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The spatially-resolved laser-based high-resolution angle resolved photoemission spectroscopy (ARPES) measure-
ments have been performed on the optimally-doped YBa;CuzO;_5 (Y123) superconductor. For the first time, we found
the region from the cleaved surface that reveals clear bulk electronic properties. The intrinsic Fermi surface and band
structures of Y123 were observed. The Fermi surface-dependent and momentum-dependent superconducting gap was
determined which is nodeless and consistent with the d+is gap form.

Keywords: YBCO, angle resolved photoemission spectroscopy, electronic structure, superconducting gap

PACS: 74.25.Jb, 74.72.-h, 74.72.Gh, 74.20.Rp

1. Introduction

The superconductivity mechanism of the high tempera-
ture cuprate superconductors remains one of the most promi-
nent issues in condensed matter physics.I!! The detection of
intrinsic electronic structure and the determination of the su-
perconducting gap symmetry are essential in understanding
the unusual normal state properties and the superconductiv-
ity mechanism of the cuprate superconductors. Angle re-
solved photoemission spectroscopy (ARPES) has played a
key role in studying the cuprate superconductors.>>! How-
ever, most of the ARPES measurements are carried out on
the Bi-based superconductors, particularly Bi;SrpCaCu,Og
(Bi2212), because it is easy to get a smooth surface of the
cleaved sample and measure the intrinsic electronic structure
of the bulk material. Much fewer ARPES measurements have
been performed on YBa;Cu30;_s (Y123), another prototyp-
ical cuprate superconductor with a T, above the liquid nitro-
gen temperature.[%23] Because the cleaved surface of Y123
is polar which causes charge redistribution and surface self-
doping, it is difficult to probe the intrinsic electronic struc-
ture of the bulk Y123.[68.10.13.15.171 15 particular, the Fermi

surface-dependent and momentum-dependent superconduct-
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ing gap has not been clearly determined in Y123.120-21:23] The
measurement of the intrinsic bulk electronic structure and su-
perconducting gap in Y123 is important in establishing a gen-
eral picture in understanding high temperature superconduc-
tivity in cuprate superconductors.

In the present paper, we report our observations of the in-
trinsic electronic structure and superconducting gap of Y123.
By performing spatially-resolved laser-based ARPES, we suc-
cessfully find the cleaved region where the CuO; planes are
not self-doped and measure the electronic structure and super-
conducting gap intrinsic to the bulk Y123. The Fermi surface-
dependent and momentum-dependent superconducting gap is
clearly determined and a nodeless d-wave gap is observed in
Y123.

2. Methods

ARPES measurements were carried out using our lab-
based laser ARPES systems equipped with the 6.994 eV
vacuum-ultra-violet (VUV) laser and a DA30L hemispheri-
cal electron energy analyzer.!?%%7] The laser spot was focused
to ~ 15 um on the sample. The energy resolution was set
at 1 meV and the angular resolution was ~ 0.3°, correspond-
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ing to a momentum resolution of ~ 0.004 A~!. High quality
single crystals of YBa;CuzO;_s were grown by the self flux
method.[?® The samples were post-annealed at 494 °C under
oxygen pressure of ~ 1 atmospheres for 7 days. The obtained
samples were optimally doped with a 7; of 92.7 K and a transi-
tion width of ~ 0.3 K (Fig. 1(c)). The measured samples were
twinned. All the samples were cleaved in situ at a low tem-
perature and measured in vacuum with a base pressure better
than 5x 10~ ! Torr at 17 K. The Fermi level was referenced by
measuring on a clean polycrystalline gold that was electrically
connected to the samples.

3. Results and discussion

Through real-space point-by-point ARPES scanning
measurements (Fig. S1 in supplementary materials), we found
mainly four kinds of band structures on the Y123 cleavage
surface, as shown in Fig. 1(e). The band structure I has a
broad band with a diffuse distribution of intensity in momen-
tum space. It exhibits a clear energy gap at the Fermi level.
The band structure II also has a broad band but without energy
gap opening at the Fermi level. The band structure III shows
two bands that are well separated in the momentum space.
Both bands do not show energy gap opening at the Fermi level.
The band structure IV shows two sharp bands which are close

(d) Cleavage plane I

in the momentum space. Both bands show energy gap opening
at the Fermi level. Figure 1(b) shows the spatial distribution of
the band structures III and IV on the cleaved sample surface.
These two regions occupy only a small fraction (< 5%) of the
surface area while the majority of the surface is occupied by
the band structures I and II.

Figure 1(a) shows the crystal structure of Y123. It is usu-
ally considered that the cleaving occurs between the BaO layer
and CuO chain layer, giving rise to two cleavage planes I and
I1.123-29-301 Byt only two kinds of cleavage planes can not ac-
count for the four kinds of band structures we have observed.
Two more cleavage planes have to be considered that occur be-
tween the BaO layer and the CuO, layer, marked as cleavage
planes III and IV in Fig. 1(a). In Fig. 1(d), we show these four
kinds of cleavage planes and analyze the charge distribution
among different layers. It turns out that all these four cleav-
age planes are polar and, according to the polar catastrophe

(311 there is charge redistribution on the top layer. As

model,
a result, the CuO; planes are self-doped with the doping level
increase from the original 0.16 to 0.33 in the cleavage planes
II and III. This makes the top CuO; planes heavily overdoped
and become nonsuperconducting. But the CuO; planes keep
their doping level 0.16 in the cleavage planes I and IV. This
makes it possible to retain its intrinsic electronic structure and

keep it at the optimal doping level.
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Fig. 1. Spatially resolved ARPES measurements on different cleavage surfaces of Y123. (a) Crystal structure and four possible cleavage surfaces of
Y123. (b) Spatial distribution of spectral intensity on the cleaved sample surface obtained by real-space point-by-point scanning of ARPES measure-
ments. (c) Magnetic measurement of the superconducting transition temperature of the Y123 sample with a magnetic field of 2 Oe. (d) Schematic four
kinds of cleavage planes and their charge distribution analyses. In each panel, the left half shows the atom distribution and their valence states in each
layer while the right half shows the overall charge in the layer(s). (e) Four main band structures observed in Y123, which are attributed to the four
cleavage planes in (d). The region where the band structure III is observed is marked in green in (b) while the region where the band structure IV is

observed is marked in red in (b).

By considering the charge distribution in different cleav-
age planes in Fig. 1(d) and the gap opening in the four kinds
of band structures in Fig. 1(e), and also considering the big

(small) chance of cleavage for the cleavage planes I and II (III

and I'V) and the large (small) occupation of the band structures
I and II (IIT and IV), we can make a good correspondence be-
tween the four cleavage planes and the observed four kinds of

band structures. In particular, the band structure IV originates
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from the cleavage plane IV where the top CuO; planes keep
their original doping level 0.16. Both bands are sharp with
clear gap opening. Therefore, the electronic structures are in-
trinsic to the bulk Y123. It is the first time that this kind of
band structure has been observed in Y123 because its occupa-
tion area is rather small in the cleaved sample surface. We will
focus on this band structure in the rest of the paper.

Figure 2 shows the Fermi surface and band structures of
Y123 measured at 17 K from the red region in Fig. 1(b). Dur-
ing the measurements, we overcome two technical issues. The
first is the space charge effect caused by the small laser spot;
we reduced the laser intensity to alleviate the space charge ef-
fect. The second is the light-induced modification effect; the
measured area is modified by the light illumination over a pe-
riod of time. To reduce the effect, we limited our acquisition
time to finish the measurement on one region before the obvi-
ous sample modification occurs. These two issues put a strong
limit on the data statistics.

Two bands are clearly observed that correspond to the
bonding band (BB) and the antibonding band (AB) in Y123.
The bonding band can be observed over a wide momentum
space from the nodal to the antinodal regions. It becomes
weaker when the momentum cut moves to the antinodal re-
gion. The gap opening at the Fermi level can be clearly
observed on the bonding band which gets larger with the
momentum cut moving from the nodal to the antinodal re-
gions. On the other hand, the antibonding band is clearly
observed only around the nodal region; it becomes invisi-
ble when the momentum cut moves away from the nodal re-
gion. By considering the Fermi surface mapping in Fig. 2(a)
and the corresponding band structures in Fig. 2(c), and also
referring to the Fermi surface measured from the previous

1.0

[23] we arrived at the Fermi surface of

ARPES measurements,
the optimally-doped Y123 as plotted in Fig. 2(a) which con-
sists of the bonding Fermi surface (BB), the antibonding Fermi
surface (AB), and the chain Fermi surface (CH).

Figure 3 focuses on the band structure of Y123 along
the nodal direction. Two sharp bands are clearly observed in
Fig. 3(a) which correspond to bilayer split bonding and an-
tibonding bands. These two bands become more clearly ob-
served in the second derivative image in Fig. 3(b). The cor-
responding photoemission spectra (energy distribution curves,
EDCs) show sharp superconducting coherence peaks as seen
in Fig. 3(c). The EDCs at the two Fermi momenta are plot-
ted in Fig. 3(d) and their corresponding symmetrized EDCs
are shown in Fig. 3(e). Clear superconducting gap opening is
observed on the two Fermi surfaces along the nodal direction.

Figure 3(f) shows momentum distribution curves (MDCs)
at different energies obtained from Fig. 3(a). These MDCs
can be well fitted by using two Lorentzians. The fitted dis-
persions and the MDC widths are plotted in Figs. 3(g) and
3(h), respectively. The AB and BB bands exhibit clear kink
in their dispersions (Fig. 3(g)), accompanied by the drop in
their MDC width (Fig. 3(h)). To reveal the kink structure
more clearly, in Fig. 3(i), we plot the energy difference be-
tween the measured dispersions and straight lines as shown in
Fig. 3(g). Well-defined peaks at ~ 59 meV are observed in
Fig. 3(i) which corresponds to the kink position in the disper-
sions in Fig. 3(g). The dispersion kink can be attributed to the
electron-mode coupling. We note that, since the measured re-
gion keeps the original doping level, our measured kink struc-
ture is obviously stronger than those previously measured in
self-doped Y123.[16:22]
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Fig. 2. Intrinsic electronic structure of Y123 measured at 17 K in the superconducting state from the red region in Fig. 1(b). (a) Measured Fermi surface
mapping. Three Fermi surface sheets from the bonding band (BB), the antibonding band (AB) and the CuO chain band (CH) are plotted by considering
our measurements and the previous ARPES measurements.'?3] (b) Constant energy contour at the binding energy of 40 meV. (c), (d) Band structures
along different momentum cuts. The location of the momentum cuts is marked by the black lines in (a).
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Fig. 3. Intrinsic bilayer splitting along the nodal direction in Y123. (a) Band structure measured at 17 K along the nodal direction. The location of the
momentum cut is marked by the green line in the inset of (b). (b) The corresponding MDC second derivative image of (a). (c) The corresponding EDCs
of (a). (d) EDCs at the Fermi momenta of the bonding band (kgB) and the antibonding band (kiB). (e) Corresponding symmetrized EDCs from (d). (f)
MDC:s at different energies obtained from (a). The MDC:s are fitted by two Lorentzians as plotted by red lines. (g) Dispersions of the BB and AB bands
obtained from fitting the MDC:s at different energies as shown in (f). (h) The MDC width (full width at half maximum, FWHM) as a function of energy
for the BB and AB bands obtained from MDC fitting in (f). (i) The energy difference between the measured BB and AB dispersions and the straight
lines plotted in (g). (j) The momentum difference of the nodal bilayer splitting as a function of doping level in Y123 summarized from the previous
ARPES measurements!!%-17:2021.23-251 and the present study. For the previous measurements, the doping level is derived from the nominal doping of

the bulk sample and corrected by considering the polar catastrophe model.

In Fig. 3(j), we summarize the nodal bilayer splitting ob-
served by the ARPES measurements on Y123 with different

16,17.20,21,23-25] Here the doping level has been

doping levels.|
corrected from their nominal values by considering the polar
catastrophe model and the self-doping effect. The nodal bi-
layer splitting increases with the increasing doping level. This
relation can be used to check the real doping level of the mea-
sured region by measuring the nodal bilayer splitting. The
nodal bilayer splitting in our measurement is the smallest. This
further confirms that our measured region has the optimal dop-
ing level 0.16 and our measured electronic structures are in-
trinsic to the optimally-doped bulk Y123.

Now we come to the determination of the superconduct-
ing gap in Y123. Figure 4(a) shows EDCs along the bond-
ing Fermi surface. The corresponding symmetrized EDCs are
plotted in Fig. 4(b). These symmetrized EDCs can be fitted by
the Norman formulal®?! to extract the superconducting gap.
The obtained superconducting gap at different locations of the
BB Fermi surface is plotted in Fig. 4(f). Likewise, Fig. 4(c)
shows EDCs along the antibonding Fermi surface and their
corresponding symmetrized EDCs are presented in Fig. 4(d).
These symmetrized EDCs are also fitted by the Norman for-
mula and the obtained superconducting gap for the AB Fermi

surface is also plotted in Fig. 4(f).

As seen from Fig. 4(f), the optimally-doped Y123 ex-
hibits a superconducting gap (~ 7 meV) even along the
nodal direction. This is different from the other cuprate su-
perconductors where the nodal superconducting gap is basi-
cally zero.[3 The presence of the s component in the super-
conducting gap of Y123 was also reported in the tunneling
experiment.3*! The optimally-doped Y123 is different from
other cuprate superconductors in that it has an orthorhombic
crystal structure due to the presence of the CuO chain along
the b direction. Whether the small anisotropy between a and
b (~ 2%) can cause such an obvious nodal gap needs further
investigations.

For a standard d-wave form, there is a zero gap along the
nodal direction (6 = 45°) (Fig. 4(g)). When there is an s com-
ponent mixed in the d-wave form, there are two possibilities.
One is the d+s form which still has gap node but the node
position shifts away from 8 = 45° (Fig. 4(h)). When there are
two domains present like in Y123, they will produce two kinds
of gap form as shown in Fig. 4(h). The other is the d+is form
where there is no longer gap node present (Fig. 4(i)). Our mea-
sured superconducting gap in Fig. 4(f) appears not consistent
with the d+s form because no gap node is observed. It is con-
sistent with the d-+is form and the measured superconducting
gap can be well fitted by the d+is form, as shown in Fig. 4(f).
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Fig. 4. Superconducting gap of Y123 measured at 17 K. (a) EDCs along the BB Fermi surface. The location of the momentum points is marked by red
circles in (e). (b) The corresponding symmetrized EDCs from (a). These curves are fitted by the Norman formula as plotted by the red lines. (c) EDCs
along the AB Fermi surface. The location of the momentum points is marked by blue circles in (e). (d) The corresponding symmetrized EDCs from
(c). These curves are fitted by the Norman formula as plotted by the red lines. (e) Schematic Fermi surface of Y123 with the Fermi momentum points
marked. (f) Momentum-dependent superconducting gap of the BB Fermi surface (red symbols) and the AB Fermi surface (blue circles). The black
line represents a fitting with the d+is wave. (g) Momentum-dependent superconducting gap in a standard d-wave form. (h) Momentum-dependent

superconducting gaps in a d+s form for the two perpendicular domains in Y123. (i) Momentum-dependent superconducting gap in the d-+is form.

4. Summary

In summary, we have carried out spatially-resolved laser-
based ARPES measurements on the optimally-doped Y123 su-
perconductor. We find the region from the cleaved surface that
represents the bulk electronic properties. The intrinsic Fermi
surface and band structures of Y123 are obtained. Nodeless
superconducting gap is observed which is consistent with the
d+is gap form.
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