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The origin of a ubiquitous bosonic coupling feature in the photoemission spectra of high-7',. cuprates, an
energy-momentum dispersion “kink” observed at ~70 meV binding energy, remains a two-decade-old
mystery. Understanding this phenomenon requires an accurate description of the coupling between the
electron and some collective modes. We report here ab initio calculations based on GW perturbation theory
and show that correlation-enhanced electron-phonon interaction in cuprates gives rise to the strong kinks,
which not only explains quantitatively the observations but provides new understanding of experiments.
Our results reveal it is the electron density of states being the predominant factor in determining the doping
dependence of the kink size, manifesting the multiband nature of the cuprates, as opposed to the prevalent
belief of it being a measure of the mode-coupling strength.
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Rich exotic phases in copper oxide superconductors (the
cuprates) arise from correlated electrons and their inter-
actions with other elementary excitations [1]. Over the past
two decades, intensive angle-resolved photoemission spec-
troscopy (ARPES) experiments have established a major
bosonic coupling fingerprint in the cuprates—namely, along
the d-wave superconducting gap nodal direction in the
reciprocal space, the quasiparticle dispersion relation kinks
at a binding energy around 70-80 meV [2-4]. A phonon
mechanism was initially conjectured [3] because the kink’s
energy matches that of the oxygen breathing phonon energy
[5-9] and later supported by multiple-mode features [10]
and the isotope effect [11,12]. On the other hand, spin
fluctuations were also proposed as an alternative mechanism
[4,13], as well as a boson-free mechanism that had been
suggested [14]. The debate on the physical origin of the kink
is yet to be settled because there are various collective
excitations or bosonic modes in the cuprates, any of which
may lead to a similar phenomenon with properly fitted
model parameters [9,13,14] to experimental data. To provide
unbiased conclusions, predictive first-principles approaches
(with no adjustable parameters) become desirable.

Knowing the origin of the photoemission kink would
provide new insights to interactions in this important class of
materials and may lead to better understanding of other
phenomena including superconductivity. A major impedi-
ment has been a lack of truly ab initio calculations that can
quantitatively explain the kink feature. In particular, within
the mechanism of electron-phonon (e-ph) coupling-induced
kink, previous calculations [5,6]—based on ab initio den-
sity-functional theory (DFT) [15—17]—yielded a kink that is
nearly a factor of 3 too small in magnitude as compared with
experiments. Meanwhile, there are yet to be any ab initio
studies capable of explaining the kink quantitatively in a
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parameter-free fashion with other proposed mechanisms. It
is, however, important to note that standard static DFT
fundamentally does not directly address the excited states of
materials [18,19]; its naive application to the coupling
between the excited quasiparticles and other elementary
excitations can be severely misrepresented in some materials
[17,20]. Thus, even within the e-ph mechanism, it remains
unclear whether the observed discrepancy is due to the
inadequacy of the standard DFT formulation of the e-ph
coupling (i.e., treating the electrons as the fictitious Kohn-
Sham noninteracting electrons) or indeed phonons are not
involved. Here, we address this question using a newly
developed method GW perturbation theory (GWPT) [20]—
that has successfully included many-electron correlation
effects in computing the e-ph interaction from first princi-
ples. The e-ph coupling is properly computed as the
interaction of a true quasiparticle (including nonlocal and
dynamical self-energy effects) with the phonons, within a
linear-response and interacting-Green’s-function formalism
in the GW approximation [18-20].

We investigate the e-ph interaction and photoemission
kinks in the prototypical single-copper-oxygen-layer
cuprate La,_,Sr,CuO, (LSCO) in the optimally doped
(x = 0.15) and overdoped (x = 0.30) hole concentrations.
We do not address the underdoped cuprates in this work
because they possess very strong local correlations [1]
for which the application of quasiparticle-based GWPT
formalism may not be properly justified. We find
that, correlation effects included in GWPT significantly
enhancs the phonon-induced part of the electron self-
energy by a factor of 2-3 as compared with results from
DFT e-ph coupling [5,6] as obtained from density func-
tional perturbation theory (DFPT) [16,17]. The calculated
kink magnitude, as well as its doping and temperature
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dependence, quantitatively agree with a broad range of
experiments [3,21-26], showing that the nodal photo-
emission kink in cuprates is mainly caused by e-ph
coupling. The excellent agreement with experiments from
first principles enables us to proceed with confidence to
dissect the interplays among the e-ph interaction, electronic
structure, and photoemission kink of the cuprates, which
can often be obscured in the experimental data and
subjected to speculation. Indeed, going from optimally
doped to overdoped regime, our results show a reducing
kink size in agreement with experiments. However, con-
trary to the common interpretation [3,4,21-26] attributing
this doping dependence of the kink size to a weakening
electron-boson coupling strength, our analysis shows that
this is in fact due to a multiband density-of-states (DOS)
effect previously not recognized.

An excited electron or hole in a crystal interacts with other
electrons and elementary excitations including phonons,
acquiring a shift in its excitation energy and a finite lifetime.
These many-body interaction effects may be formally cast
into a complex operator called the self-energy X associated
with a quasiparticle, and can be measured in ARPES
experiments. The GW method [18,19,27] expands the
electron-electron part of the self-energy to first order in
the Green’s function (G) and in the screened Coulomb
interaction (W), i.e., Z¢7¢(r,r';¢) = iGW, capturing the
nonlocal (r,r’) and frequency (¢) dependence of the inter-
action. The e-ph coupling matrix element describes the
amplitude of an electron coupling from one quasiparticle
state to another, due to changes in the potentials (both crystal
potential and self-energy) induced by phonons seen by the
electron, which can be efficiently evaluated via linear-
response theory [16,17,20]. The GWPT approach [20]
directly computes the changes in the electronic self-energy
due to perturbing phonons (with phonon wave vector q and
branch index v), 9, Z¢~¢ (r,r’;€), in constructing the e-ph
matrix elements—a core ingredient of microscopic e-ph
theories including electron correlation effects. (See
theoretical and computational details, along with a
GWPT validation set of five conventional metals and one
oxide metal, in the Supplemental Material [28].)

Having accurate ab initio e-ph interactions allows us to
compute the phonon-induced part of the electron’s self-
energy P, which reshapes the electron dispersion rela-
tion and provides notable phonon-induced signatures if any
(such as kinks in ARPES). For comparison, we calculate
the e-ph properties of LSCO using both GWPT- and
DFPT-calculated e-ph matrix elements, together with a
Wannier interpolation technique [59]. Figure 1 shows the
nodal " (E,y) (with electron wave vector k and band
index n) computed within the Fan-Migdal approximation
[17,60-62] at low temperature (7 = 20 K). In Figs. 1(a)
and 1(b), for ease of kink analysis, we plot
ReZ P (E) = ReZ (B, ) — ReZPM(Ep), by  sub-
tracting off the real part of the self-energy at the Fermi
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FIG. 1. (a),(b) Contribution of electron-phonon coupling to the
real part of the nodal electron self-energy ReZ‘?" for (a) optimally
doped (x =0.15) and (b) overdoped (x =0.30) LSCO at
T =20 K, calculated using e-ph matrix elements from GWPT
(red solid dots) and DFPT (blue empty dots). The Fermi energy
Er is set to zero. (c),(d) Imaginary part of the phonon-induced
contribution (7" = 20 K) to the electron self-energy ImEfl'ﬁ’h, the
magnitude of which continuously rises until the binding energy
reaches the maximum phonon frequency wp™ ~ 87 meV.

energy E (set to zero throughout this Letter) so as that the
sum rule of electron number conservation is imposed [28].

We find the k dependence of Rerlifh(E r) is negligible in

this system. ReZ‘™ shows a dominant peak at 75 and
76 meV binding energy for x =0.15 and x = 0.30,
respectively, whose origin is traced to come from the
Cu-O in-plane half- and full-breathing modes as found
previously [5]. The calculated peak positions nicely agree
with the experimentally measured kink positions [3,21] at
around 70-80 meV binding energies. The shoulder struc-
ture near 40 meV is due to the oxygen buckling and
stretching modes [5]. Beyond the maximum phonon

frequency wf™* = 87 meV, ReZP" behaves as a feature-

less flat tail up to 200 meV binding energies without any
peaks. Figures 1(c) and 1(d) show a roughly double-step
structure in Imel'lfh (with step positions corresponding to
the abovementioned 40 and 75 meV phonon modes) and
then slowly decays beyond wg‘ha" up to 200 meV binding
energy [28]. Importantly, for both x = 0.15 and x = 0.30,
the peak magnitude of ReZ’" and ImE’ " within the
phonon frequency range is around 25-35 meV from
GWPT, but is only 10-15 meV from DFPT, representing
a correlation enhancement in the e-ph induced self-energy
by a factor of about 2-3, which is directly reflected in the
kink magnitude as discussed below.
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(a) Spectral function A, (@) (plotted in color scale) calculated with Zfl'lf’h(a)) using GWPT for optimally doped (x = 0.15)

LSCO at T = 20 K, along the nodal direction in the Brillouin zone. (b) Momentum-distribution curves (MDCs) at each energy slice
between Er and —0.2 eV with 0.005 eV spacing. Each MDC is fitted to a Lorentzian function to get the peak position and linewidth. The
MDC:s at the extremal energies are indicated by the blue lines. The red line is the MDC at E; = —0.12 eV whose peak position is used to
determine the bare-band straight reference line (connecting the peaks at Er and E; on a given dispersion relation). () Comparison of
MDC-derived dispersion relation between experiment (open circles) [3] and theory from GWPT (red line) and DFPT (blue line), after
aligning the reference line (black dashed line). k¢ is the Fermi wave vector and k is the wave vector corresponding to E;. (g) The e-ph
contribution to the full-width-at-half-maximum (FWHM) of MDC peaks extracted from experiments (open circles) [22] and from
GWPT (red line) and DFPT (blue line). (c),(d),(f),(h) Similar to (a),(b),(e),(g) but for overdoped (x = 0.30) LSCO.

We now explore in detail the low-energy (<100 meV)
region in the nodal dispersion relation where phonons
produce sharp features, although spectroscopic features
exist at higher-binding energies [63,64] as well.
Experimental extraction of the exact size and position of
the kink in the measured quasiparticle dispersion relation
depends on the choice of a reference bare band [65].
The common practice is to assume the bare band (i.e.,
without the effects of bosonic mode coupling of interest) as
a straight line that connects the quasihole state at Ep to
another state at an arbitrarily chosen lower energy E|,
which had often taken a range from at —0.1 to —0.3 eV in
the literature [3,4,10-12,21-26,63,64,66]. In this practice,
the deviation at each k point of the measured dispersion
relation from the assumed reference line is usually mis-
labeled as “ReX”, although it is in fact not the real part of
the self-energy. Here, we shall follow this experimental
practice to extract the size and location of the kinks to make
direct comparisons between theoretical and experimental
data. To emphasize the low-energy bosonic-coupling

contributions, we choose E; = —0.12 eV (similar to analy-
sis of many experiments) such that the extracted kink
e-ph

covers all the rapidly varying features of ReZ; " while
staying away from the high-binding-energy features where
coupling to other higher-energy collective excitations may
play a role [63-65]. We emphasize that the extracted
photoemission kink should be distinguished from the true

ReZ‘™ that are shown in Fig. 1, and these two quantities
are related via Eq. (S7) in the Supplemental Material [28].

Figures 2(a) and 2(c) show the calculated electron
spectral functions A, (w), where the quasiparticle self-
energy features (the kink and spectral widths) are clearly
visible. We plot the momentum distribution curves (MDCs)
atregular energy steps [Figs. 2(b) and 2(d)] and fiteach to a

Lorentzian function to obtain the MDC-derived energy vs
wave vector dispersion relation and the linewidth. This
data processing procedure is well defined and is widely
adopted in analyzing experimental ARPES spectra [67].
After aligning the reference line for GWPT, DFPT, and the
experimental dispersion relations to eliminate the unknown
bare-band information, a direct comparison of the kink
features is made between theory and experiment [3] in
Figs. 2(e) and 2(f). We find remarkably good agreement
between GWPT and experiments [3,21] whereas, as
found in previous study [5,6], DFPT dramatically under-
estimates the kink size. Furthermore, the lifetime informa-
tion embedded in MDC linewidths shows reasonably good
agreement between GWPT and experiment [22] [Figs. 2(g)
and 2(h)], although a sizable uncertainty depending on the
exact fitting procedure to extract the experimental data
remains [28]. The reason that the e-ph interaction from
GWPT greatly improves the agreement between theory and
experiment is because of its enhanced value from inclusion
of electron correlation effects [20] through the phonon-
induced part of the electron self-energy.

In Fig. 3, we directly compare the extracted kink features
with multiple sets of experimental data [3,21,23-26] on
LSCO and Bi,Sr,CuOg, s (Bi2201) (another single-copper-
oxygen-layer cuprate). Quantitative agreement between the
experimental kinks and theoretical GWPT Kkinks is clearly
seen [Figs. 3(a) and 3(b)], giving a maximum deviation
from the reference line of ~20 meV for optimally doped
and ~15 meV for overdoped LSCO and Bi2201, mirroring
closely those observed in experiments. We further use the
area under the kink-amplitude vs energy curve [Figs. 3(a)
and 3(b)] at different temperatures for a measure of the
temperature dependence of the kink strength, where good
agreement between GWPT and experiments is also found

146401-3



PHYSICAL REVIEW LETTERS 126, 146401 (2021)

30
a — GWPT Lsco, rO 15, T=20K b —— GWPT LSCO, X—O 30, T=20K
(@) —gmiseo o rac | (0) s
doped | o Ref. [3] LSCO, x=0.15, T=20K
© Ref. [21] LSCO, x=0.15, T=20K . x=0.30,
A Ref. [24] Bi2201, x=0.16, T=5K A Ref. [3] Bi2201, x=0.24, T30k
20| w0 0 Ref. [25] Bi2201, x>0.26, T=10K |
9 o o <
> PN s
£ ) ,n;o 4 ISAWS Dnnn
> Paps & oogge’ o° 8
£ A" Q0 o
4 K Lo o
10k 48 e 3 o 2R °<> 08
e 2% o 2% of
9.0 o
%o "O<> o/ AUZ A 8
. $ s &5
o © I 1 o 1 1
0.0 -0.04 -0.08 012 00 -0.04 -0.08 0.12
Enk (V) Epk (eV)
(c)1 5 [ —o— auPTLsco, x=015"] (d) [’ " _e~ GWPTLSCO, x=0.30 '
: OP“ma"Y —0— DFPT LSCO, x=0.15 —e— DFPT LSCO, x=0.30
AD%] doped | O Ref. [3] LSCO, x=0.15 O Ref. [3] LSCO, x=0.22
o O O Ref. [21]LSCO, x=0.15 O Ref. [23] LSCO, x=0.30
< A\ Ref. [24] Bi2201, x=0.16 A Ref. [3] Bi2201, x=0.24
> O ORef. [26] Bi2201, x=0.16 © O Ref. [25] Bi2201, x>0.26
E10f o
>
o o )
©
o
©
£05r 1 F 4
X “‘\‘\‘\‘\‘
ools A L : . A . .
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)
FIG. 3. (a),(b) Kink size as a function of quasiparticle-state

energy, extracted as the deviation of the MDC-derived dispersion
relation from the straight reference line (see Fig. 2). Data shown
are from various experiments [3,21,23-26] on LSCO and Bi2201
(open symbols) and from the calculations of LSCO using GWPT
(red line) and DFPT (blue line), at the optimally doped and
overdoped regimes. (c),(d) Total kink area, defined as the area
under the curve in (a) and (b), as a function of temperature.

as seen in Figs. 3(c) and 3(d). The kink strength mono-
tonically reduces as the temperature rises. This is because at
higher temperature, both phonon absorption and emission
processes become more activated, providing increasingly
more scattering channels that would broaden the phonon-
induced self-energy peaks (Fig. S1), leading to a reduced
apparent kink size. The quantitative agreement on the
temperature dependence of the apparent kink strength
between results from GWPT and various experiments
consolidates the phonon mechanism being the explanation
for the 70—80 meV nodal kink in the cuprates (at least as the
dominant origin—it is possible other mechanisms [9,13,14]
may also contribute in some way). At temperatures below
superconducting 7'. (~30-40 K for LSCO and Bi2201 at
optimal doping), the existence of a nonzero superconduct-
ing gap shifts the quasiparticle energies and may have an
additional effect (not accounted for in this work) on the
experimentally measured kink area [Fig. 3(c)] [9].

The experimental observation of a substantial doping
dependence in the cuprate kink size had also been puzzling.
From the underdoped toward overdoped regime, the mea-
sured apparent kink size monotonically decreases [3,21-23],
which has commonly been interpreted as a weakening
of the mode-coupling strength (for mechanisms with either
phonons or spin fluctuations) [3,4,10,13,26,65,66].
Figure 4(a) plots the doping-dependent kink area data,
where the GWPT trend also nicely agrees with experiments
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FIG. 4. (a) Doping dependence in the total apparent kink area of

LSCO from experiments [3,23], GWPT, and DFPT calculations.
(b) Direct GWPT calculations of ReZE Phoat x = 0.15 (red solid
dot) and x = 0.30 (blue solid squares) at T =20 K. The orange
empty squares represent a rigid-band approximation calculation
with a rigid shift of Er from that of x = 0.15 to that of x = 0.30
in constructing Ze ph (i.e., the band structure, phonon dispersions,
and e-ph matrix elements remain unchanged from the x = 0.15
level), resulting in the elevation of the self-energy tail, as
indicated by the arrow. (c) Band structure of LSCO at x =
0.15 and x = 0.30. The black arrow points to the position of the
kink along the I'-X nodal direction. (d),(e) DOS of LSCO at the
indicated two doping levels. The scatterings (indicated by arrow-
headed dashed lines) of quasihole from E; to higher-binding-
energy hole final states with significant DOS have larger energy
separations [thus contributing less to ReZ;; ph( E))] at x =0.15

than at x = 0.30.

3,23]]. However, we discovered that this doping dependence
in the kink size does not represent a doping dependence in the
mode-coupling strength. As seen in Fig. 4(b), the magnitudes
of the CuO-plane breathing-mode-induced major peak in

ReZe ph (around 75 meV binding energy) at x = 0.15 and
X = 0.30, are nearly identical from our GWPT calculations.
This finding from our first-principles results is in stark
contrast to the common interpretation, and invalidates the
conclusion that the bosonic mode-coupling strength weakens
with increased hole doping in the cuprates, at least for the
phonons.

The observed significant doping dependence in the
apparent kink size (as extracted with the commonly used
procedure d1scussed above) is traced back to the tail height
of the ReZ; " at binding energies beyond ™. Specifically

at £, ReE‘ ph( E,) differs dramatically at the two doping
levels [5.3meV forx = 0.15and 12.8 meV forx = 0.30, see
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Fig. 4(b)], resulting in disparate slopes for the reference line
drawn from E to E;. Note that the kink is defined as the
deviation from the reference line; even if the peak values in

ReZ‘ ™ at two different doping levels are alike, the different
slopes of the reference lines can give different apparent kink

sizes. The difference in the tail height Reif,if’lh(El) at

different doping levels is largely caused by features in the
electron DOS distribution, reflecting the multiband nature of
the cuprates. We demonstrate this effect with rigid-band
approximation calculations: using the as-calculated electron
band structure, phonon dispersions, e-ph matrix elements at
x = 0.15, we recompute Zth after rigidly shifting E to the
corresponding value at x = 0.30 (to isolate the DOS effects
on the kinks). As shown in Fig. 4(b) (and Fig. S2), the shift of
E - to a higher hole doping level (without changing the e-ph
matrix elements) significantly elevates the tail height in

Reiflifh. This arises because the nonresonant contributions
to Reifliflh (E,) are inversely correlated to the energy differ-

ence between E; and the final states (denoted as AFE). The
calculated electron band structure and DOS [Figs. 4(c)—4(e)]
show that at x = 0.30, the quasihole at E; has a larger
amplitude to be nonresonantly scattered into the deeper final
electronic states (smaller AE from E; to the rise of part of the
DOS below —0.2 eV and to further deeper states) than at
x = 0.15, resulting in a higher value for Reifl]flh(E 1), and
thus a decreased apparent kink size [see Eq. (S7) in
Supplemental Material [28] ]. We further note that although
DFPT calculation also includes this multiband DOS effect,
its unrealistically small e-ph coupling values fail to capture
the correct doping trend in the kink size [Fig. 4(a)].

In summary, first-principles GWPT calculations of
LSCO have identified that the correlation-enhanced e-ph
interaction is the main origin of the ubiquitous 70-80 meV
dispersion kink in the ARPES of cuprates, and revealed that
the multiband DOS effect plays a requisite role in under-
standing the doping dependence of the extracted apparent
kink size. The quantitative agreement with experiments
indicates that GWPT satisfactorily captures the correlation
effects in e-ph coupling matrix elements in optimally doped
and overdoped cuprates, where the quasiparticle picture
should be appropriate [68-70].
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