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ABSTRACT

We report ultrafast charge migration in ionized iodo-alkyne chain I(CC),H" for n =1, 2, ..., 5. The dynamics of electron density become
more complicated with the increasing length of the molecular chain. However, the essential properties of charge migration in I(CC),H* can
be clearly interpreted in terms of the electron flux. By systematic investigations of the dynamics of electron density, hole density, and the
electron flux for different molecules, the size dependence of charge migration in I(CC),H" is discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142214

I. INTRODUCTION

Charge migration in molecules or molecular ions can be
induced by ultrashort laser pulses.! After ionization or excitation
of a molecule by one or more laser pulses, a non-equilibrium ini-
tial state that is a superposition of more than one electronic state
can be prepared. The subsequent dynamics of the electron density
typically represent ultrafast charge migration in the molecule.” "
Specifically, for the ionization of some neutral molecules, an intu-
itive picture of an electron hole can be used. The hole will propagate
in the molecular ions. The ultrafast migration of the hole is an effect
of many-electron dynamics, which has been widely studied in differ-
ent molecules.'' " A detailed analysis of the mechanism of charge
migration is very important in certain fields of photophysics and
photochemistry.’

With the rapid development of ultrashort lasers, it becomes
possible to directly detect and manipulate ultrafast processes
in molecules experimentally.''” The ultrafast hole migration in
ICCH" with a period of 1.85 fs has been observed experimentally by
Worner and co-workers after strong field ionization of iodoacety-
lene.'” In the experiment, a hole is created initially around the I

atom. Subsequently, the hole migrates rapidly between the I atom
and the CC triple bond. This phenomenon has been further stud-
ied theoretically to explain the results of this experiment.''” Similar
charge migration can be launched by ultrafast laser excitation of the
ICCH" cation from its ground state.'”'” Very recently, attosecond
hole migration in halogenated hydrocarbon chains has been inves-
tigated using constrained density functional theory (DFT).”’ The
speed of hole migration is found to be insensitive to the length of
the molecular chain.”’

The effects of nuclear motions are found to be impor-
tant for charge migration after sufficiently long dynamics of
molecules.'”'>*'** For example, the decoherences and recoherences
of charge migration in ICCH" due to nuclear motions have been
predicted theoretically.!” The corresponding decoherence time of
charge migration is about 6 fs.!” Very recently, the phenomena
of decoherences and recoherences have been observed experimen-
tally in SiH4.”> The decoherence happens in the first 15 fs, and
recoherence is observed in about 40-50 fs.”” Quantitative criteria
to determine the reliability of the frozen nuclei approximation for
ultrafast processes have been reported based on systematic numeri-
cal simulations.”® Accordingly, it is quite safe to use the frozen nuclei
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approximation for charge migration in ICCH" for dynamics of just
a few femtoseconds.

In this work, we will focus on charge migration in
I(CC),H" (n=1,2,...,5). The related theory and methods are
provided in Sec. II. In Sec. III, we systematically investigate charge
migration for the superposition of the electronic ground and first
excited states of I(CC),H" in terms of both electron and hole
dynamics. The conclusions are provided in Sec. IV.

Il. THE THEORY AND METHODS
A. The electron density and hole density

The initial electronic state can be prepared as a superposition
of the ground state |¢,) and the first excited state |¢,), namely,
[y(t=0)) = col§,) + c1]¢p,), where ¢y and ¢; can be any complex
numbers."” " Different values of ¢y and ¢; only affect the over-
all amplitude of charge migration and do not change the essential
properties.'® For simplicity, we chose ¢ = ¢; = % The subsequent
time-dependent state can be obtained according to the solution of
the Schrodinger equation

() = L2 (o) + o)™, W

where w = AE/h and AE is the excitation energy from |¢,) to |¢, ).
The electron density can be evaluated as the mean value of the
density operator,

p(r.1) = (y(8)|p(r)[w (1)) )

Here, the density operator is

Nel
PO = > 8- n0), )
k=1

where ry is the spatial coordinate of the k-th electron.

To continue the numerical calculations, we will need the ele-
ments p;;(r) = (¢i|p(r)|¢;). They are calculated using ORBKIT as
implemented by Tremblay and co-workers.”*’ The required many-
electron wavefunctions of |¢,) and |¢,) are obtained using the
state-averaged complete active space self-consistent field (CASSCF)
method as implemented in MOLPRO.?® The basis set is cc-pVTZ
for H,C and cc-pVTZ-PP for I, which will be called cc-pVTZ" in the
following.

According to previous experimental and theoretical investiga-
tions of charge migration in ICCH", it is sufficient to focus on
charge migration along the molecular axis. We define the coordi-
nate frame such that all the molecules are along the z-axis. The
one-dimensional electron density along the molecular axis can be
obtained by integration of p(r, t) over x and y,

pat) = [[ plrt)dxdy @

The value of p(z, t) is typically very large for z close to the posi-
tion of an atom, which makes it difficult to visualize the dynamics
of p(z,t). A convenient way is to define the fluctuation part of the
density as

Ap(z,t) = p(z,t) = p(z,t = 0). (5)

scitation.org/journal/adv

Apparently, the dynamics of p(z,t) are equivalent to the dynamics
of Ap(z,t).

In the literature, it is often helpful to define a pseudo-particle
called an electron hole.”' ** In this way, the dynamics of N-electrons
can be simplified to the dynamics of one particle. The hole density
pp,(2,t) is defined as the difference between the electron density of
the neutral molecule and that of the corresponding cation,

pu(zt) = p™(2) - p(2.1), (6)

where p(z,t) is defined in Eq. (4) and p"'(2) is the one-dimensional
electron density of the neutral molecule along the z-axis. The density
p"(z) is calculated at the same level of theory as that of p(z,t) for
the neutral molecule in the electronic ground state. The definition
of the hole density in Eq. (6) is consistent with previous work in
Refs. 31-34.

B. Characterization of charge migration

Apart from the electron density and the hole density, a more
convenient quantity to characterize charge migration is the elec-
tron flux. According to the one-dimensional continuity equation,
the electron flux F.(z,t) along the molecular axis can be evaluated
as

z20Ap(Z,t) |,
Fz(z,t):—fz %dz. )

Equation (7) is integrated numerically. The position of zo should be
sufficiently far away from the molecule such that the electron flux
at z = z¢ is always zero. For each of the investigated molecules, the
corresponding center of mass is the origin of the coordinate frame.
The z coordinate of the hydrogen atom of each molecule is negative.
The value of 2y is chosen to be 5a¢ smaller than the corresponding z
coordinate of the hydrogen atom.

The direct effect of charge migration is the variation of the
dipole moments. The time-dependent dipole moment of the system
can be obtained by evaluating the mean value of the dipole operator
for any given time,

d(t) = ~(y()dly (1)), ®)
where the dipole operator is
Nei Niue

d=-) er.+
k=1 i=1

QiR;, )]

here, Q; and R; are the nuclear charge and nuclear coordinate of the
ith nucleus, respectively.

In this work, only the z-component of d(¢) is nonzero. It can
be calculated according to Eq. (8) as

d.(t) =¢&,-d(t),

oo Niue
= —e/ zp(z, t)dz + Z Qi(é;-R)), (10)
—oo izl

where €, is the unit vector along the z-axis. According to Eq. (6), we
can obtain the following relation:
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d:(t) = e(zn (1)) + d;°, (11)
where (z;(t)) is the mean position of the hole
+o0o
(zn(t)) = f_ 2pn(z,t)dz. (12)

Here d"" is the dipole moment of the neutral molecule. The only
non-zero component of d"" is the z-component d;".

I1l. RESULTS AND DISCUSSION
A. Charge migration in I(CC),H*

The frozen nuclei approximation has been widely used in the
investigations of charge migration. There are two facts to validate
this approximation. First, the time scale of charge migration is typi-
cally less than 10 fs, and the corresponding effects of nuclear motions
are negligible in most cases. Second, the essential properties of
charge migration are rather robust for different molecular geome-
tries with relatively small differences. We will only focus on charge
migration in a few fs. Therefore, the molecular structures can be
assumed to be frozen.

In the literature, there are typically two different choices of
molecular structures that lead to similar phenomena of charge
migration. The first scenario is the strong field ionization of neutral
molecules. The corresponding I(CC),H" cations can be prepared
in the superposition state in Eq. (1) after ionization. In this case,
the structures of I(CC),H" are assumed to be the same as the cor-
responding neutral molecules. The second scenario is to excite the
ground-state cations directly using ultrashort laser pulses. In this
case, the structures of I(CC),H" are assumed to be the same as
the equilibrium structures of the cations in their electronic ground
states. For the subsequent simulations, we consider the first scenario.
Namely, the structures of I(CC),H" are frozen at the equilibrium
structures of the corresponding neutral molecules. Accordingly, the
structures of the neutral molecules are optimized at the same level of
theory, which is CASSCF/cc-pVTZ", using MOLPRO.

Charge migration will occur periodically for frozen nuclei. The
period T can be calculated according to the first excitation energy
AE as T = h/AE. Accordingly, the values of AE and T for differ-
ent cations I(CC),H* (n=1,2,...,5) are documented in Table I.
The active spaces in CASSCF calculations for different cations are
carefully chosen based on the experiences of previous work.'*™"”
The number of unoccupied active orbitals is the same for all the
I(CC),H" cations. While the occupied orbitals are included as
needed. The active spaces of I[(CC),H" are also provided in the last
row of Table I. We further calculate AE of each cation, including
spin-orbit couplings. The corresponding correction to each AE is
only a few percent.

TABLE |. The first excitation energy AE and the corresponding period T of charge
migration for each [(CC),H™ cation. The active space for CASSCF is also listed.

n 1 2 3 4 5
AE (eV) 2.20 1.83 1.75 1.65 1.45
T (fs) 1.88 2.26 2.36 2.50 2.86

Activespace  (12,15)  (1521)  (14,19)  (12,15)  (14,19)

scitation.org/journal/adv

The first excited state of each I(CC),H" is a nn™ excitation,
with an increasing number of carbon atoms participating in the
77 interaction as n increases. Consequently, we find a systematic
decrease of the first excitation energy AE of I(CC),H" for increas-
ing n. Specifically, AE decreases from 2.2 eV for ICCH" to 1.45 eV
for I(CC)sH*. The corresponding period T of charge migration
increases from about 1.9 fs for ICCH" to 2.9 fs for I(CC)sH".
The details of charge migration are shown in Fig. 1 for different
I(CC),H" cations.

The ultrafast electron dynamics of I(CC),H* (n=1,2,...,5)
areillustrated in Figs. 1(a)-1(e), respectively, by contour plots for the
fluctuation part of electron density Ap,(z,t) in Eq. (5) for t < 3 fs.
For all the panels of Fig. 1, the vertical axes are the z coordinates with
the same scale for different cations, and the red and blue colors rep-
resent positive and negative contour values, respectively. Note that
the specific contour values of different panels are different for better
visualization of all the panels. For precise numbers, the maximum
and minimum values of Ap,(z,t) and the electron flux F.(z,t) of
Figs. 1(a)-1(j) are provided in Table II.

Specifically, Fig. 1(a) shows the spatiotemporal dynamics of
Ap4(z,t) of ICCH™. As can be seen, the electron density around the
I atom increases in the first half period and decreases in the second
half period. While the electron density around the C=C triple bond
first decreases and then increases during the same period. We can,
therefore, clearly identify charge migration from the region around
the C=C triple bond to the region around the I atom and back in one
period. The results agree with previous investigations.'”'” Charge
migration in ICCH" can be easily identified from Fig. 1(f) for the
electron flux F;(z,t) along the z-axis. The value of |F;(z,t)| is sig-
nificantly larger than zero only in the region between the C=C triple
bond and the I atom, which means charge migration occurs mainly
in this region. In addition, F;(z,t) in this region is positive for the
first half period and negative for the second half period. This illus-
trates the same electron dynamics as in Fig. 1(a), but in a clearer
representation.

When the length of I(CC),H" increases, namely the value of n
increases, the dynamics of the electron density become more com-
plicated. The corresponding dynamics of Ap,(z,t) of I(CC);H" in
Fig. 1(b) has some properties similar to those of ICCH in Fig. 1(a).
The electron density around the I atom also first increases and then
decreases in the first period. There is more than one C=C triple bond.
In the following, we will refer to the C=C nearest to the I atom as the
first C=C triple bond, and the next ones are the second, third, and
so on. The electron density around the second C=C triple bond first
decreases and then increases in the first period, which is similar to
that of ICCH™. While the region around the first C=C triple bond
contains two regions with opposite electron density fluctuations, it
becomes difficult to find the direction of charge migration in this
region only according to the properties of Ap,(z, ).

However, the essential properties of charge migration of
I(CC);H" can be clearly identified from the electron flux F,(z,t)
in Fig. 1(g). Accordingly, charge migration is unidirectional in the
first half period in any region of the molecule. The direction of the
charge migration is along the positive direction of the z-axis, namely,
from the H atom pointing to the I atom. The electron flux is dif-
ferent from zero mainly in two regions: from the first C=C triple
bond to the I atom, and from the second to the first C=C triple bond.
For the next half period, the electron flux is still unidirectional but
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FIG. 1. Charge migration of I(CC),H* along the molecular axis (z-axis) for the first 3 fs with color-coded contour plots. The I(CC),H™ cations are in the superposition
of the electronic ground and first excited states. (a)-(e) The fluctuation part of the electron density Ap,(z,t) in the center of mass coordinate frame of I(CC),H*, for
n=1,2,...,5from top to bottom. (f)—(j) Same as (a)—(e), but for the electron flux F,(z, t) of I(CC),H* along the z-axis. (k)-(0) Same as (a)-(e), but for the propagation
of the hole density p, (z,t) in Eq. (6). For each panel (a)-(0), the position of each atom is indicated as a small black dot on the left, where the top atom is | and the bottom

atom is H.
changes its direction, namely, pointing to the negative part of the systematic characteristics. The electron density around the last two
z-axis. C=C triple bonds decreases in the first half period and increases

Concerning the fluctuations of electron density Ap,(z,t) of  in the next half period. While the region around the last third
I(CC),H" (n=3,4,5) shown in Figs. 1(c)-1(e), there are some C=C triple bonds of each cation in Figs. 1(c)-1(e) splits into two
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TABLE II. The maximum and minimum values of Apg(z, t)/aa1 and Fz(z,t)/fs~"
for charge migration in I(CC),H* shown in Figs. 1(a)-1(j).

n 1 2 3 4 5

Max Ap,(z,t) 0.305 0.301 0.265 0.175 0.155
Min Ap,,(z,t) -0.334 -0.210 -0.184 -0.187 -0.159
Max/min F;(z,¢) +0.024 +0.020 +0.021 +0.020 +0.017

regions in which the electron density fluctuates oppositely. For
sufficiently long cations, the electron density around the first one
or more C=C triple bonds first increases and then decreases in
the first half period. For all the investigated cations, [(CC),H"* (n
=1,2,...,5), the electron dynamics around the I atom are essen-
tially the same, but the amplitudes of charge migration decrease
when # increases.

The behaviors of charge migration in all the I(CC),H* (n
=1,2,...,5) can be clearly characterized in terms of the electron
flux F;(z,t), irrespective of the corresponding complicated dynam-
ics of Ap,,(z,t) in Figs. 1(a)-1(e). Accordingly, all the charge migra-
tions of I(CC),H" are unidirectional in the first half period. The
electron fluxes are nonzero mainly in the regions from the first C=C
triple bond to the I atom and from the nth to the (n—1)th C=C
triple bonds. For the next half period, the corresponding charge
migrates back to the initial positions. Apparently, when the cation
becomes longer, the region of charge migration increases. How-
ever, the average amplitude of charge migration decreases when »
increases so that the total number of migrating electrons is more or
less the same for different cations.

The same electron dynamics can also be represented with
an electron hole. Accordingly, the hole densities p,(z,t) of
I(CC),H* (n=1,2,...,5) are shown in Figs. 1(k)-1(0). The advan-
tage of the electron hole is that we can see particle-like motions. For
each of the cations I(CC)nH+, the hole migrates from the region

scitation.org/journal/adv

around the I atom to the region of the first C=C triple bond for the
first half period and migrates back in the next half period. For rela-
tively long cations, we can also identify hole migration from the last
second to the last C=C triple bond. However, it is very difficult to
identify even the direction of hole migration in some central regions
of relevant I(CC),H™ cations. This is not strange since the dynam-
ics of the hole are almost the opposite counterpart of the electron
dynamics represented by Ap,(z,t). Note that there are some spe-
cial values of z for which Ap,(z,t) is always zero. This does not
imply stationary points. On the contrary, such points have maxi-
mum electron flux F,(z, t). The reason Ap,,(z, t) = 0is that electrons
flow into and out of such points at rates equal to each other. The
corresponding dynamics of the electrons or the hole can only be
clearly unraveled in terms of the electron flux F,(z, t). Accordingly,
the best tool for transparent representations of charge migration is
the electron flux F.(z, t) shown in Figs. 1(f)-1(j).

B. Transient molecular properties due to charge
migration

Charge migration will affect certain molecular properties. The
most important one is the dipole moment. Due to charge migra-
tion, the molecular dipole oscillates accordingly. The only nonzero
component of the dipole, which is d;(t) in Eq. (10), is shown in
Fig. 2(b) for each cation. The corresponding period of the dipole
oscillations of I(CC),H" is the same as the values in Table I.
The amplitude of the dipole oscillation of I(CC),H" increases as
n increases. This is consistent with the properties of charge migra-
tion in Fig. 1. Namely, the range of charge migration increases with
increasing cation length, while the total number of migrating elec-
trons is more or less the same for different cations. The values of
the dipole moments decrease in the first half period and increase
in the second half period. This is also consistent with Fig. 1. For
an easy comparison, see Figs. 1(f)-1(j) for the directions of charge
migration.

FIG. 2. The time-dependent mean value
of the position of (a) the hole (z,(t))
and (b) the dipole moment d,(t) of
I(CC)H* (n=1,2,...,5).
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The dipole moments of I(CC),H" can also be evaluated in
terms of the hole density p, (2,t), which is given in Eqgs. (11) and
(12). This severs as a good method to check the reliability of the
intuitive picture of a hole. Accordingly, Fig. 2(a) shows the dynam-
ics of the mean position of the hole, namely (z,(t)) in Eq. (12), for
each I(CC),H" cation. Similarly, the mean position of the hole of
each cation oscillates periodically, with the same period as in Table I.
The velocity of the hole migration can also be estimated according
to the slope of each curve in Fig. 2(a), leading to similar results as
have been reported in Ref. 20. Namely, the migration velocity of the
hole is not sensitive to the length of the chain. According to Eq. (12),
the only difference between d,(t) and e(z,(t)) of each I(CC),H*
cation is the permanent dipole moment of the neutral I(CC),H
molecule. Consequently, the differences between the corresponding
curves in Figs. 2(a) and 2(b) are purely certain constants. All the
neutral I(CC),H molecules have nonzero dipole moments along the
z-axis. However, the values of the permanent dipole moments are all
very small compared to the amplitudes of the oscillations in Fig. 2(b).
Therefore, the curves in Figs. 2(a) and 2(b) are almost the same.

IV. CONCLUSIONS

In summary, we have systemically investigated charge migra-
tion in I(CC),H" cations with frozen nuclei approximation. Charge
migrations are found to be unidirectional, irrespective of the com-
plicated electron or hole dynamics of different cations. Specifically,
an electron hole is created after strong field ionization of the corre-
sponding neutral molecules. Subsequently, the hole migrates along
the molecular axis periodically. For the first half period, the hole
migrates unidirectionally along the direction pointing from the I to
the H atoms. For the second half period, the hole migrates back to
the initial positions.

When the size of the I(CC),H"* cation increases, the cor-
responding hole dynamics become more and more intricate. For
I(CC)H™, the hole is located around the I atom initially. For longer
cations, the hole is located not only around the I atom but also in the
regions of one or more C=C triple bonds close to the I atom. Both the
periods and ranges of charge migration increase when the lengths of
the cations increase. While the total number of migrating electrons
is more or less the same for different I(CC),H" cations. This can
be understood in terms of the electron hole. The total number of
migrating hole is more or less one for different cations.

The present work focuses on the short time electron dynam-
ics of only 3 fs. For long time dynamics, the effects of nuclear
motions are important. The decoherence of charge migration will
happen, and it will be interesting to investigate how the decoher-
ence time depends on the molecular size. This is beyond the scope
of the present work and will be studied separately. The results
of the present work should provide a helpful reference for future
investigations of size-dependent charge migration in molecular
systems.
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