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We investigate ultrafast hole migration in the amino acids tyrosine and tryptophan after strong-field ionization. The
initial junction-localized hole state is prepared using constrained density functional theory, and its subsequent dynamics
are followed using time-dependent density functional theory. In the time domain, both molecules show delayed but finite
involvement of the aromatic unit, with a much shorter timescale for aromatic engagement in tryptophan (Trp) than in ty-
rosine (Tyr). Frequency-domain analysis reveals distinct beating energies associated with long-distance hole redistribution
between the branch and the ring. These features can be understood within a simplified two-level Rabi picture, which cap-
tures the dominant peaks in the hole dynamics. We further show that the constrained density functional theory (cDFT)
site-energy landscape connects the energetics of initial hole localization to the subsequent quantum-beat signatures: in both
molecules, the terminal oxygen on the functional branch is the energetically favored hole site, explaining the initial tendency
of a junction-launched hole to move toward the branch. Our results may provide a practical framework for interpreting and
potentially controlling ultrafast charge migration in complex molecules.
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1. Introduction
With the development of advanced laser techniques, mea-

surements of ultrafast processes have entered the attosecond
regime, i.e., the natural timescale of electronic motion within
molecules.[1–3] This progress has pushed molecular science
beyond conventional photochemistry and opened the possibil-
ity of preparing coherent electronic excitations, forming local-
ized electronic wave packets, and steering their interference
to influence chemical reactivity.[4] In this context, ultrafast
charge migration (UCM) triggered by strong-field ionization
(SFI) has attracted growing interest.[5,6] UCM refers to the
motion of charge, either an electron or a hole, on a subfem-
tosecond to few-femtosecond timescale after sudden ioniza-
tion, usually before nuclear motion becomes important.[7–9]

Because it occurs before significant structural rearrangement,
UCM is closely linked to the attosecond control of charge-
driven reactivity.[10,11]

Extending time-resolved studies of UCM to polyatomic
molecules is a major goal of attochemistry, although tech-
niques that combine attosecond resolution with complex
molecular targets are still at an early stage. To the best of

our knowledge, the first pump–probe measurements of UCM
in molecules using isolated attosecond pulses were reported
for H2 and D2 in 2010.[12] For polyatomic molecules, UCM
had already been proposed by Cederbaum and Zobeley,[13]

but a direct experimental demonstration was not achieved un-
til 2014.[14] Since then, subfemtosecond electronic dynamics
has been observed in several organic molecules, from small
species[15,16] to larger biomolecules.[17–22]

The physics of UCM is rich and complex because it de-
pends on several coupled factors,[23–25] including the initial
state, the local chemical environment, functional groups, and
many-electron correlations. As a result, its mechanisms re-
main incompletely understood.[26] When nuclear motion is
neglected, theoretical studies have shown that UCM can be
driven purely by electronic correlations in biomolecules.[27–33]

Proposed mechanisms include the ultrafast response of elec-
trons to the exchange-correlation hole,[34] the initial-state pop-
ulation effect,[35] π-bond-mediated hopping,[36] and quantum
beating.[37]

A central issue in these studies is how to describe the
hole created by SFI. In many works, ionization is modeled
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as the sudden removal of electrons from selected occupied or-
bitals, leaving in situ holes in the molecular cation whose sub-
sequent evolution is driven by electronic correlations. In this
picture, the predicted UCM depends strongly on the initially
ionized orbital, which determines the initial hole distribution
and its coupling to other cationic states. More recently, con-
strained density functional theory (cDFT) has been proposed
as a practical way to describe the initial hole distribution pro-
duced by SFI.[38] It has been shown that cDFT-generated ini-
tial hole states can yield more realistic charge dynamics than
the sudden removal of electrons from occupied Kohn–Sham
orbitals (KSOs).[39] In addition, cDFT allows one to prepare
a localized hole distribution and is especially useful when
ionization is expected to occur near electron-rich functional
groups after SFI.[12,14] This cDFT-based initialization has pro-
vided a multi-orbital perspective on UCM, including long-
range charge migration,[40] attosecond molecular modes,[41]

and particle-like hole propagation.[42,43]

In this paper, we extend the study of UCM to two
amino acids, tryptophan (C11H12N2O2, Trp) and tyrosine
(C9H11NO3, Tyr), after SFI. We focus on the case in which
the initial hole is localized in the junction region between the
functional branch and the aromatic ring, with its density cen-
tered on the N atom. To model this situation, we initialize a
unit hole in this junction region using cDFT and then follow
its time evolution using time-dependent density functional the-
ory (TDDFT).[44] Our study is motivated by three questions:
if a localized hole is created in this branch–ring junction re-
gion, will it move first toward the functional branch or toward
the aromatic ring, and what determines this preference? Does
the resulting UCM exhibit a distinct dynamical mechanism?
Can Trp and Tyr, which share the same branch composition,
−C3H6NO2, but differ strongly in the topology of their aro-
matic units, provide a useful platform for understanding how
molecular structure shapes UCM?

The rest of this paper is organized as follows. First, we
briefly introduce the cDFT and TDDFT frameworks and give
the key computational parameters, whose convergence has
been verified. Next, we discuss the UCM of Trp and Tyr in
the coordinate and frequency domains and compare the two
systems in detail. Finally, we present our conclusions.

2. Methodology
The initial site-specific hole density created by SFI

is modeled using constrained density functional theory
(cDFT),[38,39] which has proven to be a useful method in
electronic-structure calculations. cDFT can help overcome
some limitations in (TD)DFT, such as the inaccurate descrip-
tion of long-range charge transfer and excited-state electron
transfer.[45] Analogous to Refs. [41,42,46], we assume that

a coordinate-dependent constraint is applied to the many-
electron system. This constraint forces the electronic density
into a spatial distribution different from that of the uncon-
strained system. The constraint condition is usually written
as follows: ∫

w(𝑟)ρ(𝑟)d𝑟−F = 0, (1)

where w(𝑟) is the weight function, ρ(𝑟) is the electronic den-
sity, and F is the constraint value. In the Kohn–Sham (KS) for-
malism, one solves the following cDFT self-consistent equa-
tion

Hcψi(𝑟) = εiψi(𝑟). (2)

The constrained Hamiltonian Hc consists of the standard KS
Hamiltonian HKS and an external constraint potential λw(𝑟)

Hc = HKS +λw(𝑟), (3)

where λ is the Lagrangian multiplier, and HKS includes the ki-
netic term, the nuclear potential, the Hartree potential, and the
exchange-correlation potential

HKS =−∇2

2
+ vn +

∫
ρ(𝑟′)

|𝑟−𝑟′|
d𝑟′+ vxc(𝑟). (4)

By solving Eq. (2) self-consistently together with Eq. (1), one
obtains both λ and the cDFT ground-state KSOs ψi, while
ensuring that the constraint is satisfied.[47–49] The resulting
KSOs ψi provide the initial state with a localized hole on a se-
lected atomic site. In the present work, cDFT is not used as a
replacement for real-time TDDFT. Rather, it is used only as an
initial-state preparation tool. The constraint potential λw(𝑟)
prepares a cationic state with a unit hole localized around the
selected atom. After convergence of this constrained state,
λw(𝑟) is switched off, and the system is propagated under the
ordinary unconstrained TDDFT Hamiltonian HKS. Thus, the
calculated dynamics correspond to the field-free evolution of
a localized-hole wavepacket prepared by cDFT.

All calculations are performed using the OCTOPUS
program, where cDFT has been implemented for finite
systems.[46,50] Numerical quantities are represented on a real-
space grid in a box of 52 × 52 × 48 a3

0 with a uniform
spacing of 0.27 a0. The adiabatic local-density approxima-
tion is employed.[51] Core electrons are described by norm-
conserving pseudopotentials.[52] The weight function w(𝑟) is
defined using the Hirshfeld partition scheme[49]

w(𝑟) =
∑I∈D ρ I(𝑟−𝑅I)−∑I∈A ρ I(𝑟−𝑅I)

∑I ρ I
σ (𝑟−𝑅I)

, (5)

where ρ I
σ (𝑟−𝑅I) denotes the free-atom ground-state elec-

tronic density of the Ith atom at the distance 𝑟 from the atomic
position 𝑅I . D is the electron-donor region, related to the spe-
cific atom that constrains the hole density. A is the acceptor
region, the complementary region of D. The nuclei are kept
fixed at the ground-state equilibrium geometry of the neutral
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molecule. In TD calculations, the time-evolution operator is
approximated using the enforced time-reversal symmetry al-
gorithm, with a fixed time step of 6.04× 10−3 fs.[53,54] The
total propagation time is 12 fs. A Gaussian-windowed Fourier
transform is used to extract the frequency spectrum of hole
oscillation. Atomic units are used unless otherwise stated.

To ensure that the reported UCM modes are not artifacts
of the numerical setup, representative convergence tests were
performed for the parameters most directly affecting the real-
time propagation and Fourier analysis. The electronic time
step and real-space grid spacing were varied, and the resulting
dipole spectra and space-frequency maps were compared with
those obtained using the production parameters. The dominant
spectral peaks and the qualitative spatial distributions of the
corresponding hole oscillation modes were unchanged within
the numerical resolution. The Fourier-processing procedure
was also checked by varying the Gaussian-window parame-
ters.

It is emphasized that the fixed-nuclei approximation is
used here to isolate the primary electronic component of
UCM. This approximation is appropriate for the early-time
regime of charge migration, which typically occurs on a few-
femtosecond timescale after sudden ionization and before sub-
stantial nuclear rearrangement. Previous studies have shown
that nuclear motion has little influence on the charge-migration
dynamics during the first several femtoseconds.[19,32] In the
present systems, the dominant modes around 1–2 eV corre-
spond to oscillation periods of roughly 2–4 fs, so the main
features analyzed here lie on the electronic timescale. We
therefore regard the present simulations as representing the
fixed-geometry electronic limit of UCM. Including nuclear
motion would be expected to modulate the electronic oscil-
lations, leading to effects such as vibrational sidebands,[50]

decoherence,[31] and recoherence.[55]

In this paper, the three-dimensional (3D) hole density
ρH(𝑟, t) is defined as the difference between the electronic
density of the neutral ground state, ρ0(𝑟), and that of the
cation, ρ+(𝑟, t): ρH(𝑟, t) = ρ0(𝑟)− ρ+(𝑟, t). Since neither
Tyr nor Trp is planar, we choose the xy plane to better visualize
the hole-density distribution, as shown in Fig. 1. Most features
of UCM can be identified in this plane, while the variation
along the z direction is relatively minor. For this reason, we
further define the one-dimensional (1D) integrated hole den-
sities along the x and y axes as ρh(x, t) =

∫
ρH(x,y,z, t)dydz

and ρh(y, t) =
∫

ρH(x,y,z, t)dxdz, respectively.
For space-frequency maps, the position-resolved hole-

density signals contain spatial components that contribute
strongly near zero frequency. Therefore, for position-resolved
frequency signals, for example, in Fig. 3(a), the time-averaged
component at each spatial coordinate was removed before

Fourier transformation

S(x,Ω) =
∫ T

0
[ρh(x, t)− 1

T

∫ T

0
ρ

h(x, t)dt]G(t)e iΩ t dt, (6)

where S(x,Ω) is the Fourier amplitude. G(t) is a Gaussian
window function used to reduce finite-time boundary effects,
centered at 6 fs with a standard deviation of 1.8 fs. Ω is the
angular frequency. The plotted space-frequency intensity is
then proportional to |S(x,Ω)|2. Subtracting the time-averaged
component is a standard preprocessing step in Fourier analy-
sis for signals containing a large static background. It does not
change the dominant finite-frequency UCM peaks or their spa-
tial assignments. It only suppresses the static and near-zero-
frequency background, making the finite-frequency charge-
migration modes more clearly visible. This mean-subtraction
procedure was used only for the position-resolved maps and
not for the dipole spectra. For the dipole spectra, the calculated
raw time-dependent dipole moment dα(t), where α = x,y,z,
was Fourier transformed directly using the same G(t).

3. Results and discussion
As shown in Fig. 1, for both Trp and Tyr, a unit hole

created by SFI is initially localized on the junction Na atom.
Since the two molecules have the same side-branch composi-
tion, we use the same labels for the branch atoms, Na and Oa.
For the aromatic part, we use different labels, e.g., Nb for Trp
and Ob for Tyr.

Oa
Oa

ObNb Na
Na

(a) (b)

Trp TyrTrpTT

Fig. 1. Initial cDFT hole density ρH(𝑟, t = 0) with a unit hole constrained
on Na. Golden and cyan isosurfaces denote positive and negative hole
densities, with fixed isovalues of 0.01 and -0.01 a−3

0 , respectively. Nuclei
are shown as balls of different sizes and colors: H (white), N (blue), C
(gray), and O (red). The corresponding Lagrange multipliers λ for Trp
and Tyr are 0.77 and 0.78 a.u., respectively.

To gain insight into UCM, we first examine the dynamics
in Trp and then compare them with those in Tyr. As shown in
Fig. 2(a), the 1D integrated hole density of bicyclic Trp along
the x axis, ρh(x, t), exhibits three main features. First, before
about 2 fs, most of the hole density remains on the branch,
while only a small fraction reaches the far side of the aromatic
ring, as indicated by the hole density near Ca, which serves as a
clear reference point. Second, before about 2 fs, a small region
of negative hole density (brown) appears in the junction region
near x = 0, indicating the formation of an effective barrier in
the connecting region between the branch and the ring. The
same barrier feature can also be seen in the 3D hole-density
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plots of the junction carbons at 0.5 fs, as shown in the insets.
Third, after about 2 fs, the negative hole density in the junc-
tion region spreads out. The positive hole density then extends
over the molecular skeleton and starts to oscillate between the
branch and Ca.
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Fig. 2. Time evolution of the 1D integrated hole densities (a) ρh(x, t) and
(b) ρh(y, t) for Trp. Middle panels: 3D hole density ρH(𝑟, t) at represen-
tative time instants. Horizontal dashed lines and arrows are included to
guide the eye.

It is also instructive to examine the UCM along the y di-
rection. Figure 2(b) shows that the hole density ρh(y, t) rapidly
leaves Na along the y axis, allowing part of the hole density to
reach Oa within 0.5 fs. At later times, the hole oscillates be-
tween the two terminal regions along the y axis. Together with
the results in Fig. 2(a), this shows that in Trp, the hole first
oscillates rapidly within the branch during the first 2 fs and
then spreads across the entire molecular skeleton, leading to
terminal-to-terminal oscillation in the xy plane.

To clarify the UCM in the frequency domain, we extract
frequency maps along different axes, as shown in Fig. 3. Over-
all, the main frequencies lie below 7 eV, consistent with the
excitation energy of the cDFT initial state and thus with the
strength of the external constraint applied to the molecule. Al-
though the maps in Figs. 3(a) and 3(b) appear complicated,
three main features can be identified. First, the peaks at
1.05 eV and 5.33 eV, which are the largest and second-largest
peaks in Fig. 3(c), correspond to long-range UCM between
different atomic sites. These frequencies persist because the
oscillation phases from different spatial regions add construc-
tively rather than cancel. Second, Fig. 3(a) shows that the
1.05 eV mode is associated with hole oscillation between Ca

and the branch, whereas the 5.33 eV mode is mainly associated
with oscillation within the branch. Third, the local minimum
at 2.87 eV mainly arises from local modes concentrated near

individual nuclei, whose oscillation phases largely cancel each
other.

Next, we analyze UCM in Tyr for comparison. Unlike
Trp, Tyr contains only a single aromatic ring. Although its
side branch has the same chemical formula as that of Trp, its
spatial arrangement differs. As in Trp, we first constrain a unit
hole on Na and then examine the resulting UCM in both the
coordinate and frequency domains.
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Fig. 3. Frequency analysis of UCM in Trp for an initial hole localized
at Na. (a) Space-frequency distribution of the hole density along the x
axis. (b) Same as in (a), but along the y axis. (c) Frequency spectrum of
the hole dipole moment along the x axis. Vertical dashed lines mark the
largest peak, the second-largest peak, and a local minimum. Horizontal
dashed lines are included to guide the eye.
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Fig. 4. Time evolution of the 1D integrated hole densities (a) ρh(x, t) and
(b) ρh(y, t) for Tyr. Middle panels: 3D hole density ρH(𝑟, t) at represen-
tative time instants. Horizontal dashed lines and arrows are included to
guide the eye.
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As shown in Fig. 4(a), before about 4 fs, the hole den-
sity ρh(x, t) in Tyr exhibits a more pronounced negative re-
gion (brown) in the junction region near x = 0. During this
stage, less hole density migrates into the aromatic ring than
in Trp. Together with Fig. 4(b), this indicates that the hole
can move along the entire y direction without encountering a
clear negative-hole-density confinement or barrier. At about
9 fs, the hole density along the x axis spreads across the en-
tire molecular skeleton and reaches the terminal Ob, as also
shown in the middle 3D hole-density plot. Therefore, in Tyr, a
hole initially localized on Na takes longer to reach the terminal
site on the aromatic ring, and UCM across the entire molecule
begins later than in Trp.

We also analyze the space-frequency maps and the fre-
quency spectrum of the hole dipole moment along the x direc-
tion for Tyr. As shown in Fig. 5, most of the hole oscillation
frequencies lie below 7 eV, similar to the case of Trp. The peak
at 0.98 eV is associated with long-range hole migration from
Oa on the branch to Ob at the end of the aromatic ring, and
it corresponds to the largest peak in the hole dipole spectrum.
The 1.90 eV mode is mainly associated with oscillation within
the branch, especially between Oa and Na, and contributes the
second-largest peak. In contrast, the local minimum at 5.88 eV
mainly arises from local UCM modes whose oscillation phases
largely cancel each other. These local modes are distributed
along the entire carbon skeleton, as seen in both the x and y
directions.
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Fig. 5. Frequency analysis of UCM in Tyr for an initial hole localized
at Na. (a) Space-frequency distribution of the hole density along the x
axis. (b) Same as in (a), but along the y axis. (c) Frequency spectrum of
the hole dipole moment along the x axis. Vertical dashed lines mark the
largest peak, the second-largest peak, and a local minimum. Horizontal
dashed lines are included to guide the eye.

The above frequency analysis shows that both Trp and
Tyr exhibit clear low-frequency modes around 1 eV. These
modes are associated with long-range UCM between the ter-
minal functional group on the branch and the ring. Com-
pared with Trp, Tyr exhibits stronger low-frequency excita-
tion, as indicated by the more prominent low-frequency region
in Fig. 5(c). In addition, the 1.90 eV mode mainly reflects co-
herent UCM within the branch, further suggesting a higher
optical susceptibility of the Tyr branch. We assign the 1.90 eV
mode primarily to coherent UCM for the following reason: the
1.90 eV mode appears at several positions along the functional
branch as the same well-defined finite-frequency mode. We
therefore attribute it to a collective branch-local oscillation be-
tween Na and Oa rather than to independent local fluctuations.
Here, “coherent” means that these spatial regions participate
in a single phase-correlated hole-beating mode, analogous to a
normal mode of coupled classical oscillators.

To clarify the microscopic mechanism of UCM, we cal-
culate the off-diagonal density-matrix elements of the outer-
most π-like KSOs, denoted by M, as shown in Fig. 6. The
upper panels display these off-diagonal elements under the
constrained Hamiltonian Hc. They show how the KSOs re-
spond to the constraint potential λw. For Trp, shown in the
left column of Fig. 6(a), the values of M indicate that Hc

strongly mixes several initial KSOs and generates substantial
coherence among them. This suggests that the potential λw
plays an important role in reshaping the cationic eigensystem.
The distribution of the off-diagonal strengths shows that the
largest responses occur for the 6th, 7th, 9th, and 10th orbitals,
indicating that the strongest coherence mainly involves these
four orbitals. Since the subsequent time propagation is per-
formed with HKS, the beating frequencies generated by the
initial cDFT state ψi can be approximately analyzed within
a two-level Rabi picture,[56] that is, by decomposing the UCM
into coupled two-orbital contributions. We further calculate
that the Rabi frequency between the 6th and 7th orbitals is
0.17 eV, while that between the 7th and 9th orbitals is 0.85 eV.
Their sum, 1.02 eV, is close to the strongest peak at 1.05 eV in
Fig. 3(c), suggesting that this peak mainly arises from quan-
tum beating involving the 6th and 9th KSOs. The lower pan-
els show the initial cDFT orbitals ψi together with the corre-
sponding DFT orbitals of the cationic ground state. The DFT
orbitals are the eigenstates of HKS with the largest projection
overlaps with ψi. As indicated by the red arrows, the potential
λw spatially distorts the cationic DFT orbitals, transforming
them into the cDFT orbitals.

We perform the same analysis for Tyr, which has fewer
outermost KSOs than Trp. The corresponding off-diagonal el-
ements are shown in Fig. 6(b). Similar behavior is observed in
Tyr: the 4th, 5th, and 6th orbitals are the most sensitive to the
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potential λw. It should be noted that the 1st to 3rd KSOs are
π-like orbitals mainly localized on the branch and therefore do
not contribute to the long-range peaks seen in Fig. 5(c). Us-
ing the two-level Rabi approximation, we find that the beating
frequency between the 4th and 5th orbitals is 0.30 eV, while
that between the 5th and 6th orbitals is 0.66 eV. Their sum
is 0.96 eV, which is very close to the largest peak at 0.98 eV
in Fig. 5(c). This suggests that the largest peak is mainly as-
sociated with quantum beating involving the 4th and 6th or-
bitals. For both Trp and Tyr, the spatial distributions of the
initial cDFT ground-state KSOs, ψi, reveal an interesting fea-
ture. The 7th orbital in Trp and the 5th orbital in Tyr may serve
as bridge orbitals, with their densities distributed over both the
aromatic ring and the branch.
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Fig. 6. KSO coherence induced by the initial constrained Hamiltonian
Hc for (a) Trp and (b) Tyr. Top: off-diagonal density-matrix elements for
the outermost π-like orbitals. The diagonal elements are omitted and set
to zero. Bottom: 3D KSOs relevant to UCM for the initial constrained
state (labeled as cDFT) and the cationic ground state (labeled as DFT).
Vertical arrows indicate the cationic ground-state orbitals with the largest
projection overlaps.

To gain further insight into the initial direction of hole
flow, especially within the first 2 fs, we use the cDFT site-
energy landscape as a reference, as shown in Fig. 7. The site
energy of each atom is obtained from the self-consistent cDFT
total energy with a unit hole constrained on that atom. For ex-
ample, in Fig. 7(a), the site energy of Nb (1.98 eV) is defined
as the total-energy difference between the cDFT state with the
hole constrained on Nb and that with the hole constrained on
Na. This site-energy landscape helps us understand the initial
preference of a hole localized on Na. In Fig. 7(a), the site en-
ergy of Oa is much lower than that of Na, indicating that the
hole can move rapidly from Na to the branch site. In this sense,
Oa acts as an energy well with a stronger hole affinity than Nb.
At the same time, the site energy of Nb is close to that of Na,
suggesting that the hole-localized states on these two nitrogen
sites are nearly resonant. This near resonance may therefore
facilitate early transfer of hole density from Na to the ring.

We emphasize that this near-resonance is not the fun-
damental source of coherence. Coherence is generated by
the removal of the cDFT constraint, which leaves the sys-
tem in a non-stationary electronic state that evolves under

the constraint-free HKS. In the two-state picture, the near-
resonance between Na- and Nb-localized hole configurations
instead reduces the detuning between these diabatic states and
can therefore enhance the amplitude of coherent hole trans-
fer. In this sense, the cDFT site-energy landscape serves as a
static guide to hole affinity and preferred migration pathways.
The actual oscillation frequencies and mode amplitudes are
determined by the TDDFT evolution and the orbital couplings
discussed in Fig. 6.

For Tyr, the corresponding cDFT site-energy landscape is
shown in Fig. 7(b). Taking the Na-constrained cDFT state as
the zero reference, the site energies of Oa and Ob are −13.28
and −9.75 eV, respectively. These values indicate that the ini-
tially prepared Na-localized hole is energetically unstable with
respect to transfer to the oxygen-centered sites. Since Oa is the
lowest-energy site and lies on the functional branch, the early-
time dynamics is dominated by hole motion from Na toward
Oa. Thus, the branch-local Na–Oa oscillation is retained, con-
sistent with the 1.90 eV mode in Fig. 5, which mainly reflects
coherent UCM within the branch.

Na
Nb Na

Oa Oa

Ob

0 0

-14.68 eV -13.28 eV

-9.75 eV

1.98 eV

Trp Tyr

(a) (b)

Fig. 7. cDFT site-energy landscapes for (a) Trp and (b) Tyr. The plot-
ted value at atom X is defined as ∆EX = EcDFT(X)−EcDFT(Na), where
EcDFT(X) is the self-consistent cDFT total energy with a unit hole con-
strained on atom X . The Na-constrained cDFT state is therefore taken
as the zero reference, ∆ENa = 0. Negative values indicate atoms that are
more favorable for hole localization than Na.

The delayed migration to Ob should therefore be under-
stood as a later-stage process rather than as a direct early trans-
fer from Na to the ring. In contrast to Trp, Tyr does not possess
a ring site close in energy to Na that can act as a near-resonant
partner for immediate transfer from the initially constrained
site. After the cDFT constraint is removed, however, the ini-
tial state evolves under the field-free KS Hamiltonian into a co-
herent wavepacket involving several KS components. Within
this evolving wavepacket, the relevant long-range channel in-
volves Oa and Ob. Because Ob is much closer in cDFT site
energy to Oa than to Na, the site-energy landscape provides
a qualitative explanation for why the later branch-to-ring os-
cillation becomes energetically favorable. This interpretation
is consistent with the delayed appearance of hole density near
Ob at around 9 fs in Fig. 4(a) and with the 0.98 eV mode in
Fig. 5, which is assigned to long-range migration between Oa

and Ob.

108201-6



Chin. Phys. B 35, 108201 (2026)

4. Conclusion
Within the cDFT and TDDFT framework, we studied

UCM triggered by SFI in two amino acids, Trp and Tyr. These
two molecules share a similar side branch with the same chem-
ical formula but differ in their aromatic-ring structures. This
makes them a useful pair for comparison and for understand-
ing the mechanism of UCM. By constraining a unit hole in the
junction region centered on the Na atom, we find that the hole
density first moves to the branch and then oscillates through-
out the molecule. The hole migration exhibits two main types
of characteristic frequencies. One corresponds to long-range
modes, in which the hole oscillates between the terminal func-
tional groups on the branch and the ring. The other corre-
sponds to local modes, which contribute only weakly to the
hole dipole moment. Furthermore, within a two-level Rabi
picture, the largest peaks in both Trp and Tyr can be traced
to several key orbitals identified from the density-matrix el-
ements under the constrained Hamiltonian Hc. In addition,
the cDFT site-energy landscape provides a useful reference
for understanding the initial direction of hole flow in complex
molecules. Our study may provide a practical and predictive
framework for identifying where a suddenly created hole is
likely to localize and the femtosecond timescale over which it
can spread to, or remain confined within, aromatic and func-
tional regions. This may help interpret and eventually control
UCM in complex molecules.
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