the dynamic one, we note

V, =W,

that when o the side peaks become higher than the central one in contrary to the steady

state behavior in Figure 4. Figure 5f ensures that as Wo increases larger than 0.1 a.u. the
distribution becomes lower and wider. Which explains how the field controls the ion — surface
processes.

Finally, the transition from non-adiabatic regime to adiabatic regime but now by increasing

the strength Vo and fixed Vo = 0.1au. 5pq frequency @ = 0.112a.U. a5 seen in Figures 5d and

5f. Figures 5d and 5f show physically logic feature, since as Vo> W

(&,0)

o, the electromagnetic field

effect on the structure of ~ V, <W,

and 5e).

is reduced as compared with case (Figures 53, 5d

4. Conclusions

The one-electron Hamiltonian has to have two terms added in order to examine the
electromagnetically assisted surface-ion charge transfer system. (see refs.[1,8]) It takes into
account how the species and solid surface orbitals are coupled as a result of how they interact
with the electromagnetic field. Thus, we use an appropriate arrangement of the two controllable
parameters associated with electromagnetic field, these are electromagnetic frequency ® and

its strength of coupling due to electromagnetic field WO, which can be selected (with the

parameter VO) to discuss the adiabatic and non-adiabatic tunneling regimes in ion-surface
scattering process. The process general features are checked throughout extensive model

parameterization. At high values of W, , a startling decline in the probability of neutralization
is observed; this could be the result of the development of a quasi-molecular state. If we believe

that the increase in "V indicates an improvement in the total atomic level-broadening I' =2A

caused by the electromagnetic field, then this drop might be regarded as an expected one. i.e.
decreasing the "atomic level life-time". This may affect the tunneling of electrons from the
surface to the atom (which determines the neutralization probability). This may also guide the
tunneling to the adiabatic or the non-adiabatic regimes. The temporal effective density of states
is an important and essential quantity, through energy integration, to obtain the ion
neutralization probability after scattering from the surface. It simultaneously describes the time
averaged of the transient energy-dependent current through the system. Finally, one should note
that our results reflect the use of two approximations. The first one is the dipole approximation

that used in obtaining W), Egs. (8) and (9) which restricts the frequency @ values. And the

second one is the wide band approximation #s (@)=p (Eg. (10)) which leads to the
(e.1)

symmetrical shape of Pett and then to equal side peaks height.
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Figure 5. Shows the temporal effective density of states for different system parameters and
electromagnetic fields characteristics.
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