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Abstract

We performed Raman spectroscopy on two different over-doped BizSr.CaCu20s+x (BSCCO), of which superconducting
transition temperatures are 89 K and 77 K. Line-shape analysis of the Raman-spectrum was done, focused on Big bond buckling
mode which have drawn a lot of attention, since photoemission studies showed an evidence for strong coupling between the mode
and electron. The line-shapes show asymmetry and are well fitted by the Fano line-shape formula. Remarkably, we found that the
peak line-widths from Big bond buckling mode in BSCCO show much broader than those in YBa2Cu3O7—x. The broad line width
can be attributed to the superstructure modulation of BSCCO. Our results imply that Big bond buckling mode may have close
relation to the origin of superconductivity or to boosting the superconducting transition temperature in BSCCO.
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1. INTRODUCTION

It has been pursued for a long time to reveal the origin of
high temperature superconductivity (HTS) since the
discovery of HTS in La,xBaxCuOs [1]. People realized
from the unusual isotope effects in HTS that the HTS is not
a conventional superconductivity in which phonon
mediates the Cooper pairs [2]. Spin fluctuations, charge
density fluctuations as the possible candidates replacing
phonons in the BCS theory for mediating the Cooper pairs
have been also intensively studied [3, 4].

In 2004, the Byy bond-buckling phonon in
Bi,Sr,CaCu,0g:+x (BSCCO) drew a lot of attention, since
angle resolved photoemission spectroscopy (ARPES) show
strong electronic band dispersion anomaly at about 40 meV
binding energy in BSCCO [5], and this was interpreted as
an evidence for coupling between the Big bond-buckling
phonon and electron [6]. The Biy bond-buckling phonon
has been also recently proposed to play a crucial role in
origin of HTS along with the electron-electron correlation
from the ARPES studies of over-doped BSCCO [7]. They
found that electronic band dispersion anomaly at about 40
meV binding energy is rapidly reduced as superconducting
transition temperature rapidly decreases in over-doped
region [7]. It is desired to measure doping dependent
phonon spectrum in over-doped BSCCO, in order to
investigate  coupling strength  between the By
bond-buckling phonon and electron from phonon as well.
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Raman spectroscopy is a powerful tool to measure the
B14 bond-buckling phonon of cuprate HTSs [8]. While the
B1g bond-buckling phonon in YBa;CuzO07-« (YBCO) has
been intensively studied by Raman spectroscopy [9, 10],
that of BSCCO has not been much studied, especially for
doping dependence in over-doped region. In this article, we
report doping dependent Raman spectroscopy in
over-doped BSCCO. The line-width of Raman peak from
the Byg bond-buckling phonon shows very broad. The
broad line width can be attributed to the superstructure
modulation of BSCCO. The implication for origin of HTS
in BSCCO is discussed.

2. EXPERIMENTAL DETAILS

High quality BSCCO single crystals were synthesized by
the floating zone method. Hole doping concentration of
BSCCO can be controlled by post-annealing process. We
prepared two different hole doped BSCCO through
different conditions of post-annealing process. One is
slightly over-doped BSCCO (OD89) of which transition
temperature (T¢) is 89 K. The other is moderately
over-doped BSCCO (OD77) of which T is 77 K. Here, T¢
is defined as the temperature showing the half of saturated
diamagnetic susceptibility (inset of Fig. 1 bottom).

High resolution and low energy cut-off Raman has been
performed on two different doping concentrated BSCCO
and YBCO as well for comparison. Temperature of the
samples inside optical cryostat was varied from room
temperature down to about 68 K by liquid nitrogen cooling.
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3. RESUTS AND DISCUSSION
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Fig. 1. Temperature dependent Raman spectrum for
slightly over-doped BSCCO (OD89) and moderately
over-doped BSCCO (OD77). The inset of the top figure
indicates the polarization of incident light (ei) and scattered
light (es). Blue and red balls indicate copper and oxygen
atoms on copper oxide plane of BSCCO, respectively. This
combination of light polarizations is for Big symmetry
excitations in BSCCO. The inset of the bottom figure is
magnetic susceptibility as a function of temperature
showing the Meissner effect and superconducting transition
temperatures (vertical dashed lines) of OD89 and OD77.

Fig. 1 shows the temperature dependent Raman
spectrum. Polarizations of incident and scattering lights are
perpendicular to each other and the polarization of incident
light is 45 degree about the copper-oxygen bonding
direction (inset of Fig. 1 top). This combination of light

polarizations is for the B1g symmetry excitations in BSCCO.

Raman spectrum from both OD89 and OD77 show at least
two sharp peaks at about 100 cm™ and at about 280 cm™.
The peak at about 280 cm™ shows stronger intensity and
broader than the other at about 100 cm™* and is from the Big
bond-buckling phonon [11]. The clearest character of
temperature evolution of Raman spectrum is from broad
background signal originating from electronic Raman
process. Backgrounds of the highest temperature data is
rather flat, but backgrounds of the lowest temperature data
(68 K for OD89 and 66 K for OD77) show very different,
and are less at small Raman shift and more at large Raman
shift. This kind of characteristic evolution is due to the

formation of the d-wave superconducting gap at below T,
in BSCCO [11]. The electronic Raman intensities are
enhanced at the energy of about superconducting gap size,
2A, and are suppressed below the energy. Therefore, 2A of
0D89 and OD77 should be about 500 cm™ and 300 cm?,
respectively.

Raman spectrum for the B14 bond-buckling phonon will
be focused as shown in Fig. 2, since motivation of Raman
study is to investigate the coupling strength between the Byg
bond-buckling phonon and electron. The peaks clearly
show asymmetry and fit well to the Fano-line formula,
which reads,

o=
1+ ()]

There are three parameters, Q, I'and q, which are directly
related to peak position, line width and asymmetry,
respectively. The larger absolute value of the inverse
number of g shows the more symmetric line-shape. The
Fano-line functions fitting to the data are shown together
with the Raman spectrum in Fig. 2 (c) and (d). The
parameter values, which produce the Fano-line functions,
are also shown in the figure. The asymmetric line-shape can
originate from the coupling to the continuum states such as
electronic continuum [12]. Line width, T", is proportional to
the scattering rate of the mode. Line width should be bigger
with stronger coupling to electron.
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Fig. 2. Temperature dependent Raman spectrum in smaller
range of Raman shift focusing on the peak of the Bag
bond-buckling phonon for OD89 (a) and for OD77 (b). Red
lines indicate the background. (c) and (d) are Raman
spectrum with the Fano line formula fitting to the spectrum.
Vertical dashed lines indicate the peak positions.
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Fig. 3. Three fitting parameter values of the Fano-line
function, Q, I' and —g* as a function of temperature. The
vertical dashed lines indicate the T¢s for OD89 and OD77.

Three fitting values for the Raman peaks for the Byg
bond-buckling phonon are shown in Fig. 3. Peak positions
and line widths of OD89 and OD77 are similar to each
other above about 100 K. However, temperature
dependences between two become very different bellow
about 100 K. Line-widths of OD77 become bigger, while
those of OD89 rather become smaller as decreasing
temperature below about 100 K. Peak positions of OD77
become lower, while those of OD89 rather become higher
as decreasing temperature below about 100 K. This
different behavior is probably due to the different
superconducting gap size (2A) between two. The energy of
the B1g bond-buckling phonon is well below 2A for OD89
and is similar to 2A for OD77.

Line-shape analysis indicates that there may be finite
coupling between the Big bond-buckling phonon and
electron, since the line-shape show asymmetry and broad
line-width. Please note in Fig. 1 that the peak from the By
bond-buckling phonon at about 280 cm™ is much broader
than the other peak at about 100 cm™. However, the
line-widths are remarkably similar regardless of doping
concentrations above 100 K, although the line-widths are
expected to be much smaller in OD77 than in OD89, since
ARPES study reported that the coupling between the
phonon and electron becomes much smaller in OD77L,
One may consider the other origin dominantly contributing
to the broad line-width in BSCCO regardless of doping
concentration.

Superstructure modulation in BSCCO, which may
originate from the lattice mismatch between copper oxide
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Fig. 4. Raman spectrum of BSCCO (OD77) and YBCO at
room temperature showing the peak by the By
bond-buckling phonon. The bottom and top horizontal axes
are for BSCCO and YBCO, respectively.

layer and bismuth oxide layer in BSCCO, has been known
for a long time [13, 14]. Scanning tunneling spectroscopy
(STS) study revealed that superconducting gap size is also
spatially modulated along with the superstructure
modulation in BSCCO [15]. One can imagine that the
superstructure modulation causes many different mode
energies of the Big bond-buckling phonon and in turn
produce broad line-shape. We can notice that the line-shape
from the Big bond-buckling phonon in YBCO, which has
no superstructure modulation, shows much sharper (Fig. 4).

Our results provide a possible experimental evidence
that the Byy bond-buckling phonon has local nature by
superstructure modulation in BSCCO and its mode energy
is sensitive to local position inside the unit cell of the
superstructure. STS results also show that superconducting
gap locally varies inside the unit cell of the superstructure.
Therefore, our results imply that the Big bond-buckling
phonon is a possible candidate responsible to the local
variation of superconducting gap and the By
bond-buckling phonon may play important role in BSCCO.

ACKNOWLEDGMENT

This work was supported by the Incheon National
University Research Grant in 2016.

REFERENCES

[1] J. G.Bednorzand K. A. Milller, “Possible highTc superconductivity
in the Ba-La-Cu-O system,” Zeitschrift fir physik B Condensed
Matter, vol. 64, pp. 189-193, 1986.

[2] K. Alex Mdller, “On the oxygen isotope effect and apex
anharmonicity in high-Tc cuprates,” Zeitschrift fiir Physik B
Condensed Matter, vol. 80, pp 193-201, 1990.

[31 A. Abanov, Andrey V. Chubukov, and J. Schmalian,
“Quantum-critical theory of the spin-fermion model and its
application to cuprates:Normal state analysis,” Advances in physics,
vol. 52, pp. 119-218, 2003.



12

[4]

[5]

[6]

[71

(8]
[9]

[10]

Line-shape analysis of the Raman-spectrum from Big bond buckling phonon in Bi2Sr2CaCu20s-+x

P. Monthoux, D. Pines, and G. G. Lonzarich, “Superconductaivity
without phonons,” Nature, vol. 450, pp. 1177-1183, 2007.

T. Cuk, F. Baumbergerm, D. H. Lu, N. Ingle, X. J. Zhou, H. Eisaki,
N. Kaneko, Z. Hussain et al., “Coupling of the Blg Phonon to the
Antinodal Electronic States of Bi2Sr2Cao.02Y0.0sCu20s+5,” Physical
Review Letters, vol. 93, pp. 117003, 2004.

T. P. Devereaux, T. Cuk, Z. -X, Shen, and N. Nagaosa, “Anisotropic
Electron-phonon Interaction in the Cuprates,” Physical Review
Letters, vol. 93, pp. 117004, 2004.

Y. He, M. Hashimoto, D. Song, S. -D Chen, J. He, et al., “Rapid
change of superconductivity and electron-phonon coupling through
critical doping in Bi-2212,” Science, vol. 632, pp. 62-65, 2018.
Thomas P. Devereaux and Rudi Hackl, “Inelastic light scattering
from correlated electrons,” Rev. Mod. Phys., vol. 79, pp. 175, 2007.
M. Limonov, D. Shantesv, and S. Tajima, “Zn doping effect on the
superconducting gap in YBaz2CusOr-s: Raman study,” Phy. Rev. B,
vol. 65, pp. 024515, 2001.

M. Le Tacon, A. Sacuto, Y. Gallais, D. Colson, and A. Forget,
“Investigations of the relationship between Tc and the
superconducting gap under magnetic and nonmagnetic impurity
substitutions in YBa2CusOr-s ,”  Phys. Rev. B, vol. 76, pp. 144505,
2007.

[11]

[12]

[13]

[14]

[15]

S. Benhabib, A. Sacuto, M. Civelli, I. Paul, et al., “Collapse of the
Normal-State Pseudogap at a Lifshitz Transition in the
Bi2Sr2CaCu20s+s Cuprate Superconductor,” Phys. Rev. Lett., vol.
144, pp. 147001, 2015.

U. Fano, “Effetcts of Configuration Interaction on Intensities and
Phase Shifts,” Physical Review, vol. 124, pp. 6, 1961.

A. A. Levin, Yu. I. Smolin, and Yu. F. Shepelev, “Causes of
modulation and hole conductivity of the high-Tc superconductor
Bi2Sr2CaCu20s+x according to x-ray single-crystal data,” J. Phys.:
Condens. Matter, vol. 6, pp. 3539-35551, 1994.

Y. He, S. Graser, P. J. Hischfeld, and H. -P. Cheng,
“Supermodulation in the atomic structure of the superconductor
Bi2Sr2CaCu20s+x from ab initio calculations,” Phys. Rev. B, vol. 77,
pp. 220507@ , 2008.

J. A. Slezak, Jinho Lee, M. Wang, K. McElroy, K. Fujita, B. M.
Andersen, et al., “Imaging the impact on cuprate superconductivity
of varying the interatomic distances within individual crystal unit
cells,” PNAS, vol. 105, pp. 3203-3208, 2008.



