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One of the most fascinating properties of low-density condensates is the emergence of phase transitions driven solely by the fragility of the phase coherence.
This intriguing physics has triggered an intense search for tools to control the
rigidity of superconducting phases and investigate the collapse of superconductivity induced by phase fluctuations. Electrically-gated oxide interfaces [1, 2],
ultracold Fermi atoms [3, 4] and cuprate superconductors [5, 6], which are characterized by an intrinsically small phase-stiffness, are paradigmatic examples.
Here, we use ultrashort light pulses to probe and drive the phase fragility of the
Bi2 Sr2 CaCu2 O8+δ cuprate superconductor, up to the point of completely quenching the phase coherence without affecting the electron pairing. Time-resolved
photoemission is used to track and disentangle the dynamics of phase fluctuations and charge excitations. This work demonstrates the dominant role of phase
coherence in the emergence of high-temperature superconductivity and offers a
new benchmark for non-equilibrium models of quantum phase transitions.
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 interactions [7, 8], the macroscopic phase Θ
depends on the robustness of the condensate against fluctuations and inhomogeneities. The
energy scale relevant for phase fluctuations can be expressed via the Ginzburg-Landau theory as ~ΩΘ =[~2 nS (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 Ep  ~ΩΘ and therefore Tc is solely determined by the thermal charge excitations
across the 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 ~ΩΘ down to a value that is very close to the pairing energy [5]. The low
density of the quasi-2D condensate within the Cu-O planes makes ~ΩΘ as low as ≈ 15 meV
in bismuth-based copper oxides [5, 9]. Several equilibrium measurements on underdoped
cuprate superconductors have reported a non-zero pairing gap up to T ≈ 1.5×Tc [10, 11] even
in the absence of macroscopic phase coherence. In particular, high-resolution angle-resolved
photoemission (ARPES) experiments have shown pair-breaking scattering phenomena to
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emerge sharply at Tc while the pairing gap is still open, suggesting a direct connection
between these latter and the onset of the phase fluctuations [12, 13]. In the same temperature
range non-equilibrium optical and THz experiments have given evidence for picosecond
dynamics dominated by phase fluctuations above Tc [6, 14, 15].
The idea that drives the present work is that the excitation of a high-Tc superconductor
with a light pulse shorter than the internal thermalization time may be used to manipulate
the density of phase fluctuations independently of the number of across-gap charge excitations. This would lead to the possibility of investigating a new transient regime that cannot
be achieved in equilibrium conditions, 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 Bi2 Sr2 CaCu2 O8+δ (Bi2212) superconductor (Tc ∼ 82 K).
Time- and angle-resolved photoemission spectroscopy (TR-ARPES) is used to track the
electronic spectral function which encodes information about the pair-breaking dynamics.
We demonstrate that the pair-breaking rate Γp , which is experimentally [12, 13] and microscopically [16, 17] associated with the scattering off phase fluctuations, is indeed decoupled
from the dynamics of the pairing gap and of the across-gap charge excitations. At the critical fluence FC ≈ 15 µJ/cm2 [18–20], the increase of Γp is such that superconductivity is no
longer sustained. Quantitatively, we observe that the non-thermal melting of the condensate
[18–23] is achieved when Γp ≈ ~ΩΘ .
TR-ARPES provides a direct snapshot of the one-electron removal spectral function
A(k, ω) [24] and its temporal evolution [25, 26] under the perturbation by an ultrashort
pump pulse.

The spectral function A(k, ω) depends on both the electron self-energy

Σ(ω)=Σ0 (ω)+iΣ00 (ω) and the bare energy dispersion k :
A(k, ω) = −

Σ00 (ω)
1
π [ω − k − Σ0 (ω)]2 + [Σ00 (ω)]2

.

(1)

For a superconductor Σ(ω) can be well approximated by
Σ(ω) = −iΓs +

∆2
(ω + iΓp )

,

(2)

where ∆ is the superconducting gap amplitude, Γs is the single-particle scattering rate and
Γp is the pair-breaking scattering rate [27]. The latter is equal to zero when the condensate
is fully coherent, i.e. for T  Tc at the equilibrium. This term may be interpreted as relating to the finite-lifetime of a Cooper pair induced by the scattering from phase fluctuations.
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[16, 17].
First, we report the temporal evolution of the near-nodal superconducting gap. In Fig. 1ab we display a section of the Bi2212 Fermi surface and the differential iso-energy contour
mapping. The latter is obtained by the subtraction of the equilibrium iso-energy contour
at 10 meV (above the Fermi level, EF ) from its counterpart obtained at 0.5 ps pump-probe
delay. We focus at two points on the Fermi surface with gap amplitudes that are zero (nodal
direction, black dashed line) and 15 meV (off-nodal cut, green dashed line). The data in
Fig. 1b near the off-nodal region shows a clear in-gap signal that has been previously related
to the quasiparticle (QP) recombination dynamics and the pairing gap closure [18, 28, 29].
In Fig. 1c we show the energy distribution curves (EDCs) at the Fermi momenta k = kF
along both the nodal and off-nodal directions at two different pump-probe delays: τ < 0 ps
(solid lines) and τ = 0.5 ps (dashed lines). Upon excitation, the QP peak is quenched and
broadened, partially due to the increase in electronic temperature (Supplementary Information). However, beyond pure thermal broadening, the underlying spectral function is
also modified. In Fig. 1d we show the temporal evolution of symmetrized EDCs (SEDCs),
which are independent of thermal broadening [30], along the off-nodal cut at two different
excitation fluences: F<FC and F>FC , where FC is the critical fluence for which the SEDCs
exhibit a single peak centered at the EF [19, 20, 31]. Under the assumption of a particle-hole
symmetric spectral function near EF , as in a superconductor [32], and neglecting matrix element effects, SEDCs allow us to explore the spectral function directly [30]. We stress that
although the emergence of a single peak in SEDCs has been interpreted as a gap closure
[18, 20], a careful analysis shows that a single peak in the SEDCs can be due to a gap filling
[12, 13]. While a gap closure would lead to a shift of the coherent QP peaks, we observe
instead a transfer of spectral weight from the coherent peaks into the gap region (Fig. 1d)
indicating that the main effect of the pump excitation is a filling, not a closure, of the
superconducting gap. To support our interpretation, we employ a complementary analysis
based on the tomographic density of states (TDOS) method (Fig. 1e) [13]. The TDOS is
obtained as the ratio between the off-nodal and nodal EDCs integrated along a momentum
cut perpendicular to the Fermi surface, which approximately isolates the superconducting
gap from the other spectral features, and it confirms that the primary effect of the pump
excitation is to fill the gap.
We now move to a quantitative analysis of Σ(ω). Solid blue lines in Fig. 1d represent a fit
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of the data to Eq. 1 using the self-energy from Eq. 2 (details in Supplementary Information).
Figure 2a-b show the time evolution of Γp and ∆ for the two fluences employed. Notice that
the gap amplitude (∆) does not show a significant reduction, confirming our interpretation
of the data in Fig. 1. On the other hand, Γp considerably increases after the pump excitation,
suggesting that the main cause for the gap filling is a transient loss of phase coherence of
the condensate [12, 16, 17, 27].
To further support this picture we note that, in superconductors, the QP peak amplitude
is directly related to the coherence of the condensate, and is quantified by the coherence
Γp (τ )

factor C [33, 34]. This factor can be expressed in terms of Γp and Γs , C(τ ) ∝ 21 (1 + e− Γs (τ ) )
[34] (Supplementary Information). Accordingly, when the phase coherence of the condensate
is reduced, the amplitude of the QP peak is expected to change. In Fig. 2c we compare the
evolution of the spectral function amplitude (circles, obtained from the fitting procedure) and
the temporal evolution of the coherence factor (dashed line). Remarkably, the dynamics of
both the QP peak amplitude and C agree, supporting our previous assertions and explaining
thoroughly the relation between the nodal QP peak and the superfluid density reported in
Ref. [31].
The possibility of accessing the evolution of Γp in the time-domain provides pivotal information about the intrinsic dynamics of the condensate formation in cuprates. Figure 3a,b
show that the Γp relaxation dynamics for F < FC is completely decoupled from that of
the gap amplitude and of the above-gap charge excitations. In particular, in Figure 3b we
compare the temporal evolution of Γp (blue) with the dynamics of the superconducting gap
(black) and of the charge excitations (green), as obtained by integrating the off-nodal pumpinduced charge population in the above-gap (15-70 meV) energy window shown in the inset
of Fig. 3b. While the temporal evolution of the above gap excitations and of the gap amplitude are locked, as expected for a superconductor in quasi-equilibrium conditions, Γp relaxes
much faster with a relaxation rate τΘ ≈ 1 ps, a value of the order of the phase-correlation
time extracted from high-frequency conductivity and related to the motion of topological
defects [6].
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 QPs to energies well above EF . During their decay, the non-thermal
QP population can either couple directly to phase excitations or scatter off high-energy
5

bosonic excitations on a time scale of tens (spin fluctuations) to hundreds (optical phonons)
of femtoseconds [35, 36]. The subsequent absorption of these bosons can eventually break
additional Cooper pairs. Simultaneously, any pair recombination process must emit a gapenergy boson in order to satisfy energy conservation, as described by the Rothwarf-Taylor
equations [23]. As a result, after a few hundreds of femtoseconds the initial excitation is
converted into a non-thermal bosonic population. We speculate that these highly energetic
bosons, coupled to the fermionic bath, can interact, even indirectly, with the macroscopic
condensate. They can thus be considered as a possible source of the excess phase fluctuations
which introduce a finite lifetime to the Cooper pairs. This picture is corroborated by the
observation that the maximum change of ΓP (Fig. 3a) is observed approximately 500 fs after
the pump excitation. This value is compatible with the build-up time observed via timeresolved optical spectroscopy and it has been attributed to the time necessary for the growth
of the non-thermal gap-energy bosonic population [23].
All these observations clearly imply that the pair breaking processes 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 larger excitation fluences. Both
time-resolved optical [21–23, 37, 38] and photoemission [18–20, 28, 31, 39] experiments have
shown the collapse of superconductivity and the complete quench of the coherence factor
for pump fluence excitations ranging from 14 to 70 µJ/cm2 . Our data demonstrate that at
F ≥ 15 µJ/cm2 the non-equilibrium pair breaking rate is of the order of the energy scale
relevant to phase fluctuations, i.e. Γp ≈ ~ΩΘ ≈ 15 meV (Fig. 2b), similar to the pairing
energy, which corresponds to a lifetime of the Cooper pairs of ≈ 40 fs. Figure 3c provides a
pictorial illustration of the dynamics of the superconductor-to-normal state phase transition
driven by the loss of phase coherence.
This work impacts in many ways the current knowledge of the superconducting phase
transition in cuprates and opens new interesting possibilities. The TR-ARPES data presented here constitute direct evidence that the phase coherence controls the condensate
formation in high-TC superconductors, while the temperature-driven pairing plays a subordinate role [5]. Indeed, our results demonstrate that the recovery of phase coherence is the
primary and fastest mechanism that leads to the onset of superconductivity (see Fig. 3a).
6

Moreover, the ability to melt the condensate without altering the gap size or increasing considerably the charge temperature provides a new platform for investigating the hierarchy of
the pairing and phase coherence throughout the cuprate phase diagram and in the vicinity
of the putative quantum critical points. Finally, further investigation and the development
of selective excitation schemes would help clarifying the microscopic mechanisms responsible
for the increase of phase instability. The way fermions interact with phase modes and how
gap-energy bosons interact with the pair condensate, up to the point of turning it into a
plasma of incoherent excitations, still remains as an open and intriguing issue.

METHODS

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, 250-kHz repetion
rate. The output beam is split: a portion is used as the pump beam while the remaining
part generates its fourth-harmonic, i.e. 200 nm (6.2 eV). The 6.2-eV is generated through a
cascade of nonlinear processes. The probe (6.2 eV) and the pump (1.55 eV) beams were both
vertically (s) polarized. The ARPES measurements are conducted in ultra-high-vacuum with
a base pressure lower than 3·10−11 Torr, at a base temperature of 6 K, and the angle and
energy of the photoelectrons are resolved using a SPECS Phoibos 150 electron analyzer. The
momentum, energy and temporal resolutions of the system are <0.0002 nm−1 , 19 meV and
250 fs, respectively, referenced from polycrystalline gold. Incident pump fluences indicated
as F<FC and F>FC correspond to 8 µJ/cm2 and 30 µJ/cm2 , respectively.
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FIG. 1. a-b Equilibrium Fermi Surface mapping and differential (Pumpon -Pumpoff ) iso-energy
contour mapping at 10 meV above the Fermi level EF , 0.5 ps pump-probe delay. The integration
energy range is 10 meV and kx is aligned along the Γ-Y direction. The dashed black and green lines
in b define the nodal and off-nodal cuts investigated in the present work. c Energy distribution
curves (EDCs) at k = kF , F < FC fluence, along the nodal direction (black lines) and the off-nodal
cut (green lines): solid lines τ < 0 ps pump-probe delay, dashed lines τ = 0.5 ps pump-probe delay.
d Symmetrized EDCs (SEDCs) at k = kF , off-nodal cut. SEDCs have been fit using the self-energy
from Eq. 2 (blue lines). Additional details on the fitting procedure and analysis are described in
the Supplementary Information. e Tomographic density of states (TDOS) at different pump-probe
delays along the off-nodal cut. The minimum of the TDOS curves is not centered at a zero energy
due to the energy resolution broadening effect.
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Supplementary Information
I.

EQUILIBRIUM DATA ANALYSIS

Here we accurately describe how angle-resolved photoemission (ARPES) data presented
in the main text have been analyzed. In Fig. S1 we show raw data at the equilibrium, T=6
K base temperature, s-polarized 6.2-eV light. Figure S1a-b display the band mapping along
the nodal direction (ϕ=45o ) and an off-nodal cut (ϕ=36o ), respectively. The Fermi surface
mapping (15 meV integration range) is shown in Fig. S1c. Three momentum cuts have
been acquired: ϕ=45o nodal cut (black line), ϕ=40o near-nodal cut (green line) and ϕ=36o
off-nodal cut (red line).
The photoemission signal can be written as [24]
I(k, ω) = A(k, ω) · |M |2 · f (ω),

(3)

where A(k, ω) is the one-electron removal spectral function, |M |2 the matrix element and
f (ω) an electronic distribution. The spectral function A(k, ω) can be expressed in terms of
the self-energy (Σ = Σ0 + iΣ00 ) to account for many-body interactions:
A(k, ω) = −

AkQP
Σ00 (k, ω)
,
π [ω − k − Σ0 (k, ω)]2 + [Σ00 (k, ω)]2

(4)

where k is the bare energy dispersion, AkQP is the coherent amplitude, Σ0 (k, ω) and Σ00 (k, ω)
describe the band dispersion renormalization and the quasiparticle (QP) lifetime, respectively.
For a superconductor, in the BCS framework, the electron self-energy can be written as
[17, 27]
Σ(ω) = −iΓs +

∆2
,
ω + k + iΓp

(5)

where ∆ is the superconducting gap amplitude, Γs the single-particle scattering rate and
Γp the pair-breaking scattering rate, i.e. the inverse lifetime of the Copper pairs. Note
that here we are assuming a momentum-independent self-energy and that the Γs,p terms are
assumed to be constant in energy. This assumption works well in a limited energy window
of few tens of meV around the Fermi level (EF ). We remark that equation (5) successfully
captures the properties of the superconducting phase in d-wave high-TC superconductors
when the employed momentum cut allows to define well a gap amplitude (radial cut to the
12

(π,π)-centered hole-pocket) [12].
ARPES allows a direct access the one-electron removal spectral function. In fact, under
TABLE I. Parameters extracted from the fitting procedure shown in Fig. S2.
Cut ϕ (deg) ∆ (meV) Γs (meV) Γp (meV)
45

0

10.9 ± 0.2

0

40

6 ± 0.4

10.2 ± 0.4

0

14.7 ± 0.2 11.8 ± 0.2

0

36

the assumption of a particle-hole symmetric spectral function at the Fermi momentum
k=kF [32], the symmetrized energy distribution curves (SEDCs) do not depend on the
electronic temperature [30], i.e. f (ω). Moreover, assuming a constant matrix element,
SEDC(ω) ∝ A(kF , ω) ∗ R(ω), where R(ω) is a Gaussian function accounting for the energy
resolution. Equilibrium SEDCs along the three momentum cuts are shown in Fig. S2. The
blue lines are the curves resulting from the fitting procedure using Eqs. (4)-(5). In Table I
we list extracted parameters. In agreement with Kondo et al. [27], Γp =0 at TTC while
Γs is finite for every temperature and almost momentum independent. The gap amplitude
is consistent with what has already been reported [29].

II.

TEMPORAL EVOLUTION OF THE SYMMETRIZED ENERGY DISTRIBU-

TION CURVES

In Fig. 2 of the main text we have shown the temporal evolution of the pairing gap amplitude and the pair-breaking scattering term. Here below we discuss how the pump excitation
transiently modifies the spectral function and we provide details about the fitting procedure of the transient SEDCs. Generally, several effects can modify the out-of-equilibrium
photoemission signal. To a first approximation, a hole is present in the occupied manifold
after an optical transition induced by the pump. Naturally, this results in an increase of
the single-particle scattering rate, Γs , due to the availability of novel scattering channels
and consequently affects Σ(ω) [40]. Additionally, pump-triggered coherent phonons may
induce a deformation potential, which modifies the bare energy dispersion [41]. For super13

conductors, any modification of the phase coherence and/or pairing strength will also affect
A(k, ω). Thus, upon the pump excitation, Γp , Γs and ∆ parameters contained in eq. (5) and
the electronic distribution f (ω) can vary. The coherent amplitude of the spectral function,
AQP , is an additional parameter possibly evolving. The concurrent temporal evolution of all
three parameters inside Σ (Γp , Γs and ∆) and of the spectral function amplitude AQP , may
affect the stability of the SEDCs fit. The problem is overcome by noting that the SEDCs
along the nodal cut depend only on Γs and AQP (the node is gapless). In Fig. S3a we show
the SEDCs along the nodal cut at three different pump-probe delays (solid blue lines display
the quality of the fit). The extracted nodal Γs dynamics is displayed in Fig. S3b and it is
fit well by a single exponential decay function (red solid line). Static ARPES experiments
have shown that Γs is isotropic in momentum, at least around the nodal point, within a
wide temperature range [12]. Thus, we expect similar Γs dynamics along the nodal and the
off-nodal cuts. Substituting and holding the nodal Γs dynamics in the off-nodal SEDCs fit
procedure, we can extract the dynamics of both Γp and ∆ for the off-nodal cut, as shown in
the main text. The quality of the off-nodal SEDCs fit is displayed in Fig. S3c (blue lines).
Here below we discuss the importance of the Γp term in describing the evolution of the
SEDCs along the off-nodal cut. When SEDCs are fit imposing Γp (τ )=0, the gap shows an
almost complete closure at F>FC pump fluence (i.e., when a single peak appears in the
SEDCs, see Fig. S4a), as reported in several works [18, 20]. Note that for measurements
performed at F>FC fluence, the equilibrium value of Γs is almost two times larger than the
one obtained at F<FC . This is due to the fact that we performed measurements at F > FC
in a different position of the sample where surface defects and inhomogeneities might have
affected Γs adding a constant offset (electron-impurity scattering is a possible explanation).
We show that the maximum transient value of Γs extracted along the off-nodal direction
(when Γp (τ )=0) is two times larger than the equilibrium one. We point out that: (i) the Γs
dynamics extracted along the nodal direction is different than the one along the off-nodal
cut with Γp (τ )=0 (inset of Fig. S4a) and (ii) if Γp (τ )=0 is imposed in the fit of the SEDCs
along the off-nodal cut, the spectral function amplitude does not change, in contradiction
to the observed quenching of the QP peak along the nodal direction. Different Γs dynamics
at different momenta disagree with our previous discussion. Additionally, we stress that
the transient self-energy extracted from the fit of SEDCs at k=kF can be used to calculate the momentum distribution curves (MDCs) and compare them with experimental ones
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(Fig. S4b). The agreement is remarkable only when Γp (τ ) is free to change while, with
Γp (τ )=0, the MDC width at 0.6 ps delay (green dashed curve) does not match with what
observed experimentally due to the large variation of the single-particle scattering term Γs .

III.

Γp DYNAMICS: TEMPORAL AND MOMENTUM DEPENDENCE

In the main text we have extensively discussed the importance of the pair-breaking term
Γp in describing the temporal evolution of the spectral function. Moreover, we have addressed a transient bosonic population as the most probable mediator of the pair-breaking
events. In Fig. S5 we show Γp extracted at F>FC fluence along two off-nodal cuts: ϕ=36o
(the same shown in the main text) and ϕ=40o . While for the former cut, two peaks can be
well identified in the equilibrium SEDCs, for the latter cut our energy resolution prevents
us from directly observing the two peaks (see Fig. S2). The extraction of the Γp term at
ϕ=40o is consequently based on the evolution of the SEDCs width. The two Γp dynamics
are compared to the dynamics of the photoemission intensity 0.1 eV above EF (0.1-0.12 eV
range) along the nodal direction, a sort of pump-probe cross-correlation (XC) measurement.
Results shown in Fig. S5 suggest that: (i) Γp value and dynamics are isotropic in the near
nodal region; (ii) the maximum of Γp is clearly delayed with respect to the pump arrival
and presents a sizable rise-time. This rise time, not limited by our temporal resolution, is
around 500 fs, in agreement with the value reported in the main text for F < FC and with
the picture of a transient bosonic population excited by non-equilibrium QPs [23].

IV.

TRANSIENT ELECTRONIC TEMPERATURE

We show here the temporal evolution of the electronic temperature in order to additionally
prove that the transient enhancement of the pair-breaking scattering phenomena is not just
a pure thermal effect. We can extract an approximate transient electronic temperature Te
by fitting the EDC at k=kF along the nodal direction. The fitting function F it(ω) is defined
as the product between the nodal spectral function at k=kF with amplitude AQP and the
15

Fermi Dirac distribution fF D (ω) =
F it(ω) = [

1

ω

e kB Te +1

and it can be expressed as:

AQP Γs
· fF D (ω)] ∗ R(ω).
π ω 2 + Γ2s

(6)

It is clear that both Γs and Te can influence the temporal evolution of the nodal lineshape. In Fig. S6a we show simulated nodal EDCs using eq. (6) by changing Γs and Te
parameters (19 meV energy resolution). If Γs dynamics was not included in the electronic
temperature extraction procedure, Te would be overestimated. Moreover, a change in Γs
results in an apparent depletion even above the Fermi level, as observed in the differential
Fermi Surface shown in Fig. 1b in the main text. We stress that an evolution of AQP , even
if not considered in Fig. S6a, may also influence the Te extraction. In Fig. S6b we show
the extracted temporal evolution of Te for both the employed fluences. While for F>FC
fluence the maximum electronic temperature is Temax >TC , for F<FC Temax ≈ TC /2. This is
an additional evidence that the transient Γp is not due to a pure thermal effect [12] but has
a deeper physical meaning. Additionally, static ARPES experiments [12, 13] have shown
that the superconducting gap amplitude follows a BCS-like temperature dependence with
a closing temperature Tclose ≈ 140 K. Thus, even for the F>FC fluence, where Temax ≈ 110
K > TC , we expect a gap quenching of around 30%, consistently to what reported in the
main text.

V.

COHERENT FACTOR: QUASIPARTICLE PEAK AMPLITUDE

Figure S7 displays the differential ARPES maps (Pump – NoPump) at 0.5 ps delay, along
the nodal and off-nodal directions for F>FC incidence fluence. A linear color scale is chosen
in order to highlight that the stronger transient modification happens at the QP peak. In
the main text we stress the relation between the QP peak amplitude and the phase coherence
of the condensate. Moreover, we show that the reduction of the QP peak amplitude is well
described by a variation of the coherence of the condensate in tandem with the QP scattering
rate. Below we show how the coherence factor C can be written in terms of Γp , the inverse
of the Cooper pair lifetime.
The coherent factor can be written as [33, 34, 42]
1
∆k ∆k0
C = (1 +
),
2
Ek Ek0
16

(7)

where ∆k is the d-wave complex order parameter, ∆k = |∆k |eiφk and Ek,k0 are the initial
i(φk +φk0 )

and final energy of the scattered QP. Thus, C = 12 (1 + |∆k ||∆k0 | e Ek E

k0

). QP interference

experiments have shown that, within the octec model, QPs scattering events happen between
points of the Brillouin zone with similar gap amplitude [33, 43]. Furthermore, the QP peak
observed in ARPES is localized at energies Ek ≈ |∆k |, thus
1
C ≈ (1 + eiφ ),
2

(8)

where φ = φk + φk0 . Depending on the initial and the final scattering states, φ = 0, π. We
stress that phase gradients influence the scattering in a similar way as magnetic impurities,
enhancing the scattering rate between regions having the same order parameter sign, i.e.
φ = 0 [33].
In a light-scattering experiment, like ARPES, the coherent factor is dictated by the ensemble
average of the phase: < C >≈ 21 (1+ < eiφ >). Following the work of Hinton et al. [34],
− ττs

we write the spatial ensemble average of the phase as < eiφ >= e

p

, where τs is the QP

lifetime in the fully incoherent regime and τp is the phase-correlation time. This observation
allows us to finally express the temporal evolution of the coherence factor in terms of Γs and
Γp :
Γp (τ )
1
< C(τ ) >= (1 + e− Γs (τ ) ).
2

This clearly shows that pair-breaking events reduce < C >.
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FIG. S1. a-b Band mapping at the equilibrium with s-polarized 6.2 eV light, base temperature 6
K, along the nodal direction (ϕ=45o ) and an off-nodal cut (ϕ=36o ), respectively. c Fermi surface
mapping in a quadrant of the Brillouin zone. The sample was aligned along the Γ − Y direction.
The ϕ angle is defined with respect to the (0,π)-(π,π) direction. The three colored lines indicate the
three measured momentum cuts: the nodal cut (black), a near-nodal cut (green) and an off-nodal
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FIG. S2. Equilibrium SEDCs for the three measured momentum cuts. The blue lines show the fit
resulting from Eqs. (4)-(5).
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