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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 HgBayCa;Cu3Og, 5 (Hg1223) superconductor with a T of 133 K.
Two distinct regions are identified on the cleaved surface: the single Fermi surface region where only one Fermi surface is
observed, and the double Fermi surface region where two Fermi surface sheets are resolved coming from both the inner (IP)
and outer (OP) CuO; planes. The electronic structure and superconducting gap are measured on both of these two regions.
In both cases, the observed electronic states are mainly concentrated near the nodal region. The momentum dependence of
the superconducting gap deviates from the standard d-wave form. These results indicate that the surface electronic structure

of Hg1223 behaves more like that of underdoped cuprates.
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1. Introduction

The cuprate superconductors exhibit markedly differ-
ent superconducting transition temperatures (7¢) in different
classes of materials.!!! Uncovering the origin of this T, differ-
ence is important for clarifying the mechanism of high tem-
perature superconductivity. To achieve this goal, it is essen-
tial to understand the electronic structure and superconduct-
ing gap structure of the cuprate superconductors.!”l Angle-
resolved photoemission spectroscopy (ARPES) has proven

particularly powerful in these efforts.3=!

However, most
ARPES studies have been focused on the Bi-based cuprates
because they can provide a clean and stable cleaved surface for
ARPES to probe intrinsic electronic structures.!*>! The Hg-
based HgBa,Ca;CuzOg, 5 (Hg1223) superconductor exhibits
the highest T, of 134 K at ambient pressure!® and provides
an ideal system to study high temperature superconductivity
mechanism. However, ARPES studies on the Hg1223 super-
conductor remain remarkably scarce.!”)

In this paper, we report our investigations of the elec-
tronic structure and superconducting gap structure of Hg1223.
By performing spatially-resolved laser-based ARPES, we ob-

TThese authors contributed equally to the present work.
fCorresponding author. E-mail: xjzhou@iphy.ac.cn

CSTR: 32038.14.CPB.ae23b1

served two distinct regions on the cleaved surface. The Fermi
surface, band structures and superconducting gap were mea-
sured in each of these two regions.

2. Experimental methods

High-quality single crystals of Hg1223 were grown us-
ing the self-flux method.®! The crystals were post-annealed at
530 °C under an oxygen pressure of ~ 12 atm for 7 days, yield-
ing optimally doped samples with a superconducting transition
temperature 72"¢' of 133 K and a narrow transition width of
~ 2.5 K, as shown in Fig. 1(b). ARPES measurements were
carried out using a bias laser-ARPES system equipped with
the 6.994 eV vacuum-ultra-violet (VUV) laser and a DA30L

(9101 The copper sam-

hemispherical electron energy analyzer.
ple holder was electrically connected to a Keithley 2450
source meter, allowing application of a well-controlled sample
bias during measurements to enhance the covered momentum
space.!1% The laser beam size was focused to ~ 10 pm on the
sample surface. The overall energy resolution was ~8.5 meV
with a 10 eV pass energy and a 0.3 mm slit at a —90 V sample

bias (Figs. 1(d) and 1(e)) and ~ 4.5 meV when using a 5 eV
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pass energy and a 0.3 mm slit at a —30 V sample bias (Figs. 2—
5). The angular resolution was better than 0.2° with zero sam-
ple bias. The spatially resolved ARPES measurements were
performed by scanning the sample position in real space to
acquire the photocurrent map or band structure map. Samples
were cleaved in situ at a low temperature and measured at 30 K
under ultrahigh vacuum with a base pressure better than 2 x
10~ ! mbar. The Fermi level of the sample was referenced by
measuring a clean polycrystalline gold.

3. Results and discussion

As shown in Fig. 1(a), Hg1223 has a perfect tetragonal
structure (space group P4/mmm) that contains a trilayer CuO,
block composed of two outer CuO; planes (OP) and one in-
ner CuO, plane (IP) per unit cell, separated by Ca layers.!6!
These trilayer blocks are isolated by BaO-HgOgs-BaO lay-

ers. It is generally believed that the excess interstitial oxy-
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gens, residing in the HgOg layers, are responsible for dop-
ing the CuO; planes. However, unlike Bi-based trilayer sam-
ple Bi,Sr,CayCu30,¢, 5 (Bi2223),['1 Hg1223 lacks a natural
cleavage surface. As a result, obtaining a clean, well-defined,
and stable surface has been a major challenge for ARPES
measurements. There are four possible cleavage planes for
Hg1223, as marked by dashed lines in Fig. 1(a). Breaking be-
tween the HgO5—BaO layers gives rise to two cleavage planes
(1 and 4) while breaking between the OP CuO; plane and BaO
layer gives rise to cleavage planes 2 and 3. It was found that
cleavage occurs more easily between the HgOs and BaO lay-
ers, leading to the majority of surface terminations from the
cleavage planes 1 and 4.1'>) Moreover, since the HgOg lay-
ers and the trilayer CuO; blocks are polar, the polar termi-
nations may induce charge redistribution near the surface after

[13.14] This surface self-doping effect may complicate

cleavage.
the effort to access the intrinsic bulk electronic structure using

ARPES.!4
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Fig. 1. Spatially resolved ARPES measurements on different cleavage surfaces of Hgl1223. (a) Crystal structure of the trilayer cuprate Hg1223,
consisting of three CuO, planes per unit cell. The inner CuO, plane (IP) is sandwiched between two outer planes (OPs) separated by Ca layers. The
right panel illustrates several possible cleavage planes (HgOg, BaO or CuO,). (b) AC magnetic susceptibility measurement under a 10 Oe field showing
a sharp superconducting transition at 7, = 133 K with a transition width (10%-90%) of 2.5 K. (c) Real space photocurrent map acquired by point-by-
point scanning the sample surface. Two kinds of regions with distinct Fermi surface topologies are observed on the surface. (d) Fermi surface mapping
obtained from region 1 (red circle in (c)) where only a single Fermi surface near the nodal region is observed. To enhance the covered momentum space,
the measurement was carried out by applying a bias voltage of —90 V on the sample. (¢) Fermi surface mapping obtained from region 2 (blue circle in

(c)) where two Fermi surface sheets near the nodal region are observed. The measurement was also performed under a —90 V sample bias.

We first carried out spatially resolved APRES measure-
ments on Hg1223 by scanning the sample surface point-by-
point and collecting the photocurrent or measuring the band
structure at the same time. Figure 1(c) shows the photocur-
rent map acquired over a large area of the cleaved surface.
The intensity distribution exhibits clear spatial inhomogene-
ity. We mainly observed two kinds of regions on the surface
with distinct Fermi surface topologies. For region 1, only a

single Fermi surface is observed (Fig. 1(d)) while two Fermi
surface sheets are clearly resolved (Fig. 1(e)) for region 2. The
majority of the cleaved surface corresponds to region 1, only a
small fraction of the surface area belongs to region 2.

Figure 2 presents a detailed Fermi surface and band struc-
tures of Hg1223 measured at 30 K in region 1 with the single
Fermi surface. The Fermi surface map is shown in Fig. 2(a)
and a constant energy contour at the binding energy of 30 meV

027402-2



Chin. Phys. B 35, 027402 (2026)

is shown in Fig. 2(b). Figure 2(c) displays the band struc-
tures measured along a series of momentum cuts indicated in
Fig. 2(b). A well-defined band is observed in the measured
band structures near the nodal region (cuts 1-6). As the mo-
mentum cuts move toward the antinodal region (cuts 7-12),
the lower binding energy part of the band becomes vague but
the high binding energy part is still observable. The band be-
comes invisible when the momentum cuts further move toward
the antinodal region (cuts 13—14 and beyond). When the mo-
mentum cuts move from the nodal region to the antinodal re-
gion, the band top shifts downward to high binding energy,
corresponding to the opening of the superconducting gap.
The observed electronic states are mainly concentrated

near the nodal region as seen in Figs. 2(a) and 2(b). The
Fermi momenta extracted from the band structures in Fig. 2(c)
are plotted as red circles in Fig. 2(a). The full Fermi sur-
face topology can not be determined because of the lack of
band structures observed near the antinodal region. Con-
sidering the observed Fermi surface segment as a part of
a large Fermi surface, we fit the extracted Fermi surface
with a tight-binding model:!'3 E(k) = u — 2t(cos(ka) +
cos(kya)) —4t' cos(kya) cos(kya) — 21" (cos(2kya) +cos(2kya))
which yields ¢’ /t = —0.25, ¢ /t = 0.22 and p/t = 0.66. The
resulted tight-binding Fermi surface corresponds to a hole

doping level of ~ 0.07.
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Fig. 2. Electronic structure of Hgl1223 measured at 30 K from the single Fermi surface region. The measurement was performed under a
sample bias of —30 V. (a) Fermi surface mapping of Hg1223 measured at 30 K in the superconducting state. The red open circles denote
the experimentally determined Fermi momenta (kg), and the black dashed curve represents guide to the eyes. (b) The corresponding constant
energy contour at a binding energy of 30 meV. (c) Band structures measured along different momentum cuts. The locations of the momentum
cuts are shown by black lines in (b). All the momentum cuts cross the (7, 7) point when extrapolated. The vertical tick in each panel marks the

determined Fermi momentum.

Now we turn to the determination of the superconducting
gap of Hg1223 for region 1 with the single Fermi surface. Fig-
ure 3(a) shows the energy distribution curves (EDCs) extracted
from Fig. 2(c) along the measured Fermi surface. The corre-
sponding locations of the Fermi momenta (P1-P15) are indi-
cated in Fig. 3(c). A weak peak is observed in the EDCs only
very close to the nodal region. Figure 3(b) shows the sym-
metrized EDCs obtained from Fig. 3(a). The superconducting
gap at each Fermi momentum can be extracted from the peak
position of these symmetrized EDCs, as marked by vertical
ticks in Fig. 3(b). The extracted gap size is plotted in Fig. 3(d)
as a function of the Fermi surface angle 8. The gap near the
nodal region is fitted by a d-wave form, A(6) = Agcos(26),
yielding Ag ~ 41 meV. In Fig. 3(e), we plot the same gap
against the d-wave form factor |cos(k,a) — cos(kya)|/2. The
gap near the nodal region is fitted by a linear line, A =

Ag - |cos(kya) — cos(kya)|/2, with Ag ~ 37 meV. The gap size
clearly deviates from the d-wave form when the momentum
point is slightly away from the nodal region. The momentum
dependence of the superconducting gap is similar to that ob-
served in underdoped cuprate superconductors. 6]

Now we switch to region 2 where two Fermi surface
sheets are observed. Figure 4(a) shows the Fermi surface map
measured at 30 K and a constant energy contour at the binding
energy of 30 meV is shown in Fig. 4(b). Two closely spaced
Fermi surface sheets are clearly visible. Figure 4(c) displays
the band structures measured along a series of momentum cuts
indicated in Fig. 4(b). Two well-defined bands are observed in
the measured band structures near the nodal region (cuts 1—
5), labeled as IP and OP which originate from the inner and
outer CuO, planes, respectively. As the momentum cuts move
toward the antinodal region (cuts 6-10), the bands near the
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Fermi level get weaker. The bands become invisible when
the momentum cuts further move toward the antinodal region
(cuts 11-12 and beyond). When the momentum cuts move
from the nodal region to the antinodal region, the overall top
of the two bands shift downwards to high binding energy, cor-
responding to the opening of the superconducting gap.

The observed electronic states are also mainly concen-
trated near the nodal region as seen in Figs. 4(a) and 4(b).
The extracted Fermi momenta of the IP and OP bands from
Fig. 4(c) are plotted as red and blue circles in Fig. 4(a), respec-
tively. The full Fermi surface topology cannot be determined
because of the lack of band structures observed near the antin-
odal region. Considering the observed Fermi surface segments
as a part of large Fermi surfaces, we fit the extracted IP and OP
Fermi surfaces with the tight-binding model,['>! which yields
'/t = —0.35,1" /t = 0.24 and pop/t = 0.62 for the OP Fermi
surface, and ¢/t = —0.38, t" /t = 0.26, and wp/t = 0.16 for
the IP Fermi surface. The resulted tight-binding Fermi sur-
faces correspond to a hole doping level of ~ 0.02 for the OP
Fermi surface and ~ —0.10 for the IP Fermi surface. The neg-
ative sign corresponds to electron doping and it is hard to be-
lieve that the inner CuO, plane in Hg1223 is electron doped.
Further work needs to be done to get the full Fermi surface

topology and understand their corresponding doping levels.

To determine the superconducting gap along the IP and
OP Fermi surface sheets in region 2 of Hg1223, Figs. 5(a) and
5(c) show the EDCs along the IP and OP Fermi surface, re-
spectively, extracted from Fig. 4(c). The corresponding Fermi
momentum locations of the IP (IP1-IP14) and OP (OP1-
OP14) Fermi surface are indicated in Fig. 5(e). Sharp coher-
ent peaks are observed in the EDCs along the IP Fermi surface
(Fig. 5(a)). Figures 5(b) and 5(d) show the corresponding sym-
metrized EDCs obtained from Figs. 5(a) and 5(c). The super-
conducting gap can be extracted from the peak position of the
symmetrized EDCs, as marked by vertical ticks in Figs. 5(b)
and 5(d). The extracted gap size is plotted in Fig. 5(f) as a
function of the Fermi surface angle 0 for the IP (red circles)
and OP (blue circles) Fermi surface. The gap is fitted by a
d-wave form, A(0) = Agcos(26), yielding Ayg ~ 52 meV for
IP and ~ 41 meV for OP. In Fig. 5(g), we plot the same gap
against the d-wave form factor | cos(k.a) — cos(kya)|/2. The
gap is fitted by a linear line, A = Ay - | cos(kca) — cos(kya)| /2,
with Ag ~ 47 meV for IP and ~ 35 meV for OP. The IP Fermi
surface exhibits a larger gap than the OP Fermi surface demon-
strating a distinct layer dependent pairing strength in the dou-
ble Fermi surface region.
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Fig. 3. Superconducting gap of Hgl1223 measured in the single Fermi surface region at 30 K. (a) Energy distribution curves (EDCs) measured along the
Fermi surface of the single Fermi surface region. The momentum locations of each spectrum (P1-P15) are indicated by black circles in (c). The spectra are
vertically offset for clarity. (b) The corresponding symmetrized EDCs from (a). The vertical ticks mark the peak positions of the symmetrized EDCs from
which the superconducting gap is extracted. (¢) Schematic Fermi surface of Hg1223 in single Fermi surface region with the corresponding Fermi momentum
points (P1-P15) labeled. (d) Angular dependence of the superconducting gap size A(6) (filled circles) extracted from (b). The open circles are obtained by
flipping the filled circles along 45° by considering the nodal mirror plane. The angle 0 is defined as shown in (c). The gap near the nodal region is fitted
by a d-wave form, A(6) = Apcos(26), with Ag ~ 41 meV (solid curve). (e) Momentum dependence of the superconducting gap plotted as a function of
|cos(kya) — cos(kya)|/2. The gap near the nodal region is fitted by a linear line, A = Ay - | cos(kca) — cos(kya)|/2, with Ag = 37 meV (solid line).

027402-4



Chin. Phys. B 35, 027402 (2026)

Cut12

ST

. Ep=30 meV i :
0 0.4 0.8 12 1.0 08
ky (m/a) Momentum (7/a)

Fig. 4. Electronic structure of Hg1223 measured at 30 K from the double Fermi surface region. The measurement was performed under a
sample bias of —30 V. (a) Fermi surface mapping of Hg1223 measured at 30 K in the superconducting state, showing two Fermi surface sheets
corresponding to the outer (OP) and the inner (IP) CuO; planes. The blue (red) open circles denote the experimentally determined Fermi
momenta of OP (IP). The two black dashed curves represent guide to the eyes. (b) The corresponding constant energy contour at a binding
energy of 30 meV. (c) Band structures measured along different momentum cuts. The locations of the momentum cuts are shown by black lines
in (b). All the momentum cuts cross the (7, ) point when extrapolated. The blue and red vertical ticks in each panel mark the Fermi momenta
for OP and IP, respectively.
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Fig. 5. Superconducting gap of Hg1223 measured in the double Fermi surface region at 30 K. (a) EDCs measured along the IP Fermi surface.
The momentum locations of each spectrum (IP1-IP14) are indicated by red circles in (e). The spectra are vertically offset for clarity. (b) The
corresponding symmetrized EDCs from (a). The vertical ticks mark the peak positions of the symmetrized EDCs from which the superconducting
gap is extracted. (c) EDCs measured along the OP Fermi surface. The momentum locations of each spectrum (OP1-OP14) are indicated by
blue circles in (e). (d) The corresponding symmetrized EDCs from (c). The vertical ticks mark the peak positions of the symmetrized EDCs
from which the superconducting gap is extracted. (e) Schematic Fermi surfaces of Hg1223 in the double Fermi surface region, showing the inner
(IP) and outer (OP) Fermi surface sheets and the corresponding measurement points. (f) Angular dependence of the superconducting gap size
A(0) for both IP (filled red circles) and OP (filled blue circles) extracted from (b) and (d), respectively. The open circles are obtained by flipping
the filled circles along 45° by considering the nodal mirror plane. The angle 6 is defined as shown in (e). The gap is fitted by a d-wave form,
A(0) = Apcos(20), with Ag ~ 52 meV for IP (red solid curve) and Ay = 41 meV for OP (blue solid curve). (g) Momentum dependence of the
superconducting gap plotted as a function of |cos(kxa) — cos(kya)|/2. The gap is fitted by a linear line, A = Ay - |cos(kya) — cos(kya)| /2, with
Ap =47 meV for IP (red solid line) and Ag = 35 meV for OP (blue solid line).

027402-5



Chin. Phys. B 35, 027402 (2026)

The two regions with distinct Fermi surface topologies
may come from different cleavage planes. Since the major-
ity of the measured regions correspond to region 1 with single
Fermi surface, and breaking the HgOs—BaO layers is easier
than breaking between the OP CuO; plane and BaO layer, it is
likely that region 1 with single Fermi surface comes from the
cleavage planes 1 and/or 4 (Fig. 1(a)). The region 2 with dou-
ble Fermi surface may come from the cleavage planes 2 and/or
3 (Fig. 1(a)). In principle, two sets of Fermi surfaces should be
observed in trilayer cuprates because they contain two types of
CuO; planes (IP and OP) per unit cell. The observation of two
Fermi surface sheets in region 2 is consistent with such expec-
tation. The absence of one set of Fermi surface in region 1 may
be related to the photoemission matrix element effects associ-
ated with the particular cleavage plane(s). A Fermi surface
comparison between the two regions suggests that the single
Fermi surface in region 1 is similar to the OP Fermi surface in
region 2. This indicates that the observed single Fermi surface
in region 1 originates from the outer CuO, plane, while the
Fermi surface from the inner CuO; plane is suppressed.

For the optimally doped Hg1223 sample, the observed re-
sults are unusual in several aspects. First, only a small portion
of the Fermi surface near the nodal region is observed in both
regions 1 and 2, with a rapid loss of spectral weight away from
the nodal toward the antinodal regions. Such a narrow con-
finement of electronic states near the nodal region is usually
observed in underdoped cuprate superconductors.!!718 Sec-
ond, the extracted Fermi surface in both regions corresponds
to a very low hole doping level, which is inconsistent with
the optimally doped nature of the bulk crystal. Third, the mo-
mentum dependence of the superconducting gap in both re-
gions deviates from a standard d-wave form, which is con-
sistent with the behavior of the underdoped cuprates. Over-
all, although the bulk crystal is optimally doped, our ARPES
measurements suggest that the surface electronic structure in
both regions behaves more like that of underdoped cuprates.
These effects could be influenced by the polar nature of the
cleavage surface, variations in local termination, or even sub-
tle oxygen loss during cleaving, any of which may modify the
near-surface doping environment. Further measurements un-
der more controlled surface conditions will likely be needed to
clarify these possibilities.

4. Summary

In summary, we have performed spatially-resolved laser-
based ARPES measurements on the Hg1223 superconductor.

We have identified two distinct regions on the cleaved surface:
the majority region where only one Fermi surface is observed,
and the minority region where double Fermi surface sheets are
observed. The electronic structure and superconducting gap
are measured on both of these two regions. The observed elec-
tronic states are mainly concentrated near the nodal region in
both cases. The momentum dependence of the superconduct-
ing gap deviates from the standard d-wave form. These results
suggest that the surface electronic structure in both regions be-
haves more like that of underdoped cuprates. Further work
needs to be done to control the doping level and investigate
the doping evolution of the electronic structure and supercon-

ducting gap of Hg1223.
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