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Three interaction energy scales in the single-layer high-Tc cuprate HgBa2CuO4+δ
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The lamellar cuprate superconductors exhibit the highest ambient-pressure superconducting transition tem-
peratures (Tc), and after more than three decades of extraordinary research activity, continue 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. HgBa2CuO4+δ (Hg1201) 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 electronic properties of this model system. Here we present an ARPES study of doping-,
temperature-, and momentum-dependent systematics of near-nodal dispersion anomalies in Hg1201. The data
reveal a hierarchy of three distinct energy scales: a subgap 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, respectively. 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.

DOI: 10.1103/PhysRevB.102.205109

I. INTRODUCTION

Cuprate high-temperature superconductors have a rich
phase diagram with multiple competing and coexisting phe-
nomena 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 superconductivity and the normal
state pseudogap, remain without an accepted microscopic
explanation, and one promising approach is to identify associ-
ated collective excitations to which electrons strongly couple.
Doing so often requires multiple experimental probes, but
different compounds are often favored by different techniques,
muddling this correspondence.

The cuprates share a common structural unit of the CuO2

plane, but the hundreds of known cuprate compounds differ
from one another in the number of adjacent CuO2 planes
(single layer vs multiple layer) and in the chemistry of the
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charge reservoir layers separating CuO2 plane(s) from one
another. While a common framework is the goal, disparities
among compounds can also guide an understanding of the
mechanism that gives rise to pairing and/or enhances Tc.

Nowhere is this materials dependence more striking than
among single-layer cuprates. These materials are structurally
similar, but some have maximum Tc values (Tc,max) near 35–
40 K, whereas others have Tc,max near 100 K [6–9]. There
has been recent systematic characterization of higher-energy
band structure, with implications for interpreting this variation
in Tc [10,11]. Low-energy momentum-dependent many-body
interactions are relatively well characterized in several of the
lower-Tc compounds [12–14]. This helps guide interpretation
of bulk phenomena in terms of momentum-dependent micro-
scopic electronic properties, but few comparable systematic
ARPES studies exist as yet for any of the higher-Tc mem-
bers, aside from a small number of studies on Tl2Ba2CuO6+δ

(Tl2201) in the overdoped regime [15,16].
HgBa2CuO4+δ (Hg1201) has Tc,max = 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 [6,17]. It is also a member of the family
of Hg cuprates which achieves the maximum Tc among all
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cuprates in the triple-layer version [18]. There exist extensive
experimental results for Hg1201, including charge transport
[19,20], torque magnetometry [21], optical spectroscopy [22],
microwave [23], as well as neutron [24–26], x-ray [27–29],
and Raman [30] scattering. However, ARPES measurements
have been limited owing to the lack of a neutral cleavage plane
and the high sensitivity to photoemission matrix elements
[31].

Here we present a systematic (doping-, temperature-,
momentum-dependence) study of near-nodal dispersions and
lineshapes that highlights three different energy scales in the
ARPES spectra of Hg1201 and establishes key points of uni-
versality and deviations thereof among single-layer cuprates.
First, we observe a low-energy kink (at ω ≈ 11 meV), which
has so far been reported only for Bi-based cuprates and as-
sociated with the interaction of electrons with acoustic or
optical phonons [32–36]. Second, the intermediate-energy
kink (ω ≈ 55 meV) shows a temperature, doping, and
momentum-dependent phenomenology consistent with cou-
pling 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 connection to Tc

enhancement. Finally, a peak-dip-hump (PDH) lineshape is
observed at the node, the momentum point where the super-
conducting gap is identically zero. We find that the nodal PDH
also has a doping dependence similar to that of the pseu-
dogap, the anomalous state existing above Tc 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 explana-
tions of pseudogap phenomena which do not vanish at the
node. Hg1201 has yielded important insights from multiple
experimental techniques, and the comprehensive nature of the
present ARPES work contributes to establishing a cohesive
multitechnique narrative about this prototype material.

II. EXPERIMENTS

Hg1201 single crystals were grown by a two-step flux
method [37] and were subsequently annealed to achieve the
desired Tc [17]. For ARPES experiments, care was taken to
ensure mechanical adhesion and electrical conductance be-
tween the samples and the sample holder, because Hg1201
is mechanically robust and reacts with commonly used sil-
ver epoxies. Samples were glued onto the copper sample
post using Torr seal. Silver paint (DuPont 4922N-100) was
used to ground the samples and was cured at room tem-
perature. ARPES experiments were performed at Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 5-4 us-
ing 19.4 eV photon energy, which was previously shown to
optimize valence band spectral quality near the node [31].
The beam-spot size was approximately 100 microns. Samples
were cleaved in situ at the lowest measurement temperature
(30 K). Roughness of the cleaved surface can contribute to ex-
trinsic broadening of ARPES lineshapes, and the quality of the
cleave was assessed from the presence of a quasiparticle peak
and the Lorentzian width of the momentum distribution curve
(MDC) at EF , which was as small as 0.09 Å−1. Additional
x-ray photoelectron spectroscopy (XPS) measurements were
performed at beamline 7.0.2 of the Advanced Light Source
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FIG. 1. Crystal structure and Brillouin zone of Hg1201.
(a) Schematic crystal structure of Hg1201 for simplicity drawn with-
out oxygen interstitials in the Hg layers. Image from Ref. [19].
(b) portion of CuO2 plane, with bond-diagonal (nodal) direction
indicated by orange arrow. (c) Two-dimensional projection of tetrag-
onal 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.

(ALS) to ascertain surface termination, and these data are
shown in the Appendix.

III. RESULTS

The unit cell of Hg1201 [Fig. 1(a)] has a single CuO2

plane. Our XPS measurements suggest that cleavage happens
at the O-Hg-O barbells (Appendix), which are located rel-
atively far from CuO2 planes and yield an overall neutral
cleaved surface, because the bond is equally likely to be bro-
ken above (Hg2+ termination) and below (O2− termination)
the Hg atoms. The nodal cuts considered for the majority of
this paper correspond to 45◦ from the Cu-O bond directions
in the CuO2 plane [Fig. 1(b)] or along the diagonal of the
Brillouin zone [Fig. 1(c)]. The terminology originates from
the zero of the superconducting gap, but it is used even in the
absence of superconductivity to refer to the aforementioned
trajectory.

Figure 2 shows dispersions and lineshapes along nodal cuts
for the three doping levels investigated in this study: UD70
(underdoped, Tc = 70 K, p ≈ 0.095), UD80 (p ≈ 0.11), and
OP98 (optimal doping, p ≈ 0.16), with doping levels esti-
mated from Ref. [38]. All data in this figure were obtained at
30 K, which is well below Tc. An incoherent background was
subtracted to obtain image plots [Figs. 2(a), 2(d) and 2(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 Figs. 2(b), 2(e)
and 2(h). The ubiquitous dispersion kink is observed around
50–70 meV, and its estimated energy is indicated by ar-
rows. Another bend in the dispersion, the low-energy kink, is
observed at ≈11 meV. An assumed tight-binding bare band
[39,40] is also shown in panels (b), (e), and (h), and discussed
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FIG. 2. Nodal dispersions and lineshapes, T = 30 K. (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 gray 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). (c) EDCs for UD70 along momentum
region marked by orange 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), and (i).

further in the Supplemental Material (SM) [41]. All dopings
use the same tight-binding parameters, yielding a bandwidth
of 1.36 eV, with chemical potential adjusted to match nominal
doping. Energy distribution curves (EDCs) along the momen-
tum range marked by orange bars in panels (a), (d), and (g)
are shown in Figs. 2(c), 2(f) and 2(i). Quasiparticle peaks are
observed near kF 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 energies were determined from local maxima of

smoothed data. The ‘hump’ feature first disperses toward the
Fermi energy (EF ) and then disperses away. The two nodal
kinks and the nodal PDH structure provide evidence for strong
interactions at three distinct characteristic energy scales.

Energies and coupling strengths of the intermediate energy
kink can be quantified via the real part of the self energy
(Re�) (Fig. 3). This quantity is estimated by subtracting an
assumed tight-binding bare band from the MDC dispersion, a
standard technique to assess the effects of many-body inter-
actions on band position [42–45]. 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
recover units of energy. The kink energy is estimated from
the broad peak of Re� and slightly disperses to lower energy
with increasing doping at 30 K [Figs. 3(a), 3(d) and 3(g)].
Additionally, a subkink feature is observed around 11 meV,
consistent with the low-energy kink previously only reported
in Bi-based cuprates [5,32–35,46]. Temperature dependence
of Re� is shown in panels (b), (e), and (h) for UD70, UD80,
and OP98, respectively. For all dopings, data are shown well
below Tc and well above Tc, and for UD70 and UD80, data
are shown slightly above Tc additionally. For the dopings in
this study, the pseudogap temperature (T ∗) [19,26] could not
be accessed because of sample aging above 200 K. For all
three dopings, Re� appears to be relatively insensitive to
temperature, decreasing by less than 20% at its maximum
between low temperature and well above Tc. We note that
for the OP98 data set, temperature-dependent data [Fig. 3(h)]
were taken the node opposite from low temperature data
[Fig. 3(g)], and the different magnitude of Re� is likely
due to a slight misalignment between the two measurements.
Additional temperature-dependence data is in the SM [41].
Figures 3(c), 3(f) and 3(i) show the momentum dependence
of Re� at 30 K starting at the node (red) and moving ap-
proximately 1/3 of the way to the antinode (dark blue). The
momentum dependence is more substantial than the tempera-
ture dependence, with the magnitude of Re� decreasing by at
least 75% over the aforementioned momentum range.

We now turn to the nodal PDH structure. Figure 4(a) shows
the EDCs at the nodal kF for the three doping levels, indicat-
ing that the nodal PDH persists to at least optimal doping.
The dip feature persists above Tc and is shown for UD70 in
panel (b). The hump energy scale disperses to higher energy
moving away from the node, as shown for OP98 in Figs. 4(c)
and 4(d), and extrapolates to an antinodal energy scale
of ≈300 meV.

IV. DISCUSSION

We first address the low-energy kink. A similar feature
was previously observed and studied in Bi-based cuprates.
It was found that the velocity renormalization across this
kink increases with underdoping below a certain material-
dependent hole concentration (p ≈ 0.13 in Bi2Sr2CaCu2O8+δ

(Bi2212) [33] and p ≈ 0.2 in Bi2Sr2CuO6+δ (Bi2201) [34]).
In Hg1201, we obtain a velocity renormalization, vmid/vF ≈
2, for all studied doping levels, where vF is the slope of
the MDC dispersion 0–10 meV and vmid is the slope in the
20–45 meV range. These energy intervals are chosen to avoid
low-energy and intermediate-energy kinks. This suggests that
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FIG. 3. Doping, temperature, and momentum dependence of the real part of the self energy, Re�, derived by subtracting assumed tight-
binding bare band. T = 30 K unless otherwise stated. (a) Re� at the node for UD70. Blue arrow indicates the energy range of the intermediate
energy kink for each doping corresponding to a 15% decrease of Re� from the maximum value. Dashed red line is a linear fit to the low
energy (0–10 meV) portion of Re�. Deviation from this linear fit suggests a low energy kink indicated by the magenta arrow. (b) Temperature
dependence of Re� at the node, UD70. (c) Momentum dependence of Re� for UD70 showing the weakening of the kink away from node,
with angle as indicated in the inset. (d)–(f) Same measurements for UD80. (g)–(i) Same measurements for OP98.

doping dependence, if present in Hg1201, 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. Additionally, the velocity
renormalization at optimal doping in Hg1201 is approxi-
mately 20% more than what is observed in Bi2201 [34],
suggesting that the excitation responsible for the low-energy
kink may contribute to the enhanced Tc.

The low-energy kink in Bi-based cuprates has been at-
tributed to coupling to either acoustic [36] or optical phonons
[32], with proposed electron-phonon coupling peaked at small
q for both cases. Our assignment for Hg1201 is guided by
phonon dispersions measured near optimal doping [47,48]
and by the kink energy that we observe. A kink at 11 meV
is consistent with a zone-center c-axis optical branch, and
with in-plane (Eu) 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 A1g-
symmetry optical phonons can have coupling peaked at q = 0
for nodal fermions, and the closest candidate in Hg1201 is a
Ba mode with energy 20–26 meV [47,49]. This is a bit higher
than low-energy kink energy, but it is possible that the phonon
frequency softens near the sample surface. Electron-phonon
coupling peaked at larger q needs to be considered as well,
which points to Ba-derived optical modes with large reduced
momentum. As we will discuss later, 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 [5,50,51], is a ubiquitous spectral
feature with various purported origins. It has been attributed
to a coupling to sharp bosonic excitations of lattice [50,52],
magnetic or electronic [53,54], or dual origin [55]. There
also exist proposals that involve coupling to a gapped con-
tinuum of excitations [56] and proposals that do not involve
electron-boson coupling [57]. Notably, in the present data,
the MDC-derived dispersions for nodal cuts show a slight ‘S’
shape, most visible in Fig. 5(a), the characteristic of coupling
to a sharp bosonic mode [56].

In Hg1201, several previously reported excitations have
energy scales similar to the intermediate-energy kink: a dis-
persionless Ising-like excitation [58], the maximum in the
magnetic susceptibility at the antiferromagnetic wave vector
[25,26], and bond-stretching in-plane phonons [48]. Addition-
ally, a recent x-ray scattering study of an underdoped Tc =
70 K Hg1201 sample revealed a broad spectrum of charge
excitations in the vicinity of the two-dimensional wave vector
qCDW = (0.3, 0), where short-range charge order is observed,
but these excitations are peaked at energies smaller than the
kink energy [59].

The intermediate-energy nodal kink is a somewhat broad
feature, particularly in the underdoped regime, possibly with
multiple (lattice, magnetic, charge) contributions, and here
we narrow down the likeliest phonon contribution based on
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stated. (a) Doping dependence at the node (kF ), normalized by max-
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indicates the dip. (c) Momentum dependence for OP98, showing
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EDCs normalized at −0.55 eV and offset for clarity. (d) Momentum
dependence of hump energy scale in (c) plotted as a function of
simple d-wave form and extrapolated to antinode. Blue marker is
the extrapolated value with lower and upper error bar indicating the
range of extrapolated value using the first three and last three data
points, respectively.

observed phenomenology. As noted, in Hg1201, this kink
appears to have some doping dependence [see Figs. 3(a), 3(d)
and 3(g)]. At optimal doping, its energy is approximately
55 meV. For UD70, although the feature is broader, its char-
acteristic energy is closer to 70 meV. This doping dependence
is the opposite of that of the maximum in the local magnetic
susceptibility in Hg1201 (∼55 meV and ∼60 meV for sam-
ples with Tc = 71 K and 88 K, respectively) [25,26] and other
cuprates [65], which decreases with underdoping. The Ising-
like excitations have not been observed in cuprates other than
Hg1201, and the energy of the higher energy branch exhibits
little doping dependence and strong temperature dependence
[58,66]. We will therefore not discuss them further.

On the other hand, the bond-stretching phonon along [100]
is generally found to shift to lower energy (soften) approach-
ing the middle of the Brillouin zone [q = (0.5, 0, 0) and
equivalent] in doped cuprates, which has been interpreted as
evidence of strong coupling to electrons [67]. Whereas doping
dependence is not well established for Hg1201 at this time,
the bond-stretching phonon energy at q = (0.5, 0, 0) has
been shown to decrease systematically with increasing doping
in La2−xSrxCuO4 (LSCO), while the energy of this branch
near q = (0, 0, 0) has minimal doping dependence [63]. In

Hg1201, both at optimal doping [48] and for an underdoped
sample with Tc = 55 K [68], the measured energy of the
bond-stretching phonon at q = (0.5, 0, 0) is consistent with
the energy of the intermediate-energy kink in Figs. 3(a), 3(d)
and 3(g). Further connections will be made when we discuss
the momentum dependence.

The second consideration is the minimal or absent temper-
ature dependence of the kink, including the lack of a shift to
lower energy across Tc [Figs. 3(b), 3(e) and 3(h)]. In a d-wave
superconductor, a kink observed at energy ω will generally be
associated with a phonon of energy � = ω − �0, where �0 is
the maximum of the superconducting gap, if the momentum-
dependent electron-phonon coupling connects the momentum
of interest to the momentum where the superconducting gap is
maximum [69]. The maximum of the superconducting gap of
Hg1201 has previously been measured to be around 39 meV
at optimal doping [31]. However, there are exceptions to
this expectation of ‘gap shifting,’ e.g., when electron-phonon
coupling is strongly peaked in the forward direction (q ≈ 0)
such that fermions at a given momentum are only sensitive
to the gap local to that momentum point [36], or if the cou-
pling is strongly peaked at a particular momentum transfer
that connects momenta with zero or small gap, such as two
opposite nodes. The latter is consistent with the momentum
dependence in the present data [Figs. 3(c), 3(f) and 3(i)], as
will be discussed later. The minimal temperature dependence
of the magnitude of Re� in Fig. 3 suggests a lattice origin of
the intermediate-energy kink, and the lack of gap shifting of
the peak position of Re� restricts this to phonon modes with
strongly q-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 Tc [43], but also extending to higher temper-
ature [70], whereas other single-layer cuprates show weaker
or absent temperature dependence similar to Hg1201 [71,72].
This is consistent with additional contributions to the nodal
kink in multi-CuO2-plane cuprates, such as coupling to the
B1g (buckling) mode [73].

There is also variation among single-layer cuprates with
regard to the energy position of the intermediate-energy
kink, which closely tracks variation in the energy of the
[100] bond-stretching mode at large momentum transfer. Fig-
ure 5(a) compares the intermediate-energy nodal kink near
optimal doping for several single-layer cuprates: Hg1201,
Ca2−xNaxCuO2Cl2 (Na-CCOC), LSCO, and Bi2201. Also
shown are the values for the bond-stretching (half-breathing)
phonon at q = (0.5, 0, 0) near optimal doping [48,62–64]).
Notably, for all single-layer cuprates near optimal doping, the
bond-stretching phonon energy at q = (0.5,0,0) is lower by
10–15 meV than at the zone center, more consistent with the
energy of the intermediate-energy kink, which further con-
strains the origin of this feature to the soft part of this phonon
branch.

The third aspect of the intermediate-energy kink phe-
nomenology is the pronounced momentum dependence
shown in Figs. 3(c), 3(f) and 3(i), with the kink nearly disap-
pearing for cuts sufficiently far from the node. This suggests
a strong anisotropy in either the mode or the coupling or both.
As discussed in prior work [64], this momentum dependence
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FIG. 5. Intermediate-energy kink and bond-stretching phonon. (a) Comparison of the intermediate-energy nodal kink for four single-layer
cuprates near optimal doping [12,60,61] with corresponding values of the bond-stretching phonon at q=(0.5,0,0) [48,62–64]. Dashed lines: fits
to vLE (low-energy velocity [20,45], meV) and vHE (high-energy velocity [80 200], meV). The renormalization across the intermediate-energy
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also starting at Fermi surface angle θ = 20◦. Inset: dispersion of bond-stretching phonon measured by inelastic x-ray scattering from Ref. [48].
Shaded region between arrows and in inset corresponds to the same range of q. Dotted line: observed kink energy at OP.

can be reproduced by electrons coupling primarily to the soft
portion of the half-breathing mode—momentum transfer near
q = (0.5,0,0) where the phonon energy is decreased from
the parent-compound value. Notably, this and nearby values
of q can connect states at the kink energy near one node
to states at EF near an opposite node but is too large to
connect near-antinodal states. This is shown schematically in
Fig. 5(b), using the Fermi surface and observed kink energy
of optimally-doped Hg1201, where both ARPES data and the
measured phonon dispersion of the bond-stretching phonon
is available. This momentum-dependent coupling can also
produce a kink whose energy is minimally gap-shifted by
the superconducting gap, as the superconducting gap near the
nodes is zero or small relative to the bond-stretching mode
energy.

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 asso-
ciated with both enhancement [74] and suppression [52,75]
of d-wave pairing. The persistence of the kink into the over-
doped, nonsuperconducting regime has also been interpreted
in terms of the bond-stretching mode having no relation to
superconductivity [45]. On the other hand, Hg1201 shows
a stronger velocity renormalization across the intermediate-
energy kink [Fig. 5(a)], an estimate of the coupling strength,
than other single-layer cuprates with lower Tc. This veloc-
ity renormalization, R = vHE/vLE, varies among single-layer
cuprates from 1.9 (Bi2201) to 3.6 (Hg1201); 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 vHE is the slope in the [80 200] meV range. This
suggests that for Hg1201, the single-layer cuprate with the
largest Tc,max, deleterious effects of the bond-stretching mode
on superconductivity are minimal or fully compensated by
other factors that raise Tc.

Finally, we turn to the nodal PDH structure. We first
discuss general interpretations of PDH lineshapes in the
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 multi-CuO2-plane compounds [16,79,80] with
several component-resolved interpretations. The antinodal dip
feature [54,81,82] or the entirety of the lineshape [83] has
been attributed to a magnetic resonance mode. Alternately,
the dip feature has also been associated with electron-phonon
coupling to the B1g oxygen bond-buckling phonon [84,85].
The peak feature at the antinode has been associated with
the superconducting condensate, as it disappears above Tc

[80,86] and follows the doping dependence of the superfluid
density [87]. The antinodal hump feature below Tc in multi-
CuO2-plane cuprates has been associated with the pseudogap,
as it evolves into the broadly peaked lineshape defining the
pseudogap above Tc [86], or as a feature also related to
electron-phonon coupling [3].

Near the node, a PDH similar to the present observation
has been reported in Na-CCOC [12,77], and the hump fea-
ture was discussed in the context of polaron physics [88].
In that material, the nodal PDH was only reported up to
12% hole doping. A nodal PDH lineshape is also seen in
nonsuperconducting Bi2201, up to p ≈ 0.105 [46]. At optimal
doping, the nodal PDH structure is not reported in Bi2201 and
LSCO, with EDCs below the kink energy smoothly evolving
into sharper quasiparticles above the kink energy [14,79]. In
LSCO a similar feature, albeit located at systematically higher
energy, has been associated with the lower Hubbard band [78].

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 [Figs. 2(c), 2(f) and 2(i)]. Instead,
the hump and the peak appear to be the fundamental spectral
elements, with the dip energy reflecting their meeting point.
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Additionally, the dip persists to above Tc (Fig. 4(b), Ref. [12]),
unlike for multi-CuO2-plane cuprates, where the antinodal
dip characteristically vanishes across Tc. We also note that
in Ref. [31], a ‘kink’ was reported in the MDC dispersion at
around 200 meV, which is likely another manifestation of the
nodal hump structure in Hg1201. 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. We compare
our result for Hg1201 with data from LSCO [78], Na-CCOC
[77], Bi2201 [13,46], and Bi2212 [76]. We note that while
similar spectral features are identified for all the materials,
they are not necessarily interpreted the same way in the ex-
isting literature. Three systematic trends are observed: LSCO
shows minimal doping dependence of the nodal hump feature.
Double-layer Bi2212 exhibits the nodal PDH feature only at
low doping, with an energy scale that extrapolates to zero at
p ≈ 0.09. Within error, the remaining materials, all single-
layer cuprates, exhibit the same hump energy scale, which
extrapolates to zero at p ≈ 0.2.

Although Bi2212 and LSCO show a nodal PDH lineshape
in certain regimes, they are outliers in overall phenomenology.
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 nonsuper-
conducting gap opens at the nodal momentum, possibly
associated with spin-density wave order [89,90]. In LSCO,
the nodal hump feature is thought to be doping independent
because of chemical potential pinning in that compound in
the underdoped regime [91].

Other single-layer cuprates where spectroscopic data are
available in the underdoped regime (Bi2201, Na-CCOC,
Hg1201) exhibit consistent nodal hump energy scales. This
common energy scale extrapolates to zero energy around
p = 0.2, a hole concentration identified with both a phase
boundary [89,92] and percolative delocalization of the Mott-
localized holes [93,94]. This suggests that the nodal hump
may also be connected with the pseudogap or charge
order—phenomena associated with that characteristic dop-
ing. Notably, structural/electronic inhomogeneity [95] has
been identified as key to explaining many aspects of cuprate
phenomenology, including doping and temperature depen-
dence of resistivity [93,94], emergence of superconductivity
on cooling [96], and the doping and temperature evolution
of ARPES lineshapes [97]. The broadly-peaked nodal hump
feature may be the manifestation of similar strong spatial
inhomogeneity, possibly dynamic in nature [98], which the
present experiment’s macroscopic spot size averages out.
Local-probe measurements can clarify this issue in Hg1201,
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 relevance
for the pairing mechanism, and the phenomenology of these
features is consistent with the nodal PDH [22,99]. At optimal
doping, the momentum dependence of the hump energy scale
nearly follows a d-wave form and extrapolates to an antinodal
energy scale of ≈300 meV [Fig. 4(d)], which is consistent
with the maximum of the broad continuum of excitations
derived from optics measurements at the same doping [22].
Taken together, the present results and the discussed literature
suggest a cooperative interplay between dynamic lattice and
electronic effects as well as an important role played by inher-
ent inhomogeneity.

V. CONCLUSIONS

Hg1201 is a model cuprate which has been at the forefront
of new insights about high-temperature superconductivity
via many experimental techniques but has heretofore re-
ceived limited investigation via surface spectroscopies such as
ARPES. In addressing this omission, we have identified three
energy scales of interactions in Hg1201 with implications for
understanding electron-phonon coupling in cuprates and con-
nections 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
may involve large momentum transfer. We note the possibility
that the overall broad intermediate-energy feature contains
additional electronic contributions. At higher binding energy,
a PDH structure is observed at the node, with connections to
a previously reported broad continuum of excitations and the
phase boundary of the pseudogap and/or charge order.
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As compared to single-layer cuprates with lower Tc, some
differences exist with regards to low-energy many-body in-
teractions. The coupling to the low- and intermediate-energy
kinks appears to be stronger at the same doping in Hg1201.
This points to electron-phonon coupling as a possible means
of enhancing Tc in single-layer cuprates. Additionally, while
the nodal PDH structure is present in the underdoped regime
in most single-layer cuprates, this spectral feature persists to
optimal doping in Hg1201, which may suggest an intervening
competing phase in lower-Tc members.

This work also establishes points of universality among
cuprates. With this observation of the low-energy kink out-
side of the Bi family of cuprates, strong coupling to subgap
phonons appears to be a universal aspect of cuprate phe-
nomenology, although the identity of the phonon and the
nature of the coupling (large vs small q) may differ among
different materials. The intermediate-energy kink has long
been known to be ubiquitous in cuprates. The present results
highlight 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 where both ARPES and
phonon dispersion data are available. Finally, a nodal PDH
structure appears to be ubiquitous in single-layer cuprates
with a common doping dependence among several com-
pounds but with properties distinct from the antinodal
PDH structure previously established in multiple-CuO2-plane
cuprates. Nevertheless, the nodal PDH may also be connected
to the pseudogap, highlighting that this enigmatic phase may
be relevant to nodal and near-nodal physics.

ACKNOWLEDGMENTS

The authors acknowledge helpful discussions with Andrey
Chubukov, Tom Devereaux, Zhenglu Li, Dmitry Reznik, and
B. Sriram Shastry. Work at UC Davis was supported by
AFOSR Grant No. FA9550-18-1-0156. Work at the Univer-
sity of Minnesota was funded by the Department of Energy
through the University of Minnesota Center for Quantum
Materials under DE-SC0016371. Work at UC Berkeley and
Lawrence Berkeley Laboratory was supported by the Office
of Science, Office of Basic Energy Sciences (BES), Materials
Sciences and Engineering Division of the U.S. Department
of Energy (DOE) under Contract No. DE-AC02-05-CH1231
within the Quantum Materials Program (KC2202). Work at
Rice University was supported by the Robert A. Welch Foun-
dation Grant No. C-2024 and the Alfred P. Sloan Foundation
FG-2019-12224. Use of the Stanford Synchrotron Radia-
tion Lightsource, SLAC National Accelerator Laboratory, is
supported by the U.S. Department of Energy, Office of Sci-
ence, Office of Basic Energy Sciences under Contract No.
DE-AC02-76SF00515. This research used resources of the
Advanced Light Source, a DOE Office of Science User Fa-
cility under Contract No. DE-AC02-05CH11231.

APPENDIX: SURFACE TERMINATION

While ARPES is a technique that allows direct vi-
sualization of the band structure, the observed spectrum
shows strong dependence on sample surface structure
[100,101]. Typically, one obtains a chemically pure surface by
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mechanical cleaving—gluing a top post on the sample and
knocking it off in ultrahigh vacuum before measurement.
Hg1201, due to the absence of a neutral cleavage plane
[17], has no obvious preferred termination upon cleaving. In
the absence of atomic-scale studies of Hg1201 in the litera-
ture, 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 [102], but before
they reach and leave the surface [103]. 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 photoemission angle can be modelled as

I = Iz=0 exp

( −z

λ cosθ

)
, (A1)

where z is the depth of origin for the electron from the surface,
λ is the inelastic mean free path, and θ is the photoemission
angle. While the model does not account for multiple scatter-
ing, elastic scattering or nonisotropic effects, the principle that
the electrons that reach the detector predominantly originate
from a depth of the order of λ still holds [104]. Based on
Eq. (A1), atoms located on the surface are less affected by

the orientation of the surface, while atoms located deeper into
the sample originate fewer photoelectrons at oblique photoe-
mission angles due to higher scattering.

Figure 7(a) shows the relevant core levels on Hg1201 ob-
tained 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 be-
tween the two spectra. The following discussion focuses only
on the deeper Hg and Ba core levels(4 f and 4d), measured
with 200 eV photon energy, for an angle-dependent study.
Figure 7(b) details the XPS intensities of the Ba 4d and Hg 4 f
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 photoemis-
sion angle. The maximum intensities are then obtained by
fitting Lorentzians to each of the peaks. The intensities are
then normalized to the maximum within the angle series and
plotted in Figs. 7(c)–7(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 O-Hg-O barbells, 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, pos-
sibly explaining why as-cleaved Hg1201 does not exhibit
polar catastrophe as as-cleaved YBCO [31,105]. Confirmation
of the same will require further atomic resolved experi-
ments not yet available in literature, but this work provides
a photoemission-based guide.
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[31] I. M. Vishik, N. Barišić, M. K. Chan, Y. Li, D. D. Xia, G.
Yu, X. Zhao, W. S. Lee, W. Meevasana, T. P. Devereaux, M.
Greven, and Z.-X. Shen, Phys. Rev. B 89, 195141 (2014).

[32] J. D. Rameau, H.-B. Yang, G. D. Gu, and P. D. Johnson, Phys.
Rev. B 80, 184513 (2009).

[33] I. M. Vishik, W. S. Lee, F. Schmitt, B. Moritz, T. Sasagawa,
S. Uchida, K. Fujita, S. Ishida, C. Zhang, T. P. Devereaux, and
Z. X. Shen, Phys. Rev. Lett. 104, 207002 (2010).

[34] T. Kondo, Y. Nakashima, W. Malaeb, Y. Ishida, Y. Hamaya, T.
Takeuchi, and S. Shin, Phys. Rev. Lett. 110, 217006 (2013).

[35] N. C. Plumb, T. J. Reber, J. D. Koralek, Z. Sun, J. F. Douglas,
Y. Aiura, K. Oka, H. Eisaki, and D. S. Dessau, Phys. Rev. Lett.
105, 046402 (2010).

[36] S. Johnston, I. M. Vishik, W. S. Lee, F. Schmitt, S. Uchida, K.
Fujita, S. Ishida, N. Nagaosa, Z. X. Shen, and T. P. Devereaux,
Phys. Rev. Lett. 108, 166404 (2012).

[37] X. Zhao, G. Yu, Y.-C. Cho, G. Chabot-Couture, N. Barišić, P.
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Menteş, M. A. Niño, P. Kim, A. Morgante, and R. M. Osgood,
Phys. Rev. B 84, 115401 (2011).

[101] T. Fauster, C. Reuß, I. L. Shumay, M. Weinelt, F. Theilmann,
and A. Goldmann, Phys. Rev. B 61, 16168 (2000).

[102] M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 2
(1979).

[103] S. V. Merzlikin, N. N. Tolkachev, T. Strunskus, G. Witte,
T. Glogowski, C. Wöll, and W. Grünert, Surf. Sci. 602, 755
(2008).

[104] P. J. Cumpson, in Surface Analysis by Auger and X-ray Pho-
toelectron Spectroscopy (IMPublications, Chichester, UK and
SurfaceSpectra, Manchester, UK, 2003), pp. 651–674.

[105] M. A. Hossain, J. D. F. Mottershead, D. Fournier, A. Bostwick,
J. L. McChesney, E. Rotenberg, R. Liang, W. N. Hardy, G. A.
Sawatzky, I. S. Elfimov, D. A. Bonn, and A. Damascelli, Nat.
Phys. 4, 527 (2008).

205109-12

https://doi.org/10.1103/PhysRevLett.79.2101
https://doi.org/10.1038/s41586-019-0932-x
https://doi.org/10.1126/sciadv.aau4538
https://doi.org/10.1103/PhysRevB.102.075114
https://doi.org/10.1038/s41467-019-10635-w
https://doi.org/10.1103/PhysRevB.96.195163
https://doi.org/10.1038/s41524-020-00373-9
https://doi.org/10.1126/science.1216765
https://doi.org/10.1103/PhysRevB.84.115401
https://doi.org/10.1103/PhysRevB.61.16168
https://doi.org/10.1002/sia.740010103
https://doi.org/10.1016/j.susc.2007.12.005
https://doi.org/10.1038/nphys998

