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A

ccording to Bardeen–Cooper–Schrieffer (BCS) theory (1),
superconductivity requires that electrons bind in Cooper
pairs and condense collectively in a macroscopic quantum state.
In conventional superconductors, the observation of a shift in the
superconductivity transition temperature upon isotope substitution (2, 3) was an experimental breakthrough leading to the
conclusion that lattice vibrations (phonons) act as a glue among
electrons, promoting the required pairing. Since the discovery of
high-temperature superconductivity in cuprates in 1986 (4), the
observation of an analogous ﬁngerprint of the glue involved in
the pairing mechanism, if any, has been lacking.
A fertile route to obtain information on excitations in solids
and their coupling to electrons is pump-probe spectroscopy (5).
Typically, the sample is illuminated by an ultrashort laser pulse
lasting a few tens of femtoseconds and carrying 1.5 eV photons.
This “pump” pulse creates an out-of-equilibrium distribution of
particle-hole excitations that decays to states within a few hundreds of millielectronvolts of the chemical potential (6) in the
pulse duration timescale. There, phase space restrictions slow
down the dynamics (7) and the subsequent evolution can be
studied in real time by a probe pulse. The dynamical response of
the system can be observed with a temporal resolution comparable to the timescale of relevant processes in the material, like
the pairs breaking, their recombination, or the electron–phonon
coupling time.
For example, the photoinduced quenching of the superconducting order parameter and its subsequent recovery were followed by recording the temporal evolution of the gap amplitude
in the optical spectrum of different cuprates (8–11). Remarkably,
it was found that the energy needed to suppress the superconducting state in these materials is several times larger than the
condensation energy (9, 10), in contrast to what happens in conventional superconductors where it is of the same order (9, 11).
Optical studies also provided insights on the relaxation dynamics
of the excited quasiparticles (11–14) and on the optical spectral
weight transfers associated with the carriers’ kinetic energy changes
across the photoinduced phase transition (15).
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Femtosecond angle-resolved photoelectron spectroscopy
(ARPES) showed that the decay of photoexcited carriers is dominated by the recombination of the Cooper pairs at the antinodes
(i.e., the copper–oxygen bond direction in real space) (16). Also,
similar experiments yielded an estimate of the electron–phonon
coupling strength being in the intermediate regime (6), similar to
what was found by femtosecond-electron diffraction, which in turns
identiﬁed also its anisotropy (17, 18).
In all of the above-mentioned experiments, excitation by the
pump occurs through dipole-allowed processes (i.e., the corresponding matter–radiation interaction Hamiltonian is linear as
a function of the electric ﬁeld) and the dynamics are dominated by
the incoherent relaxation of the system. However, the same pump
pulse can also generate coherent oscillations of the optical properties due to the population of elementary excitations through a
stimulated Raman process (i.e., through the second-order term of
the matter–radiation Hamiltonian, which is quadratic as a function
of the electric ﬁeld). For example, in transparent media, phonons
can be excited by the impulsive stimulated Raman scattering
(ISRS) mechanism (19, 20); in absorbing media instead, both a
displacive (20–23) and an ISRS mechanism may enter into play,
depending on various factors such as the lifetime of the particlehole excitations (23)and the nature of the coupling among phonons
and particle-hole excitations, etc.
In cuprates, the generation of coherent structural excitations
(phonons) has already been reported (24, 25). More generally,
any excitation that is active in spontaneous Raman scattering is
also allowed in pump-probe spectroscopies. Indeed, Raman active electronic excitations like magnons and density ﬂuctuations
have been found to be coherently generated in different materials (26, 27).
In this report, we present a technique, coherent charge ﬂuctuation spectroscopy (CCFS), in which charge ﬂuctuations are coherently generated by the pump pulse through a stimulated
Raman process active in a superconductor. These coherent excitations are subsequently probed by femtosecond-broad band
reﬂectivity, allowing to observe the real-time oscillations of the
Cooper pair condensate and its impact on high-energy excitations.
CCFS takes advantage of the possibility to coherently control
Cooper pairs in superconductors in a way that resembles the
coherent control of spins with NMR-ESR techniques. To
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Dynamical information on spin degrees of freedom of proteins or
solids can be obtained by NMR and electron spin resonance. A
technique with similar versatility for charge degrees of freedom
and their ultrafast correlations could move the understanding of
systems like unconventional superconductors forward. By perturbing the superconducting state in a high-Tc cuprate, using a femtosecond laser pulse, we generate coherent oscillations of the
Cooper pair condensate that can be described by an NMR/electron
spin resonance formalism. The oscillations are detected by transient broad-band reﬂectivity and are found to resonate at the
typical scale of Mott physics (2.6 eV), suggesting the existence of
a nonretarded contribution to the pairing interaction, as in unconventional (non-Migdal–Eliashberg) theories.

understand this analogy, it is useful to use Anderson’s pseudospins formalism (28, 29).* The latter is based on the fact that
despite their obvious physical difference, from a mathematical
(or purely formal) point of view, magnetism and superconductivity are closely linked phenomena.
The BCS wave function of a generic superconductor reads


[1]
jΨi = ∏ uk + vk c†k↑ c†−k↓ j0i;
k

c†kσ
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where the operator
creates an electron with spin σ and wavevector k and j0〉 represents the vacuum state. For each pair of
states (k↑, −k↓) the wave function is a quantum mixture of the pair
being empty (with amplitude uk) and being fully occupied (with
amplitude vk). Anderson’s idea is illustrated pictorially in Fig. 1
and consists of representing the fully occupied pair (k↑, −k↓) by
a down pseudospin in momentum space (Fig. 1A) and the state in
which the pair is empty by an up pseudospin (Fig. 1B).* The
advantage of this representation is that the pseudospins behave
like traditional spin-1/2 operators, and the quantum mixture of
fully occupied and empty states in the BCS wave function is represented by a sidewise pseudospin (Fig. 1C).
In the normal state uk = 0 and vk is different from zero only for
states inside the Fermi surface, which corresponds to empty pairs
above the chemical potential (up pseudospins) and fully occupied pairs below the chemical potential (down pseudospins),
leading to the pseudospin texture shown schematically in Fig.
1D, with a sharp interface at the Fermi surface. In the superconducting state, mixing of empty and fully occupied pairs, which
becomes maximum at the chemical potential, blurs the Fermi
surface, leading to the texture shown in Fig. 1E.
Coherent control of the pseudospins in a superconductor can
be achieved by an ad hoc prepared light pulse through a stimulated Raman process that, as discussed in more detail below,
triggers the precession of the pseudospins around their equilibrium axis. This is analogous to NMR and ESR experiments in
which magnetic ﬁeld pulses induce a precession of real spins
(30). The concept and schematics of this experiment are depicted
in Fig. 1 F and G. An infrared polarized femtosecond laser pulse
couples to charge ﬂuctuations in a superconductor according to
Raman selection rules. The pump pulse impulsively perturbs the
system and induces the pseudospins’ precession, i.e., the oscillations of the Cooper pair condensate. The optical spectra of the
system are then monitored in real time at different energies,
revealing the optical transitions that respond to the oscillating
condensate; this allows us to single out those excitations that can
potentially mediate electron–electron interactions impacting the
formation of Cooper pairs. This is of pivotal importance for
cuprates, because the applicability of conventional pairing theories (31), based on retarded interactions between electrons
mediated by low-energy glue bosons, has been doubted (32, 33)
and a completely different framework has been proposed involving nonretarded interactions associated with electronic highenergy scales (34).
We performed such high-temporal-resolution (<50 fs) experiments in two optimally doped (Tc = 40 K) La2−xSrxCuO4 (LSCO)
single crystals (x = 0.15) with different orientations (see SI Text
and ref. 35 for details). A polarized 1.55-eV laser pulse with
a duration of 45 fs and an absorbed ﬂuence around 300 μJ/cm2
(unless otherwise stated) induces both dipole (linear in the
electric ﬁeld) and Raman (quadratic in the electric ﬁeld) allowed
excitations, the latter being the main focus of this work.
*The pseudospin operators are deﬁned as σ xk = ðck↑ c−k↓ + h:c:Þ, iσ yk = ðck↑ c−k↓ − h:c:Þ, and
†
†
σ zk = 1 − nk↑ − n−k↓ . Here nkσ = ckσ
ckσ and ckσ
(ckσ ) are creation (annihilation) operators
for electrons.
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Fig. 1. Pseudopsin description of the coherent charge ﬂuctuation spectroscopy experiment. (A) Angle ϕ along the Fermi surface (FS). A–C deﬁne
the pseudospin operators in momentum space: A pseudopsin down corresponds to the pair of states (k↑, −k↓) being fully occupied (A), a pseudospin
up to the pair (k↑, −k↓) being empty (B), and a sideways pseudopsin to a
quantum superposition of the previous two (C). (D and E) Pseudospin pattern in the normal state and in the case of an s-wave superconductor, respectively. Rather than plotting the pseudospins as a function of momentum
k we make a change of coordinates and plot as a function of the Fermi
surface angle ϕ and the energy distance ξ of the state k from the chemical
potential μ. (F) Schematic view of an NMR/ESR experiment in which the spins
precess, inducing a magnetization oscillation. (G) Corresponding view for a
CCFS experiment, in which the pseudospins precess upon ultrafast excitation
and coherent charge ﬂuctuation generation.

We chose different experimental geometries for exploiting the
Raman selection rules for excitation and detection to obtain
information on different ﬁnal states (SI Text). In the ﬁrst geometry, the pump electric ﬁeld is parallel to the Cu-O bond,
giving access to Raman excitations with A1g + B1g symmetry,
whereas the probe-pulse electric ﬁeld is directed toward the c
axis, allowing us to detect only A1g symmetry excitations. Then,
using the same pumping geometry, we probed the excited system
along [100] and [010], which respectively give access to A1g + B1g
and A1g − B1g excitations. Performing the difference between the
two orientations allows us to extract only B1g excitations. Finally,
we used the pumping and probing ﬁelds on the diagonal direction giving access to A1g + B2g Raman excitations. The dynamics of all these excitations are then probed by broad-band
ultrafast reﬂectivity, for which overall time-energy dependence
is displayed in Fig. 2 A–C.
The transient reﬂectivity is dominated by a large abrupt amplitude change followed by a relaxation; this is a consequence of
high-energy particle-hole (p-h) excitations produced by the dipole
allowed absorption of the pump photons. Furthermore, in both
orientations the transient reﬂectivity changes sign throughout the
Mansart et al.

spectra in correspondence to speciﬁc electronic transitions. These
changes reﬂect the transfer of spectral weight among the different
absorption bands produced by the p-h excitations (15). The
number of p-h excitations involved is estimated in SI Text to be
less than 10−2 per Cu atom.
All geometries present coherent oscillations of Raman excitations on top of the dipole p-h excitations relaxation as shown in
the temporal proﬁles in Fig. 2 D–F, taken at selected energies
where the oscillation amplitude is the largest. These proﬁles are
representative of the full datasets for a given geometry as far as
the oscillation phase and frequency are concerned. In A1g symmetry, an ultrafast oscillation with a period of 145 fs and a long
coherence time (1.45 ps) is visible at all wavelengths (Fig. 2 A
and D). The Fourier transform analysis of A1g symmetry data is
presented in Fig. 2D, Inset. A sharp peak at 28 meV is visible,
corresponding to the out-of-plane La A1g mode of LSCO (36);
the corresponding atomic motions are shown in Movie S1. Such
coherent fully symmetric modes have already been observed in
high-Tc superconductors (22, 24).
Instead, in both A1g + B2g and B1g symmetries (Fig. 2 E and
difference in F), slower and damped (around 300 fs coherence
time) oscillations are clearly observed below Tc. The Fourier
analysis of these time-resolved proﬁles is presented in Fig. 3 A
and B. In A1g + B2g symmetry, for a probing wavelength of 2.45
eV, the temperature dependence of the Fourier-transform signal
shows an obvious peak at 18 meV that vanishes above Tc (Fig.
3B). In B1g symmetry, the broad peak appears at energies around
24 meV when the sample temperature is lower than Tc. Increasing the pump ﬂuence to 2 mJ/cm2, no such peak could be
observed below Tc (Fig. 3A).
In Fig. 3 C and D we display the terahertz spectra obtained in
the superconducting state and compare them with the spontaneous Raman response (data taken from ref. 36), which is well
understood in terms of the excitation of two Bogoliubov quasiparticles (37). The good agreement between them allows us to
identify the strongly temperature-dependent part of the oscillations as Raman charge ﬂuctuations of the superconducting
Mansart et al.

condensate. This agreement is expected from simple theoretical
considerations for electronic ISRS, which show that any excitation that is Raman active in a colinear conﬁguration of incoming
and outgoing photon electric ﬁelds is also accessible in a pumpprobe experiment (SI Text). Our experiment detects remnants of
superconductivity at ﬂuences of the same order but larger than
previously reported (10, 16). We attribute that difference to the
much higher sensitivity of our optical measurement to superconductivity and its bulk character. Presumably, superconductivity is indeed quenched on the ﬁrst layers of the sample and
becomes invisible to surface probes like photoelectron spectroscopies (16).
The temporal evolution of the coherent phonon oscillation in
A1g geometry is presented in Fig. 2D, with its extrapolation down
to zero-time delay (as deﬁned in ref. 35), allowing us to establish
its cosine waveform that is typical of a displacive (resonant)
mechanism of excitation (20, 21). The electronic transitions induced by 1.55-eV photons occur between the ground state of the
material and higher-energy electronic states. At this energy,
a peak in the optical absorption is observed in LSCO, distinct
from the Cu-O charge transfer (38), which had been attributed to
charge ordering in the form of stripes (39). Thus, the cosine wave
form indicates that, not unexpectedly, the charge modulations
are strongly coupled to the A1g La phonon.
In the A1g geometry, the presence of the strong coherent
phonon disturbs the real-time observation of the superconducting
condensate. Instead, in both A1g + B2g and B1g symmetries, the
ﬂuctuations of the superconducting quasiparticles are clearly
observable and start at zero time delay, allowing the determination of a sine waveform (Fig. 2 E and F). This indicates
that contrary to the A1g phonon case, the triggering mechanism is
ISRS (19, 20), meaning that the p-h excitations at the energy of
the pump pulse are not directly coupled to the superconducting
quasiparticles. We show below that an analysis of the probe energy dependence leads to the same conclusion.
For the Raman allowed excitations, the effect of the pump light
on the electrons can be described by a time-dependent impulsive
PNAS | March 19, 2013 | vol. 110 | no. 12 | 4541
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Fig. 2. (A–F) Transient broad-band reﬂectivity data at 10 K in A1g {pump k [100], probe k [001], (A and D)} and A1g + B2g {pump k [110], probe k[110], (B and
E)} and at 24 K in A1g + B1g {pump k [100], probe k [100], (C and F)} geometries (speciﬁed in tetragonal axis). The extracted proﬁles are shown in C and F for
selected probe energies. E presents the reﬂectivity oscillations by substracting the background on the proﬁle, and in F we show the difference between A1g +
B1g and A1g − B1g proﬁles, which is proportional to the B1g signal. The absorbed pump ﬂuence is around 300 μJ/cm2.

Fig. 3. (A and B) Fourier transform spectra obtained at different temperatures and excitation ﬂuences in B1g (A, 1.91 eV probing energy) and A1g + B2g (B,
2.45 eV probing energy) geometries. (C and D) Comparison between transient reﬂectivity data and Raman measurements, in the superconducting phase. The
spontaneous Raman spectra are the difference between superconducting and normal phases, showing only the charge ﬂuctuation peaks. Insets show
schematically in C the angle ϕ along the Fermi surface and the regions in momentum space excited in B1g symmetry and in D the same for B2g symmetry.

potential quadratic in the electric ﬁeld (SI Text).† As mentioned
above, we can describe its effect on the superconducting quasiparticles using Anderson’s pseudospin formalism (28).
The reduced BCS Hamiltonian in the presence of a timedependent potential acquires a simple form when written in terms
of the pseudospin operators σ k,*
X
bk :σk ;
[2]
H= −
k

where σ k is a Pauli matrix representing the pseudospin associated
with the pair of states (k↑, −k↓) and bk is a ﬁctitious “magnetic
ﬁeld”. At the equilibrium, pseudospins orient parallel to the
ground-state pseudomagnetic ﬁeld b0k = ðΔk ; 0; ξk Þ, where Δk is
the superconducting order parameter and ξk = ek − μ, ek being
the quasiparticle band energy (in the absence of superconductivity) and μ the chemical potential. Thus, this Hamiltonian expresses
the familiar fact that the ground-state wave function is determined
by the mean-ﬁeld order parameter Δk, which in turn can be
expressed in terms of the pseudospins.
In the absence of superconductivity, Δk = 0; so the pseudomagnetic ﬁeld points in the z direction and changes sign at the
chemical potential, leading to the equilibrium texture of Fig. 1D.
In the superconducting state, the pseudomagnetic ﬁeld acquires
a horizontal component, Δk ≠ 0, so that in the case of an s-wave
superconductor the pseudospins display the texture shown in Fig.
1E. For a d-wave superconductor, the horizontal component of
the pseudomagnetic ﬁeld cancels along the nodal directions due
to the gap anisotropy, leading to the texture of Fig. 4A, which has
no sideway pseudospins along the nodal direction.
The Raman coupling to the pump pulse can be described by a
time-dependent potential vXk ðtÞ coupling to charge ﬂuctuations, i.e.,
to the z component of the pseudospins. The potential has a different dependence in momentum space depending on the symmetry
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†

P
C h a r g e ﬂ u c t u a t i o n s a r e d e ﬁ n e d b y t h e o p e r a t o r NX = kσ fkX nkσ , w i t h
B
B
fk 1g = ½cosðkx aÞ − cosðky aÞ=2, and fk 2g = sinðkx aÞsinðky aÞ. The Raman time-dependent pot e n t i a l s p r o d u c e d b y t h e p u m p e l e c t r i c ﬁ e l d , E , a r e vkX ðtÞ = fkX vX ðtÞ w i t h
vX ðtÞ = − 12EðtÞ:∂χ ðωL Þ=∂hNX i:EðtÞ with χ the charge susceptibility and its density derivative the conventional Raman tensor (SI Text).
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X = A1g, B1g, B2g, which is determined by the polarization of the
pump (SI Text).*,† Thus, the pseudomagnetic ﬁeld
 becomes
 time
dependent: bk ðtÞ = b0k + δbk ðtÞ, with δbk ðtÞ = 0; 0; vXk ðtÞ . The
pseudospins obey the usual equations of motion for magnetic
moments in a time-dependent magnetic ﬁeld (28),
Z

∂σ k
= − 2½b0k + δbk ðtÞ × σ k ;
∂t

[3]

implying that after the pulse passage the pseudospins precess
0
around theq
equilibrium
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ direction with an angular velocity 2jbk j=Z,

with jb0k j = ξ2k + Δ2k being the BCS quasiparticle energy (Fig. 4B,
Fig. S1, and Movie S2).
Eq. 3 is close to the equation of motion used in NMR/ESR
formalisms; however, in NMR the static ﬁeld b0 is usually provided by an external ﬁeld, whereas here it is due to the interaction with the other pseudospins. The magnetic analogy is
actually more complete with ESR in magnetically ordered
materials where b0 can be completely due to the interaction with
the other spins.
Because δbk is in the z direction, only pseudospins having
a signiﬁcant component at equilibrium in the x-y plane respond
to the Raman impulsive ﬁeld, automatically selecting the quasiparticles participating in the pairing. This is further constrained
by the momentum-dependent form factors in vXk ðtÞ.† Therefore,
in B2g symmetry only pseudospins that are close to the Fermi
level and are neither in the nodes nor in the antinodes have a
signiﬁcant time dependence. The oscillating z projection of the
pseudospins shown in Fig. 4B encodes the contribution to the total
charge ﬂuctuation, shown in Fig. 4C. At t = 50 fs (blue) the
pseudospins at ξ = 0 and close to ϕ = π/4 ± π/8 are close to their
maximum negative amplitude in the z direction, corresponding
to the ﬁrst peak in the B2g charge ﬂuctuation.
We also show in Fig. 4C a comparison between the experimental and theoretical condensate oscillation in B2g geometry.
Interestingly, the experiment shows a quite long coherence time
compared with theory. Details of the computations are given in
SI Text.
Mansart et al.

The transient optical properties of the system in the presence
of a ﬂuctuation of symmetry X are governed by the changes in
the dielectric function tensor
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δeðω; tÞ = − 4π

X ∂χ
ðωÞhNX iðtÞ;
∂hNX i
X

[4]

and ∂χ /∂〈NX〉 is the conventional Raman tensor (SI Text). We see
that the same Raman tensor appears in the generation of the
pulse by ISRS and in the subsequent probing process. In analogy
with lattice ISRS (20), only excitations having an interaction
matrix element with the ﬂuctuating quasiparticles will contribute
to ∂χ /〈NX〉, allowing us to detect excitations participating in the
pairing. We point out that CCFS is not restricted to reﬂectivity,
and other techniques like spontaneous Raman scattering can be
used as a probe, allowing us to test also excitations of different
symmetries. In this case a different matrix element will be involved in the probe in lieu of the Raman tensor in Eq. 4.
The oscillation of the superconducting condensate is most
clearly visible in the A1g + B2g conﬁguration. For this reason, we
perform the spectral analysis in this conﬁguration. The probe-energy dependence of the A1g + B2g ﬂuctuation in the frequency
domain is presented in Fig. 4D. The superconducting ﬂuctuations
clearly resonate at an energy of 2.6 eV, corresponding to the Cu-O
charge transfer energy of the parent compound that coincides with
the Hubbard energy U of a one-band description (32). Remarkably,
even though there is substantial absorption below the charge
transfer band in our samples, the superconducting quasiparticles
appear to be decoupled from the excitations in that energy region.
This is fully consistent with our ﬁnding above that the A1g + B2g
ﬂuctuations have a sine waveform when pumped at 1.55 eV.
The correct framework to understand superconductivity in
cuprates has been the subject of an intense debate (32, 33, 40).
One possibility is that the role of phonons in the traditional
Mansart et al.

mechanism is replaced by a different low-energy bosonic excitation like damped magnons, which act as a glue, allowing the
pairing of electrons (41, 42). In this scenario, superconductivity
can be understood in the traditional framework (31) where retardation plays an important role. Anderson (32) has argued that
there is no such low-energy glue and that proximity to the Mott
phase is an essential ingredient. The relevant timescale of the
interactions inducing the pairing is the inverse of the Hubbard
energy U ≳ 2 eV. Therefore, the interaction can be considered
instantaneous for practical purposes. Our results are consistent
with a coupling of the superconducting quasiparticles with excitations at 2.6 eV. We attribute this to a ﬁngerprint of “Mottness”
in the superconducting state, although we cannot exclude other
electronic transitions like a d − d exciton, which would also be
interesting. Systematic studies of these types of oscillations in
different chemical compositions and energy ranges coupled to
further theoretical work may allow us to gain deeper insights into
the pair-mediating or pair-breaking nature of these excitations.
A negligible coupling in the rest of the measured energy
window (1.6 eV < Zω < 3.2 eV) is observed, but we cannot exclude that other electronic excitations outside our probing range
are also coupled to superconductivity and even dominant. Numerical computations support a coupling to the Mott scale (40),
although with a strong contribution from the low-energy region.
The key feature of the isotope effect (2, 3) in conventional
superconductors was its high speciﬁcity, because only the frequency of one potential glue excitation was affected and its impact on superconductivity evaluated. CCFS has a high degree of
speciﬁcity in a reverse form: Only paired electrons are affected,
and their impact on different excitations is assessed.
Compared with previous ultrafast studies of superconductivity,
our experiments provide a direct observable of the coherent
Cooper pairs dynamics. Moreover, because of the spectroscopic
nature of our probing scheme, we can detect resonances between
superconductivity and high-energy excitations. Also, because we
PNAS | March 19, 2013 | vol. 110 | no. 12 | 4543
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Fig. 4. Pseudospin textures coding the BCS wave function in momentum space. (A) Ground state texture: Pseudospins are labeled by the distance in energy
from the Fermi level ξ ≡ ξk and the angle ϕ along the Fermi surface (Fig. 2C, Inset). (B, short red arrows) Amplitude of the impulsive ﬁeld δ bk applied at t = 0 in
B2g symmetry. (Long arrows) Texture snapshots (amplitudes exaggerated for clarity) immediately after the excitation (yellow), at 25 fs (green), and at 50 fs
(blue). (C) Theoretical charge ﬂuctuation: Solid circles correspond to the snapshots in B. Open circles represent the experimental change in reﬂectivity after
the high-energy p − h background has been subtracted. (D) Probe energy dependence of the Fourier-transformed A1g + B2g ﬂuctuation.
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directly obtain the condensate oscillations in real time, we have
access to their phase and its evolution throughout the probing
energy range. The presented results form a benchmark for timeresolved experiments in cuprates and shed new light on the nature of the pairing interactions.
In a more general perspective the NMR/ESR analogy encoded
in Eqs. 2 and 3 allows us to borrow concepts like the relaxation
times T1 and T2* (30). T2* is deﬁned by the decay of the charge
ﬂuctuations, which is dominated by the inhomogeneity of the
pseudomagnetic ﬁeld in momentum space. Therefore, our ex-
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function by a sequence of pulses. These tools can be generally
applied to different materials, including heavy fermions and ironbased superconductors.

Mansart et al.

