
Unconventional spectral signature of Tc in a 
pure d-wave superconductor

Su-Di Chen1,2,3,10,14, Makoto Hashimoto4,14, Yu He1,2,3,11, Dongjoon Song5,12, Jun-Feng He1,2,3,13, 
Ying-Fei Li1,2,3, Shigeyuki Ishida5, Hiroshi Eisaki5, Jan Zaanen6, Thomas P. Devereaux3,7, 
Dung-Hai Lee8,9, Dong-Hui Lu4 & Zhi-Xun Shen1,2,3 ✉

In conventional superconductors, the phase transition into a zero-resistance and 
perfectly diamagnetic state is accompanied by a jump in the specific heat and the 
opening of a spectral gap1. In the high-transition-temperature (high-Tc) cuprates, 
although the transport, magnetic and thermodynamic signatures of Tc have been 
known since the 1980s2, 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)2Sr2CaCu2O8+δ (Bi2212). We first probe the momentum-resolved electronic 
specific heat via spectroscopy and reproduce the specific heat peak at Tc, completing 
the missing link for a holistic description of superconductivity. Then, by studying the 
full momentum, energy and temperature evolution of the spectra, we reveal that this 
thermodynamic anomaly arises from the singular growth of in-gap spectral intensity 
across Tc. 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 phenomena in 
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 γ = Ce/T (where 
Ce is the electronic specific heat and T is the temperature), and the 
opening of the spectroscopic gap1. In high-Tc cuprates, although the 
first three signatures are routinely observed, the gap is found to also 
exist in the resistive state3–9 and the spectroscopic singularity asso-
ciated with Tc remains unclear6,9–12. To resolve this puzzle, we carry 
out a high-precision photoemission study on Bi2212 single crystals.  
We focus on overdoped Bi2212 with Tc around 77 K (OD77; see Extended 
Data Fig. 1) to establish a clean case without interference from the 
pseudogap8,13–15, additional orders16 and incoherent normal state8. 
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 
corrected in a large dynamic range to ensure the accuracy of intensity 
measurements17,18; and local heating manipulators are used to avoid 

sample surface degradations in temperature scans6,8 (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 γ, which peaks at Tc, is 
the temperature derivative of the entropy (S). For metals and super-
conductors in the noninteracting limit, S = −kB∫[ flnf + (1 − f)ln(1 − f)]
DOS(E)dE, where kB is the Boltzmann constant, f is 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-
tions are no longer exact owing to correlation effects. Nevertheless, in 
the less-correlated overdoped region8, one can obtain an approximate 
measure of DOS with momentum resolution using ARPES5,19, 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 exist20, 
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Methods

Sample and measurement
We studied overdoped Bi2212 samples with Tc around 77 K (OD77). 
Single crystals with a nominal composition of Bi1.41Pb0.66Sr1.95CaCu2O8+δ 
were grown by the floating-zone (FZ) method. We annealed the crystals 
at 550 °C in a gas mixture of 3% O2 and 97% N2 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 batch in pure N2 at 595 °C and found their Tc to be around 95 K.  
This provides a lower bound for the optimal Tc (Tc,max) of this FZ batch. 
Taking the upper bound of Tc,max to be 98 K, which is to our best knowl-
edge the highest Tc reported in single-crystalline Bi221210, we determine 
the nominal doping (p) of the OD77 samples to be 0.210(2) using the 
empirical parabolic relation35, Tc = Tc,max × [1 − 82.6 × (p − 0.16)2].

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–O 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 corrected17,18,36. 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 
taken into account36. An energy-independent background was deter-
mined using intensity 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 Fermi edge and the sideband contribution to the photoemis-
sion intensity was removed36.

In each experiment, the sample was first transferred onto a cryo-
genic manipulator which can travel between an upper chamber and a 
lower chamber. It was then cleaved between 50 K and 60 K in 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 
than 2 × 10−11 (3 × 10−11) torr in the measurement chamber and better 
than 3 × 10−11 (7 × 10−11) 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 
or a set of cuts at selected temperatures. As a result, 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 CuO2 plane, and the field frequency was 4 kHz. The real part of the 
a.c. susceptibility (χ′) 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 

the inhomogeneous field distribution near the sample edge. Thus, the 
data in Extended Data Fig. 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(T) = 
∫[Sθ(T)/Sθ(140 K)]Sθ(140 K)dθ. We obtain Sθ(T)/Sθ(140 K) using data in 
Fig. 1b via linear interpolation and the results are plotted in Extended 
Data Fig. 3a. We then calculate Sθ(140 K) using Sθ(140 K) = −kB∫[ f lnf + 
(1 − f )ln(1 − f )]Aθ(E)dE, where Aθ(E) is the spectral function A(k, E) 
integrated between Fermi surface angles θ and θ + dθ (blue region 
in Extended Data Fig. 3c inset), and A(k, E) = Γ140Κ/{π[(Ε − εk)2 + Γ140Κ

2]}. 
Here εk = −2t0(coskx + cosky) − 4t1coskxcosky − μ and the ARPES-derived 
tight-binding parameters are t0 = 0.166, t1 = −0.0544, and μ = −0.2055 
in units of eV (see Extended Data Fig.  4 for details). Γ140Κ is the 
energy-independent scattering rate, which we found to be around 
35 meV for the antinodal data at 140 K. We perform the momentum sum-
mation with different choices of scattering rates. As shown in Extended 
Data Fig. 3, the results normalized by their high-temperature values 
are similar for Γ140Κ = 35 meV and 1 meV. The data presented in Fig. 1c 
use Γ140Κ = 35 meV.

We remark that the bonding band contribution is not included in 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
In the following, we show that the formula S = −kB ∫[ f lnf + (1 − f )ln(1 − f )]
DOS(E)dE can be justified 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 
with a frozen pattern of superconducting phase {θij}:

∑ ∑H t C C Δ C C= + (e + h.c.)
ij σ

ij iσ jσ
ij

ij
θ

i j
,

+ i
↑
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Here Ciσ
+  creates an electron at site i with spin σ, t is the hopping integral, 

and Δ is the order parameter amplitude. Η can be diagonalized after 
Bogoliubov transformation, H E γ γ= ∑n n n n

+ , where n labels the eigenstate, 
En is the eigenenergy, and γn 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({θij}) = −kB∑n[ f(En)lnf(En) + (1 − f(En))
ln(1 − f(En))] = −kB∫[ f lnf + (1 − f )ln(1 − f )]DOS(E;{θij})dE. Note that here 
the dependence of En on {θij} is absorbed into the DOS.

If the fluctuation of {θij} is slow on the electronic time scale, 
the quench average in statistical mechanics can be used, namely,  
Smeasured = ⟨S({θij})⟩P = −kB ∫[ f lnf + (1 − f )ln(1 − f)]⟨DOS(E;{θij})⟩PdE, where 
⟨…⟩P denotes the averaging using the Boltzmann weight P({θij}) governing 
the thermal fluctuations of the phase field. By associating ⟨DOS(E;{θij})⟩P 
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 Data Fig. 1 | Bulk characterization of Tc. a–e, Real part of the a.c. 
magnetic susceptibility (χ′) for thin crystals exfoliated from the cleaved 
surfaces. The sample name and excitation field amplitude are marked in each 

panel. The field frequency is 4 kHz. f, As in a, for a thick crystal. The grey lines in 
a–f mark Tc ≈ 77 K.



Extended Data Fig. 2 | Consistency of temperature scans. a–f, Momentum- 
integrated EDCs from temperature scans. The sample and cut location are 
marked on top of each panel (see also Extended Data Table 1). The y-axis tick 
increment is 0.5 for all panels. The curves are offset in steps of 0.5 (a–d) and  
1 (e, f) for clarity, and the number beneath each set of curves represents the 

temperature in K. Each EDC is normalized such that its average intensity  
equals 1 in the energy window given at the bottom of the corresponding panel. 
The consistency between curves measured during warming and cooling 
showcases the stability of the set-up and the absence of sample ageing effects.
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