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Summary paragraph: Photon absorption and charge separation define the molecular efficiency 

to harvest light energy in natural photosynthesis, and capture optical signals in engineered 

photovoltaic devices1,2. Molecular materials offer a boundless design palette for light energy 

capture and electron transport. They act as chromophores, charge donors, conductors, and 

acceptors, providing charges and paths for their transport through molecular wires, like conjugated 

chains3 and double stranded DNA4,5. Charge can also flow intermolecularly, but that is inefficient 

because it is correlated with a molecular solvation cloud. Here we report on coherent waveguided 

electron transport as a new paradigm for charge transfer and separation. We show bipyridyl 

ethylene molecule self-assembled monolayer on Ag(111) surface act as a wet-electron quantum 

well waveguide6 for the coherent charge transfer spanning their length. We excite electrons from 

the metal-molecule surface state to a ladder of Floquet states7 and follow their waveguiding in 

energy and time into the molecule-vacuum image potential states8. Through ultrafast multiphoton 

photoemission spectroscopy7, we resolve the femtosecond timescale coherent charge flow, and 

capture the non-Markovian dynamics associated with the image potential formation9,10. Electron 

transport by templated molecular waveguide arrays provides a new design principle for coherent 

opto-electronics, and may elucidate unresolved puzzles in molecular conductivity.  
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 Photoexcitation liberates charge to transfer energy in light harvesting processes that have 

been optimized by evolution. The interaction of light with matter in the condensed phase suddenly 

creates Coulomb fields11 that elicit response of their environment12-14, ultimately leading to charge 

transport and localization at the molecular scale1,2. Despite evolving in a complex, fluctuating 

molecular environment, the vitally important charge transfer processes in photobiological systems 

gain efficiency by coherence1,2,15,16. To enhance efficiency of correlated light-matter capture in 

condensed phase requires design of the quantum interactions3. 

How coherent charge transfer occurs following light absorption is extensively 

researched2,3,5,15. Molecules typically act as both chromophores and wires enabling charge flow by 

quantum delocalization through chemical bonds15, by hopping between π-stacks4, or in response 

to intense optical fields, as in lightwave electronics17. Various stratagems for light harvesting are 

explored through molecular design, but combining the electron-hole (e-h) pair excitation and 

transport within a molecular chain inextricably leads to electronic dephasing and charge 

localization. Nevertheless, it has been argued that retarded non-Markovian dynamical response 

bath responses can preserve quantum coherence to funnel charge to the reaction center, where the 

chemical potential of transferred charge can perform work5,15. 

Here we recognize a new paradigm for charge transport in the condensed phase. By ultrafast 

nonlinear multiphoton photoemission (mPP) spectroscopy we record charge transfer coherently 

occurring through intermolecular quantum well waveguides between the photoexcited and charge 

separated dielectric interfaces. The dielectric layer consists of a monolayer of templated, self-

assembled π-conjugated molecules. Intriguingly, the transport occurs not though the conjugated 

chemical bonds, but through intermolecular quantum well states as waves through nonnuclear 

regions. Akin to electrides18, where electrons take the role of the missing anions, charge is seen to 
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flows through interstitial regions rather than the intramolecular chemical bonds (Fig. 1a). We 

reveal the channeling of electrons in energy and time by molecular quantum waveguides in concert 

with dielectric responses14 of the metal-molecule-vacuum donor-acceptor interfaces. 

 

 

Fig. 1 | The geometry and the coherent charge transport at Ag-BPE-vacuum interface. a, 
Schematic photoinduced charge transfer (red arrows) between the Ag-BPE donor to BPE-vacuum 
acceptor interfaces through intermolecular electrostatic (blue shaded) waveguide channels (white) 
of the upright BPE molecule array. b, Large-area and expanded STM topography of self-
assembled, lattice templated, BPE molecules on Ag(111) adsorbed at 90 K. Imaging parameters: 
1.0 V, 10 pA. c, Top view of the DFT optimized structure of upright BPE on Ag(111). The red 
rhomboid indicates the 3a × 3a superstructure with periodicity of 0.87 nm; a~2.88 Å is the lattice 
constant of Ag(111). d, Multiphoton excitation scheme from Ag(111)-BPE interface (left) to BPE-
vacuum interface (right): the vertical arrows indicate the Floquet quasi-energy ladder excitation 
from the SS (blue curve), from where electrons transport through the BPE waveguides, to the IPBPE1 /IPBPE2  states (red and green curves). The photoelectron emission by photon absorption to 
above EV records electron dynamics at different stages of charge transfer. The coherently 
transferred electron population ultimately falls into a hot polaron state (blue shading). 
 

 We investigate charge transfer through a self-assembled bipyridyl ethylene (BPE) molecular 

monolayer on Ag(111) surface. Upon evaporation onto Ag(111) surface, BPE molecules assemble 
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upright, bonding their nitrogen lone pair electron orbitals atop of every third Ag atom, as imaged 

by scanning tunneling microscopy (STM; Fig. 1b). The density functional theory (DFT) 

calculations find the upright structure (Fig. 1c; Extended data Fig. 1a) to be stable with barrier for 

molecular rotation that is comparable to the thermal energy (Extended data Fig. 1b). In agreement 

with experiment, theory finds that upright BPE molecules accept 0.007e− charge (Extended data 

Fig. 2c), and contrary to a reclining molecular adsorption19, minimally perturb the energy-

momentum dispersion of the intrinsic Shockley surface (SS) state of Ag(111) (Extended data Fig. 

2)7. By illuminating the surface with intense ~20-30 fs femtosecond pulses tunable in the ℏω=1.94-1.33 eV range, we promote SS electrons by integer n quanta (nℏω), into a ladder of 

Floquet7,20 quasi-energy states (Fig. 1d)9,10. The Floquet states have transient excitonic character 

that elicits a nonlocal space-time dielectric response to form the Coulombic image potential (IP)14
. 

The IP universally supports a Rydberg series of states at solid/vacuum interfaces; they are labeled 

by the principal quantum number 𝖓 and converge in energy to the vacuum level, EV
8,21 (we denote 

the 𝖓 =1 and 2 states of the BPE-vacuum interface as IPBPE1  and IPBPE2 , Fig. 1d). The charge transfer 

between the metal and vacuum interfaces occurs by the Floquet electron wave packet flow through 

the molecular waveguide to electron acceptor IPBPE1 /IPBPE2  states in concert with the screening 

response, while the hole remains in SS7. The electron quantum evolution is captured by an 

additional photon exciting it into the photoemission continuum to be detected with final state 

energy Ef, parallel momentum k||, and time resolution. 

The 4PP spectra in Fig. 2a record the initial SS (occupied in the range of k|| = ±0.08 Å-1), and 

non-resonantly excited intermediate 𝖓 =1 IP state (IPAg) of the clean single-crystal Ag(111) surface 

in four photon excitation by ℏω=1.48 eV light7,21. The surface states have quadratic Ef(k||) nearly-

free electron band dispersions and minima at k||=0 Å-1, the Γ-point (Extended data Fig. 2; energies 
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are reported relative to the Fermi level, EF, unless otherwise stated). Gradual BPE adsorption 

reduces the surface work function, Φ, from ~4.6 to ~4.2 eV at one monolayer coverage, broadens 

the SS state, while the IPBPE1  and IPBPE2  states replace the metal-vacuum IPAg state (Fig. 2b-d). The 

overview of BPE adsorption induced changes in Fig. 2e plots the coverage dependent mPP line 

profiles at k||=0 Å-1 (the weaker 4PP signal is expanded in the inset). Reducing the Φ, lowers the 

energies of IPBPE1  and IPBPE2  in lock-step with EV
8, and quenches the IPAg (Fig. 2f). The 4PP SS 

intensity varies nonmonotonically (Fig. 2g). Reducing Φ, enables the SS to be photoemitted 

through the lower nonlinear-order 3PP process with a higher intensity. 

 

 

Fig. 2 | The evolution of the SS and IP states with BPE coverage on Ag(111). a-d, Ef(k||) mPP 
spectra of the clean and BPE/Ag(111) surfaces exited with ℏω=1.48 eV light for three specified 
coverages. The dashed curves indicate band dispersions. e, mPP spectral line profiles at k||=0 with 
increasing BPE coverage in intervals of ~0.06 monolayer per dose (see methods). After the work 
function (Φ, defined by the energy onset of photoemitted electrons) is lowered below 4.5 eV, the 
3PP signal from SS becomes dominant. The inset shows expanded 4PP spectra in the Ef =4.6-6.0 
eV range (pink shading). f, Upper panel: 2D color plot representation of the data in the inset of e, 
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showing the Ef distribution against Φ. Lower panel: the binding energies of IPBPE1  and IPBPE2  of 
0.74 and 0.26 eV, respectively, relative to EV extracted from the spectra in e. g, The intensity 
changes of each state in e plotted against Φ. The dashed lines guide the eye.  

 

 The strong modulation of mPP spectra by tuning ℏω into 2- and 3-photon IPBPE1 ←SS and IPBPE2 ←SS resonances (Fig. 3a; Extended data Fig. 3), documents the resonant charge transfer 

process. The resonance enhancement by up to ~50 times illustrate that dipole transitions drive the 

charge transfer (Extended data Fig. 3c). The calculations clarify that the IPBPE1 ←SS and IPBPE2 ←SS 

transitions involve charge transfer over distances of ~12.5 and ~21.9 Å and carry calculated 

transition dipole moments of 2.0 and 2.3 Debye, respectively (Fig. 3b). Also, note that relative to 

the IPBPE1 , the IPBPE2  intensity is particularly strong (Fig. 2g) considering that it is displaced even 

further from SS, and that the 𝖓+1 IP state intensities are considerably weaker compared to those 

of 𝖓21. The dipolar transitions require overlap between the SS and IPBPE1 /IPBPE2  wave functions, as 

indeed is evident in Fig. 3b to be the case where the calculated IPBPE1 /IPBPE2  wave functions 

penetrate the metal-molecule interface. But to penetrate, the IPBPE1 /IPBPE2  states must hybridize with 

bridging states of the molecular monolayer. This, however, does not involve the unoccupied π-

conjugated BPE lowest unoccupied molecular orbital (LUMO) states, which lie below the IPBPE1 /IPBPE2  states (Extended data Fig. 4). Both experiment and theory show the intramolecular 

states to be silent with respect to charge transfer on account of symmetry.  

Instead, the bridging wave function overlap is enabled by a ladder of diffuse wet electron 

(WEp) states22 (p=0, 1, and 2) in interstitial hollow channels between BPE molecules (Fig. 3c). 

The calculated electronic structure of a 2D vertical BPE array without the substrate shows that, 

besides the LUMO states, the interstitial vacuum supports a series of unoccupied quantum well 

states, that we label according to the number of their nodes, p (Extended data Fig. 5a,b). The 

electrophilic H atoms of the BPE molecular framework provide an attractive interstitial 
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polarization potential, which is known in electron solvation23,24, to confine electrons in diffuse 

bands. In fact, graphane nanotubes have been previously proposed as such non-nuclear electron 

waveguides6. Specifically, the WE2 state bridges the overlap between the SS and IPBPE1 /IPBPE2  

states as a waveguide channel for the photoinduced charge transfer through the BPE layer (Fig. 

3c; Extended data Fig. 5c,d).  

 

 
Fig. 3. Tuning through the IP←SS resonances and their wave function overlap. a, A 3D plot 
of the mPP spectral line profiles, obtained by tuning the excitation through the ℏω=1.94-1.33 eV. 
The main features are 3PP and 4PP (spectra are enlarged in the inset) from SS. The ℏω dependence 
of the SS intensities points to 2- and 3-photon resonances, as shown in Extended data Fig. 3. b, 
Upper panel: the calculated 1D surface normal wave functions of the SS (blue) and IP (green) 
states at Ag(111)/BPE/vacuum interfaces. z=0 is defined with respect to Ag surface. Lower panel: 
the calculated transition dipole moments (TDMs) for excitations from SS to IPBPE1 +WE2 and IPBPE2 +WE2 (thick green lines), WE0 and WE1 (thin green lines), and LUMOs (orange lines). c, 
The spatial distributions of the IPBPE1 +WE2 and IPBPE2 +WE2 probability densities for the specified 
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isosurfaces (3D, left; side view, right; indicated by color scales). d, Fitting of the skewed lineshape 
of IPBPE1  in the 4PP spectrum at the IPBPE2 ←SS resonance (ℏω=1.38 eV), as described in methods.    

 

 While resonance enhancement of the 2- and 3-photon IPBPE1 ←SS and IPBPE2
 ←SS transitions 

is evident (Fig. 3a; Extended data Fig. 3), that both IP states appear with appreciable intensities 

even under non-resonant conditions, portends that an additional process channels charge through 

the BPE layer. Its spectroscopic signature becomes evident in skewed lineshapes of the IPBPE1  state, 

as the photon energy is tuned through the IPBPE2 ←SS resonance [Fig. 3a (inset) and 3d; Extended 

data Fig. 6]. The skewed lineshapes can be explained by the transient excitonic9,10 e-h pair Floquet 

states suddenly causing the screening response to their Coulomb potential by the Fermi sea. In an 

open metallic system, a dipole excitation that suddenly turns on a field will be dressed by a retarded 

screening response involving bosonic e-h pair excitations in the Fermi sea11-13.  The photoelectron 

spectrum, experiencing the open bath system response in the process of photoemission, can retain 

its memory as a final-state or a non-Markovian response in its spectroscopic lineshape11. In fact, 

non-Markovian dynamics have been anticipated, but not observed, in IPBPE1 ←SS excitations at 

metal surfaces, with predicted signatures of skewed resonance lineshapes that document the bath 

final-state responses on few femtosecond time scale14. We, thus, interpret the high energy tails of 

the non-resonant IPBPE1 ←SS excitations as signatures of non-Markovian screening response to the 

primary Floquet state excitation. In the case of the non-resonant IPBPE1  state excitation, this non-

Markovian response enables energy conserving channeling of charge from the intermediate 

Floquet state into the wet electron waveguide mode, from where it emerges as the IPBPE1  state at 

the vacuum interface. Fitting of the high energy tails to a skewed lineshape model25 defines the 

non-Markovian response memory time of 4.75±1.21 fs and dephasing time of the non-resonant IPBPE1 ←SS polarization of 8.70±0.82 fs (Fig. 3d; Extended data Table. 1). This time scale is 
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consistent with theoretical analysis of the transient SS exciton screening at Ag(111) surface10. In 

Fig. 3d and Extended data Fig. 6, we find that at the IPBPE2 ←SS resonance only the IPBPE1 ←SS 

transition is skewed. The intermediate Floquet state can evolve to either IPBPE1  or IPBPE2  state, but 

we construe that only the non-resonant excitation prominently carries evidence of the energy 

conserving bath response that accompanies its formation.  

 We further explore the coherent 3PP response of the resonant (Fig. 4) and off-resonant 

(Extended data Fig. 7) 2-photon IPBPE1 ←SS excitation by interferometric time-resolved (ITR) 

measurements7,9. The nonlinear pump pulse excitation generates superpositions of the SS and IP 

states that oscillate approximately at harmonics of the driving ℏω frequency. Their coherence is 

tested by interference with an identical phase correlated probe pulse in an ITR-3PP measurement. 

The coherence in the mPP excitation can be evaluated by plotting the photoelectron intensity 

interference modulation at specific Ef(k||) as the delay 𝛿̅ between phase-correlated pump-probe 

interactions is scanned in 0.1 fs steps. The coherent responses of the coupled eigenstates are 

analyzed in the time or Fourier frequency domains to evaluate dephasing times7,9.  

Figure 4a,b show the overall and zoom-in interferograms of 3PP signal, respectively, for 

Ef(k||=0 Å-1) that report the nonlinear coherent superposition of the IPBPE1  and SS states (Fig. 4c). 

Line cuts through the signal (Fig. 4d) give interferometric two-pulse correlations (I2PCs) at 

specified Ef
26. The interference duration I2PCs at Ef= 5.60 eV is dominantly determined by the 

excitation laser pulse. The longer survival of fringes at Ef= 5.50 eV, by contrast, shows that the 

coherent superposition of the SS hole and IPBPE1  electron states persist longer for >100 fs. Analysis 

of the fringe envelopes gives a dephasing time of 23.3±0.3 fs. At resonance, the IPBPE1 ←SS 

coherence is maintained longer than reported from the non-resonant skewed lineshape analysis, 

because it is not funneled by the bath response. The tilting of interferogram fringes (Fig. 4b), for 
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the component of the signal at the IPBPE1 ←SS resonance, as well as of its Fourier spectra (Fig. 4f), 

confirm its resonant charge transfer SS character7.  

 

  

Fig. 4. ITR-mPP measurement for the resonant 𝐈𝐏𝐁𝐏𝐄𝟏 ←SS transition. a, 2D interferogram of 
the photoelectron counts (color scale) vs. Ef (ordinate) and time delay (abscissa), measured with ℏω= 1.88 eV. The red curve in the inset shows the vertical line profile (3PP spectrum) at delay 𝛿̅=0 fs, showing the resonance peak. b, Zoom-in of the interferogram in a covering 𝛿̅ ~ -10 to -30 
fs and Ef ~ 4.7 to 5.7 eV showing the tilt coherent signal for IPBPE1 ←SS resonance, and the untilted 
incoherent signal referred to as hot electron polaron below IPBPE1 . c, The four-level 2-photon 
resonant IPBPE1 ←SS excitation scheme.  d, I2PC traces extracted as line profiles from the data in 
(a) at different Ef (horizontal lines). Ef = 5.50 eV corresponds to the IPBPE1 ←SS resonance; the 
fitting of its 2ω envelope gives the dephasing time of 23.3±0.3 fs (dashed black curve, see 
Methods). The one at Ef = 5.30 eV measures the decay of the incoherent electron population decay 
below IPBPE1  (the black curve, see Methods).  e, The vertical line profile from the 2D interferogram 
in (a) at 𝛿̅=0 for a wider Ef range, showing the IPBPE1 ←SS resonance (peak fitted by Gaussian 
profile, red shaded) and the hot electron polaron (blue shaded) signal running below it. The blue 
squares indicate the fitted lifetimes of the polaron signal (bottom axis) giving the average decay 
time of τ ~ 70.5±19.0 fs. f, Left panel: 2D-FT spectra of the interferogram in a, showing the 
dominant frequency components at 0-3ω, where ω is the laser frequency. The tilt of the spectra 
marked by the dashed lines, and indicated with the slopes of n/m (red lettering) signify that the 
3PP occurs by coherent three-photon absorption. Right panel: FT spectra calculated by the four-
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level optical Bloch simulation (see Methods). The color scales of each 2D spectrum are 
independently set. 

 

Examining the I2PC below the IPBPE1 ←SS resonance at Ef= 5.30 eV (Fig. 4d) as well as 

3PP spectrum (Fig. 4e), however, reveals further outcome of the photoinduced charge transfer: 

over a broad energy range of 2.4 – 3.5 eV below IPBPE1  state (blue shaded, Fig. 4e), the I2PC signal 

has a slowly decaying component, which we tentatively attribute to trapping of a hot electron 

polaron, which has an average lifetime of 70.5±19.0 fs. This implies that electrons transiently 

populating the IP states become trapped in the BPE monolayer and persist far longer than one 

expects for hot electrons in Ag at this energy (<5 fs), of for the IP states. Indeed, the similar 

signatures of IP state electron trapping in molecular overlayers has been attributed to polaron 

formation23,27. In the case of BPE, however, these electrons extend to far lower energies, and are 

probably occupy the lower energy intermolecular WE0 and WE1 states, whose wave functions are 

displaced from or interact more weakly with the Ag(111) substrate than the IP states. Thus, the 

BPE layer embodies the coherent electron quantum wire transfer with the incoherent quantum dot 

capture to constitute a quantum rachet for directional long-range charge separation15,16.  

IP states of the Ag-BPE-vacuum interface provide a unique model to interrogate the many-

body physics of the coherent charge transfer through a molecular layer in time and energy domains. 

Photon and photoelectron energy, electron momentum, and interaction time dependent 

measurements capture the non-Markovian physics of the coherent charge flow from the donor to 

acceptor interfaces where the WE states act as molecular waveguides. We emphasize that such 

waveguide channels are universal because they are defined by polarization of C-H bonds and 

substrate-coordination defined intermolecular separations, and thus, can be designed with a variety 

of molecules and substrates that define upright chemisorption. Their structural features such as 
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lengths and separations can tune the wet electron waveguide energy level structure (Extended data 

Fig. 5) to define the waveguide channel energy, quantum confinement, and transport. It is possible 

that waveguides can be electron spin-selective by design of molecular chirality28 or spin-orbit 

properties. More generally, wet electron states can accept electron charge and act as waveguides 

in different contexts such as the DNA double helix arrays, or in metal-organic frameworks6,29. 

Considering the case of DNA4, where spin-selective electron transmission through such molecular 

wire constructs has defied explanation, our discovery of wet electron waveguides points to the 

possibility that in some structured materials, coherent conduction may occur through the 

intermolecular vacuum that is dressed by a polarization response, rather than through chemical 

bonds, where it is usually sought. The transfer through vacuum as opposed to chemical bonds can 

follow less corrugated potential landscapes and be less influenced by electron-phonon interaction. 

Furthermore, our study reveals how memory effects of slow bosonic bath response help to funnel 

charge through the wet electron waveguides. Such non-Markovian resonance shifts as have been 

observed in screening of electronic excitations in semiconductors30, are known in photoelectron 

spectroscopy11-13, are predicted in electron dynamics of image potential formation in metals14, and 

have been invoked to explain the coherent charge funneling in photosynthetic reaction centers5,15. 

This marks dressing vacuum by diffuse, structured, polarizable molecular constructs to act as 

intermolecular waveguides, as a new toolbox for design of artificial light energy harvesting, and 

more broadly, for active lightwave quantum control17 of charge transport at the molecular scale.  
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Methods 

Sample preparation.  

The single-crystal Ag(111) sample surface is prepared by repeated Ar+ ion sputtering and 

annealing at ~700 K in a multi-chamber ultrahigh vacuum (UHV) system with pressure below 

1×10-10 mbar. The BPE sample is degassed at ~350 K for more than 24 hours before it is dosed 

from an evaporation crucible at ~380 K onto Ag(111) sample at 90 K. The effusive molecular 

beam is aligned to the photoemission point of the sample surface, enabling photoemission 

measurements to be performed in-situ during sample growth. A needle valve opens and closes the 

source for each 20 s cycle of deposition. Low temperature STM (Omicron) single molecule-

resolved imaging in a connected chamber, is used to establish that 16 cycles (total 320 s) deposit 

~0.96 monolayer of BPE. Assuming constant deposition, each cycle deposits ~0.06 monolayer. 

The numbers in Fig. 2e report the sequential dosing cycles. 

STM measurements.  

The photoemission spectroscopy and STM measurements are performed in connected chambers. 

This enables sample transfers between the cryogenic mPP and STM stages under ultrahigh vacuum 

within 20 s minimizing the concomitant sample warming. The STM imaging in the constant 

current mode is performed at 80 K with a tungsten tip. 

mPP measurements.  

All mPP measurements are carried out at a sample temperature of ~90 K in ultrahigh vacuum. 

Wavelength tunable excitation light pulse trains are generated in a self-built femtosecond 

noncollinear optical parametric amplifier (NOPA) that is pumped by femtosecond second 

harmonic pulses of a 1030 nm Light Conversion, Pharos laser with a 20 W output operating at a 

500 kHz repetition rate. The NOPA is tuned between 640−930 nm (ℏω=1.94−1.33 eV) with an 
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average output power of ~60−80 mW. Multiple reflections from a matched pair of negative 

dispersion mirrors compresses the pulses to near-transform limit of ~20-30 fs at the sample surface. 

p-Polarized light is focused onto BPE/Ag(111) sample with a spot diameter <0.2 mm at an incident 

angle of 45° from the surface normal. 2D photoelectron final state energy (Ef; energies are reported 

relative to EF unless otherwise specified) vs. parallel momentum (±15° acceptance angle) 

distributions of photoelectron counts, Ef(k||), are recorded with a hemispherical electron energy 

analyzer (Specs, Phoibos 150). A 2D DLD delay-line detector (Surface Concepts) records Ef(k||) 

values of single photoelectrons for counting acquisition. With ℏω=1.94−1.33 eV excitation, 3- or 

4-photon absorption excites electrons from below EF to above the vacuum level, EV, to overcome 

the surface work function, Φ, and undergo photoemission. Φ is established by the onset energy of 

mPP spectra at k||=0 Å-1, and serves as a proxy for the BPE coverage in Fig. 2f,g. It decreases from 

Φ~4.6 eV for the pristine Ag(111) to Φ~4.2 eV after sequential adsorption of one BPE monolayer. 

The ℏω dependent mPP line traces that are extracted from 2D Ef(k||) data at k||=0 Å-1, such as 

in the Extended Data Fig. 3, document in Fig. 3a the resonant IPBPE1  state excitation in 3PP 

(ℏω=1.94-1.48 eV) and IPBPE2  state excitation in 4PP (ℏω=1.48-1.33 eV). The 3PP spectra are 

normalized at the work function edge (black dashed line in Fig. 3a, main text), as is common in 

nonlinear mPP spectroscopy31-34. In the 4PP region, the dominant contribution of the skewed tail 

of the lower-order 3PP signal contributes to the 4PP signal at the work function edge precluding 

normalization by the same approach as in 3PP. Instead, for the display purposes we normalize the 

4PP intensities by the non-resonantly excited IPBPE1  peak signal, as shown in the inset of Fig. 3a. 

Selected Ef(k||) data are presented in Extended Data Fig. 3a,b to show how the IP states tune into IPBPE1 ←SS and IPBPE2 ←SS resonances. 

Skewed lineshape analysis in the time and frequency domains.  
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Spectroscopic lineshapes are Fourier transforms of semi-classical two-time auto-correlation 

functions, 𝑐(𝑡) = 〈𝜓(𝑡)𝜓(𝑡′)〉, where 𝜓(𝑡) is a time varying wave packet that reports on history 

of a time-varying property that characterizes a dynamical process35. We attribute the two-time 

auto-correlation functions with skewed lineshapes documenting the non-Markovian memory of 

the slow open system bath response to the initially prepared Floquet state at the BPE-metal 

interface: the bare Coulomb field of the prepared Floquet state is screened by bosonic e-h pair 

excitations in the metal Fermi sea bath, as the promoted electron evolves from the SS-derived 

Floquet quasi-energy state into the IPBPE1  eigenstate through the wet electron waveguide channel. 

The skewed lineshapes record the quantum dynamics as a final state effect of a process that is 

nonlocal in time. The bath screening response participates in the coherent wave packet evolution, 

but its continuum of degrees of freedom preclude their incorporation in the quantum description 

of how an SS electron evolves in energy and time into the IPBPE1  state in presence of both the optical 

field, and the Fermi sea bath. To the lowest order, an asymmetric lineshape arises from a cubic 

term in the variance of 𝜓(𝑡), as is well-known in optics36. Dynamically skewed lines arise for 

transitions between states whose polarization frequency evolves in time. This has been previously 

considered for a system, where the additional collective bath degree of freedom dresses the induced 

polarization of a molecular rotor undergoing a quantum transition when solvated by a normal 

fraction atomic layer in superfluid helium25, and upon band gap excitation of GaAs as a Coulomb 

screening response of photoinduced free electron gas on longitudinal optical phonons30. In the 

present case, the polarization of suddenly switched Coulomb field of the photoexcited e-h pair 

Floquet state evolves as it is screened by the bath e-h pair excitations at the Fermi energy of the 

metal substrate12. Eigenstates of a time dependent Hamiltonian evolve adiabatically when their 

energy varies slower than the characteristic period of electronic excitation, 𝑡 ≫ ℏ/𝐸𝑖,𝑓, where 𝐸𝑖,𝑓  
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is the energy separation between the transitioning eigenstates. Then, the characteristic change in 

transition frequencies is small relative to their steady-state value, ∆𝜔𝑖,𝑓/𝜔𝑖,𝑓(𝑡 = ∞) ≪ 1. This is 

expected for the IP states, because they are well-separated in energy, relative to the continuum of 

intraband e-h pair excitations in a metal. The eigenstate labels 𝑖, 𝑓 are kept, but their phases evolve, 

due to the nonlocal dielectric response of the medium, 𝜀(𝑟, 𝑡):  

𝜓𝑛(𝑟, 𝑡; 𝜀(𝑟, 𝑡)) = 𝜓𝑛(𝑟)𝑒−𝑖𝜗(𝑡)−𝜙(𝑡),  (1) 

with a dynamic phase of the self-energy 𝜗(𝑡) = ∫ 𝐸(𝑡′)𝑑𝑡′𝑡0 /ℏ,        (2) 

and geometric phase associated with evolution of the wave function37:  𝜙(𝑡) = ∫ ⟨𝜓𝑛(𝑡′)|𝑑𝜓𝑛(𝑡′)/𝑑𝑡⟩𝑑𝑡′.𝑡0   (3) 

Given the linearity of quantum evolution, the separation in state energies can be expected to evolve 

linearly, 𝐸𝑖,𝑓(𝑡) = 𝐸𝑖,𝑓 + ∆(𝑡) , where 𝑑∆/𝑑𝑡 = ∆/𝜏 ≡ 𝛽∆ , such that the terminal transition 

energy is reached 𝐸𝑖,𝑓(𝑡 = ∞) exponentially in time: ∫ 𝐸𝑖,𝑓(𝑡′)𝑑𝑡′∞0 /ℏ = [𝜔∞ ± ∆(1 − exp(−𝛽𝑡))]𝑡.    (4) 

Absorbing the geometric phase in the phenomenological dephasing rate, 𝛾, Eq. 1 is expressed as:  𝜓(𝑡) = 𝜓0exp (−𝑖[𝜔∞ ± ∆(1 − exp(−𝛽𝑡))]𝑡 − 𝛾𝑡)  (5) 

This wave packet evolution generates an exponentially chirped, skewed, lineshape upon Fourier 

transformation of the two-time correlation function, 𝑐(𝑡) = 〈𝜓(𝑡)𝜓(𝑡′)〉. 
The observed skewed lineshapes of the IPBPE1  state capture the atto-femtosecond physics of 

the screening response through this model, as shown in Fig. 3d and Extended data Fig. 6. Based 

on this model they are fitted by25 𝑐(𝑡) = exp[−𝑖𝑡(𝜔∞ ± ∆(1 − exp(−𝛽𝑡)))] exp (−𝛾𝑡)      (6) 
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The fits of the data (Extended data Fig. 6) include the skewed lineshape of the IPBPE1  signal, a 

Gaussian fit of the resonant/near resonant excitation of the IPBPE2  state, and from one lower order 

(three-photon) transient Floquet states, which contribute 3PP signal from the exponentially 

decaying tails of their skewed lineshapes that extend above EV, and can undergo photoemission. 

Extended Data Table 1 reports the fitting parameters.  

From fitting of the lineshapes to this model we conclude that when the excitation is tuned to 

prepare a three-photon Floquet state in resonant IPBPE2 ←SS excitation, either evolves into the IPBPE2  

state via the BPE waveguide without recording a substantial response of the bath modes, or it can 

also evolve into the lower lying IPBPE1  state at ℏ𝜔∞ = 5.21 𝑒𝑉  as a consequence of the bath 

response absorbing ℏ∆𝜔 = 0.32 𝑒𝑉 excess energy. These values fulfill the adiabaticity criterion ∆𝜔/𝜔∞ ≪ 1. The consequent time constant for the energy shift of the Floquet state to the IPBPE1  

that is deduced from fitting of the skewed lineshapes is 
2ℏ𝛽 = 4.75 ± 1.21 𝑓𝑠, while the geometric 

dephasing time is 
2ℏ𝛾 = 8.70 ± 0.82 𝑓𝑠. The former is consistent with the calculated the Coulomb 

field screening time at the Ag(111) surface8, while the latter describes the time window in which 

the phase evolution can be monitored, and because it is longer than the screening time, we 

recognize that the terminal state is prepared coherently. That is expected, because if the dephasing 

time were shorter than the relaxation time, 𝛾−1 < 𝛽−1, it would define a symmetric lineshape. 

Note, that the dephasing time is shorter than that at the IPBPE1 ←SS resonance, because it also 

requires the inelastic response of the bath. 

The skewed spectral distributions can alternatively be interpreted in the frequency domain, 

to illustrate how its spatial components evolve from the initial to the final states. Since the BPE 
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overlayer plays the role of a spectator, the IP wavefunctions can be expanded in terms of the energy 

eigenstates of the transiently excited Floquet states: 𝜓𝐼𝑃(𝑟) = ∫ 𝑐(𝐸)𝜑𝐸(𝑟)𝑑𝐸  (7) 

where 𝑐(𝐸) = ⟨𝜑𝐸(𝑟)|𝜓𝐼𝑃(𝑟)⟩ are amplitudes of eigenstate contributions, and 𝑐(𝐸)2𝑑𝐸  is the 

observable spectral distribution of the expansion coefficients. As is evident in experiment, the 

Floquet state evolution must include free electron states above EV to describe the significant 

penetration of the final IP states into the vacuum. The spectral distribution fit by the dynamical 

skewing model allows translation between frequency and time domain pictures of the development 

of the IP states. The terminal steady state frequency 𝜔∞  determines the peak of the spectral 

function, while the tail represents the transient states that comprise the continuum from which the 

final states form.  

The skewed lineshapes illuminate in the frequency domain the ultrafast many-body dynamics 

involved in the non-Markovian excitation of IP states under non-resonant conditions, because the 

non-Markovian response is too fast for us to record in the time domain. At the IPBPE1 ←SS 

resonance, however, the geometric dephasing and the bath response play a minimal role and the IPBPE1 ←SS state coherence decays through energy and phase relaxation involving the small energy 

e-h pair and electron-phonon interactions, which require longer time. The SS state of Ag(111) 

surface is known to have the longest dephasing time than any metal surface state, while for the IPBPE1  state phase and energy relaxation occur on 20-30 fs time scale21,38,39. It is difficult to predict 

how BPE molecules affect the phase and energy relaxation times, but we anticipate that they 

increase the dephasing rate of SS by opening new decay channels, while for the IPBPE1  state they 

may have the opposite effect by decoupling it from the metal substrate27. We investigate the 
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coherent IPBPE1 ←SS dynamics by interferometric time-resolved multiphoton photoemission (ITR-

mPP) measurements. 

ITR-mPP measurements and the optical Bloch equation (OBE) analysis.  

In ITR-mPP measurements, a Mach-Zehnder interferometer generates identical, collinear, phase-

correlated pump-probe pulse pairs with attosecond delay time precision40. A piezoelectrically 

actuated translation stage scans the pump-probe time delay (𝛿̅) in ~100 attosecond steps, enabling 

the phase coherent response to be recorded at each step as 2D Ef(k||) images. Scanning the delay 

over 𝛿̅ = 300 fs range, records a 3D interferogram of the variation of photoelectron counts in the 

energy-momentum-time domains9,32,41. To improve the counting statistics and to minimize the 

effects of interferometer thermal drift and long-term laser power variation, more than 100 pump-

probe scans are accumulated together with the delay time calibration interference fringes at the 

laser center frequency to define the time axis. From the accumulated 3D interferogram movie 

(supplementary movie 1, 2), we extract the 2D interferograms of Ef vs. 𝛿̅ at a specific k||, such as 

in Fig. 4a and Extended Data Fig. 7a. The 2D interferogram records the persistence of the induced IPBPE1 ←SS coherent polarization in the time range of the interference fringes. This record can be 

Fourier transformed (FT) to correlate the coherent frequency responses with the photoelectron 

energy distributions. As we have previously shown7, the nonlinear mPP excitation of SS of 

Ag(111) can be interpreted as a Floquet ladder in the perturbative regime, where the hyperbolic 

energy-𝛿̅ tilting of the fringes42, such as in Fig. 4b, implies that electronic polarization oscillating 

at specific frequency correlates with excitation of a final state at its harmonic energy. This causes 

the 2D-FT spectra to tilt with the slopes of n/m, where n and m are orders, respectively, of the 

nonlinear polarization harmonic and the mPP process that excites electrons to their final state7. 

The experimental and simulated 2D-FT spectra are displayed in Fig. 4f.  
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The ITR-3PP interferogram and its 2D-FT spectra are simulated based on the OBE model7 

by solving the master equation for the density matrix of a four-level excitation scheme shown in 

Extended Data Fig. 7a,b. Using a density matrix �̂�, where the diagonal elements �̂�𝑖𝑖  represent state 

populations and the off-diagonal ones �̂�𝑖𝑗  the coherences prepared by the optical field, we treat the 

coherent dynamics according to the Liouville-von Neumann equation, 𝑖ℏ 𝜕�̂�𝜕𝑡  = [�̂�, �̂�] + 
𝜕�̂�𝐷𝜕𝑡   (8) 

where the total Hamiltonian �̂� =  �̂�0 + �̂�𝐿  includes the unperturbed system, �̂�0 , and the 

semiclassical light-matter interaction, �̂�𝐿, in the dipole approximation. The dissipation matrix, �̂�𝐷 , 

contains the diagonal population lifetimes 𝑇1𝑖𝑖 and off-diagonal dephasing times 𝑇2𝑖𝑗. The lifetimes 

of the initial and final states in the three-photon excitation are set to infinity, and that of the virtual 

intermediate state |2> to 1 fs. The laser pulse duration τ𝑙 is 30 fs, based on the 3PP autocorrelation7.   

For the I2PC trace at Ef= 5.50 eV (Fig. 4d), we decompose the 3PP signal into 0ω, 1ω, 2ω, 

3ω oscillation envelopes and fit the T213 dephasing time constant of the resonant IPBPE1 ⟵SS 

coherence in 3PP excitation from the 2ω envelope by the function43, 

𝐼2̅𝜔𝑓𝑖𝑡(𝛿̅) = 𝑐02𝜔 ∙ ∫ 𝑒−|�̅�−𝑡𝑇213|𝑒−163 𝑙𝑛2( 𝑡𝜏𝑙)2𝑑𝑡∞−∞   (9) 

where 𝑐02𝜔 is the envelope amplitude. The fitting gives T213 ~23.3±0.3 fs for the dephasing time of 

coherence between SS and IPBPE1  under resonant conditions. The lifetimes of the population decay 

at Ef= 5.30 eV, which we attribute to electron population in quantum well states of the waveguide 

at an intermediate energy of 3.4 eV (the blue I2PC in Fig. 4d), is obtained from an exponential 

decay fit to y = y0 + 𝐴 ∙ exp[−(�̅�−𝑥0)𝝉 ]   (10) 
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where τ is the lifetime, A is the amplitude, y0 and 𝑥0 are constant coefficients. The population 

lifetimes of WEp states below the IPBPE1  state energy appear to be energy independent, suggesting 

that they are not defined by densities of the initial and final scattering states, as in an e-e scattering 

process, but more likely by charge transfer from the BPE layer to the Ag(111) substrate. 

DFT calculations.  

We perform ab initio calculations with projector-augmented wave method (PAW)44 as 

implemented in Vienna ab-initio simulation package (VASP)45,46. The Perdew-Burke-Ernzerhof 

(PBE)47 functional with generalized gradient approximation (GGA) is used for the exchange-

correlation potential. For geometry relaxation, a plane-wave cutoff of 450 eV and van der Waals 

(vdW) DFT-D3 correction with Becke-Johnson damping method48 are used. The dipole correction 

is imposed in electronic structure calculations. The Brillouin Zone is sampled in 4 × 4 K-grids 

with the Γ-point at the center. The energy and forces of each atom are converged to thresholds of 

10-5 eV and 0.02 eV/Å, respectively. The lattice constant, a, for Ag slab is optimized and 

converged to 2.88 Å49. An 11-layer Ag(111) slab models the surface with 3 × 3 (for the electronic 

structure calculation) and 3 × 6  (to compare the parallel and perpendicular configurations) 

supercells; the bottom two layers are fixed in the structure optimization. To avoid the spurious 

interactions in the surface-normal direction introduced by periodic boundary conditions, a vacuum 

thickness of 24 Å is added. Calculation of transition dipole moments (TDM) and plots of spatial 

distribution of wave functions are performed with the help of Python library from GitHub50. All 

the figures showing the atomic structures are produced by VESTA51. The calculated parallel and 

T (0° and 90° upright geometries) of upright BPE on Ag(111) are shown in Extended Data Fig. 1, 

together with their relative energies. The calculated electronic band structures from DFT 

calculations are shown in Extended Data Fig. 2. 
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 We evaluate in Extended Data Fig. 4 the coupling between the SS occupied to the BPE 

unoccupied states by performing DFT calculations of the densities of states, transition dipole 

moments (TDMs) along surface normal direction, and spatial distributions of the wave functions. 

It is evident that although the localized LUMO states have comparable DOS to the more diffuse 

states, their TDMs are negligible. This can be explained based on their symmetry. The LUMO 

states have π-orbital character of the conjugated BPE framework, which are derived from the p-

orbitals, p||, of C atoms. Because these orbitals are nearly parallel to both interfaces, they have 

negligible overlap with the σ-symmetry SS and IP bands. Moreover, while s-p|| transitions are 

allowed they require an in-plane electric field, E||, which is screened, and thus ~0, at a metal 

surface. By contrast, the WEp states have σ-symmetry, and thus can hybridize with and couple the 

SS and IP states, as is evident in the Extended Data Fig. 4. 

 The WEp states in the Extended Data Fig. 4c,d show distinct nodal structure that reflects their 

quantum well (QW) character, where p is the number of nodes. The QW nature of the WEp states 

is further investigated in the Extended Data Fig. 5. The calculation of the 2D BPE array with 

molecular superlattice of 3a×3a, reproduces the expected nodal structure expected for a QW. 

Varying the intermolecular distance in the Extended Fig. 5e,f shows that the Ag(111) surface holds 

the BPE molecules at an optimal 3a×3a separation to stabilize the WEp state. These results indicate 

that the substrate interatomic distance and the molecular length can be used to tune electronic 

properties of the molecular QW waveguide states. Such molecular waveguides can define further 

the electron transmission, by, for example, introducing chirality, which could confer electron spin 

selectivity. 
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Extended data figures. 
 

 

Extended Data Fig. 1 | DFT calculated geometry of the upright standing BPE on Ag(111). a, 
Optimized geometries of upright standing BPE molecules within unit cells with intermolecular 
planes oriented in parallel (0°) and perpendicular (90° or T) configurations. b, The calculated 
energy profile for one BPE molecule rotation by 90° along surface normal. The energy difference 
of the 0° and 90° upright geometries is ~5 meV, and the rotation barrier to their interconversion 
by rotation of one molecule is 28 meV. Therefore, facile rotation of BPE along surface normal can 
be expected at 90 K, and may explain why BPE molecules are imaged as round by STM (Fig. 1b 
in the main text). c, The calculated charge difference maps of BPE on Ag(111) surface. The yellow 
and blue depict electron depletion and accumulation, respectively. BPE transfers charge from its 
N lone pair orbital and accepts charge into its π-orbitals for a net 0.007 electron donation to BPE 
per molecule (Bader analysis). The isosurface units are electrons·Å-3, throughout.  
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Extended Data Fig. 2 | DFT calculated electronic structures of the upright BPE on Ag(111). 
a-c, The SS band probability distributions (blue shaded) isosurfaces, at the clean and one BPE 
molecular monolayer covered Ag(111) surfaces, with the 0° and 90° geometries. d-f, The 
corresponding calculated band structures of the clean Ag(111), and BPE/Ag(111) surfaces. The 
thicker bold blue curves indicate the SS, with energy minimum just below EF, thus, making it 
partially occupied in a narrow k|| range. The red curves indicate IP states of Ag(111) and 
BPE/Ag(111), which are spectroscopically active in 3PP and 4PP. Their series converge to EV. 
The IP state energies corresponding to EV obtained by DFT is higher than the experimental 
measurements by around 0.2 eV, because DFT calculation does not include the long-range 
Coulomb potential tail correctly52. DFT calculations, however, successfully reproduce the diffuse 
character of IP states parallel to the surface.  
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Extended Data Fig. 3 | Spectroscopic evidence for the 2-photon 𝐈𝐏𝐁𝐏𝐄𝟏 ←SS and 3-photon 𝐈𝐏𝐁𝐏𝐄𝟐 ←SS resonant transitions. a, Ef (k||)-resolved 3PP spectra excited with ℏω= 1.94, 1.88, and 
1.82 eV for one monolayer of BPE on Ag(111). At ℏω= 1.94 eV, both the SS and IPBPE1  appear as 
separate dispersive bands. Decreasing ℏω tunes the Ef of SS faster than that of IPBPE1  state, because 
they are the first and penultimate states in the 3PP process, respectively. At ℏω= 1.82 eV, SS is 
tuned into 2-photon resonance with the IPBPE1 , causing the intense signal to appear predominantly 
in the occupied k|| range of SS. b, Ef (k||)-resolved 4PP spectra exited with ℏω= 1.44, 1.41 and 1.38 
eV that show tuning into the IPBPE2 ←SS resonance at 1.38 eV. c, based on the normalization 
procedures (see methods) to the spectra in Fig. 3a in the main text, we plot the intensity ratio α 
defined as 

𝑆𝑆𝑊𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑒𝑑𝑔𝑒  and 
𝑆𝑆IPBPE1  for 3PP and 4PP, respectively, vs. ℏω. Tuning ℏω into the IPBPE1 ←SS and IPBPE2 ← SS resonances causes α to rise by ~53 for 3PP, and ~14 for 4PP, 

respectively. d, Plot of Ef vs. ℏω of the surface state peak maxima extracted from the spectra in 
Fig. 3a in the main text. The numbers indicate the slopes (s) from the linear fitting of each data set. 
s~3 and ~4 confirm SS as the initial state, and s~1 for both the IPBPE1  and IPBPE2  confirms them as 
the penultimate states in 3PP and 4PP processes. The intersections indicated by the red arrows 
define the resonant transition energies of ℏω= 1.82 and 1.38 eV for two-photon excitation of IPBPE1 ←SS and three-photon excitation of IPBPE2 ←SS, respectively. e, Energy diagram and 
resonant excitation pathways are plotted based on this analysis. 



 32 

 
Extended Data Fig. 4 | The calculated projected DOS and transition dipole moments of the 
clean Ag(111) and BPE/Ag(111) surfaces. a, Projected DOS of the delocalized states (blue) and 
localized BPE LUMO states (orange) for the clean Ag(111), and 0° and 90° upright BPE adsorbed 
on Ag(111), respectively. b, The calculated transition dipole moments (TDM) from SS to 
unoccupied states along the surface normal direction. The thick green lines indicate transitions that 
terminate in the spectroscopically active IPBPE1  and IPBPE2  states in mPP spectra. c,d, the spatial 
distribution of the unoccupied states of LUMOs, WEp states and IP states, for the 0° and 90° 
upright standing BPE adsorbed Ag(111) surface, respectively. The isosurfaces indicate the orbital 
probability distributions.  
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Extended Data Fig. 5 | Formation of the electronic quantum well waveguides from the 
correlation bound wet electron states. a, The calculated electrostatic potential of 2D BPE array 
without substrate at an intermolecular distance of 0.866 nm. The charge density of isosurface with 
2.0×10-4 e/Å3, and the spatial distribution of the electrostatic potential is indicated by the color bar. 
The red and blue colors denote the repulsive and attractive potentials acting on an excess electron 
charge, respectively. b, The top and side views of the spatial distribution of its wet electron states, 
WEp,22,24,53

 of the 2D BPE array. The states are attracted by the peripheral H atoms, rather the 
molecular skeleton C atoms. Therefore, the WEp density correlates with H atoms forming a 
delocalized network of attractive potentials that form the lowest three diffuse wet electron states, 
WE0, WE1 and WE2, where p = 0-2 correspond to the number of nodes in the plane of the single 
molecular layer defining their character as quantum well states. c,d, The calculated electrostatic 
potential of BPE monolayer adsorbed on Ag(111) surface with the experimentally recorded 
superlattice of 3a×3a and the orbital probability distribution of the diffuse pWE and IPBPE1 +WE2 
states. As can be seen, on BPE/Ag(111) surface, the WE2 hybridizes with the IP states, which 
project into the vacuum. The hybrid state has a 2D dispersive character at the BPE-vacuum 
interface. Thus, the penetration of IP from BPE-vacuum interface to Ag-BPE interface occurs 
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through the intermolecular vacuum via the WE2 state. Evidently, the π-conjugated LUMO states, 
which are usually considered to define charge transfer, have the wrong symmetry to participate in 
the photoinduced charge transfer. Instead, charge follows the attractive potential of poorly 
screened H atoms between the BPE molecules, which jointly form a waveguide. Therefore, we 
attribute these intermolecular electron quantum well waveguide channels to the correlation bound 
wet electron states22; in the case of BPE/Ag(111) they exist at 2-4 eV above EF. e, The different 
possible superlattices of BPE molecules that define the intermolecular spacing, and consequently, 
the WEp energies. f, The DFT calculated energies of WE0, WE1 and WE2 using different 
superlattices on Ag(111) that define the intermolecular vacuum, and consequently, the QW 
energies. The favored 3a×3a structure supports the lowest energy WE states.  
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Extended Data Fig. 6 | The fitting of the dynamically skewed lineshapes of 𝐈𝐏𝐁𝐏𝐄𝟏 . a-f, 4PP 
spectra duplicated from the inset of Fig. 3a in the main text for different ℏω excitation, tuning 
through the IPBPE2 ←SS resonance. Under such resonant or near-resonant conditions, peaks of the 
non-resonant IPBPE1  have skewed lineshapes that extend more than 1 eV above the IPBPE1  state, and 
therefore, above EV. We fit the skewed lineshape of IPBPE1  to eq. 6, and include 1) the gaussian fit 
to IPBPE2 ; and 2) the exponential fit to the work function edge; the individual components of that 
contribute to the lineshapes are indicated in different colors. The obtained fitting parameters are 
presented in extended Table 1.  
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Extended Data Fig. 7 | Interferometric time-resolved 3PP measurements for off-resonant 
excitation. a, 2D interferogram of the photoelectron counts (color scale) vs. the Ef (ordinate) and 
time delay 𝛿̅ (abscissa), measured with ℏω= 1.75 eV excitation at a BPE/Ag(111) sample for k||=0 
Å-1. The white curve in the inset is the vertical line profile at 𝛿̅=0, showing the spectral separation 
of the SS and IPBPE1  peaks. The lower panel is enlarged data in (a) within 𝛿̅ ~ -10 to -30 fs (linear 
color signal intensity scale). The dashed lines show the SS fringe tilt, which is absent for IPBPE1 . b, 
the four-level excitation scheme in the near-resonant 3PP process showing the Floquet ladder for 
mPP excitation of SS. The dephasing of the Floquet state populates the IPBPE1  state. c, selected 
I2PC traces extracted by taking line profiles at specific Ef corresponding to the SS and 𝐈𝐏𝐁𝐏𝐄𝟏  peaks, 
and at 4.75 eV that are indicated by horizontal lines in (a). Under off-resonant conditions, the I2PC 
at 4.75 eV is mainly defined by the laser pulse, and thus is taken as its third-order autocorrelation. 
The I2PCs at SS and IPBPE1  are almost identical as the third-order autocorrelation, which is in sharp 
contrast to the measurement under resonant conditions in Fig. 4. d, Left panel: 2D-FT spectra of 
the interferogram in (a), with the dominant frequency components at 0ω, 1ω, 2ω, and 3ω. Right 
panel: the simulated 2D-FT spectra. The three-photon excitation from SS is tilted, as expected for 
a coherent process, but at lower energy the IPBPE1  signal is horizontal because it is populated by the 
screening response of the bath, which is responsible for the skewed lineshapes under nonresonant 
conditions, and causes the IPBPE1  state population to be dephased. 
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Extended Data Fig. 8 | The four-level scheme for OBE simulations. a, b, The four-level 
excitation energy levels in a 3PP process including the initial occupied state |1> (SS), the 
unoccupied virtual intermediate state |2>, the penultimate state |3> ( IPBPE1 ), and the final 
photoemission continuum |4>. Upward and dashed arrows indicate population transfers and 
coherences between the levels, respectively, as labeled with the corresponding elements of the 
density matrix ρ̂.  
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Extended Data Table 1 | The fitted parameters for dynamically skewed lines. 

The parameters are fitted to the eq. 6, 𝑐(𝑡) = exp[−𝑖𝑡(𝜔∞ ± ∆(1 − exp(−𝛽𝑡)))] exp (−𝛾𝑡) , 

where the 𝝎∞ − ∆  determines the peak position of IPBPE1  at 𝑡 =∞ ,  𝛽/𝛾  > 1 defines the 

asymmetric lineshape, ∆/𝝎∞ ≪ 1 provides the adiabaticity criterion, 
2ℏ𝛽  is the time constant for 

evolution of the Floquet state to the IPBPE1 , 
2ℏ𝛾  is the geometric dephasing time, as listed below. 

 ℏ𝛚 (eV) 𝝎∞ − ∆(𝐞𝐕) ∆/𝝎∞ 𝜷/𝜸 𝟐ℏ/𝜷 (fs) 𝟐ℏ/𝜸 (fs) 

1.41 4.92 0.06 1.79 4.15 7.45 

1.39 4.91 0.07 2.00 4.15 8.29 

1.38 4.89 0.06 1.97 4.59 9.07 

1.36 4.87 0.05 1.68 5.61 9.40 

1.35 4.85 0.04 1.44 6.69 9.63 

1.33 4.84 0.08 2.52 3.32 8.35 

Mean ± Standard deviation 4.75±1.21 8.70±0.82 
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Supplementary movie 1.  

The 3D ITR-mPP data recording the Ef(k||) map as a function of time delay, measured with ℏω= 

1.88 eV for resonant 2-photon IPBPE1 ←SS resonance. The 2D interferogram in Fig. 4a in the main 

text is extract from this data at k||=0 Å-1. 

 

Supplementary movie 2.  

The 3D ITR-mPP data recording the Ef(k||) map as a function of time delay, measured with ℏω= 

1.75 eV for off-resonant case for SS and IPBPE1  states. The 2D interferogram in Extended data Fig. 

7a is extract from this data at k||=0 Å-1. 
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