
Nature Physics

nature physics

https://doi.org/10.1038/s41567-023-02348-1Article

Nodal s± pairing symmetry in an iron-based 
superconductor with only hole pockets

Dingsong Wu1,2,3,7, Junjie Jia1,2,7, Jiangang Yang1,2,7, Wenshan Hong    1,2, 
Yingjie Shu1,2, Taimin Miao1,2, Hongtao Yan1,2, Hongtao Rong1,2, Ping Ai1,2, 
Xing Zhang1,2, Chaohui Yin1,2, Jieyi Liu    3, Houke Chen3, Yiheng Yang    3, 
Cheng Peng    3, Chenlong Li4, Shenjin Zhang4, Fengfeng Zhang4, Feng Yang4, 
Zhimin Wang4, Nan Zong4, Lijuan Liu4, Rukang Li4, Xiaoyang Wang4, 
Qinjun Peng4, Hanqing Mao1,2,5, Guodong Liu1,2,5, Shiliang Li    1,2,5, Yulin Chen    3, 
Huiqian Luo    1,2,5, Xianxin Wu6, Zuyan Xu4, Lin Zhao    1,2,5  & X. J. Zhou    1,2,5 

The origin of h ig h- te mp er ature s up er co nd uc tivity in iron-based s up er-
co  nd  uctors is still not understood; determination of the pairing symmetry 
is essential for understanding the s  u p  er  c o  nd  u c tivity mechanism. In the 
iron-based s up er co nd uctors that have hole pockets around the Brillouin 
zone centre and electron pockets around the zone corners, the pairing 
symmetry is generally considered to be s±, which indicates a sign change 
in the superconducting gap between the hole and electron pockets. For 
the iron-based superconductors with only hole pockets, however, a couple 
of pairing scenarios have been proposed, but the exact symmetry is still 
controversial. Here we determine that the pairing symmetry in KFe2As2—
which is a prototypical iron-based superconductor with hole pockets both 
around the zone centre and around the zone corners—is also of the s±  
type. Our laser-based angle-resolved photoemission measurements 
have determined t he s up er co nd ucting gap distribution and identified 
the locations of the gap nodes on all the Fermi surfaces around the zone 
centres and the zone corners. These results unify the pairing symmetry in 
hole-doped iron-based s  u p  er  c o  nd  uctors and point to spin fluctuation as the 
pairing glue in generating s up er co nd uc tivity.

Iron-based superconductors were discovered more than a decade ago, 
but the mechanism of their superconductivity remains an outstand-
ing issue in condensed matter physics1–4. Identification of the pairing 
symmetry and of the medium that provides the pairing glue are two key 
prerequisites for understanding the superconductivity mechanism. As 
a typical multiorbital system, a number of pairing symmetries have been 
proposed in iron-based superconductors that are associated with differ-
ent pairing glues1–4. In most iron-based superconductors with hole-like  

Fermi surfaces around the zone centre and electron-like Fermi surfaces 
around the zone corners, an s± pairing symmetry is expected from 
spin fluctuations based on a weak coupling Fermi surface nesting pic-
ture5,6 or a strong coupling local magnetic picture7,8. In some iron-based 
superconductors with only electron-like Fermi surfaces9–13, the d-wave 
pairing is found to be dominant from electron scatterings between the 
zone corners by spin fluctuations6,14,15 and a transition from d wave to s 
wave with increasing band hybridization has been proposed16. For the 
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structures around M that are folded to the region around Γ. Under a 
proper polarization geometry, four Fermi pockets were observed 
around Γ, which are marked by dashed pink lines and labelled as ε′ in 
Fig. 1a. The corresponding band structures (the left and right branches 
of ε' band ε′

L
 and ε′

R
 in Fig. 1c,d) were resolved and their spectral intensity 

was comparable to that of the α, β and γ bands. These four ε′ pockets 
can be well attributed to the four ε hole pockets around M that are 
folded to the Γ point by the √2 ×√2 surface reconstruction (Supple-
mentary Figs. 7–10). Such a band folding makes it possible to study the 
electronic structure and superconducting gap of KFe2As2 in the full 
momentum space by laser ARPES.

Figure 2 highlights the band structures and photoemission spectra 
measured in the normal and superconducting states. Clear quasipar-
ticle peaks were observed in the photoemission spectra (energy dis-
tribution curves (EDCs)) measured along all the Fermi surface sheets 
at 4.3 K in the normal state (red curves in left-hand panels of Fig. 2e–l). 
Superconducting coherence peaks developed in some EDCs in the 
superconducting state at 0.9 K (blue curve in left-hand panels of  
Fig. 2e,f,k). The observed peaks are rather sharp with a width (full-width 
at half-maximum) of 1–2 meV. To visualize the gap opening, band sym-
metrization or EDC symmetrization with respect to the Fermi level is 
usually carried out to remove the Fermi distribution function43. In this 
case, the gap opening corresponded to the spectral weight suppression 
at the Fermi level. As visualized in Fig. 2b,c, in the superconducting 
state at 0.9 K, the spectral weight at the Fermi level for the α,β, ε′

L
 and 

SS bands was obviously suppressed, which indicated the opening of 
the superconducting gap. In the symmetrized EDCs measured at 0.9 K 
(blue curves in the right-hand panels of Fig. 2e–l), the spectral weight 
suppression at the Fermi level was observed for P1 on the α band  
(Fig. 2e), for P2 on the β band (Fig. 2f) and for P7 on the ε′

L
 band  

(Fig. 2k), which signalled the opening of the superconducting gap  
(the location of the Fermi momentum points P1–P8 is shown in Fig. 2d). 
The gap size was determined from the energy difference between the 
two peaks in the symmetrized EDCs. On the other hand, the sym-
metrized EDCs in the superconducting state exhibited a peak at the 
Fermi level at other momentum points (blue curves in Fig. 2g–j,l), which 
indicated that no superconducting gap opening was detected within 
our experimental precision. In all the symmetrized EDCs measured at 
4.3 K in the normal state (red curves in the right-hand panels of  
Fig. 2e–l), there was no signature of gap opening observed, excluding 
the formation of a pseudogap in KFe2As2.

It was found that KFe2As2 exhibits heavy Fermion behaviours 
manifested by its large Sommerfeld coefficient and heavy effective 
mass33,35–39. Our present high-resolution band structure measurements 
provide key information for understanding its origin. Figure 3a shows 
a detailed band structure measured at 0.9 K along a momentum cut 
that is nearly parallel to the Γ–M direction. To directly visualize the gap 
opening and remove the effect of the Fermi cutoff, the image was 
obtained by symmetrizing the original data with respect to the Fermi 
level. The corresponding EDCs and symmetrized EDCs are shown in 
Fig. 3c,d, respectively. The band structure of ε′ in the superconducting 
state, Ek, was directly extracted from the symmetrized EDCs (Fig. 3d) 
and plotted in Fig. 3e as pink circles. The superconducting gap was 
also determined directly from the symmetrized EDCs (Fig. 3d) which 
are 0.8 meV and 0 meV for the left and right Fermi momenta of the ε′ 
band (k

ε′
L

F  and k
ε′
R

F ), respectively. Assuming a linear variation of the 
superconducting gap between the two Fermi momenta (Δk), we 
obtained the normal state ε′ band structure (ek) by using the BCS 
(Bardeen–Cooper–Schrieffer theory) relationship E2

k  = e2
k  + Δ2

k , as 
shown by the blue line in Fig. 3e. The normal state ε′ band was strikingly 
flat and its band top was only about 1 meV above the Fermi level. The 
effective masses obtained from the left side and the right side of the 
ε′ band were 3.2me and 13.8me, respectively, where me is the mass of a 
free electron. Such a dramatic anisotropy of the effective mass is 
understandable because the two sides of the ε′ band come from 

iron-based superconductors with only hole-like Fermi surfaces, there 
is still controversy about whether the pairing is nodal or nodeless17–25 
and whether it is d wave or s wave18–31. Direct determination of the gap 
structure in purely hole-doped iron-based superconductors is impor-
tant for ascertaining their pairing symmetry and establishing a unified 
picture of the pairing mechanism in iron-based superconductors.

As the end member of hole-doped (Ba1−xKx)Fe2As2, KFe2As2 is a 
prototypical system for studying the superconductivity mechanism in 
purely hole-doped iron-based superconductors. It has a unique elec-
tronic structure that consists of only hole pockets32–34. It has been found 
that KFe2As2 has a large Sommerfeld coefficient that behaves similarly 
to heavy Fermion materials33,35–40, which indicates the presence of 
strong electron correlation due to its proximity to the putative Mott 
insulating state41. However, the electronic origin of its heavy-electron 
behaviour has not been conclusively proved. More importantly, 
although extensive studies have been carried out to probe the pairing 
symmetry of KFe2As2, the pairing nature has not been pinned down and 
remains controversial17–21,23–25,29–31.

To determine the superconducting gap structure of KFe2As2 and 
other unconventional superconductors with low TC (superconducting 
critical temperature) and small superconducting gap, we developed 
a laser angle-resolved photoemission spectroscopy (ARPES) system 
with ultra-low temperature (0.8 K) and superhigh energy resolution 
(less than 0.5 meV) (Methods). We also grew high-quality KFe2As2 sin-
gle crystals with a TC at 3.7 K and a sharp superconducting transition 
(0.2 K) (Methods and Supplementary Fig. 1). We resolved the complete 
Fermi surface topology and band structures of KFe2As2, in particular, 
those near the Brillouin zone corners, by taking advantage of surface 
reconstruction. We determined precisely the momentum-dependent 
superconducting gap on each Fermi surface and identified the loca-
tions of the gap nodes. These results unravel the electronic origin of 
the huge mass enhancement and strong electron correlation in KFe2As2. 
They also provide strong evidence on the s± pairing symmetry with a 
sign reversal between the zone centre and zone corners in the system 
with only hole pockets.

Figure 1 shows the measured Fermi surface and band structures 
of KFe2As2. As a typical multiorbital system, we find that strong pho-
toemission matrix element effects are involved in the ARPES measure-
ments of KFe2As2. Therefore, to fully resolve the Fermi surface and band 
structures, we carried out ARPES measurements using different light 
polarizations (Supplementary Fig. 2). Combining the Fermi surface 
mapping (Fig. 1a) and the associated band structures (Fig. 1c–f and  
Supplementary Fig. 3) measured under various polarization geom-
etries, we obtained the complete Fermi surface picture of KFe2As2, as 
shown in Fig. 1b. It consists of three main Fermi surface sheets around 
Γ (α, β and γ in Fig. 1b), a small surface state sheet around Γ (SS in Fig. 1b) 
and four hole pockets around M (ε in Fig. 1b). The orbital characteristics 
of the Fermi surface were analysed and are shown in Supplementary  
Fig. 4 and Supplementary Tables 1–2. Our more precise measurements 
of the Fermi surface (Fig. 1b) indicate that it is rather similar to the 
Fermi surface at kz ≈ 0 (kz is the momentum perpendicular to the a–b 
plane) from the previous three-dimensional ARPES measurements34, 
which indicates that the measured momentum region is close to Γ 
point (kz ≈ 0) in our ARPES results using 7 eV photons. We find that the β 
Fermi surface further splits into two sheets (β1 and β2 in Fig. 1b) with the 
maximum splitting along Γ–X, as seen from the band structure in Fig. 1f.  
Our further synchrotron-based ARPES measurements indicate that the 
β1 band is from the bulk state whereas the β2 band can be attributed to 
a surface state (Supplementary Figs. 5 and 6).

Although laser ARPES is advantageous in taking high-quality data 
with superhigh resolution, it has a limitation in the covered momentum 
space due to its lower photon energy21,42. Particularly for the iron-based 
superconductors, laser ARPES can cover mainly the zone centre region 
but cannot reach the zone corner M points21,42. It is interesting and 
noteworthy that, in this study, we observed the Fermi surface and band 
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different orbitals, as seen in Fig. 3f. In particular, when compared with 
the band structure calculations (Fig. 3f)35, the effective masses for the 
left side and the right side of the ε band reached 16mb and 8.1mb, where 
mb is the corresponding band mass. The Fermi energy of the ε band 
shrank strongly from the calculated 20 meV to the measured 1 meV. 
Such a huge band renormalization of the ε band is among the strongest 
observed in iron-based superconductors44.

Our detailed band structure measurements indicate that the large 
specific heat and the associated heavy Fermion behaviours discovered 
in KFe2As2 (refs. 33,35–40) originate from strong band renormaliza-
tions, in particular, of the ε band. Similarly to the ε′ band in Fig. 3e,f, we 
carried out band structure analysis of the α, β and γ bands along differ-
ent directions (Supplementary Fig. 11) to extract the effective mass (m*)  
and the Sommerfeld coefficient γ, as shown in Supplementary Fig. 11e,f 
and listed in Supplementary Table 3. All the bands exhibited strongly 
enhanced effective mass, with the γ band reaching more than 20 times 
the value of me (Supplementary Fig. 11e and Supplementary Table 3). 
When compared with the calculated band structures, the ε band showed 
the strongest renormalization with m*/mb greater than 15 (Supplemen-
tary Fig. 11f and Supplementary Table 3). The anomalously large specific 

heat found in KFe2As2 comes from the combined contributions of all 
of these renormalized bands. In spite of its small Fermi surface area, 
the ε band plays a considerable role in contributing to the specific heat; 
nearly half of the Sommerfeld coefficient is contributed by the ε band 
(Supplementary Table 3).

Now, we come to the determination of the superconducting gap 
in KFe2As2. Because KFe2As2 is a typical multiorbital system and strong 
matrix element effects are involved in the ARPES measurements  
(Fig. 1), to extract the superconducting gap along all the Fermi surface 
sheets, we carried out ARPES measurements along different momen-
tum cuts under different polarization geometries, and we repeated the 
measurements on many KFe2As2 samples (Supplementary Figs. 12–17 
for the α,β, γ, ε′  and SS, respectively). Figure 4a–e shows the sym-
metrized EDCs along the α, β1, β2, γ and ε′ Fermi surface sheets. The gap 
size was determined by the peak position in the symmetrized EDCs43 
(for detailed discussion of the gap determination, see Supplementary 
Figs. 18–20). The measured superconducting gap along the α, β1, β2 and 
γ Fermi surfaces is presented in Fig. 4f and the gap along the ε Fermi 
surface is shown in Fig. 4g. The superconducting gap along the ε Fermi 
surface was not measured in the previous ARPES measurement21, 
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Fig. 1 | Fermi surface and band structures of KFe2As2 measured at 0.9 K. 
 a, Fermi surface mapping near the zone centre Γ point. It is obtained by 
integrating the spectral intensity within ±1 meV with respect to the Fermi level 
and is symmetrized assuming fourfold symmetry. b, Measured Fermi surface 
obtained by analysing the Fermi surface mappings and band structures measured 
under different polarization geometries (Supplementary Fig. 2). The four  

ε′ pockets around Γ are produced by folding of the four ε pockets around M due 
to √2×√2 surface reconstruction. c–f, Typical band structures measured along 
Cut1 via s polarization, Cut1 via p polarization, Cut2 via s polarization and Cut3 via 
p polarization, respectively. The location of the momentum cuts is marked in  
b while the s and p polariation are defined in Supplementary Fig. 2. The observed 
bands are marked by arrows of different colours.
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however, it has been measured here. Figure 4i shows a three-dimensional 
plot of the measured superconducting gap structure in KFe2As2. As 
seen in Fig. 4f, the α Fermi surface shows a large superconducting gap 
(nearly 1.0 meV) that is nearly isotropic, with a small variation of 
±0.1 meV. The superconducting gap of the β Fermi surface (β1 and β2) 
is highly anisotropic. It is nearly zero along the Γ–X direction and 
reaches a maximum (nearly 1.0 meV) along the Γ–M direction. Along 
the entire γ Fermi surface, the gap is nearly zero within our detection 
limit. We note that our results of the superconducting gap along the α, 
β and γ Fermi surfaces around Γ (Fig. 4f) are notably different from 
those reported before21 (the reason for the discrepancy is discussed in 
the Supplementary Information). As seen in Fig. 4g, the superconduct-
ing gap on the small ε pocket is highly anisotropic. Along the Γ–M 
direction, it is maximum near the tip close to M whereas it approaches 
zero on the other side away from M. The superconducting gap structure 
in KFe2As2 is quite distinct along different Fermi surface sheets.

Our precise determination of the electronic structure and super-
conducting gap structure, in particular, for the ε Fermi surface around 
M, provides a correct picture of the pairing symmetry in KFe2As2. Based 
on the following observations, we find that our results are consistent 
with s± pairing symmetry with sign reversal between the Γ and M points. 
First, the superconducting gap size along all the Fermi surface sheets is 
qualitatively consistent with the simple s± form: ∣Δ∣ = Δ0∣cos kx + cos ky∣, 
as shown in Fig. 5a. In the s± pairing symmetry with the simplest form, the 
gap size is expected to decrease with increasing distance of the momen-
tum point from Γ or M (thick black line and thick red line in Fig. 5a).  
The measured superconducting gap of KFe2As2, extracted from many 
data points on different Fermi surface sheets, is found to also decrease 

with increasing distance of the momentum point from Γ or M (data 
points in Fig. 5a). Second, precise nesting vectors along Γ–M can be 
determined from our measured Fermi surface (Fig. 5b). They are con-
sistent with the previous ARPES measurements34 and show rather weak 
kz dependence34. If the nestings connect the α and β Fermi surface 
around Γ, as previously proposed27,31, the corresponding nesting vec-
tors obtained from Fig. 5b are 0.61π/a and 2.21π/a (a, lattice constant) 
along the Γ–M direction, which significantly deviate from the two spin 
resonance wavevectors of 0.85π/a and 1.98π/a from neutron scat-
tering measurements31 (Supplementary Fig. 21). On the other hand, 
when the two vectors connect the best nested portion of the ε Fermi 
surface around M and the α or β Fermi surface around Γ, as identified 
in Fig. 5b, the obtained wavevectors of Q1 = 0.87π/a and Q2 = 1.96π/a 
have a perfect match to the two spin resonance wavevectors31. This 
indicates that the two regions connected by the nesting vectors have 
the reversed sign of the superconducting gap. This is consistent with 
the s± form Δ = Δ0(cos kx + cos ky), as depicted in Fig. 5b. Neutron scat-
tering measurements found that the spin resonance peak in (Ba1−xKx)
Fe2As2 gets weaker as doping is increased in the overdoped region due 
to the increasing mismatch between the hole pocket around Γ and the 
electron pocket around M (refs. 45,46). In KFe2As2 where the ε hole 
pockets emerge around M, the spin resonance peak is observed but is 
much weaker than that in optimally doped (Ba0.6K0.4)Fe2As2 (ref. 31). This 
is consistent with the Fermi surface nesting but with a relatively small 
nested area in KFe2As2. Third, the nesting vectors connect portions 
of the two Fermi surface that have the maximum superconducting 
gap (black solid circles in Fig. 5b). It has been found that the energy of 
the resonance mode ER and the superconducting gap Δtot follow the 
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(blue curve) was then derived using the equation E2

k  = e2k  + Δ2
k  from BCS theory.  

f, The calculated band structure shows where the measured ε band is located 
using a black dashed frame. The measured ε band is also plotted (blue dashed 
line) for a direct comparison.
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Fig. 4 | Momentum-dependent superconducting gaps along all the Fermi 
surface sheets of KFe2As2. a–e, Symmetrized EDCs along the α (a), β1 (b), β2 (c), γ 
(d) and ε′ (e) Fermi surface sheets, respectively. The Fermi momentum positions 
are marked by empty circles in the inset Fermi surface. The details of extracting 
these symmetrized EDCs are described in Supplementary Figs. 13–17. f–h, The 
momentum-dependent superconducting gap as a function of the Fermi surface 
angle φ for the α, β1, β2 and γ Fermi surfaces (f) and as a function of θ for the ε 

Fermi surface (g). The Fermi surface angles φ and θ are defined in h. The solid 
symbols were derived from the symmetrized EDCs shown in a–e whereas the 
open symbols were obtained by symmetrization, taking into account the fourfold 
symmetry. The uncertainties are marked by error bars. The thick lines are the 
fitted curves of the measured gaps. i, Three-dimensional plot of the 
superconducting gaps in KFe2As2. The corresponding Fermi surface is shown at 
the bottom.
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universal relationship ER/Δtot ≈ 0.64 in iron-based superconductors, 
where Δtot is the total superconducting gap summed on the two Fermi 
surfaces linked by the nesting vectors47. The total gap size Δtot = 2.0 meV, 
where 1.0 meV is from the α or β Fermi surface and the other 1.0 meV is 
from the ε Fermi surface. The energy of the resonance mode in KFe2As2 
was then estimated to be 1.28 meV, which is in a good agreement with 
that measured in neutron scattering (1.2 meV) (ref. 31). Fourth, from 
the measured superconducting gap structure, we identified the nearly 
zero gap points on the β, γ and ε Fermi surfaces, as marked by the white 
circles in Fig. 5b. In the s± gap symmetry, there were zero gap nodal 
regions along the (0, ±π)–(±π, 0) lines (Fig. 5b). It is interesting to note 
that the measured momentum region with nearly zero gap on the β and 
ε Fermi surfaces was located closest to the zero gap lines of the s± form. 
In particular, the γ Fermi surface lay very close to the s± nodal lines and 
the superconducting gap was nearly zero along the entire Fermi surface. 
These results indicate that sign reversal s± pairing symmetry can be 
realized in a system with only hole pockets. Here the sign change occurs 
between the hole pockets around Γ and those around M. Previously, the 
s± pairing symmetry was proposed and tested in superconductors with 
hole pockets around Γ and electron pockets around M (refs. 5,6,8,48,49). 
Neutron scatterings have observed spin fluctuations in KFe2As2  
(refs. 31,50,51) and spin fluctuation exchange always leads to a repul-
sive interaction and can only realize sign-changing superconducting 
states1. Therefore, our identification of the nodal s± pairing symmetry in 
KFe2As2 indicates that the spin fluctuations may play a dominant role in 
generating superconductivity even in a system with only hole pockets.

The determination of the pairing symmetry is essential for under-
standing the superconductivity mechanism of iron-based supercon-
ductors. Our present work has substantial implications for the pairing 
symmetry in KFe2As2. The pairing symmetry in heavily hole-doped 
iron-based superconductors with only hole pockets has been exten-
sively studied theoretically and experimentally. Various possibilities 
have been proposed and debated, including the competition of s± (Γ–M) 
and d (ref. 28), pure extended d (refs. 26,52), pure s± (Γ–M) (ref. 53), the 
competition between s± (two hole pockets around Γ) and d (ref. 54) and 
pure s± (two hole pockets around the zone centre)27. In particular, based 
on the previous ARPES results on the superconducting gap of KFe2As2 
(ref. 21), the focus has been on pure s± with sign reversal between the two 
hole pockets (h1 and h2) around the zone centre27. The neutron scatter-
ing measurements on KFe2As2 are considered to be consistent with this 
s± (h1–h2) symmetry31. Our present results have corrected the previous 

ARPES results21, pinned down on a different pairing picture in KFe2As2, 
and have provided key information for theoretically understanding 
the pairing symmetry in iron-based superconductors with only hole 
pockets. Furthermore, our results have provided a unified picture of 
the pairing symmetry in iron-based superconductors with distinct 
Fermi surface topologies. As a typical multiband system, the pairing 
symmetry in iron-based superconductors is usually considered to be 
closely related to the Fermi surface topology. When there are both 
hole-like Fermi surfaces around Γ and electron-like Fermi surfaces 
around M, the pairing symmetry is generally believed to be s±, with 
the sign change occurring between Γ and M (refs. 1–8,49). When there 
are only hole pockets in heavily hole-doped iron-based superconduc-
tors, the pairing symmetry is highly controversial26–28,52,53 and a pairing 
symmetry transition is proposed with increasing hole doping26,30,52,54. 
Our finding of a common s± (Γ–M) pairing symmetry indicates that the 
system with both the electron and hole pockets and the system with 
only hole pockets may share a similar pairing mechanism that can be 
described by a unified theoretical framework.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
High-quality single crystals of KFe2As2 were grown by the KAs flux 
method56. The samples were characterized by magnetic susceptibility 
measurements (Supplementary Fig. 1a) and the measured TC was 3.7 K 
with a narrow transition width of 0.2 K. The residual resistivity rate 
(R300 K/R0 K) of near 1,000 was obtained from the resistivity measure-
ment (Supplementary Fig. 1b). Both measurements indicated that our 
KFe2As2 single crystal samples were of very high quality.

High-resolution angle-resolved photoemission measurements 
were carried out by using our laboratory-based ARPES system. It was 
equipped with a vacuum-ultraviolet laser with a photon energy of 
hν = 6.994 eV and a hemispherical electron energy analyser R8000 
(Scienta-Omicron). The light polarization could be varied to get linear 
polarization along different directions and circular polarization. This 
system used 3He pumping technology which could cool the sample 
down to the lowest temperature of 0.8 K. The energy resolution was 
set at 0.5 meV and the angular resolution was 0.3∘, corresponding to 
0.004 Å−1 momentum resolution at the photon energy of 6.994 eV. All 
the samples were cleaved in situ at low temperature and measured in 
an ultrahigh vacuum with a base pressure better than 1 × 10−10 mbar. 
The Fermi level was carefully referenced by measuring polycrystalline 
gold which was well connected with the sample.

The photon-energy-dependent ARPES measurements were  
performed at the Bloch beamline of MAX IV, equipped with a hemi-
spherical electron energy analyser DA30-L (Scienta-Omicron). The 
angular resolution was ≤0.2∘ and the overall energy resolution was 
≤10 meV. The single crystals were cleaved in situ at low temperature 
and measured in an ultrahigh vacuum with a base pressure better  
than 1 × 10−10 mbar.
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