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In conventional superconductors, the phase transition into a zero-resistance and
perfectly diamagnetic state is accompanied by ajump in the specific heat and the

opening of aspectral gap. In the high-transition-temperature (high-T,) cuprates,
although the transport, magnetic and thermodynamic signatures of 7.have been
known since the 1980s?, the spectroscopic singularity associated with the transition
remains unknown. Here we resolve this long-standing puzzle with a high-precision
angle-resolved photoemission spectroscopy (ARPES) study on overdoped
(Bi,Pb),Sr,CaCu,0q, s (Bi2212). We first probe the momentum-resolved electronic
specific heat viaspectroscopy and reproduce the specific heat peak at 7, completing
the missing link for a holistic description of superconductivity. Then, by studying the
fullmomentum, energy and temperature evolution of the spectra, we reveal that this
thermodynamic anomaly arises from the singular growth of in-gap spectral intensity
across T.. Furthermore, we observe that the temperature evolution of in-gap intensity
is highly anisotropic in the momentum space, and the gap itself obeys both the d-wave
functional form and particle-hole symmetry. These findings support the scenario
that the superconducting transition is driven by phase fluctuations. They also serve as
an anchor point for understanding the Fermi arc and pseudogap phenomenain
underdoped cuprates.

The superconducting transition is one of the most studied phase tran-
sitions in condensed matter physics. In Bardeen-Cooper-Schrieffer
(BCS) superconductors, this transition has four prominent signatures:
the development of zero resistance, the onset of the Meissner effect,
the peak of the electronic specific-heat coefficient y = C/T (where
C.is the electronic specific heat and T is the temperature), and the
opening of the spectroscopic gap'. In high-T, cuprates, although the
first three signatures are routinely observed, the gap is found to also
exist in the resistive state*® and the spectroscopic singularity asso-
ciated with T, remains unclear®® 2, To resolve this puzzle, we carry
out a high-precision photoemission study on Bi2212 single crystals.
We focus on overdoped Bi2212 with T.around 77 K (OD77; see Extended
Data Fig. 1) to establish a clean case without interference from the
pseudogap®*%, additional orders' and incoherent normal state®.
For the ARPES measurements, both synchrotron-based and laser-based
set-ups are used to access the entire Brillouin zone with optimized
energy resolution; detector nonlinearity is carefully calibrated and
correctedinalarge dynamic range to ensure the accuracy of intensity

measurements'™; and local heating manipulators are used to avoid

sample surface degradations in temperature scans®® (see Methods
and Extended Data Fig. 2).

Thermodynamic signature from ARPES

We start by considering the connection between thermodynamics
and spectroscopy. The specific heat coefficient y, which peaks at T, is
the temperature derivative of the entropy (S). For metals and super-
conductors in the noninteracting limit, S = —ky[[ fInf+ (1 - HIn(1 - H]
DOS(E)dE, where kg is the Boltzmann constant, fis the Fermi func-
tion, and the quasiparticle density of states, DOS(E), is equal to the
momentum-integrated spectral function. In the cuprates, these rela-
tionsare no longer exact owingto correlation effects. Nevertheless, in
theless-correlated overdoped region®, one can obtain anapproximate
measure of DOS withmomentum resolution using ARPES>*, from which
the entropy can be estimated under the assumption that the super-
conducting phase fluctuations are much slower than the electronic
response time (see Methods). Although more rigorous connections
between the spectral function and thermodynamic quantities exist?,
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Fig.1|Momentum-resolved specific heat from ARPES. a, ARPES energy
distribution curves (EDCs) near the chemical potential (i) integrated along the
momentum cut markedinb, inset (red). The experimental conditionis
optimized tomainly probe the antibonding band. Data from different
temperatures are normalized such that the average intensity within
[-0.3,-0.25] eVequals1.0D77,overdoped Bi2212 with T, = 77 Kand doping
p=0.21.b, Temperature evolutions of electronic entropy (S) at various Fermi
surface angles, calculated using EDCs integrated along line cuts that cross the
Fermisurface at different momenta. The black arrow marks the entropy

they cannot be used here without a priori knowledge of bare band
dispersions.

InFig.1a, we plot the ARPES energy distribution curves (EDCs) inte-
grated along the Brillouin zone boundary at various temperatures.
The experimental condition is optimized such that the intensity is
predominantly contributed by the antibonding band. Since these EDCs
correspond to the product of fand the antinodal DOS, we multiply
each ofthem by —kg[ fInf+ (1-f)In(1-f)]/fand integrate over energy
to obtain the antinodal S up to a temperature-independent factor
related to the photoemission matrix element. The same procedure is
repeated for several Fermisurface angles (8), and the results are shown
in Fig. 1b. As marked by the grey arrow, the entropy reduction from
superconductivity is clearly observed. The effect is stronger for larger 6,
reflecting the d-wave gap form. Using the ARPES-derived tight-binding
bandstructure and scattering rate, we further perform aBrillouin zone
summation and obtain the temperature evolution of entropy for the
entire antibonding band (see Methods and Extended Data Figs. 3, 4).
AsshowninFig.1c, theresult qualitatively agrees with that from previ-
ous bulk measurements™.

We calculate y as the numerical derivative of each S curve. The y
summed over the Brillouin zone features a prominent peak (Fig. 1c,
inset), reflecting the thermodynamic anomaly associated with the
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reduction duetosuperconductivity. Theinset shows the schematic Fermi
surface from the antibonding band in the first Brillouinzone and the definition
ofthe Fermisurfaceangle 6. c, Temperature dependence of S fromthe
antibonding band summed over the first Brillouin zone (see Methods). Also
plottedis the previous bulk result on overdoped Bi2212 with 7.around 76 K
(ref.™).Inset, the specific heat coefficient y obtained as the numerical derivative
of Splotted together with the bulk result.d, Temperature evolutionof y at
different Fermisurfaceangles obtained using curvesinb. The grey vertical lines
inband d markthe 7. determined by magnetic susceptibility measurements.

superconducting phase transition. Compared with the bulk result, the
peak from spectroscopy normalized toits high-temperature value hasa
similar width butasmaller height, which might be caused by interaction
effects suchas the temperature-dependent mass renormalization from
electron-phonon coupling?. The momentum dependence of y/y(135 K)
isshown in Fig. 1d, where for larger 8 we find higher peaks at T, and
smaller values at low temperature. These observations are consistent
with the anisotropic gap form: because the gap size is maximized at
6=45° theantinodal electrons should have the strongest effect on the
energetics of the superconducting transition while contributing the
least to the low-temperature quasiparticle excitations.

Spectroscopic singularity across T

Tounderstand the microscopic origin of the thermodynamic anomaly
at T,, we examine the full information provided by ARPES. In Fig. 2a, b,
we show two representative ARPES spectra taken along the Brillouin
zoneboundary, where the continuous and gapped dispersions fromthe
antibonding band are clearly observed at140 Kand 85 K, respectively.
From these images, the gap size (on the occupied side; see Extended
DataFig. 5 for details) and the momentum-integrated zero-energy
intensity (4,, see also Fig. 2c) are extracted and plotted in Fig. 2d. With
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Fig.2|Spectroscopicsignatureof T..a,b, ARPES spectraat140 K (a) and 85K
(b) along the momentum trajectory markedinc, inset (red). Theintensityis
divided by the resolution-convolved Fermifunction. ¢, EDCs at selected
temperatures integrated along the momentum trajectory marked inthe inset.
Thecurvesarenormalized such thatthe averageintensity between
[-0.3,-0.25] eVis1.d, Red circles show the momentum-integrated intensity at
zeroenergy (A, as definedinc) as afunction of temperature. Solid and open

increasing temperature across T, we find a gradual reduction in gap
size and arapid growth in A,. Yet the most singular behaviour exists
in the temperature derivative of Ay, where a sharp peak is found to
coincide with T (Fig. 2e). Since y scales with the sum of the low-energy
DOS and its temperature derivative multiplied by temperature, the
singular gap-fillingrate dA,/d T observed hereis essentially responsible
fortheypeakatT.

We apply a similar analysis to data from different momentum cuts.
The gap sizes at different momenta and temperatures are plotted in
Fig.3a.Itshould be noted that the gap cannot be reliably determined if
the quasiparticle peak width exceeds the gap size. Therefore, for each
momentum with increasing temperature, we stop the gap analysis once
this unreliable condition is reached (see also Extended Data Fig. 5).
After normalizing all the data points by their corresponding d-wave
form factors |cosk, — cosk,|/2, we find that they collapse into a single
curve for T < T, whereas the spread for 7> T_is within experimental
error (Fig.3b). Thisindicates that d-wave gap formis preserved at least
uptoT.

The temperature dependence of A, at various Fermi surface angles
isshowninFig.3c, where astrong momentum anisotropy is observed.
For 6 =45°, A, has a small residual at low temperature and grows to
around half of the normal-state value at T.. By contrast, near the node,
the low-temperature residualis much higher, and the intensity recovery
isalmost complete at 7.. The same anisotropy is manifested in the dA,/
dT curves. Although the peak always aligns with T, within experimen-
tal error, both the peak height and the above-T. peak weight become
smaller for momentum cuts closer to the node. To confirm that this
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bluecirclesrepresent the antinodal gap sizes obtained using the
Fermi-momentum (k;) EDCs fromthe k, > 0 and k, < O sides, respectively.
Theerrorbarsreflect3oerrors fromdatanoise and chemical potential
determination. e, Temperature derivative of A, obtained numerically using the
dataind. Vertical error bars are from A, uncertainties and horizontal error bars
reflect the temperature step size. The grey vertical linesind and e mark the T,
determined by magnetic susceptibility measurements. a.u., arbitrary units.

anisotropy is not an artefact caused by finite energy resolution, we
intentionally broaden the ARPES spectra such that every momentum
cut has the sameresolution-to-gap ratio and then repeat the analysis.
We find negligible difference between the results without and with
intentional broadening (Extended Data Fig. 6), which indicates that
the momentum dependence is intrinsic.

Pure superconducting gap above T,

The anisotropic gap-filling behaviour in Fig. 3c bears some resem-
blance to the Fermi arc and pseudogap phenomena observed in the
underdoped cuprates, the origins of which are heavily debated, largely
because of the coexistence of various orders and fluctuations*'¢*,
Here, to establish a clean baseline in the overdoped, relatively simple
region of the phase diagram, we further examine the character of the
gap above T to clarify its origin. The momentum and temperature
evolution of the spectrais showninFig. 4a. Consistent with Fig. 3c, we
find that that the intensity suppression caused by the gap persists to
higher temperatures for momentum cuts closer to the antinode. Onthe
otherhand, the datashow that the gapis always centred at the chemical
potential regardless of momentum and temperature. In Fig. 4b, we plot
thedispersionbranches above and below the chemical potential near
the gapped Fermi surface above T at 85K (see Extended Data Fig. 7
for details), from which the gap centre is quantitatively determined.
The accurate alignment between the gap centre and chemical potential
reflects the particle-hole symmetry of the gap. This symmetry isintrin-
sicto the Bogoliubov quasiparticle dispersionsinsuperconductors but
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Fig.3|Momentum dependence of gap and in-gap intensity. a, Temperature
evolution of gap sizes obtained from k; EDCs at momentum points marked in
thetop-rightinsetinb. The corresponding Fermisurface anglesare labelled.
Theenergy resolution foreach measurementis represented by the vertical bar
onthelower right corner with the same colour. The error bars reflect 3oerrors
from datanoise and chemical potential determination. b, Asina, with the gap
sizes divided by their corresponding d-wave form factors. The middle inset
shows the schematic lineshape of k. EDCs from which the gap sizes can be
extracted. Thebottominsetillustrates that such extractionis nolonger

incompatible with density-wave or magnetic-order-induced gaps given
the Fermisurface shape of Bi2212. Thus, our observations indicate that
the gap has a pure superconducting character.

Discussion

The order parameter of asuperconductor has anamplitude and aphase.
Our observation of a pure superconducting gap in the normal state
directly demonstrates that the amplitude does not vanish above T, con-
sistent with the interpretations from several earlier ARPES studies* *%°.
This leaves phase fluctuations as the leading candidate? for driving
the superconducting transition, ascenario also suggested by previous
bulk measurements®* ¥ on several cuprate systems. Here we further
consider the behaviour of A, inthe presence of phase fluctuations (see
also Extended DataFig. 8). With a constant gap amplitude, it hasbeen
shown that the in-gap spectral weight increases with fluctuations in
the phase configuration®. Moreover, because of the d-wave gap form
and the anisotropic bandstructure in the cuprates, the same amount
of phase fluctuations is expected to produce a higher gap filling for
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100 120 140
reliableif the peak widthis larger than the gap size. ¢, Momentum-integrated
zero-energy intensity A, from different Fermisurface angles. Curves are offset
instepsof 0.5 for clarity. Replicas of the antinodal curve at 6 = 45° are plotted
ingrey for better comparison. The momentum trajectories for integration are
marked in the top-rightinsetinb using the corresponding colours. The error
barsreflect3oerrors from datanoise and chemical potential determination.
d, Numerical derivatives of the datain c. The vertical grey linein each panel
marks T..

momentum closer to the node*?°, Thus, the phase fluctuation scenario
qualitatively explains the singular and anisotropic change of A, across
T.observed in our experiments.

Another important feature in our data is the residual A, at low
temperature. Near the antinode, the residual is only around 6% of
the normal-state value, which gives an upper bound for the area per-
centage of metallic domainsin the ground state. On the other hand,
theratio increases substantially towards the node, reaching around
38% ata Fermisurface angle of 8° (|cosk, - cosk,|/2~0.25). This sug-
gests amoderate level of disorder in the system, which is expected
to contribute to the reduction of the superconducting phase stiff-
ness®*2, This effect may act cooperatively with the sign change in the
order parameter, the low-energy Van Hove singularity®, and the low
dimensionality of the system®>* to create a clear separation between
the gap closing and phase coherence temperatures. Regardless of
the details, the data we report here emphasize the critical role of
phase fluctuations and stipulate the crucial momentum-resolved
spectroscopic fingerprint for the quantitative understanding of
overdoped cuprates.
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Fig.4 |Particle-holesymmetry of the gap.a, ARPES energy-momentum cuts
at 95K (top row), 85K (middle row), and 65K (bottom row). The corresponding
momentum trajectory foreach columnislabelled in ¢ (pink). The intensityis
divided by theresolution-convolved Fermifunction. The weak dispersions
mostvisibleinthelast two columns are caused by superstructures. b, Upper
and lower dispersionbranches (blue triangles) and their centres (orange
circles) at 85 Kalongthe momentum trajectories marked inbluein c. Because
ofthelower signal-to-noise ratio above the chemical potential, the dispersions

Tosummarize, using high-precision ARPES measurements, we have
uncovered the spectroscopic signature of the superconducting tran-
sition which has eluded detection despite decades of efforts follow-
ing the discovery of the normal-state gap. Our observations unify the
spectroscopic and thermodynamicresultsin cuprate superconductors
and establish amicroscopic paradigm for the specific heat of ad-wave
superconductor with strong phase fluctuations. The methodology
developed here may also be used to study phase transitions and cor-
relation effects in other novel systems.
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Methods

Sample and measurement

We studied overdoped Bi2212 samples with T.around 77 K (OD77).
Single crystals with anominal composition of Bi; 4;Pby ¢¢Sr; osCaCu,Oyg, s
were grown by the floating-zone (FZ) method. We annealed the crystals
at550 °Cinagas mixture of 3% O,and 97% N, for 40 h or longer to obtain
OD77 samples. The gas pressure was kept at 1 atm during the anneal-
ing process. We also annealed additional crystals from the same FZ
growth batchin pure N, at 595 °C and found their 7. tobe around 95 K.
This provides alower bound for the optimal T (T ..,) of this FZ batch.
Taking the upper bound of T ..., to be 98 K, whichis to our best knowl-
edge the highest T, reported in single-crystalline Bi2212'°, we determine
the nominal doping (p) of the OD77 samples to be 0.210(2) using the
empirical parabolicrelation®, T, = T_ ., x[1- 82.6 x (p — 0.16)*].

Synchrotron and laser ARPES measurements were performed at
beamline 5-4 of the Stanford Synchrotron Radiation Lightsource and
at the Shen laboratory at Stanford University, using 19-eV and 7-eV
photons, respectively. Both photon energies highlight the antibonding
band in Bi2212. For the synchrotron measurements, a hemispheri-
cal electron analyser (R4000, Scienta) was used, and the analyser
slit was parallel to the Cu-0 bond direction and perpendicular to
the photon polarization. For the laser measurements, a similar ana-
lyser (R8000, Scienta) was used, and the linear light polarization
was rotated at the beginning of each experiment to maximize the
signal-to-background ratio. The detector nonlinearity was calibrated
and corrected"'®3¢, The chemical potential of the sample and the
energy resolution of the system were determined by fitting the Fermi
edge of polycrystalline gold with space-charge effects calibrated and
takenintoaccount®. Anenergy-independent background was deter-
mined usingintensity far above the chemical potential and subtracted
from the data. For the synchrotron set-up, a weak photon sideband
from grating imperfections (<4% of total flux) was also calibrated using
the gold Fermiedge and the sideband contribution to the photoemis-
sion intensity was removed*.

In each experiment, the sample was first transferred onto a cryo-
genic manipulator which cantravel between an upper chamber and a
lower chamber. It was then cleaved between 50 K and 60 Kin the upper
chamber and moved to the lower chamber for measurement within
10 min. Once the sample was cleaved, the vacuum was kept at better
than2x107™ (3 x107) torr in the measurement chamber and better
than3 x10™ (7 x10™) torr in the upper chamber for the synchrotron
(laser) experiments at all times. We expect the actual vacuum near the
sample surface to be even higher because of the cryopumping effect
from the manipulator radiation shield.

To avoid ageing, the total measurement time was limited to around
24 h for each freshly cleaved surface. Within 24 h, we can measure
either a single energy-momentum cut with dense temperature steps
orasetof cutsatselected temperatures. As aresult, the data presented
were collected in five separate experiments. All measurements above
60 K were completed using the local heating method with thermal
cycling for consistency checks. All measurements below 60 K were
done either with decreasing temperature only to minimize outgas-
sing or with thermal cycling. The details for each experiment are pro-
vided in Extended Data Table 1. The thermal cycling data are plotted
in Extended Data Fig. 2.

After each ARPES experiment, a thin piece of crystal was exfoliated
from the cleaved surface using Kapton tapes. The magnetic suscep-
tibility of this thin piece was then measured using the a.c. magnetic
susceptibility module of a physical property measurement system
(Quantum Design). The excitation field was roughly perpendicular to
the CuO, plane, and the field frequency was 4 kHz. The real part of the
a.c. susceptibility (y’) is plotted in Extended Data Fig. 1. We noticed
that for thin crystals, an excitation field of a few oersteds can already
broaden the transition (Extended Data Fig. 1e), probably because of

theinhomogeneousfield distribution near the sample edge. Thus, the
datain Extended DataFig.1a-e provide upper bounds for the supercon-
ducting transition width. On the other hand, the transition was found
to be very sharp in thick crystals (Extended Data Fig. 1f), indicating
high sample quality.

Details of momentum summation for entropy

The total entropy of the antibonding band is given by S(7) =
[18%(7)/5°(140 K)15°(140 K)d6. We obtain S%(7)/S°(140 K) using datain
Fig.1bvialinearinterpolation and the results are plotted in Extended
Data Fig. 3a. We then calculate $°(140 K) using S°(140 K) = —k;[[ fInf+
1-£)In(1-f)IA%E)dE, where A%(E) is the spectral function A(k, F)
integrated between Fermi surface angles 8 and 8 + d@ (blue region
in Extended Data Fig. 3c inset), and A(k, E) = [0 /{TI(E = £)* + Naoi 1}
Here g, =—2t,(cosk, + cosk,) —4t,cosk.cosk, — pand the ARPES-derived
tight-binding parameters are t, = 0.166, t, = -0.0544, and £ = -0.2055
in units of eV (see Extended Data Fig. 4 for details). I, is the
energy-independent scattering rate, which we found to be around
35 meVforthe antinodal data at140 K. We perform the momentum sum-
mation with different choices of scattering rates. Asshownin Extended
DataFig. 3, the results normalized by their high-temperature values
are similar for 7,0, = 35 meV and 1 meV. The data presented in Fig. 1c
use [0 =35 meV.

Weremark that the bonding band contributionis notincludedin our
analysis. Although we do not expect qualitative difference between
the bonding and antibonding bands for the temperature evolutions,
we leave a detailed comparison for future studies.

Discussions on the entropy formula

Inthe following, we show that the formula § ==k [[ fInf+ (1 - f)In(1-f)]
DOS(E)dE canbejustified in the presence of phase fluctuations under
the assumption that such fluctuations are much slower than the elec-
tronic response time. Consider the Bogoliubov-de Gennes Hamiltonian
withafrozen pattern of superconducting phase {6;}:

H= Y t;CiCio+ ¥ A5(¥C,Ch, +hic)
i

ij,0

HereCj,creates anelectronatsite i with spin o, tis the hoppingintegral,
and A is the order parameter amplitude. H can be diagonalized after
Bogoliubov transformation, H= 3, E,y y,, where nlabels the eigenstate,
E,is the eigenenergy, and y, is the eigen Bogoliubov operator. Since
this is the problem of free Bogoliubov fermions in a fixed phase field,
the entropy is given by S({6;}) = —kgX [ AE)INFE,) + (1-f(E,))
In1-AE))]=—keJ[fInf+ (@1 ~f)In(1 - f)IDOS(E;{6,})dE. Note that here
the dependence of £, on {6} is absorbed into the DOS.

If the fluctuation of {6;} is slow on the electronic time scale,
the quench average in statistical mechanics can be used, namely,
Smeasured = $SUO3)p = kg JLF INf+ 1 = f)In(1 - HIDOS(E;{6,3)),dE, where
{...)pdenotestheaveraging using the Boltzmann weight P({6;}) governing
the thermalfluctuations of the phase field. By associating (DOS(E;{6;}))»
with the ARPES-measured DOS, we arrive at the formula used herein.

Data availability

The raw data were generated at beamline 5-4 of the Stanford Syn-
chrotron Radiation Lightsource and the Shen laboratory at Stanford
University. The derived data supporting the findings of this study are
available within the article and the Extended Data. Source data are
provided with this paper.
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Extended DataFig.3|Momentum summation. a, S°(7)/S°(140 K) plotted as a
function of Fermisurface angle 6. We assume that S°-°(T) = T. All the other data
points areinterpolated from the temperature evolutions shownin Fig. 1b.

b, Spectral function of the antibonding band integrated along the Brillouin
zoneboundary. ¢, S°(140 K) as a function of 8. Inset shows the tight-binding
Fermisurfaceinthe first quadrant of Brillouinzone. Curvesinband care
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calculated using an ARPES-determined tight-binding dispersion with different
constant scatteringrates. The antinodal scattering rate at140 Kis around
35meVinour ARPES data.d, Temperature evolution of S calculated using data
inaandc.e, Temperature dependence of yobtained as the derivative of datain
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Extended DataFig.4|Determination of the tight-binding parameters.

a, Thedispersion of the antibonding band near the chemical potential
(colouredcircles) is extracted from ARPES data taken at 250 Kon an overdoped
Bi2212 sample with aslightly different doping (p = 0.196 fromref. ). The
temperatureis chosensuch that there are no gaps and more dispersion above
the chemical potential can be identified. Data from different momentum cuts
(asmarkedinb) are offsetin steps of 0.1eV for clarity. Alldata points are fitted
atonceto thetight-binding expressionand the results are plotted as grey
crosses. b, Momentum locations of dataina (coloured dots) plotted together
with the antibonding Fermi surface (black curves) calculated from thefitting
results. Theblack lines mark the first Brillouin zone. c. Asin Fig. 2a, with the
tight-binding dispersion plotted in grey. To compensate for the doping
difference, we fix t,, t,,and reduce u by 2.5 meV such that the Van Hove energy
fromthe tight-binding model matches that of the OD77 (p = 0.210) sample
studiedin thetext.
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we first perform a polynomial fit to each EDC near its maximum (red curves)
and then extract the energy position of the maximum from the fitted curve.
Withincreasing temperature, we stop the analysis once the maximum shifts to
zeroenergy.
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DataFig.2. Thecloseresemblance between the top and bottom panelsindicate
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a, Expected temperature evolution of the superconducting gap forapure
d-wave superconductor inthe mean-field theory, where T.is set by gap
opening.b, ¢, Simulated temperature evolutions of A, with different scattering
rates/. Thespectral functionis calculated as Ak, E) = (1- a)[/{n[(E - E,)* + ]} +
al/{n[(E +E)*+ 71}, where Ey = /&2 + A2 ,a = (1- &,/E)/2,and g, is the
tight-binding bandstructure.d, Asina, with the gap sizes divided by their

corresponding d-wave form factors. e, f, Numerical derivatives of datainband
c,respectively. The vertical grey line in each panel marks 7. Regardless of the
choice of I; Aj always stays constant for 7> 7.and shows asharp drop across
T.withdecreasingtemperature. This singularity alsoshows up asajumpat 7, in
thetemperature derivative of A,. As such, the temperature evolutions of

A, Aoand dA,/dT shown here are qualitatively different from those in Fig. 3.
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Extended Data Table 1| Details of each ARPES experiment

Sample Data Phottzr; Ve)nergy Re::::}i)on Temper(z-:(t;Jre loop
1 Fig. 1,2,3, 6=45° 19 5.0 55—140—6
2 Fig. 1,3, 6=8° 7 2.8 54—140—30—54
3 Fig. 1,3, 6=15° 7 3.0 60—140—20
4 Fig. 1,3, 6=26°,32° 7 4.1 55—140—15
5 Fig. 4 19 5.4 60—95—55
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