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Snapshots of the retarded interaction of charge
carriers with ultrafast fluctuations in cuprates
S. Dal Conte1*†, L. Vidmar2,3*†, D. Golež3, M. Mierzejewski4, G. Soavi1, S. Peli5,6, F. Banfi5,7,
G. Ferrini5,7, R. Comin8,9, B. M. Ludbrook8,9, L. Chauviere8,9,10, N. D. Zhigadlo11, H. Eisaki12, M. Greven13,
S. Lupi14, A. Damascelli8,9, D. Brida1,15, M. Capone16, J. Bonča3,17, G. Cerullo1 and C. Giannetti5,7*

One of the pivotal questions in the physics of high-temperature superconductors is whether the low-energy dynamics of the
charge carriers ismediated by bosonswith a characteristic timescale. This issue has remained elusive as electronic correlations
are expected to greatly accelerate the electron–boson scattering processes, confining them to the very femtosecond timescale
that is hard to access even with state-of-the-art ultrafast techniques. Here we simultaneously push the time resolution and
frequency range of transient reflectivity measurements up to an unprecedented level, enabling us to directly observe the
∼16 fs build-up of the e�ective electron–boson interaction in hole-doped copper oxides. This extremely fast timescale is in
agreement with numerical calculations based on the t–J model and the repulsive Hubbard model, in which the relaxation of
the photo-excited charges is achieved via inelastic scattering with short-range antiferromagnetic excitations.

A fter almost 30 years of intensive experimental and theoretical
efforts to understand the origin of high-temperature
superconductivity in copper oxides, a consensus about the

microscopic process responsible for the superconducting pairing
is still lacking. The large Coulomb repulsion U � 1 eV between
two electrons occupying the same lattice site is believed to have
fundamental consequences for the normal state of these systems1,
and it is not clear whether a BCS-like bosonic glue that mediates
the electron interactions and eventually leads to pairing can
still be defined2–4. The fundamental issue can be reduced to
the question whether the electronic interactions are essentially
unmediated and instantaneous, or whether the low-energy physics,
including superconductivity, can be effectively described in terms
of interactions among the fermionic charge carriers mediated by
the exchange of bosons. The problem can be rationalized by
considering the Hubbard model, in which the instantaneous virtual
hopping of holes into already occupied sites (with an energy
cost of U ) inherently favours an antiferromagnetic (AF) coupling
J = 4t 2h/U between neighbouring sites, where th is the nearest-
neighbour hopping energy. As a consequence, antiferromagnetic
fluctuations with a high-energy cutoff of 2J�U naturally emerge
as a candidate5 formediating the low-energy electronic interactions,
on a characteristic retarded timescale of the order of h̄/2J .

In principle, time-resolved optical spectroscopy6 may be used
to prove the existence of an effective retarded boson-mediated

interaction, provided that the temporal resolution is of the order
of the inverse bosonic-fluctuation scale (for example, h̄/2J for
AF fluctuations) and the optical properties are probed over
a sufficiently broad frequency range, to extract the dynamics
of the electron–boson coupling. Recent advances in ultrafast
optical spectroscopy have succeeded in separately fulfilling
these requirements. For example, high-temporal-resolution
(<15 fs) experiments7,8 have been carried out to investigate the
ultrafast electron dynamics in copper oxides. Unfortunately, these
experiments were typically confined to a very narrow range of
visible frequencies, which made it difficult to determine the origin
of the measured optical signal. In contrast, the ∼100 fs temporal
resolution prevented recent broadband (0.5–2 eV) experiments9
from directly investigating the possible retardation effects of the
ultrafast electron–boson interaction.

Here we overcome these limitations by developing a transient
reflectivity experiment10 that combines the use of extremely short
light pulses (9–13 fs) with a broad accessible spectral window,
extending from the infrared to the visible region (0.75–2.4 eV)
(see Methods). The qualitative idea of the experiment is to use an
ultrashort light pulse to impulsively increase the kinetic energy of a
small fraction of the charge carriers (photo-excited holes) in doped
cuprates. A second broadband pulse probes the instantaneous
optical scattering rate by inducing boson-assisted optical transitions
of the charge carriers in the conduction band. As long as the number
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Figure 1 | Equilibrium and non-equilibrium optical properties of Y-Bi2212UD at T=300K. a, The normal state reflectivity (black line) of the Y-Bi2212UD
crystal is reported. The dashed line represents the reflectivity calculated by increasing the electron–boson scattering rate, γ∞, in the extended Drude
model. The blue (red) area represents the spectral region in which a negative (positive) reflectivity variation is expected when δγ∞>0. b, The ultrafast
dynamics of δR/R(ω, t), measured across the isosbestic point ω̃, is reported. The measurements have been performed with an incident pump fluence of
0.7 mJ cm−2. The linearity of the optical response has been checked in the 0.2–2 mJ cm−2 fluence range. c, The maximum reflectivity variation at fixed
delay, that is, δR(ω, t=40 fs)/Req(ω), is reported as orange dots. Already on this ultrafast timescale the signal can be accurately reproduced by exclusively
increasing γ∞ in the EDM (black line). d, Two di�erent time traces at h̄ω= 1.3 eV (red dots) and h̄ω= 1 eV (blue dots) are displayed. The black line is the fit
to the data of the function F(t)=(1−exp(− t/τr))×(I1 exp(− t/τ1)+ I2 exp(− t/τ2)) convolved with a Gaussian pulse accounting for the experimental
time resolution. The dark-grey line is the measured cross-correlation trace between the pump and probe pulses, which sets the time resolution to 19± 2 fs.
The temporal width of the cross-correlation is monitored before and after each measurement. The time t=0 is defined at the maximum of the pump–probe
cross-correlation. The vertical dashed line highlights the time delay (∼40 fs), with respect to t=0, at which the maximal δγ∞ variation is measured.
e, Picosecond dynamics of the 1.3 eV time trace (blue dots). f, Temperature dependence of τr. The error bars have been obtained from the fitting of the
function F(t) to the time traces reported in Supplementary Fig. 2.

of photo-excited holes is small relative to the intrinsic doping of
the system (see Methods), we can assume that we are probing the
average scattering rate experienced by the holes which have not been
directly excited by the pump pulse. Because the optical scattering
rate is proportional to the energy stored in the bosonic fluctuations,
we can monitor the time needed to complete the energy exchange
from the photo-excited carriers to the bosonic bath.

Quantitatively, the dynamics of the optical scattering rate after
the impulsive excitation of a prototypical superconducting cuprate
can be retrieved by probing the damping of the infrared plasma edge.
This is easily shown by inspection of the room-temperature equilib-
rium reflectivity, Req(ω), of a Bi2Sr2Y0.08Ca0.92Cu2O8+δ (Y-Bi2212UD)
crystal11. The doping level (hole concentration p'0.13, Tc'89K) is
close to optimal (p'0.16,Tc'96K), andwe estimate the opening of
the pseudogap to occur at T ∗'240K (ref. 12). As shown in Fig. 1a,
the infrared region is dominated by a broad plasma edge, which
can be effectively reproduced by an extended Drude model (EDM;
ref. 13) described by 4πσD(ω)=ω2

p/[γ (ω,T )− iω(1+ λ̃(ω,T ))],
where σD(ω) is the EDM optical conductivity, ωp the plasma fre-
quency and 1+ λ̃ the renormalization factor of the effective mass
of the carriers. The optical scattering rate, γ (ω, T ), controls the
damping of the plasma edge and it is, in principle, a function
of the frequency and temperature, as a consequence of the cou-
pling to bosonic fluctuations whose occupation number is regulated
by Bose–Einstein statistics13. Nevertheless, in the energy window
probed in the experiment, γ (ω,T ) varies by less than 10% as a func-
tion of frequency (see Supplementary Information), therefore we
can safely discuss the time-resolved results considering its asymp-
totic (ω→∞) value, that is, γ∞(T ). If the total scattering rate is
enhanced (δγ∞> 0) by any effect, this leads to a further damping
of the edge and to the evolution of Req(ω) shown in Fig. 1a. An
isosbestic point is found at the frequency ω̃'1.1 eV, across which
the reflectivity variation changes from negative to positive.

In Fig. 1b we report the dynamics of the relative reflectivity
variation, δR(ω, t)/Req(ω), measured at T = 300K on Y-Bi2212UD
as a function of the delay t between the pump and probe pulses.
The sub-10 fs pump pulse is set to 2.1 eV central energy, to avoid
the spurious signals measured when pumping below the Drude
absorption edge14. The probe spans the energy range across ω̃,
which is more sensitive to the possible variations of γ∞(T ), as
already shown in Fig. 1a. One key result of this experiment is that,
for each given time delay t from the very first femtoseconds up
to the picosecond timescale, δR(ω, t)/Req(ω) can be reproduced
very well by exclusively increasing γ∞. This is shown in Fig. 1c,
which shows the relative reflectivity variation at the fixed delay time
t=40 fs. The signal is accurately reproduced over the entire acces-
sible frequency range by assuming a small increment δγ∞—that
is, δR(ω, t)/Req(ω)= [∂R(ω)/∂γ ] δγ∞(t)/Req(ω). In other words,
already on the sub-100 fs timescale the variation of the optical prop-
erties is dominated by the change of the electron–boson scattering
rate, as a consequence of the ultrafast increase in the average energy
stored in the boson bath. We point out that a dominant direct
interaction—that is, unmediated by the boson bath—of the photo-
excited holes with the other existing holes would lead to an increase
of the effective electronic temperature, Te, decoupled from the bo-
son temperature, Tb'T . However, an increase of Te alone would
provide a qualitatively different δR(ω, t)/Req(ω) signal, as discussed
in ref. 9 (see also Supplementary Information). Bringing together all
these observations, we can assume a direct proportionality between
the reflectivity variation at a fixed frequency and the electron–boson
scattering rate change, that is, δR(t)∝δγ∞(t).

The inherent timescale of the electron–boson interaction can be
thus accessed by plotting the δR(t)/Req time traces. In particular,
in Fig. 1d we report two different time traces across the isosbestic
frequency ω̃, at h̄ω=1.3 and 1 eV.Although opposite in sign, in both
cases themaximumvariation of δR(t)/Req ismeasured at a non-zero
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delay time (∼40 fs) from the excitation, as shown in Fig. 1d. The
build-up time of the δR(t)/Req signal (τr=16±3 fs) is extracted by
fitting the dynamics with the simple function (1− exp(−t/τr))×
(I1 exp(−t/τ1)+ I2 exp(−t/τ2)) convolved with a Gaussian pulse
accounting for the experimental resolution (pump–probe cross-
correlation with a full-width at half-maximum of 19±2 fs), which
has been carefully checked through the cross frequency-resolved
optical gatingmethod (see Supplementary Information). This result
demonstrates that the energy exchange between the photo-excited
holes and the boson bath, which ultimately leads to the measured
increase of γ∞(t), builds up with a non-zero time constant of the
order of 15–20 fs. The two further decay scales (τ1 ∼ 90 fs and
τ2 ∼ 1 ps), measured in the δR(t)/Req signal shown in Fig. 1e,
are related to the subsequent coupling with the optical buckling
and breathing phonons (τ1) and with the rest of the lattice
vibrations (τ2; refs 7,9,15). Remarkably, any time trace in the
whole probed frequency range exhibits the same values of τr, τ1
and τ2. Similar results are obtained by performing a quantitative
and global analysis16,17 through singular value decomposition (see
Supplementary Information), which provides the global dynamics
δγ∞(t) under the form of the first temporal eigenvector.

The present high-time-resolution transient reflectivity experi-
ment demonstrates that the electron dynamics in the hole-doped
cuprates can be captured by an effective model in which the charge
carriers exchange energy with bosonic excitations on a very fast
(but non-zero) timescale. This conclusion is based solely on the
observation that δR(t) is proportional to δγ∞(t)—that is, to the
total energy stored in the boson bath—and does not necessarily
require an effective thermalization of the charge carriers through
direct carrier–carrier collisions18.

Considering that the elementary time (h̄/th ∼ 2 fs) associated
with the Cu–O–Cu hole-hopping process inevitably leads to the
creation of local AF excitations, AF fluctuations are a candidate as
the dominant mediators of the hole interactions on this ultrafast
timescale. As further support of our assignment, neutron and X-ray
scattering experiments19–24 have revealed a rich magnetic dynamics
in hole-doped cuprates, characterized by resonance modes at
50–60meV and a very broad spectrum with a cutoff of the order of
the bandwidth 2J '240meV found for the AF parent compounds.
Similar bosonic-fluctuation spectra have been extracted from
equilibrium optical spectroscopy13. On the other hand, we can
rule out a possible photo-induced coherent rearrangement of the
oxygen atoms, which has been demonstrated on the 18 fs timescale25
because no significant variation of the charge transfer excitations
(∼2 eV), which are the most sensitive to a rearrangement of the
oxygen orbitals, is observed (see Supplementary Information) and
no coherent oscillation is detected in the δR(ω, t)/Req(ω) signal at
any wavelength. Even though a single incoherent scattering process
with optical phonons could be extremely fast, several scattering
processes are necessary to complete the energy transfer to the
phonons, as will be shown later in the case of the conventional
superconductor MgB2. Finally, in the scenario of an ultrafast
coupling between charge carriers and bosonic excitations, such
as AF fluctuations, the dynamics of the energy exchange should
be regulated by the strength of the electron–boson coupling and
the boson energy spectrum. Therefore, the dynamics should be
essentially independent of temperature, at least for temperatures
lower than the typical boson frequency. To verify this hypothesis,
we performed measurements of τr at different base temperatures of
the Y-Bi2212UD sample, the results of which are reported in Fig. 1f.
Within the error bars, a constant value of τr is measured over a broad
temperature range. This result supports the possibility of defining a
unique ultrafast timescale, determined by the nature of the bosonic
mediators of the charge dynamics.

The role of short-range AF correlations as the fastest effective
bosons mediating the charge dynamics is corroborated by studying
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Figure 2 | Microscopic calculation of the energy transfer from a
photo-excited hole to local antiferromagnetic bonds through the
out-of-equilibrium t–Jmodel (see Methods for further details). a, Time
evolution of the hole kinetic energy variation,1Ekin(t). In the main panel we
set J/th=0.3, where th=360 meV represents the hopping amplitude. The
inset shows the range of the characteristic relaxation time τtJ at di�erent
values of J/th, after a finite-size scaling (see Supplementary Information).
b, Snapshots of the relative energy increase of the local antiferromagnetic
bonds1Es(t,r) on a 9× 9 square lattice around the photo-excited hole
(red circle). The thickness of the black segments is proportional to the
energy stored in each bond. The grey dots in a indicate the delay times of
the snapshots in b.

the non-equilibrium dynamics of the photo-excited holes in the
t–J Hamiltonian26,27 (see Methods), which is the minimal model
that fully retains the dynamics at the energy scale J . As the rate
of the photo-excitation of holes in the system is very low (see
Methods), we conjecture that the key relaxation mechanism at
very short times corresponds to the creation of high-energy AF
excitations in the proximity of the photo-excited holes. We model
the photo-excitation of a hole immersed in the AF background by
instantaneously raising its kinetic energy, by 1Ekin(t)= 2 eV. The
relaxation dynamics is calculated by numerically integrating the
time-dependent Schrödinger equation, without any assumption of
quasi-thermal intermediate states, as usually described by effective
electronic and bosonic temperatures. The dynamics of 1Ekin(t)
after the quench is reported in Fig. 2a. Although the total energy
remains constant during the time evolution, the observed relaxation
of 1Ekin(t) is compensated by the simultaneous increase of the
energy stored in the AF background. Figure 2b shows snapshots of
the excess antiferromagnetic energy density,1Es(t ,r), in the vicinity
of the photo-excited hole. We note that the excitation process
involves predominantly the neighbouring bonds, demonstrating
that short-range AF correlations are sufficient for describing the
relaxation dynamics. The characteristic relaxation time, τtJ , of the
energy transfer to AF fluctuations is governed by the ratio J/th, as
shown in the inset of Fig. 2a. Setting J/th= 0.3 to a realistic value
and performing a finite-size scaling analysis (see Supplementary
Information), we obtain τtJ ∼15 fs, which is in excellent quantitative
agreement with the experimental observations. This value is several
times the elementary timescale (h̄/th∼2 fs) of a single hopping event
creating a local AF excitation. To complete the energy exchange
process, many events are necessary, each releasing a fraction of J
of energy. Consequently, the maximum number of AF excitations,
which results in the measured increase of δγ∞(t), is observed when
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the relaxation is completed—that is, with a delay of about 15 fs. This
extremely fast dynamics has been confirmed by very recent non-
equilibrium dynamical mean field theory (DMFT) calculations28.
We remark that the value of τtJ is not significantly altered when the
direct charge–charge interaction between two holes is considered
(see Supplementary Information) by a adding an explicit interaction
term to the t–J Hamiltonian. We stress that, even in the picture of
a boson-mediated relaxation, U is the crucial interaction because it
determines the dynamics through the strength of the ferromagnetic
coupling, J=4t 2h/U . This is further discussed in the Supplementary
Methods by analysing DMFT calculations for the Hubbardmodel at
finite temperature and doping.

Finally, valuable insight into the general relation between the
electron–boson coupling and the dynamics of δγ∞(t) is provided
by the results obtained on different families of cuprates and on
more conventional superconductors (see Fig. 3). We repeated the
same experiment on optimally doped (La–Bi2201OP, Tc=33K)
and overdoped (La–Bi2201OD, Tc = 19K) single Cu–O layer
Bi2Sr2−xLaxCuO6 crystals, and on slightly overdoped (Tl2201OD,
Tc = 88K) Tl2Ba2CuO6+δ crystals. The time necessary to attain
the maximal variation of γ∞ is non-zero (τr = 21± 4 fs for La–
Bi2201OP, τr = 22 ± 4 fs for La–Bi2201OD and τr = 20 ± 4 fs for
Tl2201OD), slightly longer than for Y-Bi2212UD. These results
demonstrate that the coupling to bosonic fluctuations on the
ultrafast timescale is a general property of the normal state of
hole-doped cuprates even at large hole-doping concentrations.
Qualitatively different results are obtained on MgB2, which is
considered the conventional phonon-mediated superconducting
system with the highest critical temperature (Tc = 39K). Here,
the maximum variation of the scattering rate after the impulsive
excitation is significantly delayed (∼90 fs, as shown in Fig. 3b)
and τr=32±3 fs is measured. This result demonstrates that, in
the systems in which the superconducting pairing is mediated by
high-energy (ω0∼70meV) optical phonons29, the electron–phonon
energy exchange process is completed on a timescale that is several
times the inverse energy of the phonons involved. Furthermore,
a single slower exponential decay (τ1= 500 fs) is measured in the
δR(ω, t) signal of MgB2, corresponding to the energy exchange
with the rest of the lattice. On conventional non-superconducting
metals, such as Cu and Au, time-resolved measurements have been
widely applied30,31, evidencing an electron–phonon coupling on the

order of ∼600 fs in Au and ∼1 ps in Cu. Figure 3c summarizes
all the results obtained in both conventional and unconventional
superconductors, demonstrating a universal relation between the
energy of the boson modes mediating the electron interactions in
the normal state and the timescale of the dynamics of the electron–
boson scattering rate after the pump excitation. Intriguingly, the
dependence of the critical temperature of the system on the
experimental τr follows the general and qualitative trend of the
approximate solution of McMillan’s equation32. This fact supports
a direct relation33 (or, at least, a strong statistical correlation)
between the measured 1/τr and the total coupling constant
λb = 2

∫
5(�)/�d�, where 5(�) is the coupling function to

antiferromagnetic fluctuations (I 2χ(�)) for copper oxides and to
phonons (α2F(�)) for MgB2 and metals.

Methods
Experimental set-up. A Ti:sapphire amplifier (Clark-MXR model CPA-1)
delivers a train of pulses at a 1 kHz repetition rate with a duration of 150 fs at a
central wavelength of 780 nm and is used to simultaneously drive three
non-collinear optical parametric amplifiers (NOPAs) operating in different
frequency intervals. All NOPAs are seeded by a white light continuum (WLC)
generated in a sapphire plate. The first NOPA (NOPA1) is pumped by the
fundamental wavelength and is amplified by fulfilling a quasi-phase-matching
condition in a periodically poled stoichiometric LiTaO3 (PPSLT) crystal. The
signal generated in this process covers a spectral range between 1 µm (1.24 eV)
and 1.5 µm (0.83 eV) and is temporally compressed to a nearly transform-limited
pulse duration (8.5 fs) by a deformable-mirror-based pulse shaper34. The second
NOPA (NOPA2) is pumped by the second harmonic and is amplified in a
beta-barium borate (BBO) crystal pulses with a spectral content between 820 nm
(1.5 eV) and 1,050 nm (1.2 eV), which are compressed to a nearly
transform-limited 13 fs duration by a pair of fused silica prisms. Both these
NOPAs serve to probe the transient response of the sample and are synchronized
with a third NOPA (NOPA3), pumped by the second harmonic and using BBO,
which initiates the dynamics. The spectrum of NOPA3 spans a frequency range
between 510 nm (2.4 eV) and 700 nm (1.8 eV) and it is compressed to a 7 fs
duration by multiple reflections between a pair of chirped mirrors, giving an
overall temporal resolution of the pump–probe set-up below 19 fs. The time delay
between pump and probe is adjusted by a motorized delay stage and both the
beams are focused on the sample by a spherical mirror in a quasi-collinear
geometry. The spectra of the NOPA1 and NOPA2 probes are detected
respectively by InGaAs and Si spectrometers working at the full 1 kHz laser
repetition rate. By recording the reflected probe spectra at different temporal
delays t with and without pump excitation, we measure the differential
reflectivity: δR(ω, t)/Req(ω)=[R(ω, t)−Req(ω)]/Req(ω). The low-temperature
measurements have been performed in a cryostat equipped with a very thin
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(200 µm) fused silica optical window, to avoid any significant temporal
broadening of the pump and probe pulses.

Samples. The Y-substituted Bi2212 single crystals were grown11 in an image
furnace using the travelling solvent floating-zone technique with a non-zero Y
content to maximize Tc. The underdoped samples were annealed at 550 ◦C for 12
days in a vacuum-sealed glass ampoule with copper metal inside. All the
La–Bi2201 crystals were grown using the floating-zone technique, and
characterized as described elsewhere35. Tl2201OD single crystals were grown36

using a copper-rich self-flux method, with stoichiometry Tl1.88(1)Ba2Cu1.11(2)O6+δ

corresponding to Cu substitution on the Tl site, thus away from the CuO2 planes.
High-quality MgB2 single crystals were grown using the high-pressure cubic
anvil technique37.

t–J model out of equilibrium. We investigate the ultrafast energy exchange
between doped fermionic carriers (holes) and short-range antiferromagnetic
fluctuations within the t–J model on a square lattice,

HtJ =−th
∑
〈ij〉,σ

(c̃†
i,σ c̃j,σ eiφi,j(t)+H.c.)+

∑
〈ij〉

J
(
Si ·Sj−

1
4
ñiñj

)
(1)

where c̃i,σ =ci,σ (1−ni,−σ ) is a projected fermion operator, th represents the
nearest-neighbour overlap integral, the sum 〈ij〉 runs over pairs of nearest
neighbours, J is the antiferromagnetic exchange energy, Si is the spin vector
operator and ñi=ni,↑+ni,↓−2ni,↑ni,↓ is a projected electron number operator.
The system is threaded by a time-dependent flux φi,j(t), which induces the
electric field −∂tφ i,j(t).

Motivated by the experimental results, we model the dynamics far from
equilibrium under the following two assumptions. First, we mimic the effect of an
ultrashort laser pump pulse by instantly increasing the kinetic energy of a doped
carrier, while the chargeless spin degrees of freedom remain unchanged. In the
context of the t–J model in equation (1), we first calculate the ground state with
φi,j=0, then we perform a sudden change (quench) of the phase at time t=0,
describing the δ-like pulse of the electric field. Such a phase quench is obtained
by setting φi,i+ex(y) (t)=πθ(t), where ex(y) represents the lattice vector in the
x(y)-direction. Second, in a generic situation, promptly after the absorption of
the pump pulse, the kinetic energy of only a fraction of holes (also referred to as
photo-excited holes) is suddenly increased. For optimally doped samples
(p∼0.16) and a pump pulse with photon energy 2 eV, fluence 700 µJ cm−2 and
penetration depth 170 nm, the doping rate representing photo-excited holes is
rather low, p0∼0.01, assuming that each photo-excited hole absorbs an entire
quantum of light, that is, 2 eV. We therefore study the dynamics of a single
photo-excited hole, assuming that the main relaxation mechanism is represented
by coupling of the photo-excited hole to local antiferromagnetic excitations. As a
consequence of finite chemical and photo doping, the average number of
antiferromagnetic bonds that are available to absorb the excess kinetic energy of a
single photo-excited hole is large but finite. Although our method is limited to
the calculation of single-hole dynamics, we simulate the effect of small photo
doping by limiting the propagation of the photo-excited hole to a finite L×L
plaquette with L<10.

Because exact diagonalization (ED) is limited to clusters which are too small
to account for the complete relaxation within the experimental conditions
described above, we extend the lattice size by employing diagonalization in a
limited functional space. The latter method was recently successfully applied to
describe non-equilibrium properties of a charge carrier propagating in a local
antiferromagnetic background26,27. The advantage of this method over the
standard ED in the equilibrium regime follows from a systematic construction of
states with distinct configurations of local antiferromagnetic excitations in the
proximity of the hole. In addition, it remains efficient even when applied to
non-equilibrium systems on short and intermediate timescales, as long as the
antiferromagnetic disturbance caused by the local quench remains within the
boundaries of generated excitations26,27. We first construct the parent state

|ϕ(0)〉=ck,σ |Néel〉

which represents a hole with momentum k, doped into the Néel state. The
functional space38 is then generated by{

|ϕ
(nh)
j 〉
}
=

[
Hkin+H̃J

]nh
|ϕ(0)〉,nh=0, . . . ,Nh

where Hkin represents the kinetic energy term of the t–J model and H̃J represents
the spin-flip term of the Heisenberg part of the t–J model (spin-flip denotes
overturned spins with respect to the Néel state; H̃J erases two neighbouring
spin-flips created by the propagating hole). The size of the functional space is
determined by the parameter Nh. In addition, we impose the condition that the
largest distance of a local antiferromagnetic excitation away from the
photo-excited hole, r̃=(Nbox,Nbox), should not exceed Nbox=4, therefore limiting

the spatial extent of antiferromagnetic excitations to a 9×9 plaquette. Contrary
to the standard ED, we carry out a finite-size scaling not with respect to the
geometric size of the system, but rather with respect to Nh (see
Supplementary Information).

Applying the Lanczos technique we first compute the ground state |9(t=0)〉.
The time evolution |9(t)〉=e−iHtJ t/h̄|9(t=0)〉 is then implemented using the
quenched Hamiltonian. We set the hopping amplitude th=0.360 eV, which
corresponds to the time unit h̄/th=1.83 fs. At each time step δt(th/h̄)�1 we
generate the evolution |9(t−δt)〉→|9(t)〉 by using the Lanczos basis39. We
measure in Fig. 2a the time-dependent expectation value of the kinetic energy
relative to the initial state, 1Ekin(t)=Ekin(t)−E(0)kin , where Ekin(t)=〈Hkin(t)〉 and
E(0)kin=〈Hkin(t<0)〉. In Fig. 2b we plot the relative increase of the spin energy on
the antiferromagnetic bond at a distance r away from the photo-excited hole,
1Es(t ,r)=Es(t ,r)−E(0)s (r), where Es(t ,r)= J 〈Si+r(t) ·Sj+r(t)〉 and
E(0)s (r)= J 〈Si+r(t<0) ·Sj+r(t<0)〉. After the quench, the total energy in the
system remains constant, 1Ekin(t)+

∑
r1Es(t ,r)=const.
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