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Out‑of‑equilibrium charge 
redistribution in a copper‑oxide 
based superconductor 
by time‑resolved X‑ray 
photoelectron spectroscopy
Denny Puntel  1, Dmytro Kutnyakhov  2, Lukas Wenthaus  2, Markus Scholz  2, 
Nils O. Wind  2,3, Michael Heber 2, Günter Brenner  2, Genda Gu  4, Robert J. Cava 5, 
Wibke Bronsch  6, Federico Cilento  6, Fulvio Parmigiani  1,6,7* & Federico Pressacco  2

Charge-transfer excitations are of paramount importance for understanding the electronic structure of 
copper-oxide based high-temperature superconductors. In this study, we investigate the response of a 
Bi

2
Sr

2
CaCu

2
O
8+δ crystal to the charge redistribution induced by an infrared ultrashort pulse. Element-

selective time-resolved core-level photoelectron spectroscopy with a high energy resolution allows 
disentangling the dynamics of oxygen ions with different coordination and bonds thanks to their 
different chemical shifts. Our experiment shows that the O 1s component arising from the Cu–O planes 
is significantly perturbed by the infrared light pulse. Conversely, the apical oxygen, also coordinated 
with Sr ions in the Sr-O planes, remains unaffected. This result highlights the peculiar behavior of 
the electronic structure of the Cu–O planes. It also unlocks the way to study the out-of-equilibrium 
electronic structure of copper-oxide-based high-temperature superconductors by identifying the O 1s 
core-level emission originating from the oxygen ions in the Cu–O planes. This ability could be critical to 
gain information about the strongly-correlated electron ultrafast dynamical mechanisms in the Cu–O 
plane in the normal and superconducting phases.

After more than thirty years of study, the mechanism that induces a superconducting state in some layered 
copper oxides remains obscure. Nonetheless, much information has accumulated. In particular, we know that 
many-body interactions in the Cu–O planes are the key to elucidating the process of Cooper-pair formation 
and condensation into a superconductive state at temperatures that cannot be accounted for by a model that 
attributes the superconductivity to the electron-phonon coupling1–4. A spectroscopy capable of revealing the 
ultrafast dynamics of the strongly correlated electrons into the Cu–O plane could provide vital information to 
solve the problem of why superconductivity can occur at such high temperatures. It has been shown that X-ray 
photoelectron spectroscopy (XPS) of the O 1s core-level structure can resolve emissions that depend on the oxy-
gen bonds and coordination5–9, however technical aspects such as limited signal statistics and energy resolution 
have so far hindered its further applications to cuprates.

Here we show that with an element- and coordination-sensitive probe it is possible to disentangle the dynam-
ics of the charge redistribution processes induced by a ∼ 70 fs infrared light pulse in a cuprate superconductor. 
In particular, we report on the first sub-picosecond time-resolved XPS study on optimally-doped Bi2Sr2CaCu2

O8+δ (Bi2212) above the superconducting transition temperature, investigating the response of the oxygen and 
strontium ions far from the equilibrium conditions. Our results constitute a double proof of principle for this 
kind of experiments on cuprates. First, they show that the effects induced by a charge redistribution in the valence 
band of Bi2212 can be observed by inspection of the core-level dynamics. Moreover, thanks to a time-resolved 
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XPS experiment with improved energy resolution, our measurements show different ultrafast dynamics among 
the three components contributing to the O1s line emission. In particular, the oxygen in the Cu–O plane is the 
most affected by photoexcitation, as signaled by a shift and a broadening of the corresponding spectral com-
ponent. The effects experienced by the oxygen in the Sr-O plane are instead negligible, as also confirmed by 
inspection of the Sr 3d emission. Although limited by the size of the effects and the statistics acquired during the 
experiment, this result suggests that the response of cuprate systems to the charge redistribution induced by the 
infrared pump pulse predominantly involves the Cu–O plane. This suggests a direction for future experimental 
and theoretical investigations, aimed at consolidating the results obtained in this work and at deepening the 
insight into this aspect of the physics of cuprates.

A schematic crystal structure of Bi2Sr2CaCu2O8 (Bi2212) is shown in Fig. 1a. It comprises several oxide 
planes stacked along the c axis, with two copper-oxygen planes per unit cell. The unit cells are held together by 
van-der-Waals forces among the Bi-O planes, which makes it possible to exfoliate the Bi2212 samples along the 
c axis, with Bi-O as an exposed plane10,11. Although the superconducting character of cuprates is mostly deter-
mined by the many-body interactions within the Cu–O planes, the presence of oxygen in the other planes also 
plays a significant role. The phonons associated with the motion of the oxygen in the Sr-O plane (apical oxygen) 
have a dramatic impact on superconductivity12–15. Moreover, additional holes are introduced in the Cu–O plane 
upon variation of the oxygen content in the remaining layers (thus called the charge reservoir layers) defining 
the landscape of phases illustrated in the low-temperature phase diagram of Fig. 1b. One of the most striking 
aspects of cuprate physics is that the parent undoped compound is an antiferromagnetic insulator (red area) 
and becomes conducting upon hole doping4. The so-called superconducting dome (blue area) has a maximum 
critical temperature at the optimal doping value of p ≃ 0.16 , where p is the number of holes per Cu site. Upon 
increasing the temperature at moderate (under-doped, UD) or optimal (OP) doping values, the superconducting 
phase evolves into a second gapped phase, called pseudogap. The overdoped side of the phase diagram (OD) is 
occupied by a strange metal phase as the Fermi-liquid model fails to correctly predict its properties16,17.

The evolution from the insulating to the conducting state is schematized in Fig. 1c. The large Coulomb 
repulsion experienced by the Cu 3d orbitals opens a correlation gap (U) which is larger than the bandwidth and 
would define the system as a Mott-Hubbard insulator. However, given the large U, the states at lowest energy 
are the O 2p ones, hence the first excitation is a charge transfer across the gap of amplitude � among oxygen 
and copper states in the valence and conduction bands respectively18,19. For this reason, the undoped cuprate 
compounds are more appropriately defined as a charge-transfer insulator20. Upon doping, new states appear 
inside the gap at the down-shifted chemical potential (lower panel in Fig. 1c)21,22, but the remaining structure 
is still reminiscent of the charge-transfer phase23–25. This physics leads to the intertwining of high-(1− 10 eV) 
and low-energy scales ( < 1 eV) typical of strongly-correlated systems26–29. Several pieces of evidence point out 
this interplay for cuprates1,3,30–32. This indicates that also in the finite-doping phases, electron repulsion and 
charge transfer are the dominant interactions, thus influencing the low-energy physics of superconductivity and 
pseudogap (both gaps are of the order of tens of meV). However, the mechanism for which these high-energy 

Figure 1.   (a) Crystal structure of Bi2Sr2CaCu2O8 (Bi2212). Oxygen atoms occupying different planes are 
indicated with different colors. (b) Phase diagram of Bi2212 as a function of hole doping (p, hole per Cu 
site) and temperature, in the low-temperature region. The position of optimal doping, where the highest TC 
is reached, is marked by a dotted line ( p = 0.16 ). (c) Schematic of the density of states close to the chemical 
potential in an undoped charge-transfer insulator ( p = 0 ) and in the doped conducting system ( p  = 0 ) 
reminiscent of the insulating structure. U, Mott-Hubbard gap between Cu states; � , charge-transfer gap; µ , 
chemical potential. (d) Scheme of the experiment. The infrared pump redistributes charges in the valence 
band, and the effect is observed by photoemission on the core levels with the probe pulse. The photoelectrons 
are collected and analyzed in energy with a momentum microscope. (e) O 1s emission from an optimally-
doped Bi2212 acquired at FLASH at 592 eV photon energy and temperature of 100 K. The fit (see main text) 
is superimposed as a blue line. The spectrum shows the envelope of three components experiencing different 
chemical shifts induced by the environment, which allows assigning each component to oxygen atoms in a 
specific layer of the unit cell: component A (violet) to planar Cu–O oxygens, component B (grey) to Bi-O 
oxygens, component C (green) to apical Sr-O oxygens.
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interactions are at the origin of low-energy electrodynamics mechanisms still needs to be elucidated. The topic 
was investigated by time- and angle-resolved photoelectron spectroscopy by Cilento et al.33. Led by the idea 
that a laser pulse of suitable photon energy can trigger the optical transition across the remnant charge-transfer 
structure, a 1.6 eV pulse was used to redistribute the population from the occupied O 2p to the empty Cu 3d 
bands in the superconducting phase of an optimally-doped Bi2212 crystal, detecting the subsequent response of 
the band structure. New electronic states were observed to appear inside the gap as an effect of photoexcitation, 
along with a broadening of the O 2p band. It was found that the relaxation time of these two effects is identical, 
hence pointing to a direct link between the charge-transfer excitations from oxygen to copper states and the 
onset mechanism of the superconducting phase.

A recent study on La1.905Ba0.095CuO4 employed the chemical sensitivity provided by time-resolved X-ray 
absorption spectroscopy to detect a photoinduced renormalization of the effective Coulomb repulsion giving 
rise to the Hubbard gap32, hence renewing the interest in the role of high-energy excitations in determining the 
response of cuprate systems to photoexcitation.

Both X-ray absorption and angle-resolved photoelectron spectroscopies, however, are not site-sensitive tech-
niques. In the case of cuprates this means that the role of planar, apical, and reservoir-layer oxygens in the charge 
redistribution cannot be disentangled. The hypothesis is that the different role of these oxygens in determining 
the properties of cuprates is mapped into a distinct response to charge redistribution. Site specificity can be 
recovered by looking at core levels via XPS. The idea of our experiment, schematized in Fig. 1e, is to induce 
a charge redistribution in the valence band with an infrared pulse, and detect its effect with site specificity by 
looking at the core levels with an X-ray probe. As shown in Fig. 1d, suitable overall binding energy resolution 
allows deconvolving the O 1s emission into three components with binding energy depending on the bonds 
and bond coordination. After long debate34–40, the components have been attributed to oxygens lying in differ-
ent planes of the unit cell, as depicted in Fig. 1d: planar oxygens (Cu–O plane, violet), reservoir-layer oxygens 
(Bi-O plane, grey) and apical oxygens (Sr-O plane, green)9. Nowadays, thanks to the advent of last-generation 
free-electron lasers operating at high pulse repetition rate, XPS can be implemented in a pump-probe scheme 
to access the ultrafast dynamics of core-level states of materials far from the equilibrium condition41–43, which 
we applied in the present study.

Results and discussion
O 1s dynamics
Figure 2a shows the intensity distribution of the O 1s emission as a function of time delay and binding energy. 
The panel on the right shows the photoelectron distribution in a 0.2 ps interval before time zero. The spectrum 
reported is similar to that of the XPS spectra reported in the literature19,34,35. The experimental spectrum is fit 
(blue line) using symmetric functions with different Lorentzian FWHM35 and a uniform Gaussian broadening 
of ∼ 540 meV. The parameters obtained for each O 1s component are reported in Tab. 1.

Before discussing the details of the nonequilibrium evolution of the O 1s spectra, attention must be payed 
to a phenomenon known as Laser Assisted Photo-Emission (LAPE). LAPE is well established in gas-phase 
experiments44–47. In solids LAPE effects have been predominantly studied on metal surfaces48,49. Figure 2b sche-
matizes the processes leading to LAPE in the framework of a phenomenological two-step model. First, the core 
level electron is emitted by the probe photon into the continuum. Then, the free photoelectron interacts with 
the infrared field and undergoes absorption or stimulated emission of one or more photons. As a result, smaller 
replicas of the primary emission appear in the photoemission spectra at binding energy intervals equivalent to 
steps of nhν , being n = ±1,±2 ...and hν the photon energy. The n-th order sideband originating from the main 
emission X ( X = A,B,C ) is thus referenced as X±n (Fig. 2b). The appearance of sidebands in our experiment is 
clearer in the difference map of Fig. 2c. The map is obtained by subtracting the spectrum integrated in the first 
0.2 ps of the delay range (side panel of Fig. 2a) from each of the spectra as a function of the time delay. The blue 
area around 529 eV shows that the main emission is losing population because of the rising of the sidebands. 
Conversely, the region at binding energy distance compatible with one pump photon energy is gaining intensity. 
In this case, only first-order sidebands are significant.

The existence of the sidebands is strictly related to the simultaneous presence of photons from the pump and 
from the probe at the sample position. This can be used as a reference for the origin of the time delay scale, but it 
is also a reference for establishing the time resolution in our experiment. For this reason, we extract the difference 
intensity traces from the energy regions marked by round markers in Fig. 2c, and report them in Fig. 2d. For ease 
of comparison, the units are the same as those in panel c, indicating that the variations of intensity are about 1% 
of the equilibrium one. The photoemission intensity as function of the time delay at the first order sideband is 
well fit with a Gaussian of ∼0.2 ps FWHM. This gives an estimation of the overall cross-correlation for our experi-
ments, the main contributions coming from the X-ray and laser pulse duration, and the synchronization jitter.

To rationalize the response of the system in terms of lineshape changes, we fit each spectrum of the time series. 
Each sideband is taken into account as an additional feature with the same lineshape as the corresponding main 
emission, but a smaller amplitude. Our model thus comprises three oxygen components accompanied by two 
sidebands. Since each feature is defined by three parameters (amplitude, binding energy, and Lorentzian FWHM), 
this would yield a total of twenty seven parameters. This number must be reduced also in view of the vicinity 
of the oxygen components with respect to their width, and of the signal-to-noise ration of the pump-probe 
measurement. The equal probability of absorption and stimulated emission allows constraining the amplitude of 
the upper and lower sidebands to be equal. The energy separation of the sidebands is independent of the pump-
probe delay, being defined by the pump photon energy. The Gaussian broadening is kept fixed to the equilibrium 
value50. In the time domain, the only constraint applied is on the sideband amplitudes, which are allowed to gain 
a finite value only for 0.4 ps around time zero, corresponding approximately to two cross-correlation FWHMs. 
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Finally, Fig. 2b shows that our model properly fits the O 1s photoemission data. In particular, it corroborates 
the assumptions on which the fitting model for the dynamics is built. This yields a total of nine free parameters 
outside the sideband region (amplitude, binding energy and Lorentzian FWHM) and three additional sideband 
amplitudes around time zero.

The evolution of the fitting parameters is shown in Fig. 3 as a variation with respect to their value before time 
zero (from -0.4 ps to -0.2 ps). The amplitude variation of the main peaks (panel a) and of the sidebands (panel b) 
is expressed as the ratio between the variation and the equilibrium amplitude of the corresponding main peak. 
The amplitude of component B (panel a) shows a depletion due to the generation of sidebands. The duration 
of the negative variation for more than the cross-correlation width indicates that a change in spectral weight is 
occurring at time zero, and relaxes within half a picosecond. A decrease would also be expected at time zero for 
the other components, due to sideband generation. At variance, however, the amplitude seems to be increasing, 
although still being compatible with zero within one standard deviation. A possible explanation is the presence 
of the sidebands of component B ( B±1 ) which partially overlap with the main emission. This also accounts for 
the large relative amplitude variation of peak C: its equilibrium amplitude is almost 10 times smaller than peak B 
and hence its variations can be overwhelmed by the variations of peak B and the presence of its sidebands, B±1 . 
The short duration of this large variation in C peak amplitude, which is recovered within 0.4 ps, corroborates this 
explanation. This correlation is also demonstrated by the somehow atypical behavior of the sideband amplitude 
B±1 which, unlike A±1 , is only marginally compatible with the expected Gaussian-like behavior (grey and brown 
curves in Fig.3b). The sidebands of emission C are hidden in the noise. The maximum amplitude of A±1 and B±1 

Figure 2.   (a) Photoemission intensity of the O 1s emission plotted as a function of time delay and binding 
energy. The side panel reports the profile of the emission integrated in a 0.2 ps-wide delay window before time 
zero. (b) Background-subtracted spectrum integrated in a window of 0.2 ps around time zero, schematizing 
the energetics of sideband generation and the nomenclature used in the analysis. (c) Difference between each 
spectrum of the map in panel a and the average of the spectra in the first 0.2 ps of the measurement. (d) Traces 
integrated in the regions denoted by the corresponding colored markers in panel c. The intensities of panels 
(b,d) are expressed with the same units, hence they are readily comparable. The curve superimposed to the 
violet trace is a Gaussian fit yielding a FHWM of ∼0.2 ps.

Table 1.   Summary of the O 1s parameters extracted from the fit in Fig. 2a. Amplitudes are reported as fraction 
of the amplitude of the B component. The errors on the values are derived from the fit uncertainties

Component Plane assignment Relative amplitude Binding energy (eV) Lorentzian FWHM (meV)

A Planar (Cu–O) 0.17± 0.01 527.97± 0.01 480± 40

B Reservoir (Bi-O) 1.00± 0.05 528.84± 0.01 960± 30

C Apical (Sr-O) 0.14± 0.03 529.48± 0.04 660± 90
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is ∼ 0.7% of the main emission. After 0.4 ps, all three amplitudes have relaxed back to their equilibrium values. 
An unambiguous plane dependence is instead displayed by the binding energy and width of the three main 
features. Component A is the most affected, experiencing a shift to higher binding energies and a broadening 
already at time zero. Both last for the whole investigated time delay range. The binding energy shift detected is 
+38± 7 meV whereas the FWHM is estimated to be +96± 20 meV, i.e. ∼ 22% broader than the equilibrium 
value. The modifications of component B are smaller, amounting to +20± 7 meV and −27± 20 meV ( ∼ 3% 
relative to equilibrium). Both the width and the binding energy of emission C have an insignificant average value, 
suggesting a faster relaxation back to equilibrium.

Sr 3d dynamics
The Sr ions are bound to the apical oxygens, hence lying in the plane adjacent to the Cu–O one. Due to this 
coordination and geometry, the Sr core levels offer additional information on the role of the apical oxygens in 
the charge redistribution process.

Figure 4a shows the emission of the Sr 3d core level as a function of the time delay, with the panel on the 
right reporting the integration of the emission intensity over the first 0.4 ps. The equilibrium spectrum resolves 
well the the 3dj=3/2 and 3dj=5/2 spin-orbit splitting. The Sr 3d3/2 peak (E in Fig. 4b) is found at ∼ 131.81 eV and 
the doublet splitting amounts to ∼ 1.71 eV. The ratio between the area of the two branches is consistent with the 
theoretical prediction. An overall Gaussian broadening of ∼ 500 meV results from the fit, in agreement with the 
value extracted for the O 1s components.

First-order sidebands are clearly visible in the map of Fig. 4a. After integrating the spectrum around time 
zero (Fig. 4b), the second-order sidebands can also be discerned, in contrast to the case of O 1s. The differential 
map of Fig. 4c is thus integrated in the energy regions around the main and side features, leading to the evolu-
tion displayed in Fig. 4d. The integration region and the resulting trace are indicated with the same marker. The 
intensity dynamics in the sideband regions are well fit by a Gaussian with a FWHM of 0.21± 0.01 ps for the 
first-order and 0.22± 0.02 ps for the second-order one. Both are in good agreement with the cross-correlation 
extracted from the O 1s spectra. The negative average of the blue signal at later time delays stems from an out-
of-equilibrium effect beyond sideband generation. The fitting model needs to comprise one Doniach-Sunjic (see 
Methods) spin-orbit split feature for the main emission, one for each of the first-order sidebands, and two more 
for the second-order sidebands. In agreement with what is reported in literature50, we assume that the structure 
of the doublet is not modified by the pump, so that the splitting and the ratio of the spin-orbit split emission is 
held fixed in the time evolution. Similarly, the asymmetry is fixed to its equilibrium value. In this way, we monitor 
the time dependence of three parameters: amplitude, binding energy and Lorentzian FWHM. We also impose 
the amplitude of the upper and the lower sideband to be equal for both orders ( X+1,2 = X−1,2 , X = D,E ) and 

Figure 3.   Dynamics of the parameters fitting the evolution of the O 1s components as a function of time delay. 
The color code indicates the respective component: A (violet, planar), B (grey, reservoir), C (green, apical). (a) 
Ratio between the peak amplitude variations and the equilibrium amplitude of the corresponding peak. (b) 
Amplitude variation of the sidebands, as a ratio with respect to the equilibrium amplitude of the corresponding 
main peak. The upper and lower components of the sidebands have equal amplitude, restricted to have finite 
values only around time zero. The brown curve is the cross-correlation extracted in Fig. 2d (FWHM ∼ 0.2 ps). 
(c) Binding energy variation of the main emissions. The dashed lines are the average of the points after 0.4 ps 
and highlight nonequilibrium values of +38± 7 meV (A), +20± 7 meV (B) and +11± 21 meV (C), the latter 
being compatible with zero. (d) Lorentzian FWHM variation reported as FWHM. Similarly to panel c, numbers 
indicate the average value after 0.4 ps: +96± 20 meV (A), −27± 20 meV (B) and +19± 50 meV (C), the latter 
being again compatible with zero.
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finite only for two cross-correlations around time zero. The spacing of the sidebands is fixed to one or two pump 
photons. When fitting the complete dynamics in this framework, the number of free parameters is three outside 
the time delay region affected by the sidebands (amplitude, binding energy and Lorentzian FWHM of the main 
doublet) and within it (due to the additional first- and second-order amplitudes). These constraints have been 
applied to fit the time-zero spectrum in Fig. 4b, yielding a good agreement.

Figure 4e shows the dynamics of main and sideband amplitudes, normalized to the maximum of the main 
emission to highlight their similarity. The amplitude variations of peak D are plotted as the ratio with respect 
to its equilibrium amplitude. The main doublet shows no significant variation except the depletion due to the 
sidebands. In fact, the dynamics are fully compatible with those of the first-order sideband. The finite ampli-
tude of the second-order sideband has a shorter duration, but we ascribe this to a spurious effect of the fitting 
procedure due to the low signal-to-noise ratio, since the photoemission intensity variation at the second-order 
sideband binding energy has the same duration as the first-order one (full and empty red circles in Fig. 4d). The 
amplitude ratio between the first-order sideband and the main emission is of ∼ 18% , i.e. 30 times larger than the 
case of oxygen. The binding energy of the peak at time zero displays a shift of ∼ 20 meV to lower binding ener-
gies, presumably of ponderomotive origin (Fig. 4f)51. Comparison with the planar O 1s component, reported on 
the same panel against the opposite vertical axis, shows that the two effects have the same sign, but the shift of 
the Sr 3d binding energy is one order of magnitude smaller. The width of the feature, although affected by large 
error bars, also displays a larger change at time zero, which seems to relax in the subsequent dynamics. It is not 
possible to extract the timescale of this relaxation, since the width has not recovered its equilibrium value within 
the measured delay range. Based on the available data, a single-exponential decay would give a time-constant of 
at least 1 ps. This is qualitatively different from the dynamics of the width of the O 1s planar component, where 
no indication of relaxation is found within the measured time delay range.

Figure 4.   (a) Photoemission intensity of the Sr 3d doublet as a function of time delay and binding energy. Side 
panel: spectrum integrated in the first 0.4 ps of the measurement, with the fit conducted as described in the 
main text (blue line). (b) Spectrum integrated around time zero in a 0.2 ps window, illustrating the energetics 
of sideband generation and the nomenclature used in the analysis. In this case, two orders of sidebands are 
visible. (c) Difference between each spectrum of the map in panel a and the equilibrium spectrum, as a function 
of the time delay. (d) Traces integrated in the region of the map in panel c denoted by the same marker type. 
Full blue circles, 3d5/2 main emission (D). Full red circles, upper first-order sideband (D+1 ). Empty red circles, 
upper first-order sideband. The units used are the same as in panel b to allow for a direct comparison of the 
amplitude relative to the equilibirum intensity. Grey and orange lines are the Gaussian fit of the photoemission 
intensity dynamics around the upper first- and second-order sidebands respectively. All the cases give a FWHM 
compatible with 0.2 ps. (e)-(g) Dynamics of the fit parameters for the spectra reported in panel a displayed as 
variation with respect to equilibrium for each time delay. Error bars are similar across the dynamics and are 
indicated only once in the first points. (e) Amplitude of main feature (filled blue circles), first- and second-order 
sidebands (filled and empty red circles). The variations are plotted as the ratio with respect to the equilibrium 
amplitude of peak D, and the sideband variations are normalized to the maximum variation of peak D. (f) 
Binding energy of the Sr 3d3/2 emission (blue, plotted against the vertical axis on the right) compared with the 
one of the A component of O 1s (violet, plotted against the vertical axis on the left). The average after 0.4 ps 
indicates a shift of +6± 4 meV of the of Sr 3d doublet. (g) Lorentzian FWHM of the Sr 3d3/2 emission and of 
the oxygen A component, plotted as in panel f.



7

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8775  | https://doi.org/10.1038/s41598-024-56440-4

www.nature.com/scientificreports/

Conclusions
Our study proves that a charge redistribution in the valence band of Bi2212 induces detectable changes in both 
O 1s and Sr 3d core levels. In the first place, the efficiency of sideband generation is markedly different for the 
two atomic species. Since second-order sideband generation involves the absorption or emission of two photons, 
its relative efficiency will scale approximately as the square of the first-order one. For O 1s the latter is about 
30 times smaller than in Sr 3d, so second-order sidebands are expected to be roughly 1000 times weaker. This 
rationalizes the absence of second-order sidebands in the O 1s spectra around time zero.

Our experiments also prove the capability of detecting the chemical environment-dependent dynamics of 
oxygen states in Bi2212. In particular, the response of the three components to photoexcitation is quantitatively 
different. The largest changes are witnessed by the oxygen in the Cu–O plane. Notably, these are the atoms 
involved in the charge-transfer process described before as the first excitation of the undoped compound. This 
points to the explanation that the charge redistribution induced by the pump pulse involves predominantly the 
Cu–O plane, and thus the charge transfer among Cu and O plays a major role. The oxygen binding energy and 
width, however, do not relax to the equilibrium values within the measured time delay of ∼ 1.4 ps.

The effects experienced by the apical oxygen are not significant in our experiments. This might be due to the 
larger signals of the neighboring components, which also cause the large uncertainty in the fitting parameters 
(see error bars in the green curves of Fig. 4). An indirect proof that the changes experienced by the apical oxygen 
are small compared to the planar oxygen ones comes from the inspection of the Sr 3d emission. The lineshape 
modifications are one order of magnitude smaller than those observed for the planar oxygen. We stress the fact 
that the sign of the shift is the same for Sr 3d and O 1s. This allows to rule out pump-induced space-charge as 
an origin, since an opposite sign would be expected52,53. Although it is possible that different species in the same 
plane experience different changes, the evidence points to the fact that the Sr-O plane, and thus also the apical 
oxygen, is only marginally involved in the charge redistribution induced by the pump. This further confirms 
that the charge transfer mechanism between Cu and O is the interaction that dominates the relaxation process.

In conclusion, our experiment has proven the effectiveness of time-resolved XPS in unveiling the element- 
and coordination-specific dynamics in a cuprate superconductor. The results highlight the peculiar role of the 
Cu–O plane in the relaxation of the system upon impulsive infrared photoexcitation, and possibly open a new 
route for studying the dynamics of the many-body interactions in these compounds.

Methods
Sample characterization
The experiments were performed on an optimally-doped Bi2212 high-quality sample. The superconducting tran-
sition temperature, as measured by transport and magnetic (SQUID) methods, was ∼ 91 K . The time-resolved 
XPS measurements were performed at a base temperature of 100 K, which is above the superconducting transi-
tion temperature, in order to minimize thermal broadening effects in the photoemission spectra.

Experimental setup
The experiments were performed at the PG2 monochromator beamline at the free-electron laser FLASH at DESY 
in Hamburg54,55. To reach the O 1s core level we used the monochromatized third harmonic at ∼ 592 eV resulting 
from the fundamental FEL emission at ∼ 199 eV. The presence of the grating induces a temporal stretch of the 
X-ray pulses up to 150 fs FWHM.

The laser source consisted in a Yb:YAG amplifier system delivering pulses at 1030 nm with an energy up 
to 30µJ/pulse. The laser source was equipped with a Herriott-type multipass cell for bandwidth broadening, 
allowing compression of the pulses to ∼ 70 fs56. The temporal jitter between the FEL source and the laser pulses 
was ∼ 50 fs.

The photoelectrons were detected using the High Energy X-ray Time-Of-Flight (HEXTOF) momentum 
microscope42,57. This allows the simultaneous measurement of the kinetic energy and lateral momentum com-
ponents of the photoelectrons in the full solid angle of emission. The XPS spectra were obtained integrating the 
whole angular distribution of photoelectrons. The microscope can also measure the topography of the sample 
surface with a field of view typically set to 450µm , allowing the measurement of the spot size of both X-ray and 
laser pulse at the sample position, and monitoring the spatial overlap. The measured spot sizes were 50× 200µm 
for the FEL and 100× 270µm for the laser: the smaller X-ray spot size guarantees an homogeneous optical 
pumping of the system in the probed area. The laser intensity was set to ∼ 2.4µJ/pulse, which implies a fluence of 
∼ 1mJ/cm2 after correction for multi-photon emission effects58. This value is suitable to mitigate pump-induced 
vacuum space-charge effects59.

The pump-probe configuration was obtained by coupling an optical laser pulse into the propagation path of 
the X-ray pulse in a quasi-collinear configuration. The pump and probe pulses impinged on the sample at an 
angle θ = 68◦ with p-polarization, and the optical pulse was stabilized to maintain the spatial overlap with the 
X-ray pulses.

Analysis of the spectra
The calibration of the energy and time delay axes was conducted as described in previous works43,58,60. The pho-
toelectron spectra were fit with a sum of Doniach-Sunjic functions61 above a Shirley background62. The Doniach-
Sunjic functions were convoluted with a Gaussian to account for several broadening sources, i.e. photon pulse 
and monochromator bandwidth, thermal broadening, and possible residual space charge. The distribution of 
photoelectrons in each energy bin was assumed to be Poissonian, and hence the uncertainty on the number of 
counts in a bin estimated as its square root. This was taken into account as a statistical error in the fit and hence 
contributes to the uncertainty on the extracted parameters.
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To fit the pump-probe measurement, the fitting procedure was repeated for each spectrum at a variable time 
delay. The initial parameters were obtained from the fit of the spectrum integrated before time zero; the results of 
the fit of the n-th spectrum were then used as initial parameters to fit the (n+ 1)-th spectrum in the time series.

Data availibility
The datasets generated and analyzed during the current study are available in the Zenodo repository. DOI: https://​
doi.​org/​10.​5281/​zenodo.​80940​16.
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