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Coupling to a phononic mode in Bi,_,Pb Sr,CaCu,0yg, 5s: Angle-resolved photoemission
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The kink in the dispersion and the drop in the width observed by angle-resolved photoemission in the nodal
direction of the Brillouin zone of Bi,_,Pb,Sr,CaCu,0yg, s [(Pb)Bi2212] has attracted broad interest. Surpris-
ingly, optimally lead-doped (Pb)Bi2212 with 7->89 K and the shadow band have not been investigated so
far, although the origin of the kink and the drop is still under strong debate. In this context a resonant
magnetic-mode scenario and an electron-phonon coupling scenario have been discussed controversially. Here
we analyze the relevant differences between both scenarios and conclude that the kink and the drop are caused
by a coupling of the electronic system to a phononic mode at least in the nodal direction. It is found that
besides the dispersion and the drop in the width, also the peak height as a previously employed criterion can
be used to define the energy scale of the interaction, giving a previously unknown means for a precise and

consistent determination of the kink energy.
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I. INTRODUCTION

An important, but still open question is the coupling
mechanism which causes high-temperature superconductiv-
ity. To come closer to an answer concerning possible cou-
pling scenarios it is important to find excitations which are
due to an interaction of the electronic system with a collec-
tive mode and to search for its origin. If such a mode is
strong enough and correlates with other superconducting
properties, then it could also be responsible for the pairing in
high-temperature superconductivity. Therefore it is necessary
to compare a large number of different high-temperature su-
perconductors with the aim of finding common properties in
the electronic structure. Such a common property is the kink
in the dispersion of the main CuO-derived band in the nodal
direction of the Brillouin zone. This kink is due to the cou-
pling of the electrons to a collective mode and appears espe-
cially in Bi cuprates with n=1, n=2, and n=3 CuO, planes
per unit cell. The bilayer components Bi,_,Pb,Sr,CaCu,Og, s
[(Pb)Bi2212] and Bi2212 are the most frequently studied
ones of the Bi cuprates. The added lead suppresses the oth-
erwise appearing (~5 X 1) superstructure, making the elec-
tronic structure of (Pb)Bi2212 simpler than that of Bi2212.
Optimally lead-doped (Pb)Bi2212 with 7,>89 K has not
been investigated so far concerning the kink in the nodal
direction. Also the behavior of the shadow band regarding
the kink has not been considered up to now. Here we present
a study of the kink in the dispersion and the drop in the width
in the nodal direction of optimally doped (7,=93 K) and
slightly overdoped (7.=83 K and 7.=85 K) (Pb)Bi2212
samples by use of angle-resolved photoemission spec-
troscopy, where we not only consider the main, but also
the shadow band. Additionally an optimally La-doped
(Pb)Bi2201 sample (T,=40 K) was used for reference.

II. EXPERIMENTAL DETAILS

The high-quality samples used were grown out of a
nonstoichiometric melt and were characterized by energy
dispersive x-ray (EDX), ac-susceptibility, Laue diffraction,
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and low-energy electron diffraction (LEED) analyses. The
samples were investigated by use of angle-resolved photo-
emission spectroscopy at the Synchrotron Radiation Center
in Madison-Wisconsin. The measurements were done under
UHYV conditions with a Scienta SES2002 analyzer. A highest
angle resolution of 0.1° and energy resolution of AE
=12.5 meV have been achieved. The polarization of the ra-
diation was parallel to the entrance slit of the detector. All
measurements were done along the nodal direction, which
means that the polarization was parallel to I'X (or I'Y).

The high-temperature superconductivity of the Bi cu-
prates is associated with the two-dimensional CuO, planes,
from where the signal near E. originates. The photoemission
intensity for a quasi-two-dimensional system is given by

1(k, ) = Iy(k) f(@)A(k, ). (1)

Here k is the momentum parallel to the surface, w is the
energy of the initial state relative to the chemical potential, f
is the Fermi function, [, is proportional to the dipole matrix
element |M ;| due to Fermi’s golden rule, and A is the one-
particle spectral function. The experimental signal is a con-
volution of I(k, w) with the energy resolution and a sum over
the momentum window plus an additive (extrinsic) back-
ground coming from secondary electrons. The essential re-
sult in angle-resolved photoemission spectroscopy (ARPES)
studies is the spectral function A(E, ), which can be ex-

pressed by using the retarded Green’s function Gk, o) :
- 1 -
A(k,w) =——Im G(k,w)
v

1 2" (k, )|
o= -3 (ko) +[3" (o)
with self-energy 2 =3"+i2" and bare dispersion €. Further-
more, as can be seen by the generic expression for the spec-
tral function A(k, ) in Eq. (2) the peak position in an energy
distribution curve (EDC) is determined by 3’(k,®) as well
as 3"(k,w) because both terms are strongly energy depen-

2)
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dent. On the other hand, if the self-energy 2 is independent
of k normal to the Fermi surface (and the matrix elements are
a slowly varying function of k), then the corresponding mo-
mentum distribution curves (MDCs) are simple Lorentzians
centered at'

[w-3"(w)]
I

Ur

k=kp+ (3)
This is obtained by approximating €, = vp|(k—k7)| in Eq. (2).
v‘} represents the bare Fermi velocity normal to the Fermi
surface.?

The full width at half maximum (FWHM) of the photo-
emission peak in a momentum distribution curve reflects the
mean free path /*=1/Ak such that

ag= 20 (('f’ ol )

Up
Kordyuk et al.>* employ a self-consistent determination of
the real and imaginary parts of the spectral function with the
bare Fermi velocity as input. But from Egs. (2)—(4) it follows
that it is necessary to know v} or €, [e,=v}|(k—kp)| for k

near k (Ref. 2)] to get 3’ and/or 3" from a fit of the pho-
toemission spectrum. vg or €, cannot be obtained directly
from a photoemission spectrum. Nevertheless, the general
behavior of 3’ and X" is reflected in the dispersion and the
FWHM curves, as Egs. (3) and (4) show.

Generally the photoemission spectra, which are analyzed
here, were fitted as follows. First, the Fermi energy of a
sample was determined by fitting a spectrum of a thin gold
film evaporated on the sample. Then, for normalization each
spectrum was divided by such a spectrum of the sample cov-
ered with the gold film. The spectra were integrated over a
window of 4 meV at the energy axis and over a window of
0.28° at the angular axis. From a complete spectrum series
the momentum distribution curves are derived as a function
of energy. These curves were fitted with a Lorentzian as in-
dicated by Eq. (2). From the Lorentzian the peak height at
peak maximum, the k position of the peak maximum and the
FWHM were taken for further consideration.

III. RESULTS

Figure 1 shows typical momentum distribution curves, re-
corded in the nodal direction at a temperature of 20 K using
a photon energy of 22 eV. One can see the main band, which
crosses the Fermi surface near k=0.45 A~!, and the shadow
band, which crosses the Fermi surface near k=0.6 A~'.

Beside the kink in the dispersion of the main band also
the behavior of the shadow band concerning the kink will be
considered here. In a recent investigation of the dispersion of
the main and shadow bands of optimally doped Bi2201, un-
derdoped (Pb)Bi2212, and underdoped Bi2212, Koitzsch et
al.’ found that the dispersions of the main and shadow bands
show a similar behavior. The same has been found for the
FWHM regarding size and behavior. But this publication did
not treat the kink explicitly.

Fitting the spectra of optimally doped (Pb)Bi2212 as de-
scribed in the previous section the following results were
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FIG. 1. (Color online) Momentum distribution curves (MDCs)
of optimally doped (Pb)Bi2212 (sample 1) taken at 20 K with a
photon energy of 22 eV. (a) MDC at 20 meV binding energy con-
taining the main band and shadow band. (b) Measured direction of
the Brillouin zone. (c) MDC’s of main band and (d) shadow band.

obtained. Figure 2 shows the dispersion of the main (red
squares) and the shadow band (blue circles). A kink near
hw=60 meV is clearly visible in the dispersion of both
bands. In addition, both dispersions almost coincide, which
is to be expected if the shadow band is of structural origin as
Mans et al.® claim. Here we show that this is especially valid
for the kink in the dispersion in the nodal direction.

Moreover, it can be observed that besides the kink in the
dispersion, there is also a “kink in intensity” or more pre-
cisely a “kink in peak height.” Additional to the commonly
used criteria of dispersion and width, also the peak height
shall be discussed as an additional and alternative means to
define the energy position of the kink. Figure 3(a) shows a
plot of the MDC peak height of the main band at the maxi-
mum of the peak as a function of Aw=E—-Ep. One can
clearly see a sharp kink near 60 meV, which corresponds to
the position of the kink in the dispersion (see Fig. 2). Due to
the restricted statistics, a less sharp kink in peak height is
also visible in Fig. 3(b) for the shadow band.

The kink in peak height improves the ability to determine
the precise position of the kink. Knowledge of the precise
position of the kink is important to distinguish between the
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FIG. 2. (Color online) Dispersion of the main (red squares) and
the shadow band (blue circles) of optimally doped (Pb)Bi2212
(sample 1).

different possible coupling modes, which are located at very
similar energies (for details see Sec. IV). The kink in the
peak height can qualitatively be understood in connection
with a shift of spectral weight. Figure 4(a) shows the area
under the momentum distribution curves as a function of
hw=E—-Ey. For comparison the corresponding dispersion is
plotted in Fig. 4(b). In agreement with theoretical calcula-
tions, which predict a splitting of the band into two branches
at the energy of the coupling mode,” one can interpret the
minimum between w=30 meV and Zw=60 meV in Fig.
4(a) as the region of low spectral intensity between the two
split bands. This minimum and the kink in the peak height
indicate that the spectral weight is shifted to lower binding
energies and confirms the predicted two-branch behavior.

The interpretation of the FWHM curves, which are plot-
ted in Figs. 5(a) and 5(b), is less straightforward. Around 60
meV, where the kink in the dispersion and the kink in peak
height are situated, a drop occurs. The general line shape of
the FWHM curve is consistent with published results of
other (Pb)Bi2212 and Bi2212 samples (see, for example,
Refs. 2, 3, and 8-10). But there is no general agreement
about the determination of the position of the so-called “scat-
tering rate kink” in the literature. Kordyuk et al.’® usually
take the onset of the drop as the kink position, but then the
scattering rate kink in Ref. 3 is located around 7w
=100 meV and not at the same position as the kink in the
dispersion. Koitzsch et al.'® did not discuss the position of
the scattering rate kink. For nearly optimally doped
(Pb)Bi2212 (T,=89 K) they found a kink in dispersion
around Aw=60 meV and a drop in the scattering rate with
an onset near Aw=80 meV and an offset near fiw
=40 meV. Optimally doped (Pb)Bi2212 shows the same
behavior [see Figs. 2 and 5(a)]. This result implies that the
scattering rate kink is located at the half height between the
onset and offset of the drop. The drop can be explained as an
abrupt change of the mean free path [*~1/2" [see Eq. (4)]
at the energy of the kink in the dispersion and the kink in the
peak height.
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FIG. 3. (Color online) Intensity at peak maximum of the main
band (a) and of the shadow band (b) of optimally doped (Pb)Bi2212
(sample 1). The black dashed lines are guides to the eye.

From a comparison of the FWHM curves in Figs. 5(a) and
5(b) with the corresponding dispersion and peak height
curves (see Figs. 2 and 3), it can be concluded that the scat-
tering rate kink is located at the half height between the onset
and offset of the drop. So “drop” instead of “kink™ charac-
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FIG. 4. (Color online) (a) Area under the momentum distribu-
tion curves of optimally doped (Pb)Bi2212 (sample 1) showing a
minimum between Aw=30 meV and Aw=60 meV. (b) Disper-
sion of the main band of optimally doped (Pb)Bi2212 (sample 1).
The black lines are guides to the eye.
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FIG. 5. (Color online) FWHM of optimally doped (Pb)Bi2212
(sample 1) of the main band (a) and of the shadow band (b). The
black dashed lines are guides to the eye.

terizes more precisely the phenomenon observed here.

Also, the general line shapes of the FWHM curves of the
main and shadow bands behave similarly, although a kink is
hardly visible in Fig. 5(b) due to the restricted statistics.
Although there are small deviations, the FWHM near E are
the same in both bands, as also found in Refs. 5 and 6, but
increase for higher binding energies.

Analogous results were obtained for the (Pb)Bi2201
sample, although the features appear less pronounced. This is
shown in Fig. 6 where the kink in the dispersion, the kink in
the peak height, and the drop in the FWHM of the main band
appear near fiw=060 meV.

Table I shows the different samples studied, their transi-
tion temperature and Pb content, the number of analyzed
spectrum series, and the obtained kink energy. No general
trend for a scaling of the kink energy with 7. is observable.
The averaged position of the kink, taking into account all
analyzed spectra of (Pb)Bi2212 samples, is at Aoy
=(64*+6) meV.

Measurements at different temperatures between 20 K and
120 K were performed at an slightly overdoped (Pb)Bi2212
sample (T,=83 K, sample 3) using a photon energy of 22
eV. In agreement with former published literature the kink in
the dispersion persists at least up to 7=120 K and sharpens
with decreasing temperature.>® The drop in the width van-
ishes between 100 K and 120 K and is presumably related to
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FIG. 6. (Color online) (a) Dispersion, (b) peak height, and (c)
FWHM of the main band of optimally doped (Pb)Bi2201 (sample
4). Red squares: data. Black dashed line: guide to the eye.

the pseudogap temperature 7* and not 7. In Fig. 7 the peak
height at peak maximum is plotted for different tempera-
tures. A closer look shows that the kink in the peak height
around 65 meV gradually vanishes with increasing tempera-
ture and also disappears almost at 120 K. This indicates that
the appearance of the kink is not connected with 7., but
presumably with 7™

IV. DISCUSSION

A coupling of the electronic system to a collective mode
generally appears in photoemission data as a kink in the
dispersion, a kink in the peak height, and a drop in the width.
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TABLE 1. The measured three different (Pb)Bi2212 samples 1-3 and (Pb)Bi2201 sample 4, their 7.,
doping level, Pb content x, the number of analyzed spectrum series, and the kink energy fiwy;yy-

Number of
Sample T. [K] Doping X spectrum series frwyin [meV]
1 93 opt. (0,) 0.28 3 58+ 6
2 85 overd. (O,) 0.27 1 69+5
3 83 overd. (O,) 0.27 6 65*+5
4 40 opt. (La) 0.43 1 60+ 8

If one compares these three features as criteria for a deter-
mination of the mode energy, then one has to realize that the
kink in the peak height allows a very precise determination
while the drop in the width is an unsure indicator (see espe-
cially Fig. 6). Together with the kink in the dispersion the
kink in the peak height is a strong criterion for the determi-
nation of the energy where an interaction with a collective
mode takes place. Since the angular scans only cover a very
limited angular range, we expect the matrix element varia-
tions to be of minor importance for the peak height criterion.

Provided that the kink energy is a manifestation of the
most prominent interaction of the electronic degrees of free-
dom with a boson, we concentrate on its discussion. At the
present time two different coupling mechanisms are contro-
versially discussed in the literature. The first one is based on
the resonant magnetic-mode scenario and the second one on
the electron-phonon coupling scenario. Two reasons compli-
cate a decision between these two. First, the general mani-
festation of a coupling mode in ARPES spectra without fur-
ther information does not allow one to decide between a
phononic or a magnetic mode. In both cases the spectra
would show a kink in the dispersion. Second, for Bi cuprates
the magnetic and phononic modes are incompletely investi-
gated.
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FIG. 7. (Color online) Intensity at peak maximum for different
temperatures of slightly overdoped (Pb)Bi2212 (sample 3).

Magnetic resonance modes can generally be observed in
inelastic neutron scattering (INS). But there are no published
results of measurements on (Pb)Bi2212 and only a few on
Bi2212 because the crystals typically grow as thin plates
with a volume much too small for INS. The magnetic exci-
tations in Bi2212 (Refs. 11 and 12) were observed at ener-
gies around E =40 meV scaling with 7.. A remnant of
these modes persisted far into the pseudogap state. Further, a
comparison of the results obtained from Bi2212 with those
from YBa,Cu;0q,, shows that the energy of the magnetic
resonance mode scales with 7, in both the underdoped and
overdoped regimes.'>!> Recently an additional magnetic
mode was observed in YBa,Cu;0q,, at E,. =57 meV.!*

Also phononic modes can be measured by INS. For the
above-mentioned reasons there are no publications concern-
ing (Pb)Bi2212 or Bi2212. But in YBa,Cu;0g,, phononic
modes were observed at E =55 meV and E =75 meV
independent of 7.1

There are a lot of arguments in favor of both scenarios. So
it is necessary to search for the differences between the two.
First, it has to be realized that for both, the coupling to a
photonic and to a bosonic mode, kinks in the photoemission
spectra are expected at similar energies between 40 meV and
75 meV and persist presumably up to 7*. The main differ-
ence is the observation that the energy of the magnetic reso-
nance mode scales with 7. in contrast to the energy of the
phononic modes. This means for ARPES measurements that
the difference between magnetic and phononic coupling is
the scaling of the kink energy with T in the magnetic case in
contradiction to phononic coupling. The kink energies of the
different samples are listed in Table I. For the three measured
(Pb)Bi2212 samples no scaling of the kink energy with T, is
observed. Also former published measurements (see, for ex-
ample, Refs. 8, 3, 10, and 16), covering a wide doping range
did not show a dependence of the kink energy on T.. This
result argues against a coupling to the magnetic resonance
mode. Furthermore it is consistent with results of photoemis-
sion measurements on La,_ Sr,CuO, (LSCO) in the nodal
direction, where also no dependence of the kink energy on
doping was found for a wide doping range.'” Additionally
the nodal kink in the dispersion is independent of the number
of CuO, layers in the unit cell.'® This means that the energy
of the kink is independent of T, which is also an argument in
favor of a phononic coupling as well as the fact that the kink
in dispersion in the nodal direction persists even above T™.

The scenario of a coupling to a resonant magnetic mode
as claimed previously by some authors based on photoemis-
sion data evaluation>>° is therefore not supported by our
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results. But besides ours, also a number of other observations
are in favor of the phononic-mode-coupling scenario. Lan-
zara et al.'® found that the kink energy is ubiquitous: it oc-
curs independently of the gap energy on the same energy
scale for differently and even overdoped samples of various
high-T, families and even in LSCO. LSCO is known to pos-
sess no clear magnetic mode at all. The magnetic-mode en-
ergy for the other high-T, cuprates scales with doping.'® Re-
cently even several bosonic modes have been identified in
the electron self energy of underdoped LSCO by high-
resolution ARPES.?° The multiple features show marked dif-
ferences from the magnetic excitation spectra measured in
LSCO which are mostly featureless. They resemble more the
phonon density of states from neutron measurements.

V. SUMMARY

Along the nodal direction all samples, especially the op-
timally doped samples, showed a kink in the dispersion of
the main band. Around the position of the kink in the disper-
sion curve at fiwy,=(64=6) meV appeared a drop in the
FWHM curve. This means that above fiw, the electronic
system couples very effectively to a collective mode and is
therefore strongly damped. Additionally, we found a kink in
the peak height. This kink in the peak height appeared at the
same position as the kink in the dispersion and the drop in
the width and allows a more precise determination of the
kink position. It can be explained as an indicator of a shift of
the spectral weight to lower binding energies.

The shadow band behaved analogously concerning the
kink in the dispersion curve and the drop in the FHWM

PHYSICAL REVIEW B 77, 054520 (2008)

curve. Because the intensity of the shadow band is much
lower than the intensity of the main band, it was not possible
to determine a kink in the peak height also for the shadow
band.

In agreement with former published literature the kink in
dispersion appears independently of temperature and only
sharpens at lower temperature. The drop in the FWHM
curves persists at temperatures higher than 7', but disappears
near T*. The latter is also valid for the kink in peak height,
which shows that the observed kink in the peak height is
closely connected with the kink in the dispersion and the
drop in the width.

Possible reasons for the kink in the peak height, the kink
in the dispersion, and the drop in the width are coupling to a
magnetic or to a phononic mode. The main difference be-
tween these two scenarios is the scaling of the magnetic-
mode energy with 7. But such a scaling of the energy of the
kink could not be observed here and is also not in the pub-
lished literature. Therefore it is very likely that phononic
coupling is responsible at least for the kink in the nodal
direction.
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