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The lamellar cuprate superconductors exhibit the highest ambient-pressure superconducting tran-
sition temperatures (T¢) and, after more than three decades of extraordinary research activity, con-
tinue to pose formidable scientific challenges. A major experimental obstacle has been to distinguish
universal phenomena from materials- or technique-dependent ones. Angle-resolved photoemission
spectroscopy (ARPES) measures momentum-dependent single-particle electronic excitations and
has been invaluable in the endeavor to determine the anisotropic momentum-space properties of the
cuprates. HgBasCuOuys (Hgl201) is a single-CuO2-layer cuprate with a particularly high optimal
Tc and a simple crystal structure; yet there exists little information from ARPES about the elec-
tronic properties of this model system. Here we present an ARPES study of doping-, temperature-,
and momentum-dependent systematics of near-nodal dispersion anomalies in Hgl1201. The data
reveal a hierarchy of three distinct energy scales a sub-gap low-energy kink, an intermediate-energy
kink near 55 meV, and a peak-dip-hump structure. The first two features are attributed to the
coupling of electrons to Ba-derived optical phonons and in-plane bond-stretching phonons, respec-
tively. The nodal peak-dip-hump structure appears to have a common doping-dependence in several
single-layer cuprates, and is interpreted as a manifestation of pseudogap physics at the node. These
results establish several universal phenomena, both in terms of connecting multiple experimental
techniques for a single material, and in terms of connecting comparable spectral features in multiple

structurally similar cuprates.

INTRODUCTION

Cuprate high-temperature superconductors have a rich
phase diagram with multiple competing and coexisting
phenomena and interactions, which are characterized by
strong anisotropy both in real space and momentum
space [1-5], the latter of which is the focus of this work.
Many of these emergent phases, notably superconductiv-
ity and the normal state pseudogap, remain without an
accepted explanation, and one promising approach is to
identify associated collective excitations to which elec-
trons strongly couple. Doing so often requires multiple
experimental probes, but different compounds are often
favored by different techniques, muddling this correspon-
dence.

Cuprates share a common structural unit of the CuO4
plane, but the hundreds of known cuprate compounds
differ from one another in the number of adjacent CuO4
planes (single-layer vs multiple-layer) and in the chem-
istry of the charge reservoir layers separating CuOs
plane(s) from one another. While a common framework
is the goal, disparities among compounds can also guide
an understanding of the mechanism of producing and/or
enhancing 7.

Nowhere is this materials-dependence more striking
than among single-layer cuprates. These materials are
structurally similar, but some have maximum 7, values
(Tt,maz) near 35-40 K, whereas others have T 4, Dear

100 K [6, 7]. Notably, the momentum-dependent many-
body interactions are relatively well characterized in sev-
eral of the lower-T, compounds [8-10], helping to guide
interpretation of bulk phenomena in terms of momentum-
dependent microscopic electronic properties, but no com-
parable systematic ARPES study yet exists for any of the
higher-T, members.

HgBasCuOyy 5 (Hgl201) has Tt e = 98 K and is con-
sidered to be a model cuprate because of its single-layer
simple-tetragonal crystal structure and relatively minor
(point) disorder effects [6, 11]. Tt is also a member of the
family of Hg-cuprates which achieve the maximum T,
among all cuprates in the triple-layer version [12]. There
exist extensive experimental results for Hg1201 includ-
ing charge transport [13, 14], torque magnetometry [15],
optical spectroscopy [16], microwave [17], as well as neu-
tron [18-20], X-ray [21-23], and Raman [24] scattering.
However, ARPES measurements have been limited ow-
ing to the lack of a neutral cleavage plane and the high
sensitivity to photoemission matrix elements [25].

Here we present a systematic study (doping-,
temperature-, momentum-dependence) of near-nodal dis-
persions and lineshapes that highlights three different
energy scales in the ARPES spectra of Hg1201, and es-
tablishes key points of universality and deviations there-
from among single-layer cuprates. First, we observe a
low-energy kink (at w ~ 11 meV), which has so far
been reported only for Bi-based cuprates, and associated
with the interaction of electrons with acoustic or opti-



cal phonons [26-30]. Second, the intermediate-energy
kink (w &~ 55 meV) shows a temperature, doping, and
momentum-dependent phenomenology consistent with
coupling to in-plane bond-stretching phonons. While
this appears to be common to all single-layer cuprates,
the stronger coupling in Hg1201 suggests a possible con-
nection to T, enhancement. Finally, a peak-dip-hump
(PDH) lineshape is observed at the node, the momen-
tum point where the superconducting gap is identically
zero. We find that it also has a doping dependence sim-
ilar to the that of the pseudogap, the anomalous state
existing above T, in hole doped cuprates. The nodal
PDH appears to be ubiquitous in single-layer cuprates,
and may be connected to significant electronic changes
at the hole-doping level p = 0.2, favoring explanations of
pseudogap phenomena which do not vanish at the node.
Hg1201 has yielded important insights from multiple ex-
perimental techniques, and the comprehensive nature of
the present ARPES work makes it a starting point for
establishing a cohesive multi-technique narrative about
this prototype material.

EXPERIMENTS

Hg1201 single crystals were grown by a two-step flux
method [31] and were subsequently annealed to achieve
the desired T, [11]. For ARPES experiments, care
was taken to ensure mechanical adhesion and electri-
cal conductance between the samples and the sample
holder, because Hgl1201 is mechanically robust and re-
acts with commonly used silver epoxies. Samples were
glued onto copper sample post using Torr seal. Silver
paint (DuPont 4922N-100) was used to ground the sam-
ples and was cured at room temperature. ARPES ex-
periments were performed at Stanford Synchrotron Ra-
diation Lightsource (SSRL) beamline 5-4 using 19.4 eV
photon energy, which was previously shown to optimize
valence band spectral quality near the node [25]. The
beam-spot size was approximately 100 microns. Sam-
ples were cleaved in situ at the lowest measurement tem-
perature (30 K). Roughness of the cleaved surface can
contribute to extrinsic broadening of ARPES lineshapes,
and the quality of the cleave was assessed from the pres-
ence of a quasiparticle peak and the Lorentzian width of
the momentum distribution curve (MDC) at Ep, which
was as small as 0.09 A—'. Additional X-ray photoelec-
tron spectroscopy (XPS) measurements were performed
at beamline 7.0.2 of the Advanced Lightsource (ALS) to
ascertain surface termination, and these data are shown
in supplementary materials (SM) [32].

RESULTS

Figure 1 introduces the structure of Hg1201 in real and
momentum space. The unit cell (Fig. 1(a)) has a single

CuOg; plane. Our XPS measurements suggest that cleav-
age happens along the O-Hg-O barbells [32], which are
located relatively far from CuO; planes and yield an over-
all neutral cleaved surface, because the bond is equally
likely to be broken above (Hg?* termination) and below
(O?~ termination) the Hg atoms. The nodal cuts used
for the majority of this paper correspond to 45° from
the Cu-O bond directions in the CuOs plane (Fig. 1(b))
or along the diagonal of the Brillouin zone (Fig. 1(c)).
The terminology originates from the zero of the super-
conducting gap, but it is used even in the absence of
superconductivity to refer to the aforementioned trajec-
tory.
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FIG. 1: Crystal structure and Brillouin zone of Hg1201.
a) Schematic crystal structure of Hgl1201 for simplicity
drawn without oxygen interstitials in the Hg layers.
Image from Ref. 13. b) portion of CuOs plane, with
bond-diagonal (nodal) direction indicated by orange
arrow c¢) Two-dimensional projection of tetragonal
Brillouin zone with high-symmetry points labeled.
Schematic of Fermi surface (FS) is shown by purple
dashed line, with nodal cut indicated by thick orange
line.

Figure 2 shows dispersions and lineshapes along nodal
cuts for the three doping levels investigated in this study:
UD70 (underdoped, T, = 70K, p ~ 0.095), UDS80
(p =~ 0.11), and OP98 (optimal doping, p =~ 0.16), with
doping levels estimated from Ref. 33. All data in this
figure were obtained at 30K, well below T.. An inco-
herent background was subtracted to obtain image plots
(Fig. 2(a),(d),(g)). Dispersions are quantified by fitting
MDCs to Lorentzians plus a constant background, and
the results, with a focus on the lower-energy anomalies,
are shown in Fig. 2(b),(e),(h). The ubiquitous dispersion
kink is observed around 50-70 meV, and its estimated en-
ergy is indicated by arrows. Another bend in the disper-
sion, the low-energy kink, is observed at ~ 11 meV. An



assumed tight-binding bare band [34, 35] is also shown
in panels (b),(e), and (h). Energy distribution curves
(EDCs) along the momentum range marked by yellow
bars in panels (a),(d),(g) are shown in Fig. 2(c),(f),(i).
Quasiparticle peaks are observed near kr at all three
doping levels (magenta), which attests to the quality of
the spectra. An additional ‘hump’ feature is observed at
higher binding energy, lending a PDH lineshape to nodal
cuts even at optimal doping. The peak and hump en-
ergies were determined from local maxima of smoothed
data. The ‘hump’ feature first disperses toward the Fermi
energy (Fr), and then disperses away. The two nodal
kinks and the nodal PDH structure provide evidence for
strong interactions at three distinct characteristic energy
scales.

Figure 3 shows the evolution of the intermediate-
energy nodal kink with doping, temperature, and mo-
mentum. The real part of the self energy (ReX) is es-
timated by subtracting an assumed tight-binding bare
band from the MDC dispersion, a standard technique to
quantify the effects of many-body interactions on band
position [36, 60, 687 ]. The momentum difference at each
energy is multiplied by the slope of the bare band, which
is nearly linear in the energy region of interest, to re-
cover units of energy. The kink energy is estimated from
the broad peak of ReYl, and slightly disperses to lower
energy with increasing doping (Fig. 3 (a), (b), (c)). Ad-
ditionally, a subkink feature is observed around 11 meV,
an energy scale consistent with the low energy kink pre-
viously only reported in Bi-based cuprates[5, 26-29, 37].
Temperature dependence of self energy is shown for UD70
in Fig. 3(d), from well below T, to well above T,. The
pseudogap temperature (T = 300K [20]), could not be
accessed because of sample aging above 200K. ReX. is
relatively insensitive to temperature, decreasing by less
than 20% at its maximum between 30K and 160K. Fig-
ure 3(e) shows the momentum dependence of Re¥. at 30K
for UD70 starting at the node (red) and moving approx-
imately 1/3 of the way to the antinode (dark blue). The
momentum dependence is more substantial than the tem-
perature dependence: the magnitude of ReX decreases by
at least 75% over the aforementioned momentum range.

Figure 4 explores the doping and momentum depen-
dence of the nodal PDH structure. Figure 4(a) shows
the EDCs at the nodal kp for the three doping levels.
The nodal PDH persists to at least optimal doping. Fig-
ure 4(b) shows the momentum dependence for OP98, in-
dicating that the hump energy scale disperses to higher
energy moving away from the node.

Figure 5 compares the intermediate-energy nodal
kink near optimal doping for several single-layer
cuprates —Hg1201, Cas_,Na,CuO3Cly (Na-CCOC),
Lag_,Sr,CuO4 (LSCO), and BisSraCuOgqs (Bi2201).
Also shown are the values for the bond-stretching
(half-breathing) phonon at g=(0.5,0,0) near optimal
doping [38-41]). The velocity renormalization across
the intermediate-energy kink at optimal doping, R =
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FIG. 2: Nodal dispersions and lineshapes. a) Nodal cut
for UD70. Red line: MDC-fitted dispersion. Magenta
and blue symbols: ‘peak’ and ‘hump’ positions (local

maxima). Incoherent background, determined from
EDC far from the dispersion, has been subtracted. b)
MDC-derived dispersion for UD70. Thin grey line:
tight-binding band dispersion, used as bare band.
Magenta and cyan dotted lines: linear fits between [0,
-10] meV and [-25, -45] meV, respectively. Magenta and
blue arrows point to the low-energy and
intermediate-energy kinks, respectively. Inset: measured

Fermi surface and cut angle (white). ¢) EDCs for UD70
along momentum region marked by yellow bar in (a),
with peak and hump positions indicated. (d)-(f) Same

data for UD80. (g)-(i) Same data for OP98. All
measurements are taken at 30 K. Error bars in hump
position reflect variation in eight adjacent EDCs, which
were averaged to give each EDC in (c),(f),(i).

vgE/vLE, varies among single-layer cuprates from 1.9
(Bi2201) to 3.6 (Hgl201); here, the low-energy velocity,
vLE, is taken as the slope of the MDC dispersion in the
[20,45] meV range, and the high-energy velocity, vy g, is
the slope in the [80,200] meV range.

The doping and materials dependence of the hump en-
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FIG. 3: Real part of the self energy, ReX, obtained by
subtracting an assumed tight-binding bare band. (a)

ReX at 30 K at the node for UD70. Blue arrow
indicates the estimated energy range of the

intermediate-energy kink, chosen to correspond to a

15% decrease of ReX from the maximum value. Dashed

red line: linear fit to the low-energy [0,-10] meV portion
of ReX. Magenta arrow: deviation from this linear fit
indicates the low-energy kink. (b)-(c) Same for UD80

and OP98. (d) Temperature dependence of ReX at the

node for UD70. (¢) Momentum dependence of Re¥ for

UD70, with angle as indicated in inset.

ergy scale are shown in Fig. 6, where we compare our
result for Hg1201 with data from LSCO [42], Na-CCOC
[43], Bi2201 [9, 37|, Bi2SroCaCusOsys (Bi2212) [44]. We
note that while similar spectral features are identified for
all the materials, they are not necessarily interpreted the
same way in the existing literature. Three systematic
trends are observed: LSCO shows no doping dependence
of the nodal hump feature. Double-layer Bi2212 exhibits
this feature only at low doping, with an energy scale that
extrapolates to zero at p ~ 0.09. Within error, the re-
maining materials, all single-layer cuprates, exhibit the
same hump energy scale, which extrapolates to zero at
p~0.2.

DISCUSSION

We first discuss the low-energy kink. A similar fea-
ture was previously observed and studied in Bi-based
cuprates. It was found that the velocity renormaliza-
tion across this kink increases with underdoping below a
certain material-dependent hole concentration (p ~ 0.13
in Bi2212 [27] and p = 0.2 in Bi2201 [28]). In Hgl201,
we obtain a velocity renormalization, v,,;q/vE & 2, for all
studied doping levels, where vg is the slope of the MDC
dispersion 0-10 meV and v,,;q is the slope in the 20-45
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FIG. 4: Nodal peak-dip hump. (a) Doping dependence
at the node. (b) Momentum dependence for OP98,
showing EDCs at kp. Markers point to the hump
energy as defined in Fig. 2. Data in (a) are normalized
by maximum height, whereas data in (b) are normalized
at -0.55 eV. EDCs offset for clarity.

meV range. These energy intervals are chosen to avoid
low-energy and intermediate-energy kinks. This suggests
that doping dependence, if present in Hgl1201, occurs at
lower hole concentrations than accessed by this study;
alternately the mechanism of the low-energy kink in this
system may be different from Bi-based cuprates.

The low-energy kink in Bi-based cuprates has been
attributed to coupling to either acoustic [30] or opti-
cal phonons [26], with electron-phonon coupling peaked
at small q for both cases. Our assignment for Hgl1201
is guided by phonon dispersions measured near optimal
doping [41, 47], and by the kink energy that we observe.
A kink at 11 meV is consistent with a zone-center c-
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FIG. 5: Comparison of the intermediate-energy nodal
kink for four single-layer cuprates near optimal doping
[8, 45, 46] with corresponding values of the
bond-stretching phonon at q=(0.5,0,0) [38-41]. Dashed
lines: fits to vy g (low-energy velocity, [20,45] meV) and
vy g (high-energy velocity, [80,200] meV). The
renormalization across the intermediate-energy kink,
R =vyg/vLg, is indicated.

axis optical branch, and with in-plane (F,) modes at
large momentum transfer, but not with acoustic phonons,
which reach a maximum of only &~ 7 meV at the zone
boundary [47]. The calculated phonon density of states
shows contributions primarily from Ba in the energy
range of interest [47]. It has been shown that only A;4-
symmetry optical phonons can have coupling peaked at
q = 0 for nodal Fermions, and the closest candidate in
Hgl201 is a Ba mode with energy 20-26 meV [47, 48].
This is inconsistent with the low-energy kink energy, un-
less the phonon frequency softens considerably near the
sample surface. Thus, electron-phonon coupling peaked
at larger q needs to be considered instead. This points
to Ba-derived optical modes with large reduced momen-
tum. As discussed below, the lack of a gap shift can
be achieved by scattering from near-node to near-node.
This mechanism is different from most explanations of
the low-energy kink in Bi-based cuprates, and may be
related to the different doping dependence of this feature
in Hg1201.

The intermediate-energy nodal kink, observed between
50-80 meV in all cuprates [5, 49, 50], is a ubiquitous spec-
tral feature with various purported origins. It has been
attributed to a coupling to sharp bosonic excitations of
lattice, magnetic, or dual origin. There also exist propos-
als that involve coupling to a gapped continuum of exci-
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FIG. 6: Comparison of ‘hump’ energy scales at nodal
kp for five cuprates. Additional datum for Hg1201 at
p = 0.14 from Ref. 25. Blue dashed line: linear fit to
Bi2212 data [44]. Black dashed line: linear fit for
Bi2201 [9, 37], Na-CCOC [43], and Hg1201. LSCO data
from Ref. 42.

tations [51] and proposals that do not involve electron-
boson coupling [52]. Notably, in the present data, the
MDC-derived dispersions for nodal cuts show a slight ‘S’
shape, most visible in Fig. 5, the characteristic of cou-
pling to a sharp bosonic mode [51].

In Hgl201, several previously reported excitations
have energy scales similar to the intermediate-energy
kink: a dispersionless Ising-like excitation [53], the max-
imum in the magnetic susceptibility at the antiferromag-
netic wavevector [19, 20], and bond-stretching in-plane
phonons [41] . A recent X-ray scattering study of an un-
derdoped T, = 70 K Hgl201 sample revealed a broad
spectrum of charge excitations in the vicinity of the two-
dimensional wavevector qopy = (0.3,0), where short-
range charge-order is observed, but these excitations are
peaked well below the kink energy [54].

The nodal kink is a somewhat broad feature, possi-
bly with multiple (lattice, magnetic, charge) contribu-
tions, and in this manuscript we narrow down the likeliest
phonon contribution based on observed phenomenology.
As noted, in Hgl201, this kink appears to have some
doping dependence (see Fig. 3). At optimal doping, its
energy is approximately 55 meV, whereas for UD70, its
characteristic energy is closer to 70 meV. This doping
dependence is the opposite of that of the maximum in
the local magnetic susceptibility in Hgl1201 (~ 55 meV
and ~ 60 meV for samples with 7, = 71 K and 88
K, respectively) [19, 20] and other cuprates [55], which



decreases with underdoping. The Ising-like excitations
have not been observed in cuprates other than Hgl1201,
and the energy of the higher energy branch exhibits little
doping dependence, and strong temperature dependence
[53, 56]. We will therefore not discuss them any further.
On the other hand, the bond-stretching phonon along
[100] is generally found to shift to lower energy (soften)
approaching the middle of the Brillouin zone (q=(0.5, 0,
0) and equivalent) in doped cuprates, which has been in-
terpreted as evidence of strong coupling to electrons [57].
Whereas doping-dependence is not well-established for
Hg1201, the bond stretching phonon energy at q=(0.5,
0, 0) has been shown to decrease systematically with in-
creasing doping in LSCO, while the energy of this branch
near q=(0, 0, 0) has minimal doping dependence [39]. In
Hg1201, both at optimal doping [41] and for an under-
doped sample with T, = 55 K [58], the measured energy
of the bond-stretching phonon at q=(0.5, 0, 0) is consis-
tent with the energy of the intermediate-energy kink in
Fig. 3(a)-(c). Further connections will be made when we
discuss the momentum dependence.

The second consideration is the minimal or absent tem-
perature dependence of the kink, including the lack of a
shift to lower energy across T, (Fig. 3(d)). In a d-wave
superconductor, a kink observed at energy w will gener-
ally be associated with a phonon of energy 2 = w — Ay,
where Ay is the maximum of the superconducting gap, if
the momentum-dependent electron-phonon coupling con-
nects the momentum of interest to the momentum where
the superconducting gap is maximum [59]. The maxi-
mum of the superconducting gap of Hgl1201 has previ-
ously been measured to be around 39 meV at optimal
doping [25]. However, there are exceptions to this expec-
tation of ’gap shifting’, e.g. when electron-phonon cou-
pling is strongly peaked in the forward direction (g =~ 0)
such that fermions at a given momentum are only sen-
sitive to the local gap [30], or if the coupling is strongly
peaked at a particular momentum transfer that connects
momenta with zero or small gap, such as two oppo-
site nodes. The latter is consistent with the momen-
tum dependence in the present data (Fig. 3(e) and SM
[32]). The minimal temperature dependence of the mag-
nitude of ReY in Fig. 3 suggests a lattice origin of the
intermediate-energy kink, and the lack of gap-shifting of
the peak position of ReY resstricts this to phonon modes
with strongly g-dependent coupling.

There exists some materials-dependence with regard
to the nodal kink phenomenology. For example, Bi2212
shows a strong temperature dependence of the coupling
strength, primarily across T, [60], but also extending
to higher temperature [61], whereas other single-layer
cuprates show weaker or absent temperature dependence
similar to Hgl1201 [62, 63]. This is consistent with addi-
tional contributions to the nodal kink, such as coupling to
the By (buckling) mode, in multi-CuOs-plane cuprates
[64].

The third aspect of the intermediate-energy kink phe-

nomenology is the pronounced momentum dependence
shown in Fig. 3(e), with the kink nearly disappearing for
cuts sufficiently far from the node. This suggests a strong
anisotropy in either the mode or the coupling or both.
As previously discussed [40], this momentum dependence
can be reproduced by electrons coupling primarily to
the soft portion of the half-breathing mode —momen-
tum transfer near g=(0.5,0.0) where the phonon energy
is decreased from the parent-compound value. Notably,
this and nearby values of q connects near-node to near-
node, but is too large to connect antinodal states. This
can also produce a kink whose energy is not gap shifted
by the superconducting gap, as the superconducting gap
near the nodes is zero or small relative to the bond-
stretching mode energy. At optimal doping, where both
ARPES data and the measured phonon dispersion of the
bond stretching phonon is available, there is quantitative
agreement in the magnitude and momentum-dependence
of the intermediate energy kink and the bond-stretching
phonon [32].

This identification also yields consistency when com-
paring to other single-layer cuprates. At optimal doping,
the nodal kink energy varies among single-layer cuprates
(Fig. 5), which is mirrored in the variation in the energy
of the [100] bond-stretching mode near the zone center
[38-41]. Notably, for all materials near optimal dop-
ing, the bond-stretching phonon energy at q=(0.5,0.0)
is lower by 10-15 meV than at the zone center, which
further constrains the origin of the kink to the soft part
of this phonon branch.

The identity of the phonon contributing to the
intermediate-energy kink is somewhat separate from
this mode’s role in superconductivity. = The bond-
stretching mode has been associated with both enhance-
ment [65] and suppression [66, 67] of d-wave pairing.
The persistence of the kink into the overdoped, non-
superconducting regime has also been interpreted in
terms of the bond-stretching mode having no relation to
superconductivity [68]. Hgl1201 shows a stronger velocity
renormalization across the intermediate-energy kink, an
estimate of the coupling strength, than other single-layer
cuprates with lower T, (Fig. 5). This suggests that for
Hg1201, the single-layer cuprate with the largest T¢ maz,
deleterious effects of the bond-stretching mode on super-
conductivity are minimal or fully compensated by other
factors that raise T,.

Finally, we turn to the nodal PDH structure. We
first discuss general interpretations of PDH lineshapes in
cuprates, and then turn specifically to this feature at the
node in single-layer cuprates. At the antinode, the PDH
lineshape is weak or absent in single-layer cuprates, but
ubiquitous in multilayer compounds [69-71]. In the lat-
ter, the dip has been attributed to either a magnetic reso-
nance mode [72], or a feature of electron-phonon coupling
to the By, oxygen bond-buckling phonon [73, 74].The
antinodal hump feature below T, in multi-CuOs-plane
cuprates has been associated with the pseudogap, as it



evolves into the broadly peaked lineshape defining the
pseudogap above T, [75] or as a feature also related to
electron-phonon coupling [3].

Near the node, a hump with similar energy scale and
dispersion, both within one cut and around the FS, has
been reported in Na-CCOC [8, 43], and discussed in the
context of polaron physics [76]. In that material, it was
only reported up to 12% hole doping. A nodal PDH line-
shape is also seen in non-superconducting Bi2201, up to
p =~ 0.105 [37]. At optimal doping, the nodal PDH struc-
ture is not reported in Bi2201 and LSCO, with EDCs
below the kink energy smoothly evolving into sharper
quasiparticles above the kink energy [10, 70]. In LSCO a
similar feature, albeit located at systematically higher en-
ergy, has been associated with the lower Hubbard band.

Our results are inconsistent with an interpretation of
the near-nodal dip as a sharp mode, because its energy
disperses with momentum along a cut. Instead, the hump
and the peak appear to be the fundamental spectral ele-
ments, with the dip energy reflecting their meeting point.
Additionally, the dip persists above T, [32], unlike multi-
CuOs-plane cuprates, where the antinodal dip character-
istically vanishes across T.. We also note that in Ref. 25,
a ’kink’ was reported in the MDC dispersion at around
200 meV, which is likely another manifestation of the
nodal hump structure in Hgl1201. Robust features of
strong electronic interactions typically manifest in both
the MDC and EDC channels, but are sometimes better
visualized in one or the other, and the present feature is
better quantified in EDCs.

In Fig. 6 we highlight the universality of the nodal
PDH structure, and its relevance to the phase diagram.
Although Bi2212 and LSCO show a nodal PDH line-
shape in certain regimes, they are outliers in overall phe-
nomenology. Bi2212 shows this structure only in the
deeply underdoped regime, and interestingly, the hump
energy extrapolates to zero near a phase boundary (p
~ 0.09) where a non-superconducting gap opens at the
nodal momentum, possibly associated with spin-density
wave order [77, 78]. In LSCO, the nodal hump feature is
thought to be doping-independent because doping that
compound does not result in a chemical potential shift in
the underdoped regime [79].

Other single-layer cuprates (Bi2201, Na-CCOC,
Hgl1201) exhibit consistent nodal hump energy scales,
which extrapolate to zero energy around p = 0.2, a
hole concentration identified with both a phase bound-
ary [77, 80] and percolative delocalization of the Mott-
localized holes [81, 82]. This suggests that the nodal
hump may also be connected with the pseudogap or
charge order — phenomena associated with that char-
acteristic doping. Notably, structural/electronic inhomo-
geneity [83] has been identified as key to explaining many
aspects of cuprate phenomenology, including doping and
temperature dependence of resistivity [81, 82], emergence
of superconductivity on cooling [84], and the doping and
temperature evolution of ARPES lineshapes [85]. The

broadly-peaked nodal hump feature may be the manifes-
tation of similar strong spatial inhomogeneity, possibly
dynamic in nature [86], which the present experiment’s
macroscopic spot size averages together. Local-probe
measurements can clarify this issue in Hgl1201, as they
have in Bi-based cuprates. We also note that optical
probes have reported a broad continuum of excitations
at energies of several hundred meV, with purported rel-
evance for the pairing mechanism, and the phenomenol-
ogy of these features is consistent with the nodal PDH
[16, 87]. At optimal doping, the momentum-dependence
of the hump energy scale nearly follows a d-wave form,
and extrapolated to an antinodal energy scale of ~ 300
meV [32], which is consistent with the maximum of the
broad continuum of excitations derived from optics mea-
surements at the same doping [16]. Taken together, the
present results and the discussed literature suggest a co-
operative interplay between dynamic lattice and elec-
tronic effects as well as an important role played by in-
herent inhomogeneity.

CONCLUSIONS

We have identified three energy scales of interactions
in Hgl1201 with implications for understanding electron-
phonon coupling in cuprates and connections to the phase
diagram. The low-energy (11 meV) and intermediate-
energy (55 meV) kinks reflect electron-phonon coupling,
with the former most consistent with coupling to out-of-
plane Ba modes and the latter reflecting coupling to the
in-plane oxygen half-breathing mode. Both interactions
appear to involve large momentum transfer. We note
the possibility that the overall broad intermediate-energy
feature contains additional electronic contributions. At
higher energy, a PDH structure is observed at the node,
with connections to a previously reported broad contin-
uum of excitations and the phase boundary of the pseu-
dogap and/or charge order.

This work establishes points of universality and points
of difference among cuprates. With this observation of
the low-energy kink outside of the Bi-family of cuprates,
strong coupling to sub-gap phonons appears to be a uni-
versal aspect of cuprate phenomenology, although the
identity of the phonon and the nature of the coupling
(large vs small q) may differ among different materi-
als. The intermediate-energy kink, has long been known
the be ubiquitous in cuprates. The present results high-
light that the bond-stretching phonon at q=(0.5, 0, 0)
can reproduce the phenomenology of the intermediate-
energy kink in all single layer cuprates. However, the
coupling to this mode in Hg1201 appears to be stronger,
suggesting that it is not harmful and may be helpful to
superconductivity. Finally, a nodal PDH structure ap-
pears to be ubiquitous in single-layer cuprates with a
common doping-dependence among several compounds,
but with properties distinct from the antinodal PDH



structure previously established in multiple-CuOs plane
cuprates. Nevertheless, the nodal PDH may also be con-
nected to the pseudogap, highlighting that this enigmatic
phase may be relevant to nodal and near-nodal physics.
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SURFACE TERMINATION

While ARPES is a technique that allows direct visualisation of the band structure, the
observed spectrum shows strong dependence on sample surface structure [S1, S2]. Typically,
one obtains a chemically pure surface by mechanical cleaving — gluing a top-post on the
sample and knocking it off in ultra-high vacuum before measurement. Hgl1201, due to the
absence of a neutral cleavage plane [S3], has no obvious preferred termination upon cleaving.
In the absence of atomic-scale studies of Hg1201 in the literature, surface terminations can
be inferred from photoemission studies.

Angle-resolved X-Ray Photoemission Spectroscopy (AR-XPS) is a technique that probes
core levels of elements in a sample up to different depths by varying the angle between
detector and the surface. Depth sensitivity in photoemission is limited by the mean free
path of the electrons after they encounter an optical excitation in the solid [S4], but before
they reach and leave the surface [S5]. By varying the angle of the surface normal of the
sample with respect to the direction of the detector (the photoemission angle), electrons from
deeper inside the sample must travel longer distances through the sample before reaching
the sample surface, causing them to be scattered more than electrons located closer to the
surface. To a first approximation, the photoemission intensity for a homogeneous sample as
a function of depth and photemission angle can be modelled as

—z

)\0030> (1)

I =1,_gexp(

where z is the depth of origin for the electron from the surface, A\ is the inelastic mean
free path, and 6 is the photoemission angle. While the model does not account for mul-
tiple scattering, elastic scattering or non-isotropic effects, the principle that the electrons
that reach the detector predominantly originate from a depth of the order of A holds [S6].
Based on (1), atoms located on the surface are less affected by the orientation of the sur-
face, while atoms located deeper into the sample originate fewer photoelectrons at oblique
photoemission angles due to higher scattering.

Fig. S1(a) shows the relevant core levels on Hgl1201 obtained at photon energies of 100
eV and 200 eV. Both spectra have been rescaled with respect to the Cu-O valence band peak
for comparison. We observe a strong photon energy dependence on the relative intensities

of the core levels between the two spectra. The following discussion focuses only on the
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FIG. S1: (a) Core Levels of Hg1201 at photon energies of 100 eV and 200 eV taken at
normal incidence. (b) Hg 4f and Ba 4d core levels at different polar angles taken with
200eV (c-f) Polar angle-dependence of the peak intensities for various core levels

normalized to the maximum in each series.

deeper Hg and Ba core levels(4f and 4d), measured with 200eV photon energy, for an angle-
dependent study. Fig S1(b) details the XPS intensities of the Ba 4d and Hg 4f at different
photoemission angles between the surface normal and the detector. We observe a systematic
decrease in the peak intensities of the Ba core levels with increasing photoemission angle.
The maximum intensities are then obtained by fitting Lorentzians to each of the peaks. The
intensities are then normalised to the maximum within the angle series and plotted in Fig
S1(c-f). The data show a steady decrease in intensities of the peaks for the Ba core levels
while showing no monotonic trend for the Hg core levels. This suggests that Ba atoms are
located further from the surface than Hg atoms.

These data are consistent with cleavage close to the Hg plane, and further from the
Ba plane, specifically at the Hg-O bonds. Due to the symmetry of the Hg-O bonds, both
bonds above and below a Hg atom are equally likely to be broken resulting in a mixed O
and Hg surface termination. This effectively gives a charge-neutral cleaved surface, possibly

explaining why as-cleaved Hg1201 does not exhibit polar catastrophe as as-cleaved YBCO



[S7, S8]. Confirmation of the same will require further atomic resolved experiments not yet

available in literature, but this work provides a photoemission-based guide.

MOMENTUM DEPENDENCE OF INTERMEDIATE-ENERGY KINK
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FIG. S2: Momentum dependence of intermediate-energy kink at optimal doping (a) Re%
for different Fermi surface angles. Data taken at 30K. (b) Cyan: tight-binding Fermi
surface for p = 0.16. Orange: constant energy contour at kink energy (-0.055 eV). Tight
binding parameters from Ref. S9. Dots on Fermi surface denote kg for cuts in (a). Arrows
connect one constant energy contour to another along (q,0,0) starting from node and also
starting 20 degrees away from node. Inset: dispersion of bond-stretching phonon measured

by inelastic x-ray scattering from Ref. S10.

Figure S2 provides further details regarding the interpretation of the momentum de-
pendence of intermediate kink in terms of the bond-stretching phonon at large momentum
transfer. Figure S2(a) shows the real part of the self energy (ReX) at optimal doping (7,=98)
as a function of Fermi surface angle, defined in the manuscript. Tight-binding bare bands
were used, yielding a ReY which decreases by 75% going from the node to approximately
halfway to the antinode.

Coupling between a near-nodal fermion and a phonon with energy () and wavevector
along (q, 0, 0) will involve scattering from one near-node at Er to the opposite near-node

at Er + Q as sketeched in Figure S2(b). Notably wavevectors that connect a contour at Er

4



on one side of the Brillouin zone to a contour at -55 meV on the other side coincide with the
momentum range where the bond-stretching phonon energy is considerably softened from
its value at q=0, consistent with proposals that strong coupling to electrons is the cause of

the softening.

NODAL PEAK-DIP-HUMP: MOMENTUM AND TEMPERATURE DEPENDENCE
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FIG. S3: (a) Momentum dependence of hump position at optimal doping, from Fig. 4 of
the manuscript, plotted as a function of a simple d-wave form. Blue symbol is
extrapolation to antinode. (b) Temperature dependence of nodal EDC at kg for UD80
through 7, with arrow pointing to dip energy. (c) same for UD70

Figure S3 shows additional data with regards to the nodal and near-nodal PDH structure.
Figure S3(a) focuses on the momentum dependence of the hump energy scale, as shown in
Fig. 4 of the manuscript, at optimal doping, plotted as a function of the simple d-wave
form, 0.5 * |cos(k;) — cos(ky)|. In the momentum range where the hump is observed, its
energy scale roughly follows a simple d-wave form, extrapolating to an energy of ~ 0.3eV at
the antinode. Interestingly, this agrees well with the maximum of the broad continuum of
excitations derived from optics experiments at the same doping [S11], suggesting a common
origin of the two if optics is dominated by antinodal states.

Figure S3(b)-(c) show EDCs at kp in a temperature range spanning 30K below T to
30K above T, for UD70 and UDS80. The dip feature is the emphasis of these panels, and it

clearly persists above T, for both dopings. This is distinct from the antinodal PDH feature



in multi-CuOa-plane cuprates, where the dip is strongly sensitive to T, [S12, S13].
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