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The possibility of driving phase transitions in low-density 
condensates through the loss of phase coherence alone has 
far-reaching implications for the study of quantum phases of 
matter. This has inspired the development of tools to control 
and explore the collective properties of condensate phases via 
phase fluctuations. Electrically gated oxide interfaces1,2, ultra-
cold Fermi atoms3,4 and cuprate superconductors5,6, which are 
characterized by an intrinsically small phase stiffness, are 
paradigmatic examples where these tools are having a dra-
matic impact. Here we use light pulses shorter than the inter-
nal thermalization time to drive and probe the phase fragility 
of the Bi2Sr2CaCu2O8+δ cuprate superconductor, completely 
melting the superconducting condensate without affect-
ing the pairing strength. The resulting ultrafast dynamics of 
phase fluctuations and charge excitations are captured and 
disentangled by time-resolved photoemission spectroscopy. 
This work demonstrates the dominant role of phase coherence 
in the superconductor-to-normal state phase transition and 
offers a benchmark for non-equilibrium spectroscopic inves-
tigations of the cuprate phase diagram.

The value of the critical temperature (Tc) in a superconducting 
material is controlled by the interplay of two distinct phenomena: 
the formation of electron pairs and the onset of macroscopic phase 
coherence. While the pairing energy (Ep) is generally controlled by 
the bosonic modes that mediate the electronic interactions7,8, the 
macroscopic phase Θ depends on the stability of the condensate 
against fluctuations and inhomogeneities. The energy scale rel-
evant for phase fluctuations can be expressed via the Ginzburg–
Landau theory as ħΩΘ =  [ħ2nS(0)a]/2m*, where m* is the effective 
mass of the pairs, a is a characteristic length and nS(0) is the zero-
temperature superfluid density. In conventional superconductors 

Ω≪ ℏ
Θ

Ep  and therefore Tc is determined solely by thermal charge 
excitations across the superconducting gap, which act to reduce the 
number of states available for the formation of the superconducting 
condensate.

In cuprate superconductors, the scenario is much more complex 
since the small superfluid density pushes ħΩΘ down to a value that 
is very close to the pairing energy5: the low density of the quasi-two-
dimensional condensate within the Cu–O planes depresses ħΩ Θ as 
low as ~15 meV in bismuth-based copper oxides5,9. Several equilib-
rium measurements on underdoped cuprate superconductors have 

reported a non-zero pairing gap up to T ≈  1.5 × Tc (refs 10,11) even in 
the absence of macroscopic phase coherence. On heating for exam-
ple, high-resolution angle-resolved photoemission (ARPES) experi-
ments have shown pair-breaking scattering phenomena to emerge 
sharply at Tc while the pairing gap is still open, suggesting a direct 
connection between pair-breaking and the onset of the phase fluc-
tuations12,13. In the same temperature range, non-equilibrium opti-
cal and terahertz experiments have given evidence for picosecond 
dynamics dominated by phase fluctuations above Tc (refs 6,14,15).

The present work is motivated by the idea that a light pulse 
shorter than the internal thermalization time may be used to 
manipulate the density of phase fluctuations in a high-Tc super-
conductor independent of the number of across-gap charge excita-
tions. This would open the possibility of investigating a transient 
regime inaccessible at equilibrium, where both phase fluctuations 
and charge excitations are controlled by the same temperature 
and thus inherently locked. Here we demonstrate this concept 
in the underdoped Bi2Sr2CaCu2O8+δ (Bi2212) superconductor 
(Tc ~ 82 K)16,17. Time- and angle-resolved photoemission spec-
troscopy (TR-ARPES) is used to evaluate the electronic spectral 
function that encodes information regarding the pair-breaking 
dynamics. We demonstrate that the pair-breaking scattering rate 
Γp, which is experimentally12,13 and microscopically18–20 associated 
with the scattering of phase fluctuations, is indeed decoupled from 
the dynamics of the pairing gap and across-gap charge excita-
tions. At and above the critical fluence FC ≈  15 μ J cm−2 (refs 21–23), 
the increase of Γp is such that superconductivity is suppressed. 
Quantitatively, we observe that the non-thermal melting of the 
condensate21–26 is achieved when Γp ≈  ħΩΘ.

TR-ARPES provides direct snapshots of the one-electron 
removal spectral function A(k,ω) (ref. 27) and its temporal evolu-
tion28,29 due to the perturbation by an ultrashort pump pulse. The 
spectral function A(k,ω) depends on both the electron self-energy 
Σ (ω) =  Σ ′ (ω) +  iΣ ′ ′ (ω) and the bare energy dispersion ϵk:

ω
Σ ω

ω Σ ω Σ ω
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For a superconductor, Σ (ω) at the Fermi momentum k =  kF can be 
approximated well by
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where Δ is the superconducting gap amplitude, Γs the single-particle 
scattering rate and Γp the pair-breaking scattering rate, as proposed 
in ref. 18. When the condensate is fully coherent (that is, for ≪T Tc 
at equilibrium), the pair-breaking scattering rate Γp is expected to 
vanish. This term may be interpreted as relating to the finite lifetime 
of a Cooper pair as a result of scattering from phase fluctuations18–20.

To begin, we focus on the temporal evolution of the near-nodal 
superconducting gap. In Fig. 1a we display a section of the Bi2212 
Fermi surface (left panel) and the differential iso-energy contour 
map (right panel). The latter is obtained by subtracting the equi-
librium iso-energy contour at 10 meV (above the Fermi energy, EF) 
from its counterpart obtained at 0.5 ps pump–probe delay. This dif-
ferential shows a clear in-gap signal that has been previously related 

to the quasiparticle recombination dynamics and the pairing gap 
closure21–23,30,31. To then study the pairing gap dynamics, it is com-
mon to fit symmetrized energy distribution curves (SEDCs) at k =  kF 
(refs 18,21,32). Although the emergence of a single peak in the SEDCs 
at large enough excitation fluences in TR-ARPES has been inter-
preted as a signature of the pump-induced gap closure21,23, the com-
prehensive analysis of our data presented in the following provides 
clear evidence that a single peak in the SEDCs is instead related to 
the filling of an almost unperturbed pairing gap12,13,33. This provides 
consistency between transient and equilibrium studies, offering a 
coherent picture of the electronic structure and its related dynamics.

Before proceeding to the detailed modelling and quantitative 
analysis of the data, we address the microscopic origins of the evo-
lution of the transient spectral function. We emphasize those photo-
induced modifications to the spectral function that are immediately 
apparent, even at the level of visual inspection. In Fig. 1b we pres-
ent the temporal evolution of the low-fluence EDC at k =  kF along 
the off-nodal direction (φ =  36°), normalized to the momentum-
integrated nodal EDC (both deconvoluted from the energy reso-
lution broadening before the division, see Supplementary Section 
II). Without invoking controversial symmetrization, this procedure 
allows us to explore the spectral function and its dynamics both 
below and above the superconducting gap. The resulting curves in 
Fig. 1b provide direct evidence for the particle–hole symmetry of 
the quasiparticle states across the superconducting gap in the near-
nodal region (that is, where pseudogap contributions are negligi-
ble34–36). Most importantly, the data in Fig. 1b reveal that the gap size 
(peak-to-peak distance) remains almost constant over the entire 
domain of time-delays measured. In contrast to this, we observe 
a transient decrease and broadening of the quasiparticle peak on 
either side of the gap, leading to a filling of spectral weight inside 
the superconducting gap (analogous conclusions are reached by a 
complementary analysis of the tomographic density of states13, as 
shown in Supplementary Section III).

For a more quantitative analysis, we can model the TR-ARPES 
data in terms of equations (1) and (2). In principle, the in-gap broad-
ening of the spectral function could be caused by both Γ terms in 
equation (2), and so we have developed a global analysis of the EDCs 
and momentum-distribution curves (MDCs), which stabilizes the 
fitting procedure and achieves consistency across our results for all 
delays and excitation fluences (Supplementary Section IV). In Fig. 
1c we show the result of this global fitting at negative delays. The 
best simultaneous fit to EDC and MDC returns Γs =  11.0 ±  0.5 meV 
and Γp ≈  0 meV, which are consistent with the equilibrium values 
extracted from conventional ARPES12. At positive delays (see the 
spectra at τ =  0.6 ps in Fig. 1d as a typical example), the filling of 
spectral weight inside the gap modifies the spectral lineshape such 
that even a qualitative fit requires the introduction of a non-zero Γp. 
Quantitatively, the sensitivity of the MDC lineshape to small varia-
tions of Γs allows us to retrieve the values of the scattering rates at 
each time delay. This can be extended to consider even those excita-
tions sufficiently large to induce complete filling of the gap in spec-
tral weight near EF.

We now move to the analysis of the temporal dynamics of Γp. 
For the sake of simplicity—and having experimentally verified 
particle–hole symmetry across the gap in the momentum range of 
interest—we analyse the SEDCs, which are not influenced by the 
effects of thermal broadening32 or the low signal-to-noise ratio for 
states above EF, as in Fig. 1. In Fig. 2a we present the temporal evolu-
tion of the SEDCs along the off-nodal cut (φ =  36°) at two different 
excitation fluences, F <  FC and F >  FC, where FC is the critical flu-
ence for which the SEDCs exhibit a single envelope centred at the 
EF (refs 22,23,37). For both fluences employed, the global fit approach 
described above provides an accurate and reliable determination of 
the temporal evolution of Γs as well as Δ and Γp (Fig. 2b,c). While 
the gap amplitude (Δ) does not show a significant reduction for any 
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Fig. 1 | ultrafast gap filling via enhancement of phase fluctuations. a, 

Equilibrium Fermi surface mapping (left panel) and differential (Pumpon− 

Pumpoff) iso-energy contour mapping at 10 meV above the Fermi level EF, 

0.5 ps pump–probe delay (right panel). The integration energy range is 

10 meV and kx is aligned along the Γ–Y direction. The dashed black and 

red lines in the right panel define the nodal and off-nodal cuts investigated 

in the present work (details in Supplementary Information). b, Off-nodal 

EDC at k =  kF (φ =  36°) normalized to momentum-integrated nodal EDC 

(φ =  45°) at different pump–probe delays, F <  FC fluence (FC ≈  15 μ J cm−2). 

EDCs have been deconvoluted from the energy resolution broadening 

before the division35 (details in Supplementary Information). c, Equilibrium 

off-nodal (φ =  36°) normalized EDC at kF (left panel) and MDC at  

E =  − 30 meV (right panel). The solid lines represent the best fit to 

the data. The EDC and MDC have been simultaneously fitted using a 

global procedure. Equations (1) and (2) are fitted to the EDC, while a 

phenomenological Lorentzian is fitted to the MDC deconvoluted from 

energy and angular resolutions, as well as contributions not accounted 

for due to the assumption of frequency-independent scattering terms in 

equation (2). The equilibrium curve is well reproduced by Γs =  11.0 ±  0.5 meV 

and Γp ≈  0 meV (red line). d, Non-equilibrium off-nodal (φ =  36°) EDC and 

MDC as measured at a delay of 0.6 ps. The solid blue lines represent the 

outcome of the global fitting procedure, which gives Γs =  15.0 ±  0.5 meV and 

Γp =  6 ±  1 meV. The red dashed lines represent the curves obtained when Γp 

is constrained to zero and Γs is left as the only free parameter for the EDC 

fit non-benchmarked against the MDC. The transparent blue area highlights 

the filling of the superconducting gap induced by a sizable Γp.
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excitation fluence, the leading term that drives the dynamics, and 
eventually the complete filling of spectral weight inside the gap, is 
the enhancement of Γp as triggered by the pump excitation.

As an interesting consequence, we note that the dynamics of 
the quasiparticle spectral weight (circles in Fig. 2d) can be mapped 
onto the phenomenological function τ = +

−
Γ τ

Γ τC( ) [1 e ]
1

2

p

s

( )

( )  (dashed lines 
in Fig. 2d), which resembles the momentum-averaged two-particle 
scattering coherence factor38,39. This empirical relationship between 
the single-particle ARPES spectral weight and a two-particle corre-
lator suggests an intriguing scenario in which the quasiparticle peak 
amplitude is intertwined with the condensate density. Such a rela-
tionship, already suggested by previous ARPES studies37,40,41, calls 
for future experimental and theoretical investigations.

The viability of measuring the evolution of Γp in the time domain 
provides essential information regarding the intrinsic dynamics of 
condensate formation in the cuprates. Figure 3a,b shows that the 
Γp relaxation dynamics for F <  FC are completely decoupled from 
those of the gap amplitude and of the above-gap charge excitations. 
In particular, in Fig. 3b we compare the temporal evolution of Γp 
(blue, obtained by fitting the data in Fig. 2b) with the dynamics of 
the superconducting gap (black, from Fig. 2b) and of the charge 
excitations (green, as obtained by integrating the off-nodal pump-
induced charge population in the above-gap 15–70 meV energy win-
dow shown in the inset of Fig. 2b). While the temporal evolution of 
the above-gap excitations and that of the gap amplitude are locked to 
each other with a 4.0 ±  0.5 ps recovery time, Γp relaxes much faster 
with a relaxation rate τΘ ≈  1 ps. This value is of the same order of mag-
nitude as the phase-correlation time extracted from high-frequency 
conductivity and related to the motion of topological defects6.

Microscopically, the transient increase of phase fluctuations 
can be rationalized as a cascade process triggered by the optical 
pump, which initially breaks the electronic pairs and promotes hot  

quasiparticles to energies well above EF. During their decay, the non-
thermal quasiparticle population can either couple directly to phase 
excitations or scatter off high-energy bosonic excitations on a tim-
escale of tens (spin fluctuations) to hundreds (optical phonons) of 
femtoseconds42–44. The subsequent absorption of these bosons can 
break additional Cooper pairs. Furthermore, any pair recombina-
tion process must emit a gap-energy boson to satisfy energy conser-
vation, as described by the Rothwarf–Taylor equations26. As a result, 
after a few hundred femtoseconds, the initial excitation is converted 
into a non-thermal bosonic population. We speculate that such 
highly energetic bosons, coupled to the fermionic bath, can inter-
act even indirectly with the macroscopic condensate. These bosons 
can be considered as a possible source of the excess phase fluctua-
tions that give a finite lifetime to the Cooper pairs. This picture is 
corroborated by the observation of a maximum change in Γp (Fig. 
3a) approximately 500 fs after the pump excitation. Such a value is 
compatible with the build-up time observed via time-resolved opti-
cal spectroscopy and has been justified as the time necessary for the 
growth of the non-thermal gap-energy bosonic population26.

Together, these observations imply that the pair-breaking pro-
cesses related to the loss of coherence of the condensate can be 
decoupled from the charge excitations on the picosecond timescale. 
In this transient state, the condensate becomes more fragile, despite 
an almost unaffected pairing strength. This result has important 
consequences for establishing the nature of the instability of the 
macroscopic condensate at higher excitation fluences. Both time-
resolved optical24–26,45,46 and photoemission21–23,30,33,37,47 experiments 
have measured the collapse of superconductivity and the complete 
quench of the coherence factor for pump fluence ranging from 14 to 
70 μ J cm−2. Our data demonstrate that at F ≥  15 μ J cm−2, the non-equi-
librium pair-breaking rate becomes of the order of the energy scale 
relevant to phase fluctuations—that is, Γp ≈  ħΩΘ ≈  15 meV (Fig. 2b),  
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which corresponds to a Cooper pair lifetime of ≈ 40 fs. Figure 3c 
provides a pictorial illustration of the dynamics of the superconduc-
tor-to-normal state phase transition: the transient excess of phase 
fluctuations driven by highly energetic bosons fills the supercon-
ducting gap and does not affect the pairing strength. We emphasize 
that while these results are consistent with the notion of preformed 
Cooper pairs and that sufficient enhancement of Γp could culminate 
in the evolution of Fermi arcs18,48, the limited region of momentum 
space explored in this current work precludes any discussion of the 
pseudogap state.

These results challenge the current understanding of the super-
conducting phase transition in cuprates. The TR-ARPES data pre-
sented here constitute direct evidence that the phase coherence 
controls the condensate formation in underdoped high-Tc supercon-
ductors, while the temperature-driven occupation of states plays a 
secondary role5. Indeed, our results demonstrate that the recovery 
of phase coherence is the primary and fastest mechanism by which 
we restore superconductivity (see Fig. 3b). In addition, the ability 
to melt the condensate without altering the gap size or increasing 
the electronic temperature substantively (Fig. 3c) suggests spectro-
scopic explorations of the hierarchy of pairing and phase coherence 
throughout the cuprate phase diagram, and in the vicinity of the puta-
tive quantum critical points49. Further investigation and the develop-
ment of selective excitation schemes will be essential to test possible 
interpretations of the dynamical response of the phase coherence 
in high-Tc superconductors. In particular, a detailed study of the  

frequency dependence of Γp may elucidate the microscopic mecha-
nism responsible for the enhancement of phase fragility reported 
here. Furthermore, by extending these techniques to other members 
of the cuprate family, the relative role of dimensionality and inter-
layer coupling in the transient quenching of the superconducting 
condensate may be established5,50. The mechanism by which fermi-
ons interact with phase modes and how gap-energy bosons interact 
with the pair condensate toward the ultimate result of a plasma of 
incoherent excitations still remains as an open and intriguing issue.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41563-018-0045-1.
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LETTERSNATURE MATERIALS

Methods
Experimental set-up. Our TR-ARPES system is based on a Ti:sapphire laser 
(VitesseDuo +  RegA 9000 by Coherent) delivering 800 nm pulses (1.55 eV) with 
a 180 fs pulse duration, and 250 kHz repetition rate. �e output beam is split: a 
portion is used as the pump beam while the remaining part generates its fourth 
harmonic, that is, 200 nm (6.2 eV). �e 6.2 eV is generated through a cascade 
of nonlinear processes. �e probe (6.2 eV) and the pump (1.55 eV) beams are 
both vertically (s) polarized and they are focused onto the sample (45° angle 
of incidence) using the same focusing optic, leading to approximately 120 μ m 
and 250 μ m spot sizes, respectively. �e ARPES measurements are conducted 
in ultrahigh vacuum with a base pressure lower than 3 ×  10−11 torr, at a base 
temperature of 6 K. �e angle and energy of the photoelectrons are resolved 
using a SPECS Phoibos 150 electron analyser. �e momentum, energy and 

temporal resolutions of the system are < 0.003 Å−1, 19 meV and 250 fs, respectively, 
referenced from polycrystalline gold. Incident pump �uences indicated as F <  FC 
and F >  FC correspond to 8 ±  2 μ J cm−2 and 30 ±  4 μ J cm−2, respectively.

Samples. Single-crystal Bi2Sr2CaCu2O8+δ (Bi2212) samples have been grown 
using the floating-zone method and hole-doped by oxygen annealing (Tc ≃  82 K). 
Bi2212 samples have been characterized by scanning tunneling microscopy 
measurements16, and the gap amplitude extracted from the global fitting procedure 
agrees well with that reported elsewhere17.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon  
reasonable request.
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