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Timing Ultrafast Charge Transfer via Fano Interference beyond the Core-Hole Clock
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Ultrafast charge transfer (CT) lies at the heart of molecular and electronic functionality. We develop a
Fano-based core-hole clock (FCHC) method that captures coherent coupling between localized excitons
and the directly populated delocalized CT continua in resonant Auger scattering. Applied to sulfur KLL
Auger spectra of a conductive organic polymer, FCHC reveals clear Fano interference and a CT time of
27 £ 1.8 fs, demonstrating that the conventional core-hole clock model underestimates the CT dynamics
timescale. We establish FCHC as a robust method for probing ultrafast CT in complex molecular systems.
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Charge transfer (CT), driven by coupled electronic and
nuclear dynamics, is a fundamental process across physics,
chemistry, and materials science due to its key role in
energy and charge flow on the molecular scale [1,2]. A key
challenge in complex systems is achieving spatial and
temporal control over electron motion, which requires
element-specific excitation. X-ray photons provide this
capability by exciting a tightly bound core electron,
creating a discrete, localized core exciton embedded in a
manifold of delocalized electronic states. The x-ray absorp-
tion spectrum (XAS) of such a system contains two
overlapping features: a narrow-band localized exciton
and a broad-band delocalized CT continuum.

When a discrete state interacts with a continuum of
states, their quantum amplitudes interfere, producing the
characteristic asymmetric line shapes in the absorption
spectra first described by Fano in 1961 [3]. This Fano
interference is one of the most general manifestations of
quantum coherence, governing phenomena as diverse as
autoionization in atoms [3], transport through quantum dots
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[4], and light-matter coupling in plasmonic and photonic
systems [5].

In core-level excitations of condensed systems, the
discrete exciton and the delocalized CT continuum natu-
rally form such a Fano-coupled system. The discrete core
exciton state has two competing decay channels: intrinsic
core-hole annihilation, which may occur via emission of a
resonant Auger electron with rate I', and charge delocal-
ization into the CT continuum with rate y. Equally, the
core-excited CT continuum can decay via Auger electron
emission with rate I' or via CT to the exciton with rate y.
The decay rates I" and y determine, respectively, the lifetime
of the core-excited state 7oy = 1/2T" and the CT time
7ot = 1/2y. The interplay between these channels defines
the dynamics of CT, with the core-hole lifetime 7y serving
as a natural internal clock [6-11]. This concept underlies
core-hole clock (CHC) spectroscopy, where ultrafast proc-
esses are probed within the core-hole lifetime, ranging from
a few femtoseconds to the attosecond regime [6,7,12—18].

Although conventional CHC spectroscopy is widely
used to time ultrafast CT, its phenomenological framework
is incomplete. The main limitation is the absence of a strict
quantum-mechanical description of the resonant excitation
and relaxation process that accounts for the interference
between the discrete exciton and the continuum CT band
in the core-excited state. The CHC model assumes that
x-ray absorption populates only the excitonic state, with

© 2026 American Physical Society
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subsequent depopulation via resonant Auger decay or CT
[Fig. 1(a)]. This simplification neglects the coherent pop-
ulation of both localized exciton and delocalized CT states
by an x-ray photon with different transition dipole moments
d.y. and dc1, which together form a Fano state [Fig. 1(b)].
Note that resonant Auger scattering (RAS), contrary to
XAS offers a significant advantage allowing for the separa-
tion of excitonic and CT channels due to their qualitatively
different dispersion laws [Fig. 1(c)] [6,7,12,19].

At first glance, the CT process may appear to involve
charge exchange between the exciton and the CT con-
tinuum, rather than a purely unidirectional transfer. To
clarify this issue, we examine the charge-flow dynamics in
the core-excited state following excitation by a short x-ray
pulse. Analysis of the electronic wave packet evolving in
the core-excited state reveals exponential depopulation of
the exciton with rate y, arising from its coupling to the
effectively infinite bath of the CT continuum. Accordingly,
the CT time zor = 1/2y characterizes a unidirectional
charge transfer from the exciton to the CT continuum
(see the Supplemental Material [20] for details). In the
following, we demonstrate how this CT rate y can be
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FIG. 1. Schematic of resonant Auger S KL, 3L, 3 transitions in
the poly(3-hexylthiophene-2,5-diyl) (P3HT) polymer. (a) Con-
ventional CHC model: x-ray absorption populates only the
excitonic state o* exciton with transition dipole moment d.,..
Subsequent charge transfer to the z* continuum with rate y is
accompanied by Auger decay of the core-excited state with the
total rate I'. (b) Fano-based CHC model: x-ray photon coherently
populates localized 6™ exciton and delocalized z* continuum with
different transition dipole moments d.,. and dct, which together
form a Fano state. Subsequent charge transfer between the
interfering ¢* exciton and z* continuum with rate y is accom-
panied by Auger decay with total rate I'". (¢) Schematic dispersion
laws of the exciton and CT channels in KLL Auger decay. The
exciton channel displays Raman dispersion with photon energy,
whereas the CT channel is nondispersive.

extracted from a RAS experiment performed with a
continuous-wave x-ray field.

Here, we develop a strict quantum-mechanical Fano-
based core-hole clock (FCHC) framework that explicitly
includes this coherent exciton-continuum coupling in
resonant Auger scattering. As an experimental test bed
for our theory, we choose an organic conductive polymer
poly(3-hexylthiophene-2,5-diyl) (P3HT), which due to its
n-conjugated backbone enables efficient charge transfer
and serves as a model system for probing charge transport
in conjugated polymers [22]. Applied to the sulfur
KL,;L, 5 resonant Auger spectra of P3HT, FCHC reveals
direct signatures of Fano interference and yields charge-
transfer times far longer than predicted by the conventional
CHC model. Our work demonstrates that Fano interfer-
ence, being one of the most universal features of quantum
systems, plays an equally fundamental role in ultrafast
charge transfer in molecular materials.

To probe ultrafast CT dynamics in thin film P3HT,
we measured resonant Auger S KL, 3L, 5 spectra at the
SOLEIL French national synchrotron facility using the
high-resolution HAXPES station for hard x-ray photoemis-
sion spectroscopy [23] located at the GALAXIES beamline
[24]. The setup provided an electron energy resolution
of 180 meV and photon bandwidth of 225 meV at 2.5 keV.
The measurements were performed at close to normal
incidence of the x-ray beam with polarization vector
parallel to the sample surface. More experimental details
can be found in Ref. [17].

The experimental 2D map (Fig. 2) shows the Auger
electron spectra as a function of both the Auger electron
kinetic energy E and the incident photon energy w. The
intensity is shown on a logarithmic color scale. The
diagonal dashed lines show Raman dispersive Auger
transitions from the 1s~'¢* and 1s~'z* excitons to the
2p~2c* and 2p~2x* final states (labeled as ¢* exciton and
x* exciton). The maximum intensity of the ¢* exciton
occurs at the resonant photon energy wg, = 2473.3 eV
and corresponds to the resonant Auger electron energy
E..=2116 eV. The horizontal dashed line shows a
nondispersive Auger transition from the CT band to the
2p~2 final state at Auger electron energy Ecp = 2113 eV
(labeled as 7* continuum). Above the ionization threshold
located around 2478 eV, the z* continuum evolves into the
normal Auger line. In contrast to the exciton RAS channel
with Raman dispersion, the Auger electron energy in the
CT channel is independent of the photon energy, except for
a weak o dependence below the ionization threshold
caused by the spectator electron screening effect [17].

According to our earlier calculations [17], the spectrum
of unoccupied levels in the P3HT polymer consists of
quasicontinua formed by the ¢* and z* subsystems.
The interaction with the 1s core hole localized on the
sulfur atom causes the o* exciton to split from the o*
continuum and become embedded within the z*
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FIG. 2. 2D map of S KL, 3L, 3 RAS spectra recorded in thin
film P3HT. Diagonal dashed lines show Raman dispersive Auger
transitions from Is~'¢* and 1s~'z* excitons to 2p~2¢* and
2p~2x* final states (¢* exciton and z* exciton), whereas the
horizontal dashed line shows a nondispersive Auger transition
from the CT band to the 2p~2 final state (z* continuum), which
evolves into a normal Auger line above the ionization threshold
located around 2478 eV. Spectator shift A = 3 eV quenching the
Fano interference between the exciton and the CT channels in the
final state is shown with arrows. The color-coded intensities are
on logarithmic scale.

continuum. The nonplanar geometry of the P3HT polymer
[25] allows coupling of the 6™ exciton to the 7* continuum,
which enables the CT process (Fig. 1).

Conventionally, in the CHC method the CT time 7y is
extracted by comparing the integrated intensities of the
exciton 6., (Q) = p(Q)T/(I'+y) and CT ocr(Q) =
p(Q)y/(I' 4+ y) RAS bands using the CHC equation [6,7]

I 7cT

=— (1)

UCT(Q) ; TcH

where Q = ® — @, is the detuning of the photon energy
from the exciton resonance and p(Q) is the absorption
probability to the discrete exciton state. Here, we underline
that the CT rate y, and hence the CT time 77, iS an intrinsic
property of the system, relevant for the particular exciton
embedded in the continuum. Assuming a constant density
of unoccupied states in the continuum, the CT time zc is
independent of the photon energy @ within the width of the
exciton I'. In the case where the density of states is not
constant, the CT time zcr can show a smooth photon
energy dependence. Consequently, within the framework of
CHC theory, the ratio in Eq. (1) is expected to be Q
independent, and the cross section of the CT channel

oct(Q) should mirror the resonant Q dependence of the
exciton channel o, (Q). However, a constant ratio in
Eq. (1) is inappropriate to describe the experimentally
observed strong dependence on the photon energy @, which
is often misinterpreted as a dependence of the CT time z¢r
on the excitation energy [12,16].

As mentioned above, the major shortcoming of CHC
theory is that it neglects the direct population of the CT
continuum and the coherent coupling between this con-
tinuum and the exciton in the core-excited state and thus
overlooks a key part of the underlying physics. The
parameter missing in Eq. (1) is the Fano shape para-
meter ¢, which is proportional to the transition dipole
moments’ ratio d.../dct, and quantifies the relative
strength of the coherent pathways: large ¢ corresponds
to a dominant resonant transition to the discrete exciton and
a weak direct transition to the continuum, while finite g
points to a strong interference between the discrete and
continuum states.

Below we derive expressions for the integral cross
sections 04 (Q) and ocr(Q) based on Fano theory and
compare them to the experimental data.

The RAS process consists of a core excitation |0) —
lc) = [1s7'W!) to the coherent superposition of discrete
exciton |cn) = |Is7'yl.) and CT continuum |ce) =
|1s~'yly) states. The coupling of these states results in
Fano interference observed in XAS [26]. This is followed
by Auger decay to the final spectator state |c¢) — |f) =
|2p~>®ly ), which in its turn is also a coherent super-
position of exciton |fn) and CT |fe) states. Here € is the
energy of the CT continuum with respect to the exciton
energy, which we label by index n. The total Hamiltonian
of the studied system H = H,+ V with the perturba-
tion operator V =h+ de™" 4+ Q describes the Fano
interaction /& between the exciton and CT continuum,
the dipole interaction d with x-ray photons, and the
Auger decay with the Coulomb operator Q. Thus, the total
wave function of the system

¥ =10) 4+ a,|cn) —|—/d€a€|ce> + b,|fn) + / deb,|fe)
(2)

obeys the Schrddinger equation (9, + FS‘I’ = V¥ in the
interaction picture, where V = e0'Ve=Ho! | We neglect a
small depopulation of the ground state |0). The solution of
standard equations for the amplitudes of exciton (a,) and
CT (a,.) core-excited states as well as for the amplitudes of
exciton (b,) and CT (b,) final double-core-hole excited
states [20] provides the following expression for the
differential cross section of the spectator RAS process
O-(Q’ E) = Gexc(Q’ E) + GCT(Q’ E) + Gint(g’ E) which is
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the sum of exciton and CT contributions including
Gini(Q, E) describing the final-state interference between
these RAS channels:

= c(1+a*) T +7)r
JeXC(Q’E) N [(Q - AEexc)2 + (Ff + y)Z] [Qz + (F+ }’)2] ’
ser(@.E) = THINIQ+ar)” + 7] N

T[AEGr + (T +Tp[[Q% + (T +7)°]

Here, ¢ =2r0°d%,, AE..=E—E, and AEqcr =
E — Ecr, y = nh2, is the CT rate, ¢ is the Fano shape
parameter, ¢*> = D2)/zyd%, and D,n=d,o— [deh,.dy
(e—Q)/[(e—Q)*+T?] is the effective transition dipole
moment of core excitation in the exciton state. We neglect
the small difference between the transition matrix elements
of the exciton and CT Auger decay channels Q = Q. ;,~
Qce.se- The Fano shift gy in the numerator of ocr(Q, E)
describes the Fano interference of the exciton and CT in the
core-excited state.

Importantly, the manifestation of final-state coherence in
RAS differs qualitatively from the coherence observed in
the core-excited state in XAS. Specifically, the stronger
screening [27-30] of the 2p shell by localized excitons,
compared to delocalized CT states, results in different
Auger electron energies for these interfering final states
[17] (Fig. 2). According to Bohr’s complementarity prin-
ciple, such which-path information quenches [31] the final-
state interference between exciton and CT RAS channels,
as we demonstrate below.

In many cases, including our experiment (see Fig. 2), the
spacing A = E,. — Ecr between resonant Auger energy of
the exciton E,,. and the CT Ect band is much larger than the
lifetime broadening of the final state A > I';. The lifetime

broadening I'; of the S 2p~2 final state is approximately

three times larger [32] than the one of the S 2p~! state
(I, = 0.05 eV [33]). So, in our case 'y~ 0.15 eV and
A =~ 3 eV. Therefore, contrary to the core-excited state, the
Fano interference between the exciton and CT RAS chan-
nels in the final state is negligibly small |6y, (Q,E)|/
6(Q,E) ~0.5 x 1072 [see Eqgs. (11) and (12) in Ref. [20] ].

The differential cross sections in Eq. (3) reproduce the
experimentally observed dispersion laws of the exciton and
CT RAS channels. The exciton cross section 6., (Q, E)
follows a linear Raman dispersion of the Auger kinetic
energy with photon energy AE,,. = Q, whereas for the CT
cross section ocp(Q, E) the Auger kinetic energy is
independent of the photon energy AEcr = 0.

One can attempt to extract the CT time directly from the
shape of the exciton differential cross section [34].
However, this method is limited to relatively simple
systems, where vibrational and inhomogeneous broadening
effects can be excluded. Analysis of CT in more complex
systems requires a more robust and general method relying

on the fundamental fingerprint of Fano interference as
described below.

Integration of the differential cross sections in Eq. (3)
over the Auger kinetic energy E results in the following
expressions for the integral cross sections and their ratio:

B r(1+4%)
Uexc(g) - ﬂCQ2 + (F + 7/)2 ’
Q46 +T17
-
7(Q) = 0ee(Q)  yI(1+¢%) “1‘::;”: (@)

Coor(Q)  (Q+4gqy)? 417 14

where 0 = gy is the Fano interference shift. The ratio of the
integral cross sections f(Q) exhibits a Lorentzian depend-
ence on the photon energy detuning Q with a maximum at
Q = —0. Assuming no direct excitation to the CT band
(i.e., d.o = 0), the Fano shape parameter becomes infinitely
large |g| = o0, and the expression for f(Q) reduces to the
limiting case of CHC, where f(Q) =T/y.

Figure 3 displays the integrated intensities of the o*
exciton (red circles) and the CT z* continuum (green
triangles) extracted from fitting the experimental spectra
using the SPANCEF fitting suite for Igor Pro [35] (see the
Supplemental Material [20] for more details). The ratio of
these integrated intensities is shown as black squares. Data
are plotted as a function of the detuning €2, relative to the ¢*
exciton resonance at w.,. = 2473.3 eV.

Two key observations arise from the experimental data in
Fig. 3. First, the integrated intensity of the CT z* con-
tinuum shows a smooth  dependence, which has been
previously observed in CT studies of extended systems
with high density of unoccupied states with a smooth
distribution of the oscillatory strength [12]. This behavior is
attributed to the Fano continuum, resulting from the direct
population of the CT band. This observation strongly
contrasts with the conventional CHC theory, where the
CT cross section is expected to replicate a sharp resonant
behavior of the exciton resonance 6cp(Q) = 64, (Q)y/T.
Second, the ratio of the integrated intensities exhibits a
resonant dependence on € with the maximum shifted from
the exciton resonance, occurring at = 0. This behavior
aligns with our FCHC theory [Eq. (4)] and contradicts the
CHC prediction of a constant ratio described by Eq. (1).

In the general case, the FCHC description of the CT
process [Eq. (4)] depends on two unknown parameters—
the CT rate y and the Fano shape parameter g. By
measuring the ratio of the integrated intensities at the
exciton resonance f = f(Q = 0) and the Fano shift § = gy,
we can directly extract the CT time from the experimental
data. Substituting f and 6 into Eq. (4), we obtain the
following expression for y (see the Supplemental Material
[20] for details):

053202-4



PHYSICAL REVIEW LETTERS 137, 053202 (2026)

3 . T T T

.E b GEXC

S m A Ocr 112
g n m ratio

m -

@ P
© 18
ot =
© [
Tt

-~ ° —4

S [ee AA

g e

3

E laaass "= 0

10 -05 00 05 1.0
Detuning Q, eV

FIG. 3. Experimental integrated intensities of ¢* exciton
Oexc (Q) (circles), z*-CT continuum o (Q) (triangles), and their
ratio (squares). Q = w — @y is the detuning relative to the
exciton peak of the P3HT polymer w,,. = 2473.3 eV. Error bars
resulting from the fit are within the marker size for o, () and
ocr(Q) and are shown with the gray shaded area for their ratio.
Solid lines show theoretical integral cross sections using Eq. (4)
with ¢ =17, I'=0.3 eV, y =0.012 eV. The expression for
ocr(Q) was multiplied by a linear function to account for the
experimental background.
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where the S 1s lifetime broadening is I = 0.3 eV half width
at half maximum [36] and the parameters 6 = 0.2 &+
0.01 eV and f = 8.24 4+ 0.06 are determined from the data
in Fig. 3. From this, we obtain the following values:
y=0.012eV, ¢g=46/y=17, and the CT time o=
0.658/2y(eV) = 27 £+ 1.8 fs. To put this result in context,
the obtained CT time should be compared with the CHC
value of 7cr =9 £ 1 fs for the P3HT polymer [17]. The
finite value of the Fano parameter ¢ indicates an important
role of interference and provides unambiguous evidence that
the case of the RAS in the P3HT polymer studied here falls
outside the CHC regime, rendering Eq. (1) inapplicable.
The solid lines in Fig. 3 show the theoretical integral cross
sections, calculated using Eq. (4) with[' = 0.3 eV, g = 17,
and y = 0.012 eV. The expression for ocp(Q) was multi-
plied by a linear function to account for the experimental
background. The theoretical curves show good qualitative
agreement with the experimental data, especially considering
that instrumental and vibrational broadening are not included
in our model. Note, however, that according to our estimates
the effect of possible instrumental and vibrational broad-
enings on the Fano shift § is comparable to the quoted
uncertainty of the fit and does not qualitatively affect the
conclusions of the model (see the Supplemental Material
[20] for more details). Furthermore, the experimental curves
should be interpreted within a limited range around the

exciton resonance, where |Q| < 0.5 eV, since at larger
negative detunings, the CT signal begins to overlap with
the lower-energy z* exciton (Fig. 2).

In summary, we have developed a general quantum-
mechanical Fano-based framework for timing ultrafast
charge transfer by resonant Auger scattering and applied
it to sulfur KLL Auger spectra of P3HT. Unlike the
conventional CHC method, which assumes purely exci-
tonic excitation, our approach accounts for the coherent
population of both localized excitons and delocalized CT
continua, giving rise to the Fano interference in the core-
excited state. Our FCHC framework describes a general
case of coherent exciton-continuum coupling and reduces
to the limiting case of CHC when the Fano shape parameter
becomes infinitely large and direct excitation to the CT
continuum can be neglected.

High-resolution RAS measurements reveal two key
signatures of this framework: a smooth photon-energy
dependence of the CT channel, indicating direct population
of the CT continuum, and a Fano-shifted resonance in the
exciton-to-CT cross section ratio. These observations con-
tradict the predictions of the conventional CHC. From the
experimental data we extract both the CT time and the
Fano shape parameter. A finite value of the Fano para-
meter g = 17 clearly demonstrates that the studied case
lies beyond the CHC regime. Furthermore, the CT time
tcr = 27 fs determined with FCHC strongly exceeds
tcr = 9 fs obtained with CHC, demonstrating that CHC
substantially underestimates CT times and highlighting a
crucial role of direct population of the CT continuum.

Therefore, our results establish FCHC as a general and
reliable approach for probing ultrafast charge transfer in
molecules, polymers, and condensed-phase materials.
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