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@ The absolute quantum transition timescale is accessed via
the photoelectron spin

@ An absolute time duration is experimentally estimated
without any time reference

® The attosecond transition timescale increases with reduced
dimensionality

® This method yields an alternative to characterize interaction
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In brief

Quantum timescales are notoriously
difficult to access in experiments,
especially when avoiding projection on an
external timescale. Experiments based
on spin- and angle-resolved
photoemission spectroscopy can help
determine the timescale of the quantum
transition in photoemission. Guo et al.
present such experiments and show an
increase in the quantum transition time
when going from 3D to quasi-2D and
quasi-1D. This indicates an intricate
connection between quantum timescales
and symmetry.
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ACCESSIBLE OVERVIEW The concept of time has troubled philosophers and physicists for thousands of
years, and the advent of quantum mechanics has not simplified the problem. The central problem, which can
be broken down into several aspects, is the role of time in quantum mechanics. An important open question
is the timescale associated with a quantum transition. Energy conservation dictates that such transitions cannot
be instantaneous, and their timescale is expected to be in the attosecond (108 s) range. The challenges of
experimentally accessing such timescales lie not only in the fact that they are extremely short but also that using
an external timescale risks inducing artifacts. Both challenges can be resolved using quantum interference
methods, based on the connection between accumulated phase and time. Here we use the spin of electrons
emitted in the photoemission process as an observable of this phase and thus of the timescale of the process
itself. These experiments do not require an external reference or clock and yield the timescale required for the
wave function to evolve from an initial to a final state at a higher energy upon photon absorption. This time in-
terval is measured for materials with different dimensionality and correlation strength, and a direct link between
this dimensionality, or rather symmetry, and the transition timescale is found. Besides yielding fundamental in-
formation for understanding what determines the time delay in photoemission, our experimental results provide
further insight into what factors influence time on the quantum level and to what extent quantum transitions can
be considered instantaneous; they serve as an important piece in the puzzle of time in quantum mechanics.

SUMMARY

Therole of time in quantum mechanics and the timescale associated with quantum transitions remains an open
question in physics, especially on an experimental level. Here we use an experimental method based on spin-
and angle-resolved photoemission spectroscopy from spin-degenerate dispersive states to determine the
Eisenbud-Wigner-Smith time delay of photoemission. This timescale of the quantum transition is measured
for materials with different dimensionality and correlation strength. A direct link is found between the dimen-
sionality, or rather the symmetry, of the system and the attosecond timescale of the quantum transition. The
quasi 2-dimensional transition metal dichalcogenides 1T-TiSe, and 1T-TiTe, show timescales around 150 as,
whereas in quasi 1-dimensional CuTe, the transition takes more than 200 as. This is in stark contrast with the 26
as obtained for 3-dimensional pure Cu. These results provide new insights into the role of symmetry in quan-
tum timescales and may provide a route to understanding the role of time in quantum mechanics.

INTRODUCTION One way to approach this issue is to probe the timescale of

quantum processes and their interdependence with other vari-
The role of time in quantum mechanics remains one of the most  ables. Chronoscopies of tunneling ionization and photoioniza-
fundamental problems, despite nearly a century of endeavors. tion, for example, have accessed attosecond timescales close
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to the atomic unit of time, establishing new limits for accessing
fundamental timescales.! In these cases, a bound electron is
promoted to the continuum through barrier tunneling in ioniza-
tion or direct photon-driven transition in photoionization.

While such processes were long regarded as instantaneous
down to the femtosecond scale, attosecond spectroscopies
have revealed their intrinsic dynamics, reviving the problem of
defining time in quantum mechanics.? Improving the measure-
ment precision of attosecond quantum state changes benefits
not only applications such as quantum state control® but also
fundamental research on relativity tests, and many-body effect
probes.“’ As discussed in more detail below, recent studies
have explored alternative routes to direct attosecond-resolved
techniques, showing that fundamental timescales can even be
determined without any external temporal reference, i.e., without
a clock.

In quantum tunneling, several methods have been proposed to
measure the time a particle spends inside a barrier, each with
limitations. The Wigner phase time compares the positions of
tunneled and free particles, but diverges at low tunneling proba-
bilities, leading to unphysical superluminal results.°™® In the
strong-field ionization regime, the attoclock method extracts
tunneling times from the scattering angle in elliptically polarized
fields,'®"'? but results depend heavily on the chosen ionization
model.'>"® Larmor clock measurements link dwell time to spin
precession in a magnetic field, yet this method has limited appli-
cability to non-rectangular barriers.®'*

A more indirect approach uses interference to access
tunneling times. In a Ramsey interferometry scheme, atoms
are first prepared in a superposition of two internal states |g)
and |e). After tunneling, the phase difference between the states
arg{etlgr) = Aw(t + 6t + 7) contains not only the laboratory and
relativistic contributions t + 5t but also the tunneling delay z, en-
coded in the complex part of the tunneling amplitudes Te/g.15 By
comparing this to a reference Ramsey interferometer without a
barrier, the tunneling contribution can be isolated. While such a
setup has not yet been realized experimentally, similar physics
is readily accessible in photoemission.

It comes as an advantage that photoemission has well-under-
stood energetics and kinematics and is widely used in spectros-
copy to explore the electronic structure of atoms, molecules,
and solids.'® Since the 1950s, theory has postulated that photo-
emission can be seen as a half-scattering process that induces a
phase shift in the outgoing wave packet'’"° relative to a wave
packet propagating in vacuum.’® In the Eisenbud-Wigner-
Smith (EWS) model, the half-scattering time delay is related to
the phase shift of the scattered wave packet by:

dé
ha,

where ¢ is the phase shift, and Ej is the kinetic energy of the out-
going photoelectron.

Attosecond chronoscopy of the photoemission proc-
ess'"?1723 has revealed relative delays in the attosecond range
between electrons emitted from different states in the same ma-
terial, and it can thus determine the relative EWS time, using as a
reference a different electronic state within the same sys-
tem®?*?° or a second reference system.”® In order to access

TEws = (Equation 1)
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the absolute EWS time, in analogy to the tunneling amplitude
Te/sg, the phase term ¢ of the transition matrix element, assuming
the sudden approximation and a free-electron-like final state,
My = (y/,|ﬁi,,t|y/,) = Re' is required. Phase information is typi-
cally lost when probing photoemission intensity; thus, one needs
to search for other physical observables that contain explicit in-
formation about the phase of the interaction matrix element.

One example of such observables is the angular distribution of
photoelectrons from atomic or molecular photoionization,?”+*®
and it has been demonstrated that the phase term can be ex-
tracted by circular dichroism in UV photoelectron diffraction ex-
periments.?®*° However, this method is not practical for crystal-
line solids, since the small changes in angular distribution are
overshadowed by the intrinsic energy-momentum distribution
relations of the band structure. In principle, a phase term can
also be extracted from interference effects arising from a com-
plex basis, such as that observed in graphene,®' and this could
be a promising approach.

The spin of photoelectrons emitted at a given angle also de-
pends explicitly on the matrix element phase.**** Although initial
studies mainly focused on photoionization from atoms in the gas
phase, in the case of solids, spin-degenerate initial states result
in a spin polarization, which depends on the matrix element
phase.** Recently, we developed a semi-analytical model to es-
timate the EWS photoemission time delay from spin polarization
of photoelectrons emitted from solids.®® This experimental tech-
nique, based on spin- and angle-resolved photoemission spec-
troscopy (SARPES),*® has been used in estimating the EWS time
delay for a Cu(111) single crystal and obtained a lower bound of
26 as.”’

Here, it is worth clarifying the physical meaning of the EWS
timescale obtained from spin polarization, the definition of which
may vary subtly across communities. In our approach, the spin
polarization P depends on the interference of two partial chan-
nels with relative phase shift ¢s, which leads to the EWS time
delay of the vertical transition:

TEys = h%, (Equation 2)
The lower bound of which is given by |z3,,c| > R[SE{.%° This

quantity is conceptually distinct from the streaking timescale,
formally defined as zoreak = 75y + Torc. There, 7&,4 repre-
sents the half-scattering delay in the presence of the Coulomb
potential, while z¢, ¢ reflects the transport time of the photoelec-
tron. Because of the inclusion of Coulomb interaction, 7€,
shows a strong dependence on the photoelectron kinetic en-
ergy. In this work, we decompose TEWS further and write
Tstreak = Tegws + ¢ + Tcrc. Where 7¢ describes the expansion
of the wave function and accounts for Coulomb interaction,
whereas our main concern is on 73,,s. We interpret this term as
the time associated with the quantum transition itself—the inter-
val required for the wavefunction to evolve from an initial to a final
state at a higher energy upon photon absorption, during which
multiple photoemission channels interfere and give rise to spin
polarization. We note that the timescales described above are
distinct from, and not connected to, the photohole lifetime At.
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Figure 1. Schematic illustration of the total photoemission time
delay

Attosecond streaking measures together the time delay of half-scattering and
photoelectron transport it = fgws + tcLc (green arrow), both in the presence
of the Coulomb potential. By decomposing the first term further, we have
Tt = Tgys + Tc + Teie (purple arrows), where 7z, represents the quantum
state transition timescale measured in this work, which is not directly affected
by Coulomb interaction. At represents the lifetime of the photohole.

This separation is schematically illustrated in Figure 1. Impor-
tantly, 73,5 has been shown to remain nearly invariant across a
wide electron kinetic energy range.®’

In order to gain insight into the role of time in quantum me-
chanics, it is essential to determine what factors influence such
fundamental timescales as 7},,5. In this light, it is interesting to
note that 72,5 in the high-temperature superconductor Bi,Sr»
CaCu0 .5 (BSCCO) was obtained as |rf,s| > 120 as™,
much larger than that of Cu(111). It is tempting to link this delay
to stronger electronic correlations in BSCCO compared to
Cu(111). However, a distinctive and measurable difference also
lies in the dimensionality of the crystals and their electronic struc-
ture, e.g., BSCCO being quasi-2-dimensional (2D) and Cu being
3-dimensional (3D). Fundamentally, crystal symmetry is embe-
dded in dimensionality, as shown schematically in Figure 2C:
an atom is 0D and highly symmetric, and further the level of sym-
metry reduces from 3D to 1D. In this work, using dimensionality as
a simple way of quantifying the degree of symmetry, we extend
the study to materials of various dimensionalities and exhibiting
different broken symmetry ground states. We focus on two
quasi-2D transition metal dichalcogenides: 1T-titanium disele-
nide (1T-TiSe,) with charge-density-wave order, 1T-titanium ditel-
luride (1T-TiTe,) without charge-density-wave order, and a quasi-
1D material copper telluride (CuTe), with charge-density-wave
order. We find the general trend that 7,4 increases with decre-
asing dimensionality, and thus generally with reduced symmetry.

RESULTS

Model to extract EWS time delay
The EWS time delay in photoionization is given by:

d d2 (| Hint;
e = hd_lﬂ__j - ((wfcle z|w>),

where « draws out the complex phase of the matrix element. In
order to make g5 accessible with SARPES, the crucial step is

(Equation 3)
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to bridge between ¢ = 4((zp,\ﬁ,-m|y/,-)) and the photoelectron
spin. In the picture of electron scattering, because of the spin-
orbit coupling term in the scattering potential, the differential
scattering cross section is spin-dependent, and an unpolarized
electron beam can become spin polarized upon scattering.*®
The same argument is valid in the case of photoemission: an
initially spin-degenerate state can produce spin-polarized pho-
toelectrons even with unpolarized or linearly polarized light that
does not carry spin angular momentum,*® and the spin polariza-
tion was shown to be a result of spin-orbit-induced hybridization
of different basis functions representing different single-group
spatial symmetries.*%*!

To illustrate this concept, we consider the simplest case.
When linearly polarized radiation hits the crystal with an off-
normal incidence angle, its electric field can be decomposed
into £y and E |, which are parallel and perpendicular to the crystal
surface, and each of them gives rise to the corresponding com-
plex transition matrix elements My and M., respectively. The re-
sulting magnitude of spin polarization of photoelectrons

P=Y_ xyﬁ% is given by the interference or relative phase
difference of these two photoemission channels P o J[M1M3].
With the magnitude of P now expressed as a function of the
phase shift ¢s = ¢o—¢4, one can subsequently proceed to esti-

mate the EWS time delay of the vertical transition, and obtain

|22ws| > h|SE|. It should be noted that the two partial channels

do not correspond to separate events, but they together build up
the photoelectron wave function. The direction of P is perpendic-
ular to the reaction plane determined by the incident light and the
symmetry of the state under investigation.*® This can be used to
further refine the obtained timescale in terms of total and scat-
tering time.®® However, this requires assumptions that might
not hold between different experimental geometries and material
systems, and will thus only be used here for a few well-defined
cases.

Toresume, itis the intrinsic interference of different photoemis-
sion channels that gives rise to the observable P, which is analo-
gous to the measured interference signal of the 2 tunneling levels
arg{elgr) in the case of the tunneling Ramsey clock.'® As elabo-
rated inthe methods section and illustrated in Figure 2A, the pres-
ence of a Feshbach-type resonance and the consecutive reversal
of the spin direction across the band maximum can be used to
confirm this intrinsic multi-channel interference. We refer to this
as the double polarization feature (DPF) in the measured spin po-
larization. A similar sign-reversal feature has been observed inthe
dichroism asymmetry in circular dichroism ARPES, where it is
also considered a result of interference effects.*?

Here, we use the above model to estimate the photoemission
timescale from crystalline solids of different dimensionality. With
linearly polarized quasi-CW light incident at off-normal angles,
we consider spin polarization of photoelectrons from spin-
degenerate initial states to arise from interference between the
most prominent photoemission channels, which are generally
non-zero and assumed to be of the same order of magnitude.
With a clear signature of multi-channel interference as shown
schematically in Figure 2A, we measure with random order the
spin polarization of photoelectrons at different binding energies,
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Figure 2. Experimental scheme

(A) Schematic drawing of 1-channel and 2-channel photoemission, along with the subsequent single and double polarization feature in spin polarization.
(B) Example of measured P(k) with sign reversal feature (DPF) across the maximum intensity indicated by arrows, and P(E) constructed from P(k) at various

energies, where the slope is used to calculate |z8,g.
(C) Schematic drawing of matter in 3, 2, 1, and 0 dimensions.

Error bars in (B) represent statistical errors based on the total measured intensity.

construct P(E), and extract |z,q| > 22|, as shown in

Figure 2B.

ap
dEy

Quasi-2D 1T-TiSe, and 1T-TiTe,

To disentangle the possible influence of correlations from dimen-
sionality, we compare the two structurally nearly identical quasi-
2D systems 1T-TiSe, and 1T-TiTe,. While the former is well known
for its charge density wave,*>** the latter does not show such cor-
relation effects in its bulk form.*>“6 Both have been investigated
with ARPES,*”*® but to our knowledge, there have been no
studies of the electronic band structure with spin resolution and
certainly no investigation of the photoemission timescale.

Here, we present an investigation of the spin polarization of the
photoelectrons from the Se-4p, , and Te-5p, ,~derived valence
bands. These show similar band structures along the K — T —
K direction, as illustrated in Figures 3A and 3B. Due to inversion
symmetry, these bulk bands are expected to be spin-degen-
erate. Considering first TiSe,, on these bands, 5 indicated bind-
ing energies ranging from E-E= —0.70to —1.10 eV were chosen
at which momentum distribution curves (MDCs) were taken for
spin polarization in all spatial directions x, y, and z. These
MDCs were taken by respectively scanning the tilt y (Figure
3C) and polar 0 (Figure 3D) angles, i.e., by rotating around the
sample x and y axes. Both measurements are along the T — K
direction in the Brillouin zone, and the sample azimuth was
thus rotated by 30° in between.

Inthe MDCs of P taken at E-Er= —0.9 eV in Figures 3C and 3D,
all 3 components show clear momentum-resolved spin polariza-

4 Newton 2, 100374, April 6, 2026

tion with a maximum value that exceeds +25% for P, and P,,
respectively. Although the band splitting is hardly distinguishable
in the total intensity data, this momentum resolution is recovered
in the spin measurement, in which, 2 pairs of overlapping DPFs
can be identified from four peaks in spin polarization with alter-
nate signs, each originating from a valence band. These DPFs
are indicated by arrows in the respective MDCs. This confirms
the presence of multi-channel interference, and we can thus pro-
ceed to extract the photoemission timescale.

The magnitude of P was calculated from all 3 spatial co-
mponents for the peak around k = 0.33 A-1in Figure 3C, where
the vector sum is maximal, and from the peak around
k= —04A-"in Figure 3D, summarized together in red in
Figure 3F. Linear fits yield values of % of 0.267 + 0.07 eV '
from y-MDCs and 0.231 + 0.06 eV ~' from 6-MDCs, respectively.
The corresponding minimum estimates for EWS time delays
are 1, > 176046 x 1071% s 176 =+ 46 as and
s > 1.52+0.39 x 1076 s = 152 + 39 as. This similarity in
the magnitudes of spin polarization, as well as % obtained by
the 2 measurement geometries indicates that the lower bound
of 73,5 We extract is not greatly affected by the experimental ge-
ometry. However, the spin polarization has noticeably different
structures for the two angular directions, i.e., the spin orientation
changes with geometry. This is expected, since although
the same bands and the same direction in the Brillouin zone
are probed, the light polarization is different with respect to
the scan direction, possibly resulting in different orbital
contributions.*
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Figure 3. (S)ARPES data for 1T-TiSe, and 1T-TiTe,

(A-D) Band maps of (A) 1T-TiSe, and (B) 1T-TiTe,inthe K — T — K direction, taken with hv = 67 eV, red lines indicate the binding energies at which momentum
distribution curves (MDCs) were taken. MDCs of spin polarization of 1T-TiSe, at E-Ex = —0.9 eV in X, y, and z directions obtained by rotating the angle y (C) and 6

(D), together with total photoemission intensity.

(E) MDCs of spin polarization of 1T-TiTe, at E-E = —0.49 eV in x, y, and z directions obtained by rotating the angle 6. Error bars in (C-E) represent statistical errors
based on the total measured intensity, and black arrows indicate 2 pairs of DPFs.

(F) Maximum spin polarization magnitude at 5 binding energies extracted from MDCs, resulting in |TZWS‘ > 176+ 46 as from y-MDCs of 1T-TiSe,, |rgws\ >
152 + 39 as from #-MDCs of 1T-TiSe,, and ‘TSEWS| > 142 +59 as from 9-MDCs of 1T-TiTe,. Error bars represent data scatter and statistical errors.

Similarto 1T-TiSe, we measured for 1T-TiTe, 9-MDCs at 5 bind-
ing energies ranging from E-Ex = —0.34 eV to —0.64 eV, as indi-
cated on the band map in Figure 3B. MDCs of P in all spatial direc-
tions taken at E-E = —0.49eV are shown in Figure 3E. Again, spin
polarization can be identified in all 3 directions, with the x polariza-
tion particularly pronounced, showing 2 overlapping DPFs, as
indicated by arrows. Using the same method as discussed above,
forthe peakaroundk = 0.14 A-1,we obtain P(E) as shownin blue
in Figure 3F with the corresponding g—g ~0.216+0.09eV~"andan
estimate of of ¥, > 1.42+£0.59 x 1078 s = 142 + 59 as.

The 72, for 1T-TiTe, is between that obtained for 1T-TiSe,
and BSCCO, despite the less strong electronic correlation in
the case of 1T-TiTe,. Additionally, despite more complex inter-
ference effects, a timescale of 7}, > 160 as has been ex-
tracted from spin polarization of the valence band of
H-intercalated graphene,®® which is clearly 2D. These results
are strong indications that dimensionality or symmetry, rather
than correlation, plays an important role in the magnitude of
2ys- TO further verify this hypothesis, we turn to quasi-1D
CuTe, which, as typically in this dimension, exhibits CDW order.

Quasi-1D CuTe

Being quasi-1D and thus susceptible to charge ordering, CuTe has
recently been demonstrated to host 3-dimensional CDWs.*"*?
The electronic structure of CuTe has been studied with
ARPES and time-resolved ARPES, and the quasi-1D states ex-
tending along the I'-Y direction is observed to open a gap below

Teow = 335 K.°2* However, the spin polarization of photoelec-
trons from these bulk-derived quasi-1D states has not been
investigated.

Figure 4A shows a schematic Fermi surface of CuTe, with the
constant k, cut through the quasi-1D band indicated. Figure 4B
shows the corresponding band map, with 5 binding energies
ranging from E-E = —0.28 to —0.68 eV indicated where y-MDCs
of spin polarization are taken. As visible from the MDC at E-Ef =
0.48 eV in Figure 4C, spin polarization is most pronounced along
the x direction reaching +15%, on which an anti-symmetric DPF
is observed, whereas for the other 2 directions, the measured
spin polarization is very small within the region of high photoemis-
sion intensity. Considering P in the y and z directions, thus as negli-
gible, the P, magnitude of the peak around kx = — 0.18 A'in
Figure 4C is plotted for 5 binding energies in Figure 4D. From this
we extract a value of% ~0.318+0.08 eV ~' and a corresponding
lower estimate of the EWS time delay 7%, >2.094 + 0.52 x 10~
s =209 + 52 as. This timescale is significantly larger than that of all
other materials investigated thus far, and it confirms the proposed
trend in the relationship between EWS timescale and dimension-
ality, or more generally, with reduced symmetry.

DISCUSSION
The impact of spatial asymmetry on the EWS time delay has pre-

viously been considered by photoionization from gas phase he-
lium with elliptically polarized laser fields®® or with a shake-up

Newton 2, 100374, April 6, 2026 5
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Figure 4. (S)ARPES data for CuTe

T
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(A) Schematic drawing of the Fermi surface of CuTe with indication of the constant k, = 0.5 cut of the band map.
(B) Band map of the 1D band taken at k, = 0.5 and hv = 26 eV, red lines indicate the binding energies at which MDCs were taken.
(C) MDCs of spin polarization at E-Ex = —0.48 eV in x, y, and z directions obtained by rotating the angle . Error bars represent statistical errors based on the total

measured intensity, and black arrows indicate the DPF.

(D) Maximum spin polarization magnitude with each binding energy extracted from y-MDCs, resulting in |7.fsws‘ > 209 + 52 as. Error bars in (D) represent data

scatter and statistical errors.

ionic final state.”® For photons with sufficiently high energies, af-
ter photoemitting one electron to the ionization continuum, the
electron remaining bound to the ion gets excited to one of the
ionic Rydberg states, which have much larger spatial extent
compared to the deeply bound ground state. This property of
the shake-up state makes it strongly polarizable by the laser
field, inducing photoionization. During the attosecond timescale
of photoionization, the He* ion left behind possesses a finite
dipole moment and thus exerts a force on the outgoing photo-
electron and causes a retardation. For the ionic Rydberg state
n = 2, this “correlation time delay” was calculated to be around
6 as. In this context of photoionization, “correlation” is directly
proportional to the effective dipole moment of the He™ ion left
behind, or more generally, the extent of asymmetry, and directly
affects the total EWS time delay 75,s.

In the context of photoemission from solids, however, the de-
gree of symmetry is manifested in crystal dimensionality as
shown in Figure 2C, with a decreasing number of mirror planes
from 3D to 1D crystals. Hence, our observation that 77, ¢ is larger
for crystals with reduced dimensionality provides a complemen-
tary perspective on how reduced symmetry has a significant
impact on the ionization timescale, as summarized in Table 1
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and in Figure 5. Interestingly, the 7}, obtained from the
(quasi-)2D materials appears to directly reflect the expected
interlayer coupling in these systems. Further studies are needed
to show whether 72,5 can indeed be used to quantify the transi-
tion in dimensionality.

In addition to the lower estimates discussed above, we also
attempted to obtain exact values of 77,5 for the investigated
materials with the direction of P. As described in Fanciulli and
Dil,*® the angles the spin polarization vector makes with the
xy plane and xz plane determine the exact ratio of the two par-
tial channels, as well as geometrical correction, and lead to a
refined estimation. This exact method could only be developed
for the #-geometry, which was employed for Cu(111), TiSe,,
and TiTe,. For Cu(111) it yields 3,5 ~26 as and for TiSe,,
2y ® 161 as, while for TiTe, the lower data quality limited
calculation reliability. Applying the same formalism to results
obtained by the y-geometry cannot provide reliable absolute
values, but the obtained results for TiSe, 7},,,~269 as and
for CuTe 73,5 ~ 485 as reproduce the same trend of increasing
2y With reduced symmetry. These refined estimates are also
shown in Figure 5. This consistency further supports the
robustness of our conclusion.
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Table 1. Summary of investigated materials with their lower
estimated limit of 7}, ¢

Material Dimensionality s min (@S)
Cu(111)*’ 3 26 + 30°
BSCCO* 2 120 + 260°

TiTe, 2 142 + 59
TiSe,-6(y) 2 152 + 39(176 = 46)
graphene™” 2 160 + 407

CuTe 1 209 + 52

For TiSe,, results corresponding to the y geometry are indicated in pa-
rentheses.

2The errors were evaluated in this work, using raw data measured by Fan-
ciulli et al.>”**®*° put not shown in the original publication.

To summarize, we determined the absolute transition time-
scale for various materials using a model based on the measured
spin polarization of photoelectrons. Although we use the photo-
emission process in our measurements, the obtained timescales
relate to the vertical transition and do not include the ionization or
electron emission process itself. A clear trend of increasing time-
scale with decreasing dimensionality is found, indicating a link
between reduced symmetry and the quantum mechanical tran-
sition timescale. For a detailed determination of the influence
of correlation effects on this timescale, it will therefore be essen-
tial to take the dimensionality of the states into consideration,
along with other factors such as atomic species and orbital char-
acter. Under these conditions, spin-resolved attosecond chro-
noscopy has the potential to become a tool to characterize the
nature and strength of interactions in correlated materials.

Complementary to dimensionality, an interesting potential di-
rection is to investigate the electronic localization and polariz-
ability, which, as the study on helium suggested, could have a
directimpact on the EWS time delay. In this regard, Fe-based su-
perconductors, where orbital-selective correlations lead to a
coexistence of localized and itinerant Fe-3d states,”” could be
a promising candidate when probed outside of magnetically or-
dered phases. Heavy-fermion systems, with their weakly hybrid-
ized f-electrons forming narrow quasiparticle bands,® represent

X ®Cu(111) X Cu(111) exact
400 | BSCCO X TiSe2 (6) exact
@ TiTe2 X TiSe2 () exact
300 | @ TiSe2(8) X CuTe exact
. X ® TiSe2 ()
% 200 % @ graphene
v § i ® CuTe
ol
12 100
o *
-100

2
dimensionality

Figure 5. Summary of estimated 7, vs. dimensionality

Dots represent estimated lower limits of 73,5, and crosses represent refined
estimates taking spin orientation into account. Error bars are obtained from the
errors in the linear fits of |P| vs. E.
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an even more localized limit and offer unique opportunities,
although with significant experimental challenges. Probing
such systems would provide a more stringent test of the
emerging link among dimensionality, correlations, polarizability,
quantum metrics,® and the photoemission timescale. Further-
more, it will be of interest to explore the influence of rapid
changes of the final state and to incorporate the time-reversed
low-energy electron diffraction (LEED) state in the model.

Besides vyielding fundamental information for understanding
what determines the time delay in photoemission, complemen-
tary to attosecond streaking and RABBITT experiments, our re-
sults provide further insight into what factors influence time on
the quantum level, to what extent quantum transitions can be
considered instantaneous, and might help understand the role
of time in quantum mechanics. Our general approach will be
applicable to any quantum transition with a phase-dependent
observable. With such methods, it will, for example, be of interest
to investigate whether reduced symmetry has a general influ-
ence on coherence times in quantum operations. Furthermore,
an increase in the duration of a quantum transition can generate
additional degrees of freedom for quantum manipulations, such
as superposition of states or braiding.

METHODS

1T-TiTe, and 1T-TiSe, single crystals are grown using the chem-
ical vapor transport method with iodine (I,) as the transport
agent. High-purity Ti and Te or Ti and Se powders are sealed
in a quartz ampoule and placed in a two-zone furnace with a
controlled temperature gradient. For TiTe,, the source is main-
tained at 800°C and the sink at 625°C, while for TiSe,, the tem-
peratures are slightly lower, with the source at 750°C and the
sink at 600°C. After a few weeks, millimeter-sized crystals are
obtained.

CuTe single crystals are grown using the self-flux method,
where high-purity Cu and Te powders are mixed in a non-stoi-
chiometric ratio with an excess of Te as the flux. The mixture is
sealed in a quartz ampoule and heated to 600°C to form a homo-
geneous molten solution. The furnace is then slowly cooled at a
controlled rate of 10°C per hour, allowing CuTe crystals to pre-
cipitate from the Te-rich melt. After cooling to room temperature,
the excess Te flux is removed by sublimation.

SARPES measurements were taken at the COPHEE endsta-
tion on the SIS beamline of the Swiss Light Source, Paul Scherrer
Institut. Band maps and spin polarization MDCs were measured
with z-polarized light. Samples were prepared by attaching them
to standardized sample holders and attaching a ceramic top
post with conductive silver epoxy. Samples were cleaved at ul-
trahigh vacuum at T = 25 K, and the surface quality was checked
with LEED. The measurement geometry is the same as that in
Fanciulli et al.*’, in which, the angle 6 is scanned by rotating
around the sample y axis, and the angle y is scanned by rotating

around the sample x axis. Spin asymmetry A = ’,\\’,'T:xj

measured by 2 orthogonally positioned classical Mott detectors.
Spin polarization was calculated by P; = %A,- where the Sherman
function S = 0.08. MDCs were measured for different binding en-
ergies in a randomized order to exclude sample aging effects.

was
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Figure 6. Verification of the double polarization feature
(A) Band dispersion of CuTe with hv = 6.994 eV.
(B) Spin polarization multiplied by the total intensity with quantization axis y.
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(C) y spin polarization MDC obtained by moving the electron deflector at E-Er = —0.2 eV. Black arrows indicate 2 opposite peaks in P,. Error bars represent

statistical errors based on the total measured intensity.

The chosen range of binding energies is away from hybridization
regions, where spurious effects might occur.®® The x, y, and z
components of spin polarization mentioned in the text are in
the sample frame. The zero polarization on all MDCs was cali-
brated with respect to the general anti-symmetry of the spin
texture, and the magnitude of spin polarization was calculated
for a single peak for each material.

DPFs of spin polarization were observed in all materials inves-
tigated on their initially spin-degenerate bands. This was also
seen on dispersive bands of Cu(111), BSCCO, and graphene
measured with synchrotron radiation, and was present on
1-step photoemission calculation of Cu(111) conduction band,
but absent on core levels of Cu and on dispersive bands of
BSCCO measured with hu = 6.994 eV.°"-38:50

In order to rule out the possibility that this is a measurement
artifact, further spin polarization measurements were performed
on a 3D dispersive band of CuTe with hy = 6.994 eV at the laser
ARPES facility of ISSP, University of Tokyo. The corresponding
band map is shown in Figure 6A. With the experimental geometry
used, this band shows mainly spin polarization in the y direction,
with corresponding polarization multiplied by total intensity
shown in Figure 6B, and MDC of P, at E-Er = —0.2 eV shown
in Figure 6C. A sign reversal can clearly be identified across
the intensity maximum. This result further confirms the universal-
ity of a DPF in spin-degenerate bands. Below, we explain how
the presence of a DPF can be used to verify the existence of 2
or more interfering channels, and thus, the model to extract
s can indeed be applied.

The DPF can be understood in close analogy to the Feshbach
resonance, a well-studied effect in the field of ultracold atomic
gases.®’® A Feshbach resonance occurs when the energy of
a scattering state in the continuum approaches that of a bound
state, given that the bound state is coupled to the continuum.
This effect is typically described with a 2-channel model: one
channel represents the bound state and is referred to as
“closed”; the other represents the continuum, and is referred
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to as “open.” In the fully elastic regime, the phase shift § of the
continuum wavefunction follows a Breit-Wiger form®*:

S(E) = pg + tan™" { (Equation 4)

2(Ees — E)|’
where J4 is a slowly varying background, I't is the resonance
width in energy, and E,s is the resonance energy. Across a
resonance, as E,s-E changes sign, the phase shift thus
changes sharply by z. In the more general inelastic scattering
case, multiple channels should be considered, and the total
phase shift of all channels ) ,6,(E) has to follow the above
Breit-Wiger form.®®

While in our model, multi-channel photoemission is assumed,
and the EWS time delay can be constructed from a weighted
sum®°:

3 hdéquz
s =9 g™l dsin(gs) dP .
Tows ® ZqW‘,ﬂz X %4F (Equation 5)

where 6; = «Mjy is the phase of the photoemission matrix
element. In the electronic structure of solids, a band is by defini-
tion a bound state where such a resonance should occur. There-
fore, our observation of a sign reversal of spin polarization across
an intensity maximum suggests that dispersive bands with mul-
tiple interfering photoemission channels, in analogy to a Fes-
hbach resonance, provides an aggregate phase shift of z, and
thus a sign reversal of the spin polarization.
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paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

F.G. and J.H.D. acknowledge support from the Swiss National Science Foun-
dation (SNSF) Project No. 200021-200362. M.F. acknowledge support from
the Program ERC CZ, project N. LL2314 (TWISTnSHINE). R.M. acknowledges
support from Japan Society for the Promotion of Science (JSPS) KAKENHI
Grant No. JP23K13041, The University of Tokyo Edge Capital Partners
(UTEC) - University of Tokyo Future Society Initiative (UTokyo FSI) Research
Grant Program, and Japan Science and Technology Agency (JST) Precursory
Research for Embryonic Science and Technology (PRESTO) Grant No.
JPMJPR24LA.

AUTHOR CONTRIBUTIONS

J.H.D. initiated and designed the research; F.G., D.U., E.B.G., and M.F. per-
formed the experiment; K.K., R.M., and T.K. assisted in data acquisition;
A.M. grew the samples; F.G., M.P., M.F., and J.H.D. interpreted the data;
M.F. contributed the model; F.G. and J.H.D. wrote the paper with the help of
M.P. and M.F.; and all authors commented on the paper.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: June 19, 2025
Revised: October 7, 2025
Accepted: December 18, 2025

REFERENCES

1. Pazourek, R., Nagele, S., and Burgdérfer, J. (2015). Attosecond chrono-
scopy of photoemission. Rev. Mod. Phys. 87, 765-802. https://doi.org/
10.1103/RevModPhys.87.765.

2. Cavalieri, A.L., Mdller, N., Uphues, T., Yakovlev, V.S., Baltuska, A., Hor-
vath, B., Schmidt, B., Blumel, L., Holzwarth, R., Hendel, S., et al. (2007).
Attosecond spectroscopy in condensed matter. Nature 449, 1029-1032.
https://doi.org/10.1038/nature06229.

3. Haroche, S. (2013). Nobel lecture: Controlling photons in a box and
exploring the quantum to classical boundary. Rev. Mod. Phys. 85,
1083-1102. https://doi.org/10.1103/RevModPhys.85.1083.

4. Cacciapuoti, L., and Salomon, C. (2009). Space clocks and fundamental
tests: The aces experiment. Eur. Phys. J. Spec. Top. 172, 57-68.
https://doi.org/10.1140/epjst/e2009-01041-7.

5. Zhang, X., Bishof, M., Bromley, S.L., Kraus, C.V., Safronova, M.S., Zoller,
P., Rey, A.M., and Ye, J. (2014). Spectroscopic observation of su(n)-sym-
metric interactions in sr orbital magnetism. Science 345, 1467-1473.
https://doi.org/10.1126/science.1254978.

6. Buttiker, M. (1983). Larmor precession and the traversal time for tunneling.
Phys. Rev. B 27, 6178-6188. https://doi.org/10.1103/PhysRevB.27.6178.

7. Hauge, E.H., and Stevneng, J.A. (1989). Tunneling times: a critical review.
Rev. Mod. Phys. 67, 917-936. https://doi.org/10.1103/RevModPhys.
61.917.

8. Steinberg, A.M., Kwiat, P.G., and Chiao, R.Y. (1993). Measurement of the
single-photon tunneling time. Phys. Rev. Lett. 71, 708-711. https://doi.
org/10.1103/PhysRevLett.71.708.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

¢? CellPress

OPEN ACCESS

. Spielmann, C., Szipécs, R., Stingl, A., and Krausz, F. (1994). Tunneling of

optical pulses through photonic band gaps. Phys. Rev. Lett. 73, 2308-
2311. https://doi.org/10.1103/PhysRevLett.73.2308.

Uiberacker, M., Uphues, T., Schultze, M., Verhoef, A.J., Yakovlev, V.,
Kling, M.F., Rauschenberger, J., Kabachnik, N.M., Schréder, H., Lezius,
M., et al. (2007). Attosecond real-time observation of electron tunnelling
in atoms. Nature 446, 627-632. https://doi.org/10.1038/nature05648.

Eckle, P., Pfeiffer, A.N., Cirelli, C., Staudte, A., Dérner, R., Muller, H.G.,
Blttiker, M., and Keller, U. (2008). Attosecond ionization and tunneling
delay time measurements in helium. Science 322, 1525-1529. https://
doi.org/10.1126/science.1163439.

Satya Sainadh, U., Sang, R.T., and Litvinyuk, 1.V. (2020). Attoclock and the
quest for tunnelling time in strong-field physics. J. Phys. Photonics 2,
042002. https://doi.org/10.1088/2515-7647/aba009.

Sainadh, U.S., Xu, H., Wang, X., Atia-Tul-Noor, A., Wallace, W.C., Dou-
guet, N., Bray, A., lvanov, |, Bartschat, K., Kheifets, A., et al. (2019). Atto-
second angular streaking and tunnelling time in atomic hydrogen. Nature
568, 75-77. https://doi.org/10.1038/s41586-019-1028-3.

Ramos, R., Spierings, D., Racicot, |., and Steinberg, A.M. (2020). Measure-
ment of the time spent by a tunnelling atom within the barrier region. Na-
ture 583, 529-532. https://doi.org/10.1038/s41586-020-2490-7.

Schach, P., and Giese, E. (2024). A unified theory of tunneling times pro-
moted by ramsey clocks. Sci. Adv. 10, eadl6078. https://doi.org/10.
1126/sciadv.adl6078.

Damascelli, A. (2004). Probing the electronic structure of complex systems
by arpes. Physica Scripta 2004, 61. https://doi.org/10.1238/Physica.
Topical.109a00061.

Wigner, E.P. (1955). Lower limit for the energy derivative of the scattering
phase shift. Phys. Rev. 98, 145-147. https://doi.org/10.1103/PhysRev.
98.145.

Eisenbud, L. (1948). The Formal Properties of Nuclear Collisions (Princeton
University).

Smith, F.T. (1960). Lifetime matrix in collision theory. Phys. Rev. 118,
349-356. https://doi.org/10.1103/PhysRev.118.349.

Nussenzveig, H.M. (1972). Time delay in quantum scattering. Phys. Rev. D
6, 1534-1542. https://doi.org/10.1103/PhysRevD.6.1534.

Schultze, M., FieB, M., Karpowicz, N., Gagnon, J., Korbman, M., Hofstet-
ter, M., Neppl, S., Cavalieri, A.L., Komninos, Y., Mercouris, T., et al. (2010).
Delay in photoemission. Science 328, 1658-1662. https://doi.org/10.
1126/science.1189401.

Klinder, K., Dahlstrém, J.M., Gisselbrecht, M., Fordell, T., Swoboda, M.,
Guénot, D., Johnsson, P., Caillat, J., Mauritsson, J., Maquet, A., et al.
(2011). Probing single-photon ionization on the attosecond time scale.
Phys. Rev. Lett. 106, 143002. https://doi.org/10.1103/PhysRevlLett.106.
143002.

Isinger, M., Busto, D., Mikaelsson, S., Zhong, S., Guo, C., Saliéres, P., Ar-
nold, C.L., L’Huillier, A., and Gisselbrecht, M. (2019). Accuracy and preci-
sion of the rabbit technique. Phil. Trans. R. Soc. A. 377,20170475. https://
doi.org/10.1098/rsta.2017.0475.

Neppl, S., Ernstorfer, R., Bothschafter, E.M., Cavalieri, A.L., Menzel, D.,
Barth, J.V., Krausz, F., Kienberger, R., and Feulner, P. (2012). Attosecond
time-resolved photoemission from core and valence states of magnesium.
Phys. Rev. Lett. 109, 087401. https://doi.org/10.1103/PhysRevlLett.109.
087401.

Lucchini, M., Castiglioni, L., Kasmi, L., Kliuiev, P., Ludwig, A., Greif, M.,
Osterwalder, J., Hengsberger, M., Gallmann, L., and Keller, U. (2015).
Light-matter interaction at surfaces in the spatiotemporal limit of macro-
scopic models. Phys. Rev. Lett. 1715, 137401. https://doi.org/10.1103/
PhysRevLett.115.137401.

Locher, R., Castiglioni, L., Lucchini, M., Greif, M., Gallmann, L., Oster-
walder, J., Hengsberger, M., and Keller, U. (2015). Energy-dependent
photoemission delays from noble metal surfaces by attosecond interfer-
ometry. Optica 2, 405-410. https://doi.org/10.1364/OPTICA.2.000405.

Newton 2, 100374, April 6, 2026 9



https://doi.org/10.5075/epfl.20.500.14299/255911
https://doi.org/10.1103/RevModPhys.87.765
https://doi.org/10.1103/RevModPhys.87.765
https://doi.org/10.1038/nature06229
https://doi.org/10.1103/RevModPhys.85.1083
https://doi.org/10.1140/epjst/e2009-01041-7
https://doi.org/10.1126/science.1254978
https://doi.org/10.1103/PhysRevB.27.6178
https://doi.org/10.1103/RevModPhys.61.917
https://doi.org/10.1103/RevModPhys.61.917
https://doi.org/10.1103/PhysRevLett.71.708
https://doi.org/10.1103/PhysRevLett.71.708
https://doi.org/10.1103/PhysRevLett.73.2308
https://doi.org/10.1038/nature05648
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1088/2515-7647/aba009
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-020-2490-7
https://doi.org/10.1126/sciadv.adl6078
https://doi.org/10.1126/sciadv.adl6078
https://doi.org/10.1238/Physica.Topical.109a00061
https://doi.org/10.1238/Physica.Topical.109a00061
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.118.349
https://doi.org/10.1103/PhysRevD.6.1534
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1103/PhysRevLett.106.143002
https://doi.org/10.1103/PhysRevLett.106.143002
https://doi.org/10.1098/rsta.2017.0475
https://doi.org/10.1098/rsta.2017.0475
https://doi.org/10.1103/PhysRevLett.109.087401
https://doi.org/10.1103/PhysRevLett.109.087401
https://doi.org/10.1103/PhysRevLett.115.137401
https://doi.org/10.1103/PhysRevLett.115.137401
https://doi.org/10.1364/OPTICA.2.000405

Please cite this article in press as: Guo et al.,, Dependence of quantum timescales on symmetry, Newton (2025), https://doi.org/10.1016/
j.newton.2025.100374

¢? CellPress

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

10

OPEN ACCESS

Wang, Z.M., and Elliott, D.S. (2001). Determination of the phase difference
between even and odd continuum wave functions in atoms through quan-
tum interference measurements. Phys. Rev. Lett. 87, 173001. https://doi.
org/10.1103/PhysRevLett.87.173001.

Hockett, P., Frumker, E., Villeneuve, D.M., and Corkum, P.B. (2016). Time
delay in molecular photoionization. J. Phys. B: At. Mol. Opt. Phys. 49,
095602. https://doi.org/10.1088/0953-4075/49/9/095602.

Daimon, H., Nakatani, T., Imada, S., and Suga, S. (1995). Circular dichro-
ism from non-chiral and non-magnetic materials observed with display-
type spherical mirror analyzer. J. Electron. Spectrosc. Relat. Phenom.
76, 55-62. https://doi.org/10.1016/0368-2048(95)02476-X.

WieBner, M., Hauschild, D., Sauer, C., Feyer, V., Schéll, A., and Reinert, F.
(2014). Complete determination of molecular orbitals by measurement of
phase symmetry and electron density. Nat. Commun. 5, 4156. https://
doi.org/10.1038/ncomms5156.

Gierz, |., Henk, J., Héchst, H., Ast, C.R., and Kern, K. (2011). llluminating
the dark corridor in graphene: Polarization dependence of angle-resolved
photoemission spectroscopy on graphene. Phys. Rev. B 83, 121408.
https://doi.org/10.1103/PhysRevB.83.121408.

Huang, K.N. (1980). Theory of angular distribution and spin polarization of
photoelectrons. Phys. Rev. A 22, 223-239. https://doi.org/10.1103/Phys-
RevA.22.223.

Kessler, J. (1985). Polarized Electrons, 2nd edn. (Springer).

Heinzmann, U., and Dil, J.H. (2012). Spin-orbit-induced photoelectron
spin polarization in angle-resolved photoemission from both atomic and
condensed matter targets. J. Phys. Condens. Matter 24, 173001. http://
stacks.iop.org/0953-8984/24/i=17/a=173001.

Fanciulli, M., and Dil, H. (2018). Determination of the time scale of photo-
emission from the measurement of spin polarization. SciPost Phys. 5, 058.
https://doi.org/10.21468/SciPostPhys.5.6.058.

Dil, J.H. (2009). Spin and angle resolved photoemission on non-magnetic
low-dimensional systems. J. Phys. Condens. Matter 21, 403001. http://
stacks.iop.org/0953-8984/21/403001.

Fanciulli, M., Volfova, H., Muff, S., Braun, J., Ebert, H., Minar, J., Heinz-
mann, U., and Dil, J.H. (2017). Spin polarization and attosecond time delay
in photoemission from spin degenerate states of solids. Phys. Rev. Lett.
118, 067402. https://doi.org/10.1103/PhysRevLett.118.067402.

Fanciulli, M., Muff, S., Weber, A.P., and Dil, J.H. (2017). Spin polarization in
photoemission from the cuprate superconductor Bi2Sr2CaCu208+3.
Phys. Rev. B 95, 245125. https://doi.org/10.1103/PhysRevB.95.245125.

Cherepkov, N.A. (1983). Spin polarization of atomic and molecular photo-
electrons. Adv. At. Mol. Phys. 19, 395-447. https://doi.org/10.1016/
S0065-2199(08)60258-4.

Tamura, E., and Feder, R. (1991). Spin Polarization in Normal Photoemis-
sion by Linearly Polarized Light from Nonmagnetic (001) Surfaces. Euro-
phys. Lett. 16, 695-700. http://stacks.iop.org/0295-5075/16/695.

Irmer, N., David, R., Schmiedeskamp, B., and Heinzmann, U. (1992).
Experimental verification of a spin effect in photoemission: Polarized elec-
trons due to phase-shift differences in the normal emission from pt(100) by
unpolarized radiation. Phys. Rev. B 45, 3849-3852. https://doi.org/10.
1103/PhysRevB.45.3849.

Schmitt, M., Biswas, D., Tkach, O., Fedchenko, O., Liu, J., EImers, H.J.,
Sing, M., Claessen, R., Lee, T.L., and Schdnhense, G. (2024). Hybrid
photoelectron momentum microscope at the soft x-ray beamline i09 of
the diamond light source. Preprint at ArXiv. https://doi.org/10.48550/ar-
Xiv.2406.00771.

Cercellier, H., Monney, C., Clerc, F., Battaglia, C., Despont, L., Garnier,
M.G., Beck, H., Aebi, P., Patthey, L., Berger, H., and Forrd, L. (2007). Ev-
idence for an excitonic insulator phase in 1t-tise2. Phys. Rev. Lett. 99,
146403. https://doi.org/10.1103/PhysRevLett.99.1464083.

Monney, G., Monney, C., Hildebrand, B., Aebi, P., and Beck, H. (2015).
Impact of electron-hole correlations on the 1t-tise2electronic structure.

Newton 2, 100374, April 6, 2026

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Newton

Phys. Rev. Lett. 174, 086402. https://doi.org/10.1103/PhysRevlLett.114.
086402.

Claessen, R., Anderson, R.O., Gweon, G., Allen, J.W., Ellis, W.P., Jano-
witz, C., Olson, C.G., Shen, Z.X., Eyert, V., Skibowski, M., et al. (1996).
Complete band-structure determination of the quasi-two-dimensional
fermi-liquid reference compound tite2. Phys. Rev. B 54, 2453-2465.
https://doi.org/10.1103/PhysRevB.54.2453.

Rossnagel, K., Kipp, L., Skibowski, M., Solterbeck, C., Strasser, T.,
Schattke, W., Vo8, D., Kriger, P., Mazur, A., and Pollmann, J. (2001).
Three-dimensional fermi surface determination by angle-resolved photo-
electron spectroscopy. Phys. Rev. B 63, 125104. https://doi.org/10.
1103/PhysRevB.63.125104.

. Watson, M.D., Clark, O.J., Mazzola, F., Markovié, I., Sunko, V., Kim, T.K.,

Rossnagel, K., and King, P.D.C. (2019). Orbital- and kz-selective hybridi-
zation of se 4pand ti 3dstates in the charge density wave phase of tise2.
Phys. Rev. Lett. 122, 076404. https://doi.org/10.1103/PhysRevLett.122.
076404.

Strocov, V.N., Krasovskii, E.E., Schattke, W., Barrett, N., Berger, H.,
Schrupp, D., and Claessen, R. (2006). Three-dimensional band structure
of layered tite2: Photoemission final-state effects. Phys. Rev. B 74,
195125. https://doi.org/10.1103/PhysRevB.74.195125.

Moser, S. (2017). An experimentalist’s guide to the matrix element in angle
resolved photoemission. J. Electron. Spectrosc. Relat. Phenom. 274,
29-52. https://doi.org/10.1016/j.elspec.2016.11.007.

Fanciulli, M. (2018). Spin Polarization and Attosecond Time Delay in
Photoemission from SolidsPh.D. thesis (EPFL). https://doi.org/10.5075/
epfl-thesis-8469.

Nhat Quyen, N., Tzeng, W.Y., Hsu, C.E., Lin, I.A., Chen, W.H., Jia, H.H.,
Wang, S.C., Liu, C.E., Chen, Y.S., Chen, W.L., et al. (2024). Three-dimen-
sional ultrafast charge-density-wave dynamics in CuTe. Nat. Commun.
15, 2386. https://doi.org/10.1038/s41467-024-46615-y.

Guo, F., Puppin, M., Hellbriick, L., Magrez, A., Guedes, E.B., Sokolovi¢, I.,
and Dil, J.H. (2024). Real- and reciprocal space characterization of the
three-dimensional charge density wave in quasi-one-dimensional cute.
Phys. Rev. B 1710, 115112. https://doi.org/10.1103/PhysRevB.110.
115112.

Zhang, K., Liu, X., Zhang, H., Deng, K., Yan, M., Yao, W., Zheng, M.,
Schwier, E.F., Shimada, K., Denlinger, J.D., et al. (2018). Evidence for a
quasi-one-dimensional charge density wave in cute by angle-resolved
photoemission spectroscopy. Phys. Rev. Lett. 127, 206402. https://doi.
org/10.1103/PhysRevLett.121.206402.

Zhong, H., Bao, C., Lin, T., Wang, F., Cai, X., Yu, P., and Zhou, S. (2024).
Hidden charge density wave induced shadow bands and ultrafast dy-
namics of cute investigated using time-resolved arpes. Phys. Rev. B
109, 165411. https://doi.org/10.1103/PhysRevB.109.165411.

Che, J.Y., Huang, J.Y., Zhang, F.B., Chen, C., Xin, G.G., and Chen, Y.J.
(2023). Roles of laser ellipticity in attoclocks. Phys. Rev. A 707, 043109.
https://doi.org/10.1103/PhysRevA.107.043109.

Ossiander, M., Siegrist, F., Shirvanyan, V., Pazourek, R., Sommer, A.,
Latka, T., Guggenmos, A., Nagele, S., Feist, J., Burgdorfer, J., et al.
(2017). Attosecond correlation dynamics. Nat. Phys. 13, 280-285.
https://doi.org/10.1038/nphys3941.

Paglione, J., and Greene, R.L. (2010). High-temperature superconductivity
in iron-based materials. Nat. Phys. 6, 645-658. https://doi.org/10.1038/
nphys1759.

Gegenwart, P., Si, Q., and Steglich, F. (2008). Quantum criticality in heavy-
fermion metals. Nat. Phys. 4, 186-197. https://doi.org/10.1038/nphys892.

Kim, S., Chung, Y., Qian, Y., Park, S., Jozwiak, C., Rotenberg, E., Bost-
wick, A., Kim, K.S., and Yang, B.J. (2025). Direct measurement of the
quantum metric tensor in solids. Science 388, 1050-1054. https://doi.
org/10.1126/science.ado6049.


https://doi.org/10.1103/PhysRevLett.87.173001
https://doi.org/10.1103/PhysRevLett.87.173001
https://doi.org/10.1088/0953-4075/49/9/095602
https://doi.org/10.1016/0368-2048(95)02476-X
https://doi.org/10.1038/ncomms5156
https://doi.org/10.1038/ncomms5156
https://doi.org/10.1103/PhysRevB.83.121408
https://doi.org/10.1103/PhysRevA.22.223
https://doi.org/10.1103/PhysRevA.22.223
http://stacks.iop.org/0953-8984/24/i=17/a=173001
http://stacks.iop.org/0953-8984/24/i=17/a=173001
https://doi.org/10.21468/SciPostPhys.5.6.058
http://stacks.iop.org/0953-8984/21/403001
http://stacks.iop.org/0953-8984/21/403001
https://doi.org/10.1103/PhysRevLett.118.067402
https://doi.org/10.1103/PhysRevB.95.245125
https://doi.org/10.1016/S0065-2199(08)60258-4
https://doi.org/10.1016/S0065-2199(08)60258-4
http://stacks.iop.org/0295-5075/16/695
https://doi.org/10.1103/PhysRevB.45.3849
https://doi.org/10.1103/PhysRevB.45.3849
https://doi.org/10.48550/arXiv.2406.00771
https://doi.org/10.48550/arXiv.2406.00771
https://doi.org/10.1103/PhysRevLett.99.146403
https://doi.org/10.1103/PhysRevLett.114.086402
https://doi.org/10.1103/PhysRevLett.114.086402
https://doi.org/10.1103/PhysRevB.54.2453
https://doi.org/10.1103/PhysRevB.63.125104
https://doi.org/10.1103/PhysRevB.63.125104
https://doi.org/10.1103/PhysRevLett.122.076404
https://doi.org/10.1103/PhysRevLett.122.076404
https://doi.org/10.1103/PhysRevB.74.195125
https://doi.org/10.1016/j.elspec.2016.11.007
https://doi.org/10.5075/epfl-thesis-8469
https://doi.org/10.5075/epfl-thesis-8469
https://doi.org/10.1038/s41467-024-46615-y
https://doi.org/10.1103/PhysRevB.110.115112
https://doi.org/10.1103/PhysRevB.110.115112
https://doi.org/10.1103/PhysRevLett.121.206402
https://doi.org/10.1103/PhysRevLett.121.206402
https://doi.org/10.1103/PhysRevB.109.165411
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1038/nphys3941
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nphys892
https://doi.org/10.1126/science.ado6049
https://doi.org/10.1126/science.ado6049

Please cite this article in press as: Guo et al., Dependence of quantum timescales on symmetry, Newton (2025), https://doi.org/10.1016/
j.newton.2025.100374

Newton

60.

61.

62.

Park, H., and Lee, J.D. (2024). Berry curvature in the photoelectron emis-
sion delay. npj Comput. Mater. 70, 174. https://doi.org/10.1038/s41524-
024-01356-w.

Fu, Z., Huang, L., Meng, Z., Wang, P., Zhang, L., Zhang, S., Zhai, H.,
Zhang, P., and Zhang, J. (2014). Production of feshbach molecules
induced by spin—orbit coupling in fermi gases. Nat. Phys. 70, 110-115.
https://doi.org/10.1038/nphys2824.

Kurkcuoglu, D.M., and S&a de Melo, C.A.R. (2016). Formation of feshbach
molecules in the presence of artificial spin-orbit coupling and zeeman fields.
Phys. Rev. A 93, 023611. https://doi.org/10.1103/PhysRevA.93.023611.

63.

64.

65.

¢? CellPress

OPEN ACCESS

Takasu, Y., Fukushima, Y., Nakamura, Y., and Takahashi, Y. (2017). Mag-
netoassociation of a feshbach molecule and spin-orbit interaction be-
tween the ground and electronically excited states. Phys. Rev. A 96,
023602. https://doi.org/10.1103/PhysRevA.96.023602.

Hutson, J.M. (2007). Feshbach resonances in ultracold atomic and mo-
lecular collisions: threshold behaviour and suppression of poles in scat-
tering lengths. New J. Phys. 9, 152. https://doi.org/10.1088/1367-2630/
9/5/152.

Hazi, A.U. (1979). Behavior of the eigenphase sum near a resonance. Phys.
Rev. A 19, 920-922. https://doi.org/10.1103/PhysRevA.19.920.

Newton 2, 100374, April 6, 2026 11



https://doi.org/10.1038/s41524-024-01356-w
https://doi.org/10.1038/s41524-024-01356-w
https://doi.org/10.1038/nphys2824
https://doi.org/10.1103/PhysRevA.93.023611
https://doi.org/10.1103/PhysRevA.96.023602
https://doi.org/10.1088/1367-2630/9/5/152
https://doi.org/10.1088/1367-2630/9/5/152
https://doi.org/10.1103/PhysRevA.19.920

	NEWTON100374_proof.pdf
	Dependence of quantum timescales on symmetry
	Introduction
	Results
	Model to extract EWS time delay
	Quasi-2D 1T-TiSe2 and 1T-TiTe2
	Quasi-1D CuTe

	Discussion
	Methods
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	References



