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superconductors with high transition temperatures (7,),
the driving force of superconductivity has not yet been
clarified. Angle-resolved photoemission spectroscopy (ARPES)'
measurements have uncovered an important contribution of
lattice vibrations (phonons) to superconductivity, sparking
a fierce debate on the nature of the ‘glue—phonons or
magnetic excitations—binding together the superconducting
Cooper pairs'™'. However, it is difficult to distinguish these two
pairing forces owing to their similar energy scales. Here, we
propose a fresh approach to investigate the origin of many-body
interactions in these superconductors: an impurity-substitution
effect on the low-energy dynamics, which is a magnetic analogue
of the isotope effect used for classical superconductors. Our
ARPES results reveal that the impurity-induced changes in
the electron self-energy show a good correspondence to those
of magnetic excitations'*'®, indicating the importance of spin
fluctuations to electron pairing in the high-7 superconductors.
The interaction of electrons with bosonic excitations (phonons
or spin excitations), which causes the pairing of electrons
and leads to superconductivity, produces a small anomaly in
the energy dispersion in the vicinity of the Fermi level (Eg);
ref. 19. High-resolution ARPES has directly observed a small
band anomaly, now known as a ‘kink’ in high-T. cuprates.
In order to clarify the origin of the kink and its relationship
with the high-T, superconductivity, the momentum, carrier
concentration, temperature and CuO,-layer-number dependences
of the kink have been investigated intensively'™*"'!. However,
no consensus on the origin of the kink has yet been reached.
The largest discrepancy is the assignment of the kink in the
antinodal region around the (r,0) point in the Brillouin zone,
where the dispersion kink is observed to be the strongest and
the d-wave gap becomes maximum in the superconducting
state. Three possible candidates, the magnetic mode'>", the B,,
phonon®?' and the longitudinal optical phonon?, have been
proposed. However, as all of these modes have similar energies

Despite years of intensive research on copper oxide
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of 40-70 meV, there are no convincing experimental clues to
distinguish these apparently different possibilities. One effective
approach to find the origin of the kink is to investigate the
impurity effect using impurity atoms with different spin states
but with similar atomic masses, because it is expected that even
a small amount of such impurities will significantly affect the
magnetic environment in the CuO, plane while not producing a
marked change in the lattice vibration. This approach is regarded
as an ‘isotope’ effect for magnetically mediated superconductors,
analogous to the conventional isotope effect for phonon-mediated
superconductors. Here, we report ultrahigh-resolution ARPES
results on Zn-substituted and Ni-substituted samples of the
Bi-based high-T. cuprate superconductor Bi,Sr,CaCu,Oq,;
(Bi2212) to find the origin of the kink and its relationship with the
superconductivity, and to clarify how the interactions affecting the
single-particle excitations are altered by impurity substitutions.
Figure 1 shows ARPES intensity plots as a function of
wavevector and binding energy measured along the nodal and
off-nodal cuts in the superconducting state (temperature T =40 K)
for pristine, Zn-substituted and Ni-substituted Bi2212. As is clearly
seen in Fig. la, a characteristic dispersion kink appears in the
pristine sample at approximately 50-80 meV in the nodal cut
where the d-wave superconducting gap vanishes. This is in good
agreement with the results of previous reports"””. A similar
kink is also observed in both Zn-substituted and Ni-substituted
Bi2212 (Fig. 1g). We find that the kink in the off-nodal cut
is relatively sensitive to the impurities as shown in Fig. 1d—fh.
As it is essential to measure spectra in the same cut in the
Brillouin zone, we have verified that the cuts are in the same
location for the three samples by precise Fermi-surface mapping.
As shown in Fig. 1, the off-nodal kink is more prominent than
the nodal kink in the superconducting state, and shows an
‘s-shaped’ dispersion consistent with theoretical prediction’®. On
introducing Zn or Ni impurity, the off-nodal kink is weakened
noticeably. We have confirmed that this impurity-induced change
is reproducible and intrinsic by measuring many (>10) samples.
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Figure 1 Impurity effects on energy dispersion near E; in the superconducting state. ARPES intensity plots measured at 40 K along the nodal and off-nodal cuts for
pristine, Zn-substituted and Ni-substituted Bi2212. The black curves show the peak positions of the momentum distribution curves (MDCs). The MDC is defined as the ARPES
intensity as a function of momentum at a constant binding energy. g and h, Comparison of the three dispersions on an expanded scale. Arrows in g and h denote
experimental uncertainties around 50 meV binding energy in determining the MDC peak position (0.002 A~"). The inset displays the Fermi surface and the measured
locations of the nodal and off-nodal cuts (red bars) in the Brillouin zone. We do not use the ARPES data around the (r, 0) region as the MDC analysis is hard to apply because

of the flatness of the band dispersion around this momentum region.

The observed weakening of the kink cannot be simply attributed to
the reduction in the size of the superconducting gap on impurity
substitution (1-3 meV), which should cause a parallel shift in
the energy dispersion towards E; by 1-3 meV, inconsistent with
the experimental result. Therefore, we think that the observed
weakening of the kink in impurity-substituted Bi2212 reflects the
impurity-induced change in the strength of the coupling between
electrons and a certain low-energy excitation mode.

To see the change of the coupling strength more clearly, in
Fig. 2a we plot the real part of the electron self-energy ReX'(w),
where @ is the energy relative to Eg, in the superconducting
state estimated from the dispersions in Fig. 1h for pristine,
Zn-substituted and Ni-substituted Bi2212. Following the procedure
in the previous reports”, we define ReX(w) as the energy
difference between the observed energy dispersion and the linear
dispersion line that passes two points at Ex and 250 meV in
the experimental dispersion. The reason we use this criterion is
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that we can track the energy dispersion up to 250 meV with a
reasonable count rate irrespective of sample angle (momentum)
and impurity substitution. As seen in Fig. 2a, ReX(w) has a
maximum (ReX (w)™) of approximately 40 meV at a binding
energy of 60 meV in pristine Bi2212, whereas on impurity
substitution ReY (@)™ is markedly reduced by approximately a
half. This suggests that the coupling strength of electrons with the
mode is substantially reduced in Zn-substituted and Ni-substituted
Bi2212. Figure 2b shows the momentum dependence of Re X (@)™
for pristine and Zn-substituted Bi2212. The Re X' ()™ values of
pristine and Zn-substituted Bi2212 are found to be almost the
same around the nodal region (Fermi-surface angle ¢ = 35-45°),
whereas their difference is gradually enhanced on approaching the
antinode (¢ = 0°) where the d-wave gap is maximal, because the
ReX (w)™ of pristine Bi2212 rapidly increases near the antinode.
The enhancement of the difference in ReX (w)™ around the
antinodal region suggests that the impurity has greater effect on
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Figure 2 Energy and momentum dependence of the real part of the electron self-energy in the superconducting state. a, The real part of the self-energy, Re X' (w), for
pristine, Zn-substituted and Ni-substituted Bi2212. b, Maximum values of Re X (w) of pristine and Zn-substituted Bi2212 and the difference between them as a function of
the Fermi-surface angle (¢) defined in the inset. Vertical and horizontal error bars denote the experimental uncertainty in determining the MDC peak position and the location
on the Fermi surface, respectively, involving a combination of several physical parameters.
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Figure 3 Impurity effects on energy dispersion near E;: above T.. ARPES intensity plots measured along the off-nodal cut above T, (7= 120 K) for a, pristine,
b, Zn-substituted and ¢, Ni-substituted Bi2212. d, Comparison of the three dispersions on an expanded scale. Arrows denote the experimental uncertainty around 50 meV

binding energy in determining the MDC peak position (0.003 A-").

the kink in the antinodal region and the mode suppressed by the
impurity strongly couples with electrons near (7,0).

Figure 3 shows ARPES intensity plots measured at the
off-nodal cut above T. (T = 120 K) for pristine, Zn-substituted
and Ni-substituted Bi2212. We observed a leading-edge shift
of 4 meV below E; at 120 K for all the samples, indicative
of the opening of a pseudogap. This pseudogap disappears at
approximately 140 K. In Fig. 3, we find that the energy dispersion
of pristine and Ni-substituted Bi2212 is almost straight, whereas
that of Zn-substituted Bi2212 shows a small but detectable
kink at approximately 50 meV, as clearly seen in Fig. 3d. This
suggests that the coupling between electrons and the mode in the
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antinodal region, as seen in the superconducting state, survives
even above T, for Zn-substituted Bi2212 but not for pristine or
Ni-substituted Bi2212. This observation strongly suggests that the
electron—mode coupling in the antinodal region is very sensitive to
the characteristics of the impurities.

The element sensitivity of the antinodal kink is further
demonstrated in Fig. 4a, where the temperature dependence of
ReX (w)™ for the off-nodal cut in pristine, Zn-substituted and
Ni-substituted Bi2212 is plotted. The Re X (w)™* values of pristine
and Ni-substituted Bi2212 gradually decrease with increasing
temperature and almost vanish or saturate at their T.. In contrast,
the ReX (@)™ value of Zn-substituted Bi2212 does not show
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Figure 4 Comparison between electron self-energy from ARPES and spin susceptibility from INS experiments. a, Temperature dependence of Re.Z (w) in pristing®,
Zn-substituted and Ni-substituted Bi2212 determined by ARPES. Error bars denote the experimental uncertainty in determining the MDC peak position, involving a
combination of several physical parameters. b, Temperature dependence of the imaginary part of the spin susceptibility x” at @= Q = (7, ), the antiferromagnetic
wavevector, at the resonance energy measured by INS experiments for pristine, Zn-substituted and Ni-substituted YBCO'"'® (145 is the Bohr magneton).

such saturation, but decreases monotonically even after passing T..
This clear contrast suggests that the electron—-mode coupling is
affected differently by non-magnetic (Zn) and magnetic (Ni)
impurities. Remarkably, a similar difference between magnetic
and non-magnetic impurities has been reported in inelastic
neutron scattering (INS) experiments''®. Figure 4b shows the
temperature dependence of the imaginary part of the spin
susceptibility x” at the momentum transfer Q = (7, ) at the
resonance energy for pristine, Zn-substituted and Ni-substituted
YBa,Cu;0;_; (YBCO)'™. It is clear from the comparison between
Fig. 4a and b that both physical properties (ReX' (@)™ and x”)
show similar temperature and impurity dependences, such as a
decrease in magnitude on impurity substitution below T, and a
residual magnitude above T, only for the Zn-substituted sample.
This remarkable similarity between ARPES and INS demonstrates
that the kink in the antinodal region is produced by the coupling
between electrons and spin fluctuations. The good correspondence
between ReX' (@)™ and x” above T, for Zn-substituted samples
suggests that the spin excitations near Q = (7, ) play a dominant
role in characterizing the energy dispersion in the antinodal
region not only below T, but also above T.. The observed
impurity-sensitive change in the energy dispersion in the antinodal
region may not be explained by the B,, or longitudinal optical
phonon, because the substitution by only 1% impurities with
almost the same mass number (Zn or Ni to Cu) is expected to
hardly affect the lattice vibration, especially not for the oxygen
phonons. The clear difference in the temperature dependences of
non-magnetic (Zn) and magnetic (Ni) impurities is also difficult to
explain in terms of electron—phonon coupling.

METHODS

High-quality single crystals of pristine, Zn-substituted and Ni-substituted

Bi, Sr,CaCu, Oy 4 5 were grown by the travelling-solvent floating-zone method.
The content of Zn or Ni impurity was estimated to be 0.5-1.0% by
electron-probe microanalysis together with the decrease in the T of substituted
samples®. It is expected that Zn and Ni impurity atoms are substituted for Cu
atoms in the CuO, planes as shown in scanning tunnelling microscopy
experiments**?®, The T, values are 91 K for pristine samples and 80-85 K for
substituted samples. We have determined the hole concentration by precise
Fermi-surface mapping, and the volumes (electrons per unit cell) are estimated
to be 1.15, 1.16 and 1.15 for pristine, Zn-substituted and Ni-substituted Bi2212,
respectively, which correspond to a 5% variation in hole concentration in the
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three samples. If we try to attribute the weakening of the kink and the decrease
in T, to the change in hole concentration in Zn-substituted and Ni-substituted
Bi2212, the hole concentration should be changed by approximately 25% when
we assume a dome-shaped relationship between T, and hole concentration®.
Therefore, we conclude that the observed weakening of the kink is not due to
the doping effect.

High-resolution ARPES measurements were performed using
GAMMADATA-SCIENTA SES-200 and SES-2002 spectrometers with a
high-flux discharge lamp and a toroidal grating monochromator. We used the
He Ia resonance line (21.218 eV) to excite photoelectrons. The energy and
angular resolutions were set at 7-12 meV and 0.2°, respectively. The clean
sample surface for ARPES measurement was obtained by in situ cleaving of
crystals in an ultrahigh vacuum better than 7 x 10™!"! torr. The Fermi level of
the sample was referenced to that of a gold film evaporated on the
sample substrate.
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