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Carrier-density-dependent momentum shift of the coherent peak and the LO phonon
mode in p-type high-Tc superconductors

S. Sugai, H. Suzuki, Y. Takayanagi, T. Hosokawa, and N. Hayamizu
Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan

~Received 6 January 2003; revised manuscript received 21 May 2003; published 6 November 2003!

Systematic Raman scattering experiments were carried out inp-type superconductors YBCO, LSCO,
Bi2212, and Bi2201. The superconducting coherent~pair-breaking! peak is anisotropic ink space not only in
energy but also in existence itself. The position of the coherent peak ink space changes generally from
(p/2,p/2) to (p,0), ascarrier density increases, in correlation with the change of the low-energy electronic
density of states. However, the change of the coherent peak ink space is more rapid than that of the electronic
density of states, which suggests the existence of an additional pair-enhancing and pair-breaking mechanism.
We found from two-phonon Raman scattering that the phonon mode with the strongest electron-phonon
interactions changes from the breathing mode at (p,p) to the half-breathing mode at (p,0) in good correlation
with the change of the coherent peak. It suggests that electron-phonon interactions play an important role to
generate the superconductivity in the limited region ofk space, even if magnetic interactions are the main
origin of the superconductivity.

DOI: 10.1103/PhysRevB.68.184504 PACS number~s!: 74.72.Bk, 74.72.Dn, 74.72.Hs, 74.25.Kc
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I. INTRODUCTION

The pairing symmetry is one of the most intriguing pro
lems for the mechanism of high-Tc superconductivity.
Many experiments supportd(x22y2) symmetry, which is
expected from the magnetic interaction-mediated superc
ductivity mechanism. The direct observation of t
k-dependent gap energy was obtained from angle-reso
photoemission spectroscopy ~ARPES! in Bi2212
(Bi2Sr2Ca12xYxCu2O81d).1 Phase-sensitive experiments
p-superconducting quantum interference device,2 tricrystal
ring3 in near-optimally-doped YBCO (YBa2Cu3Oy) support
the d(x22y2) pairing. Raman scattering can also determ
the pairing symmetry, because theB1g and B2g electronic
Raman spectra are attributed to electronic excitations aro
(p,0) and (p/2,p/2), respectively.4,5 The typical gap struc-
ture is composed of a valley aroundv50 and a coheren
peak ~pair-breaking peak!.4–20 The gap energy along~0,0!-
(p,0) is the largest and that along~0,0!-(p,p) is zero for
the d(x22y2) pairing. Therefore theB1g coherent peak ap
pears near the maximum pair-breaking energyv52D ~gap
energy!, while theB2g coherent peak appears at low ener
around the node direction. In optimally doped~OP! Bi2212,
LSCO (La22xSrxCuO4), and Tl2201 (Ta2Ba2CuO61d) both
B1g and B2g coherent peaks were observed.4,9–11,19,20The
results that theB1g peak energies are larger than theB2g peak
energies are considered to support thed(x22y2) pairing.

The above ideal response for thed(x22y2) superconduc-
tivity is strongly modified in the underdoped~UD! region.
TheB2g coherent peak is observed in the underdoped reg
of YBCO and LSCO, but theB1g coherent peak is no
observed.12,15,17,18 In Bi2212 the smallB1g coherent peak
coexists even at underdoping, although the intensity is sm
It increases rapidly above the optimum doping, while t
intensity of theB2g coherent peak does not change so mu
from underdoping to overdoping.10,16,19,20It has been pointed
out that the coherent peak symmetry is related to the l
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energy scattering intensity reflecting the electronic density
states near the Fermi energy (EF).

12,15,17,18 However, the
quantitative correlation is still controversial.

In order to clarify the correlation as common properties
high-Tc superconductors, systematic Raman-scattering
periments in many materials are requested. We carried
Raman-scattering experiments in YBCO, LSCO, Bi221
and Bi2201@Bi2Sr22xLaxCuO61d from the underdoped to
the optimally doped region and Bi1.74Pb0.38Sr1.88CuO61d in
the overdoped~OD! region# from the insulating phases to th
overdoped phases. We found that the crossover of the co
ent peak is not fully interpreted by the crossover of the lo
energy density of states, because the change of the coh
peak is more rapid than the change of the low-energy s
tering intensity. Furthermore, we found that the mode of
strongest two-phonon peak changes fromS1 mode at (p,p)
to the D1 mode at (p,0) on the same longitudinal-optica
~LO! phonon branch as carrier density increases. The g
coincidence of the crossover carrier density and the cro
over speed between the coherent peak and the phonon m
suggests that the electron-phonon interactions contribut
generate the superconducting states.

II. EXPERIMENT

Single crystals of YBCO were synthesized by
flux method utilizing Y2O3 crucibles. The obtained singl
crystals were sealed in quartz tubes with ceramics quenc
from various temperatures and annealed at the same tem
tures. The oxygen concentration was determin
from the quenched temperature.21 The amounts of oxygen
and quenched temperatures are y56.2
(930 °C), 6.33 (800 °C), 6.46 (700 °C), 6.54 (650 °C
6.63 (600 °C), 6.68~575 °C!, 6.83 ~500 °C!, 6.91 ~400 °C!.
Single crystals of LSCO, Bi2212, and Bi2201 were synth
sized by a traveling-solvent-floating-zone method utilizi
infrared radiation furnaces~Crystal system, FZ-T-4000! ex-
cept for antiferromagnetic insulating~AFI! Bi2212 that was
©2003 The American Physical Society04-1
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TABLE I. Single crystals used in this experiment.

Compound Doping Holes/Cu Tc Initial composition Annealing condition

Bi2Sr2Ca0.5Y0.5Cu2O81d AFIa ;0.01 531025 mmHg at 550 °C
Bi2Sr2Ca0.8Y0.2Cu2O81d UDb 0.11 76 K Bi2.1Sr1.9Ca0.8Y0.2Cu2O81d 131023 mmHg at 550 °C
Bi2Sr2Ca0.8Y0.2Cu2O81d UD 0.13 86 K Bi2.1Sr1.9Ca0.8Y0.2Cu2O81d O2 gas at 1 atm and 450 °C
Bi2Sr2Ca0.9Y0.1Cu2O81d OPc 0.16 93 K Bi2.1Sr1.9Ca0.9Y0.1Cu2O81d O2 gas at 1 atm and 450 °C
Bi2Sr2CaCu2O81d ODd 0.20 82 K Bi2.1Sr1.8CaCu2O81d O2 gas at 1 atm and 450 °C
Bi2SrLaCuO61d AFI ;0.02 Bi2SrLaCuO61d 531025 mmHg at 550 °C
Bi2Sr1.2La0.8CuO61d UD 0.067 9 K Bi2Sr1.2La0.8CuO61d O2 gas at 1 atm and 450 °C
Bi2Sr1.3La0.7CuO61d UD 0.093 23 K Bi2Sr1.3La0.7CuO61d O2 gas at 1 atm and 450 °C
Bi2Sr1.5La0.5CuO61d OP 0.16 32 K Bi2Sr1.5La0.5CuO61d O2 gas at 1 atm and 450 °C
Bi1.74Pb0.38Sr1.88CuO61d OD 0.23 21 K Bi1.74Pb0.38Sr1.88CuO61d 531025 mmHg at 550 °C
Bi1.74Pb0.38Sr1.88CuO61d NSMe 0.28 Bi1.74Pb0.38Sr1.88CuO61d O2 gas at 1 atm and 450 °C

aAFI: antiferromagnetic insulator.
bUD: underdoped superconductor.
cOP: optimally doped superconductor.
dOD: overdoped superconductor.
eNSM: no superconducting metal.
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synthesized by a flux method. The La2CuO4 crystal was an-
nealed in 1 mmHg oxygen gas at 900 °C for 12 h. The N´el
temperatureTN is 293 K. The LSCO crystals ofx50.2 and
0.25 were annealed in oxygen gas under ambient pressu
600 °C for 7 days. The annealing conditions for five Bi22
crystals and six Bi2201 crystals are listed in Table I. TheTc
was determined by electric resistivity. The widths of 10%
90% transitions are less than about 2 K indicating good crys-
tals. The carrier densityp in YBCO, Bi2212, and Bi2201was
determined by the empirical equation22

Tc /Tc,max51282.6~p20.16!2, ~2.1!

whereTc,max is the highestTc in each series of the prese
experiment. In case of YBCOy56.46, 6.54, 6.63, 6.68
6.83, and 6.91 correspond top50.062, 0.081, 0.099, 0.11
0.14, and 0.16, respectively. The carrier densityp in LSCO is
equal tox. The Raman spectra change according to the
rier density determined in this way.

Raman spectra were measured on fresh cleaved sur
in a quasibackscattering configuration utilizing a 5145-Å
ion laser, a triple monochromator, and a charge-coupled
vice detector. The laser power was 5 or 10 mW for the m
surement of low-energy spectra from 15 to 2000 cm21 and
20 mW for the wide-energy spectra from 15 to 7000 cm21.
The laser light was focused into an oval spot 503500 mm2

on the sample surface. The increase of temperature was
than about 2 K at 5 K for 10 mW,when it was estimated
from the comparison of low-energy spectra at 5 K and 20 K
with various excitation power 20, 10, 5, and 2 mW. T
wide-energy spectra were obtained by shifting the cen
wave number of the spectrometer. The obtained spectra w
corrected for the efficiency of the spectroscopic system
lizing a standard lamp to keep the constant response for
light power. Any artificial subtraction of the background w
not done. Many spectra were measured twice in differ
crystals. Raman spectra were observed in four polariza
configurations (Ei ,Es)5(a,a), (a,b), (x,x), and (x,y),
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whereEi and Es are the polarizations of incident and sca
tered light,a and b are parallel to the Cu-O-Cu directions
andx andy are directions rotated by 45° froma andb axes
in the ab plane. The Raman active symmetries areA1g

1B1g, B2g, A1g1B2g, B1g for (a,a), (a,b), (x,x), and
(x,y) polarization configurations, respectively. These spec
were measured on the same surface of a crystal. The (a,a)
and (a,b) spectra were measured on the exactly same p
tion. Similarly the (x,x) and (x,y) spectra were measured o
the exactly same position.

Raman spectra can be presented in two kinds of for
one is the originally observed spectra and the other is
Raman susceptibilityx which is obtained by dividing the
original spectra byn(v,T)11, wheren(v,T) is the Bose-
Einstein statistical factor. For usual electronic excitations
temperature dependence at low energies is smaller inx than
in the original spectra, but in the marginal Fermi liquid23 it is
smaller in the original spectra. In the marginal Fermi liquidx
is approximately proportional tov/T at 0,\v,kBT and
constant above it. This temperature dependence makes
original spectra nearly independent of temperature. E
tronic excitations in high-Tc superconductors show the ma
ginal Fermi-liquid behavior in the large area of the mome
tum and carrier-density space.24,25 In many cases the origina
Raman spectra are less temperature-dependent thanx at low
energies in the normal phase. Another reason that we pr
the original spectra is that what we want to see is the e
tronic density of states nearEF . The intensity inx always
approaches zero belowkBT as the energy goes to zero, eve
if the electronic density of states is constant nearEF . It
makes difficult to observe the low-energy excitations. On
other hand, the original spectra have no such property
make it easy to estimate the density of states nearEF . There-
fore we present the original spectra in the following. The g
energies determined from both methods are almost the sa
because the gap energies are larger thankBTc .
4-2
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FIG. 1. ~Color! B1g andB2g Raman spectra in
YBCO at 5 K and just aboveTc ~60 K for y
<6.63 and 100 K fory>6.68).
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Infrared-ultraviolet reflection spectra were measured b
Fourier-transform infrared spectrometer~Bomem DA8! and
a grating spectrometer.

III. SUPERCONDUCTING COHERENT PEAK,
LOW-ENERGY SCATTERING INTENSITY, AND THE

TWO-MAGNON PEAK

Raman spectra of YBCO contain extrinsic phonon pe
relating to chains in the reconstructed surface layer on
cleaved surface.26,27Those peaks can be bleached by the
posure of laser light at 20 K. Raman spectra were meas
on the warming process after almost complete bleaching,
above 200 K those peaks appear again. Figure 1 shows
B1g andB2g Raman spectra in YBCO at the superconduct
states~5 K! and thenormal states~60 K for y<6.63 and 100
K for y>6.68). In theB2g spectra the typical gap structure
observed aty56.46 and 6.54. The scattering intensity belo
120 cm21 at 5 K is smaller than that at 60 K and the inte
18450
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sity around 250 cm21 at 5 K is larger than that at 60 K. Th
increase of the scattering intensity around 250 cm21 is due
to the formation of the superconducting coherent peak. In
B1g spectra the typical gap structure is observed aty56.83
and 6.91. The intensity below 360 cm21 at 5 K is smaller
than that at 100 K and the intensity around 600 cm21 at 5 K
is larger than that at 100 K by the formation of the coher
peak. The coherent peak was not observed aboveTc .

In order to show clearly the change of electronic scatt
ing induced by the superconducting transition, the differe
tial spectra between the superconducting states and the
mal states are shown in Fig. 2. The phonon structure is
completely subtracted for large peaks at 334, 506,
582 cm21 (y56.91) in theB1g spectra. As carrier density
increases, the coherent peak appears at 228 cm21 in the B2g
spectra aty56.46 and the intensity increases aty56.54, but
the coherent peak is not observed in theB1g spectra in these
carrier densities. The coherent peak decreases in theB2g
spectra aty56.63. In place of this decrease a coherent pe
4-3
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appears at 914 cm21 in the B1g spectra. TheB1g coherent
peak increases aty56.83 and 6.91, but the coherent peak
not observed in theB2g spectra. The symmetry of the cohe
ent peak clearly changes fromB2g to B1g at y56.63 (p
50.99). The coherent peak is small in bothB2g andB1g at
the crossover regiony56.63 and 6.68 in the 60 K phase.

This symmetry crossover of the coherent peak is co
monly observed in high-Tc superconductors. Figure 3 show
the B1g and B2g Raman spectra of LSCO in the superco
ducting states~5 K! and the normal states~40 K!. Figure 4
shows the differential spectra between 5 K and 40 K. The
coherent peak is observed in theB2g spectra at the under
doped and optimally-doped region, 0.08<x<0.15, while in
theB1g spectra at the optimally-doped and overdoped reg
0.15<x<0.22. At x50.115 theB2g coherent peak height i
smaller than both sides. This is related to the ‘‘~1/8!-
problem’’ that theTc decreases by the formation of the qu
sistatic spin-charge stripe structure nearp51/8.28–30TheB2g
coherent peak energy increases gradually as carrier de
increases. The energy of theB1g coherent peak decrease
monotonically fromx50.15 to 0.22.

The carrier-density dependence of the low-energy sca
ing intensity is most clearly observed in LSCO. TheB2g
intensity at low energies~for example, at 100 cm21) in the
normal phase~at 40 K! decreases monotonically in the m

FIG. 2. Differential Raman spectra between 5 K and just above
Tc ~60 K for y<6.63 and 100 K fory>6.68).
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tallic phase fromx50.06 to 0.25. On the other hand, theB1g

low-energy intensity increases with the increase of car
density. These changes are qualitatively consistent with
reported results in LSCO ~Refs. 12,17,31,32! and
Bi2212.19,20,33The low-energy intensity is proportional to th
density of states nearEF . The opposite carrier-density de
pendence betweenB2g andB1g suggests that doped carrie
enter mainly near (p/2,p/2) at underdoping and near (p,0)
at overdoping.

Figure 5 shows theB1g andB2g spectra of Bi2212 in the
superconducting states~5 K! and in the normal states~100
K!. Figure 6 shows the differential spectra between 5 K and
100 K. The coherent peak is observed from the underdo
region to the overdoped region in theB2g spectra. On the
other hand, the coherent peak is very small in the und
doped region in theB1g spectra. It increases rapidly at th
optimum doping and further increases as the carrier den
increases.

Figure 7 shows theB1g andB2g spectra of Bi2201 in the
superconducting states~5 K! and in the normal states~40 K!.
Figure 8 shows the differential spectra between 5 K and 40
K. The spectra of the nonsuperconducting metallic ph
Bi1.74Pb0.38Sr1.88CuO61d were taken at 5 K and 100 K. The
coherent peak is observed from the underdoped to
optimally-doped region in theB2g spectra, while the very
small coherent peak increases rapidly from the optima
doped to the overdoped region in theB1g spectra.

TheB1g coherent peak energy, which is considered as
superconducting gap energy 2D, is proportional to the ex-
change interaction energy determined from theB1g two-
magnon peak energy. Figure 9 shows the carrier-density
pendence of theB1g two-magnon spectra in YBCO, LSCO
Bi2212, and Bi2201 at 300 K. The two-magnon peak ene
decreases, as carrier density increases, in agreement
other experiments.17,19,32,34,35The peak energies are almo
the same in the insulating AF phase, but the decreasing r
are different. The decrease is the fastest in Bi2201 and
slowest in YBCO.

The difference betweenB1g andB2g symmetries is sum-
marized as a function of carrier density in Fig. 10. Figu
10~a! shows the energy of the coherent peak. Figure 10~b!
shows the height of the coherent peak measured from
level continued from 600–1200 cm21 in the differential
spectra. Figure 10~c! shows the relative height between th
B1g and B2g coherent peaks. Figure 10~d! shows the low-
energy scattering intensity at 100 cm21. Figure 10~e! shows
Tc of the same crystal or a crystal in the same batch. T
effective exchange interaction energyJ* obtained from the
two-magnon peak energyv2-magnonby J* 5 1

3 v2-magnonis also
shown in Fig. 10~a!.

In YBCO the energy of theB2g coherent peak aty
<6.68 (p<0.11) is much lower thanJ* , but the energy of
theB1g coherent peak aty>6.63 (p>0.1) is higher thanJ* .
In LSCO theB2g (x<0.15) and theB1g (x>0.15) coherent
peak energies are lower thanJ* . The B1g coherent peak
energy is proportional toJ* . In Bi2212 theB2g coherent
peak energy is much lower thanJ* at p50.11. It increases
to nearJ* at p50.16 and follows the decreasingJ* in the
4-4
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FIG. 3. ~Color! B1g andB2g Raman spectra in
LSCO at 5 K and 40 K.
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overdoped region. TheB1g coherent peak energy is almo
the same asJ* from the underdoped region to the overdop
region. TheB2g coherent peak height is larger than theB1g
peak height in the underdoped region. The relative he
exchanges near optimum doping as shown in Fig. 10~c!. In
Bi2201 theB2g coherent peak is observed only at the und
doped and optimally-doped region and the energy is lo
thanJ* . The height of theB1g coherent peak is large from
the optimally doped region to the overdoped region and
energy is almost the same asJ* .

Figure 10~d! shows the low-energy (100 cm21) electronic
scattering intensity at 300 K and just aboveTc ~60 K for y
<6.63 and 100 K fory>6.68 in YBCO, 40 K in LSCO, 100
K in Bi2212, and 40 K in Bi2201!. The typical carrier den-
sity dependence is observed in LSCO. TheB2g scattering
intensity increases rapidly from AFI to the insulator-me
transition point and decreases gradually as carrier den
increases, while theB1g scattering intensity increases wit
the increase of carrier density. The crossover of the inten
18450
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occurs near the optimum doping. It indicates that the carr
enter at (p/2,p/2) in k space at low carrier density and mov
to (p,0) as carrier density increases. The same carr
density dependence is commonly observed in YBC
Bi2212, and Bi2201. In YBCO the increase of theB1g inten-
sity from 100 K to 300 K is caused by the increase of e
trinsic phonon scattering in the reconstructed surface la
on the cleaved surface. Theoretical models were propo
for the small density of states at (p,0) and the large density
of states at (p/2,p/2) in the underdoped region. They are~1!
interactions with the magnetic collective mode at (p,p)
called as the ‘‘hot spots and cold spots’’ model,36 ~2! the
instability of the Fermi liquid in strong-coupling umklap
scattering processes,37 and ~3! effects of second and third
neighbor hopping terms.38

ARPES showed that the pseudogap starts to open
(p,0) and extends to (p/2,p/2) in underdoped Bi2212, a
temperature decreases from the spin gap temperature (TSG)
to Tc .39 In the Raman spectra the decrease of intensity fr
4-5
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300 K to just aboveTc is attributed to the formation of the
pseudogap. The very small pseudogap inB2g and the large
pseudogap inB1g is observed atp50.11 in Bi2212 @Fig.
10~d!# consistent with ARPES. However, this situation
limited to this carrier density. TheB2g pseudogap opens a
p>0.13 in Bi2212 and in the whole carrier-density region
Bi2201. In LSCO theB1g pseudogap does not open in th
underdoped region. Thus the formation of the pseudogap
pends on the material and the carrier density. The ove
k-dependent density of states is already determined at 30
and the change from 300 K toTc is small. A large density of
states enough to generate the superconducting gap stru
is left in the B1g pseudogap atTc below p,0.15 in LSCO
and p<0.1 in YBCO. Therefore the missingB1g coherent
peak at low carrier densities cannot be attributed to the
mation of the pseudogap.

In the overdoped phase the density of states at (p,0)
becomes much larger than that at (p/2,p/2). This is just like
a formation of the large pseudogap at (p/2,p/2). This
carrier-density-dependent change of the electronic states
not be explained by the hot spots and cold spots mo
Recently it was found in overdoped Bi2212 that the scat
ing rate at (p,0) does not increase in ARPES.40 It is incon-

FIG. 4. Differential Raman spectra between 5 K and 40 K.
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sistent with the hot spots model, but consistent with o
results.

The common properties of the coherent peaks in th
superconductors can be summarized as follows.

~1! The coherent peak appears typically in theB2g spectra
at low carrier densities and in theB1g spectra at high carrie
densities. The crossover occurs near the optimum dopinp
50.16, in LSCO and Bi2212, but it occurs at low carri
density,p50.1 (y56.63), in YBCO. In Bi2201 theB1g co-
herent peak is always larger than theB2g coherent peak. In
Bi2212 and Bi2201 theB2g coherent peak is large at th
underdoped region, but both coherent peaks are observe
wide carrier density regions.

~2! The energy of theB1g coherent peak is proportional t
J* in LSCO, Bi2212, and Bi2201. The proportionality coe
ficient is 0.37 in LSCO, 1.08 in Bi2212, and 0.94 in Bi220
at the optimum doping. In YBCO theB1g coherent peak
energy decreases more rapidly thanJ* , as carrier density
increases, and becomes equal toJ* at the optimum doping.
On the other hand, theB2g coherent peak energy is muc
lower thanJ* and not proportional toJ* .

~3! The low-energy scattering intensity increases gra
ally in B1g, but decreases gradually inB2g, as carrier den-
sity increases in the metallic region.

~4! The coherent peak height is reduced atx50.115 in
LSCO to form the~1/8!-stripe phase and aroundy56.63 in
YBCO to form the 60 K phase.

The superconducting gap energy determined from theB1g
coherent peak is strongly correlated with the effective
change interaction energy. It suggests that the main origi
the superconductivity is the magnetic interaction. On
other hand, theB2g coherent peak energy approaches theB1g
coherent peak energy from much lower energy, as the ca
density increases to the optimum doping. In the overdo
phase theB2g coherent peak energy follows theB1g coherent
peak energy in Bi2212. It was pointed out that theB2g co-
herent peak energy is related toTc .18,19 However, it is diffi-
cult to consider the reason that the gap energy around
node direction is determined byTc , despite the monotonic
decrease of the maximum gap energy at (p,0) as carrier
density increases. A more reasonable model can be con
ered in connection with the change of the electronic den
of states ink space. That is, at low carrier densities theB2g
coherent peak represents the gap around (p/2,p/2) with the
large electronic density of states. As carrier density increa
the component of the gap near (p,0) increases instead of th
decrease of the component around (p/2,p/2). The carrier-
density dependence of theB2g coherent peak energy can b
qualitatively explained by the change of the weight in t
electronic density states from (p/2,p/2) to (p,0).

The coherent peak seems to appear in the symmetr
which the low-energy scattering intensity is larger, but t
proportionality relation between their intensities is not o
served. The exchange of the coherent peak height fromB2g
to B1g occurs in the narrow carrier-density region in spite
the gradual change of the low-energy scattering intensity
YBCO, LSCO, and Bi2212. It suggests that the coher
peak is not simply proportional to the density of states n
4-6
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FIG. 5. ~Color! B1g andB2g Raman spectra in
Bi2212 at 5 K and 100 K.
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EF just aboveTc . The coherent peak is generated only in t
superconducting component of the electronic states as kn
from the fact that the coherent peak is not observed ab
Tc , even if the pseudogap opens, and it is sensitive to
~1/8!-problem in LSCO. Those experimental results sugg
that some extra mechanism is necessary to sharpen th
change of the coherent peak symmetry. Shen, Lanzara,
hara, and Nagaosa41 calculated that the off-diagonal electro
phonon interaction of the zone-boundary LO mode at (p,0)
helps the spin-mediated superconductivity around (p,0), but
destroys the superconductivity around (p/2,p/2). They did
not discuss the effect of the LO mode at (p,p), but it is
supposed that the (p,p) mode helps the spin-mediated s
perconductivity around (p/2,p/2) and destroys the supe
conductivity around (p,0). If the phonon mode with the
strongest electron-phonon interaction changes from (p,p) to
(p,0) as carrier density increases, the rapid change of
coherent peak symmetry can be explained. In practice
18450
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change was observed in two-phonon Raman scattering
shown below.

IV. TWO-PHONON RAMAN SCATTERING

Usually two-phonon Raman scattering intensity is mu
smaller than single-phonon Raman intensity. However,
high-Tc superconductors the two-phonon scattering inten
is even larger than the single-phonon intensity in the A
phase.42–44 The large two-phonon scattering intensity
caused by the resonant Raman effect between
O(p)-Cu(d) charge transfer excitation and the incident ligh
Therefore the atomic vibrations in the CuO2 planes are se-
lectively enhanced. Figure 11 shows theA1g phonon Raman
spectra obtained from the (x,x), (a,a), (x,y), and (a,b)
spectra by the calculation@(x,x)1(a,a)2(x,y)2(a,b)#/2.
The peak energies atx50 ~0.15! are 128, 153~142!, 194,
~223!, 226, 273~271!, 307, 368~362!, 396, 424~425!, 460,
4-7
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487~473!, ~529!, 612, ~612!, 670~685!, 708, 745~738!,
873~833!, 914, ~935!, 982, 1011, 1036, 1126~1065!, 1171,
1226~1146!, 1341~1267!, 1426, 1446(1363) cm21. The
peaks below 750 cm21 come from mainly single-phonon
scattering and those above it from two-phonon scatter
TheA1g mode energies in the tetragonal unit cell are 229 a
426 cm21 at x50.42 The carrier-density dependence of t
two-phonon peak energy is plotted in Fig. 12.

In the single-phonon process onlyk'0 modes are al-
lowed from the momentum conservation among the phon
incident light, and scattered light, while all modes in t
Brillouin zone are allowed in the two-phonon process by
simultaneous creation of phonons atk and2k. Any symme-
try mode becomes Raman active in theA1g two-phonon scat-
tering, because the irreducible representations reduced
the direct product of the same representations have theA1g
representation. The two-phonon scattering intensity is p
portional to the fourth power of the electron-phonon inter
tion in the successive two-phonon creating process. Th
are two mechanisms for the strong two-phonon scatterin
the AFI phase. The first is the Fro¨hlich-type electron-phonon
interaction via macroscopic electric field accompanyingk
'0 LO phonons.44 The second is especially strong electro
phonon interactions in the whole Brillouin zone.43 These in-

FIG. 6. Differential Raman spectra between 5 K and 100 K.
18450
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teractions include all interactions except for the Fro¨hlich-
type interaction of k'0 LO phonons. Infrared active
phonons are onlyk'0 modes from the momentum conse
vation between the phonon and light. Therefore infrared
tive k'0 A2u andEu modes can contribute only to the firs
mechanism.

It is expected that the Fro¨hlich interaction decreases rap
idly as carriers are doped, because the electric field
screened by carriers. Recently Homeset al.45 and Tuet al.46

observed phonon spectra in the reflection spectra with
electric field perpendicular to thec axis at the optimally
doped YBa2Cu3O6.95 (Tc593 K), Pr1.85Ce0.15CuO4 (Tc

519 K), and Bi2212 (Tc591 K). Tu et al.46 argued that
these modes are not the vibrations in the CuO2 planes, but in
the BiO and SrO layers. The oscillator strength in the inf
red spectra is proportional to the square of the macrosc
electric field of thek'0 LO phonon. The appearance of th
phonon structure indicates that the screening is poor for
electric field perpendicular to thec axis even in the metallic
phase. However, the present Raman-scattering experim
shows that the two-phonon peaks of the infrared act
modes decreases more rapidly than other two-phonon p
as carrier density increases. It indicates that the Fro¨hlich-type
electron-phonon interaction of thek'0 modes decrease
more rapidly than the other electron-phonon interactions
largek modes. The Fro¨hlich-type electron-phonon interactio
for thek'0 infrared active modes does not contribute to t
superconductivity.

The upper panel of Fig. 13 shows the high-energy p
(1050–1500 cm21) of the two-phonon Raman spectra in th
AFI phase (x50 and 0.035! and the boundary of the metalli
phase (x50.06). The middle panel is the spectra in the ran
of half the energy (525–750 cm21). The spectra in this
range are composed of single-phonon scattering and t
phonon scattering. The lower panel is the optical conduc
ity s(v) and the loss function2Im@1/e(v)# obtained from
the Kramers-Kronig transformation of the infrare
ultraviolet reflection spectra of the same La2CuO4 crystal.
The electric field of light is perpendicular to thec axis. The
wide-energy-range reflection spectra were obtained by c
necting the measured reflection spectra from 50 cm21 to 6
eV and the reported vacuum-ultraviolet spectra from 6 eV
35 eV.47 The higher-energy expansion is followed by the fo
mula ofR(v)}v24. TheEu transverse-optical~TO! phonon
energies obtained from the peaks ins(v) are 151, 184, 361,
and 680 cm21 at 20 K, if we ignore the splitting by the
orthorhombic distortion. The corresponding LO phonon e
ergies obtained from the2Im@1/e(v)# are 168, 275, 460,
and 712 cm21. Many energies are consistent with the r
ported results.48,49 The reported energies of the TO~LO! A2u
phonons are 150~150!, 230~458!, and 512(575) cm21.50–52

These modes have polarizations parallel to thec axis. As
shown in the upper panel of Fig. 13, the 1426 cm21 peak has
a shoulder at 1446 cm21. The 1426 cm21 energy is twice
the Eu ~LO! phonon energy 712 cm21. The intensity of the
peak decreases rapidly as carrier density increasesx
50.035. This peak is assigned to the two-phonon peak of
712 cm21 Eu ~LO! phonon mode. The corresponding singl
4-8
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FIG. 7. ~Color! B1g andB2g Raman spectra in
Bi2201 at 5 K and 40 K~100 K in nonsupercon-
ducting metallic Bi1.74Pb0.38Sr1.88CuO61d).
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phonon Raman peak is observed at 708 cm21. The intensity
of this peak also decreases as carrier density increases
almost disappears atx50.08. The crystal structure of LCO i
D2h

18 . This structure has inversion symmetry and the Ram
activity and the infrared activity are exclusive. The possi
mechanism for the Raman scattering of the infrared ac
mode is the intraband Fro¨hlich interaction at the resonan
Raman condition.53,54 The possibility of the imperfection
induced mechanism is removed because the intensity
creases as Sr concentration increases.

The energy of the 1171-cm21 peak is twice the energy o
the A2u ~LO! phonon (575 cm21 at room temperature!.50

The intensity of this peak decreases rapidly as carrier den
increases. The 1171-cm21 peak is assigned to the two
phonon peak of theA2u ~LO! phonon mode. The single
phonon peak is not observed, because the Raman sp
were measured in the (a,a), (a,b), (x,x), and (x,y) polar-
ization configurations which do not include thec axis. The
18450
nd
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e
e
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914-cm21 peak is assigned to the two-phonon peak of
460-cm21 Eu ~LO! phonon mode. The 460-cm21 peak in
Fig. 11 is the single-phonon Raman peak. They also decr
rapidly as carrier density increases.

The most dominant peak in the underdoped phase is
1446-cm21 (x50) peak. It decreases gradually as carr
density increases and the 1146-cm21 (x50.15) peak be-
comes the most dominant peak in the optimally-doped
overdoped phases. The energy atx50 is 1226 cm21. This
mode is likely not to be thek'0 mode, because the corre
sponding single-phonon peak is not observed atk'0.

Pintschovius and co-workers48,55,56found by neutron scat-
tering that there are two distinct phonon modes whose e
gies decrease sensitively as carrier density increases. T
modes are the highest-energyD1 mode around (p,0) ~half-
breathing mode! and theS1 mode around (p,p) ~breathing
mode! on theEu ~LO! mode~at k50) branch. The energie
decrease from 636 cm21 at x50 to 553 cm21 at x50.15 for
4-9
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the D1 (p,0) mode and 722 cm21 at x50 to 667 cm21 at
x50.15 for theS1 (p,p) mode. Twice the energies are plo
ted in Fig. 12. From the coincidence of the energy,
1200-cm21 and 1400-cm21 two-phonon branches in Fig. 1
are assigned to theD1 mode at (p,0) and S1 mode at
(p,p), respectively. Falter and co-workers57–61 showed that
the carrier-induced softening is reproduced by long-ran
nonlocal electron-phonon interaction effects of charge fl
tuation within the framework of a local-density approxim
tion. They also calculated that the 425-cm21 D1 mode at
(p,0) in the metallic phase has large electron-phon
interactions.57,58 The 900-cm21 branch in Figs. 11 and 12
can be assigned to the two-phonon scattering of this mo
The corresponding mode in YBCO was attributed to the
teraction with theAg phonon branch by Pintschovius an
Reichardt55 and to the stripe effects by Mook and Dog˘an.62

The anomalous dispersion of the LO phonon on the (q,0)
direction in La0.85Sr0.15CuO4 ~Ref. 63! is controversial.56

The intensity of the two-phonon peak of theS1 (p,p)
mode decreases monotonically fromx50 to x50.15, as car-
rier density increases. On the other hand, the intensity of
two-phonon peak of theD1 (p,0) mode increases atx
>0.1. The relative intensity of the 1200-cm21 peak to the
sum of the 1200- and 1400-cm21 peaks is shown in Fig. 14
The crossover carrier density,x50.115–0.15, is in good ac

FIG. 8. Differential Raman spectra between 5 K and 40 K~100
K in Bi1.74Pb0.38Sr1.88CuO61d).
18450
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cordance with the carrier densityx50.15 for the (p/2,p/2)
2(p,0) crossover of the coherent peak as presented in
preceding section. The momentum crossover of the stron
electron-phonon-interaction mode is commonly observed
high-Tc superconductors, although the crossover carrier d
sity and the overlap region depend on the compounds.
Queeney and coworkers64 observed the appearance of th
70-meV (580-cm21) mode in the metallic phase abovex
50.06 by neutron scattering. The present Raman-scatte
experiment disclosed that the mode continues fromx50.
The energy decreases from 613 cm21 at x50 to 604 cm21

at x50.06, 575 cm21 at x51.0 and 573 cm21 at x50.15.
TheS1 (p,p) and theD1 (p,0) two-phonon peaks hav

different temperature dependence in the underdoped reg
Figure 15 shows the temperature dependence of the
phonon spectra at four carrier densities. Atx50, 0.15, and
0.2 the decreasing rates of theS1 two-phonon peak and the
D1 two-phonon peak are nearly the same, while atx50.1 the
D1 two-phonon peak decreases more rapidly than theS1
two-phonon peak as temperature increases from 5 K to 300
K. The same temperature dependence is observed comm
in the underdoped region atx50.06 and 0.115.

Figure 16 shows the phonon Raman spectra in YBCO
60 K. The peak energies iny56.33(6.91) are 87~89!,
117~116!, 144~151!, 191~193!, 268~265!, 453~443!,
485~504!, 554, 582~584!, 796, 1296 cm21. The energies of
large peaks are consistent with reported energies, for
ample, 115, 145, 454, and 472 aty56.65 The large peak
changes from the 142-cm21 (y56.2) peak to the
116-cm21 (y56.91) peak at y56.63–6.83. The
116-cm21 (y56.91) peak splits into two peaks aty
56.46–6.83. Another large peak changes from
454-cm21 (y56.2) peak to the 504-cm21 (y56.91) peak at
y56.33–6.46. The strongest two-phonon peak is observe
1296 cm21 in the AFI phase (y56.2). This peak decrease
in energy and intensity as carrier density increases fromy
56.2 to y56.63. The origin of the sharp peaks near 12
cm21 marked by asterisks aty56.54, 6.63, and 6.83 is no
the intrinsic mode, but the mode in the reconstructed laye
the cleaved surface. The large cusp at 300 cm21 in
YBa2Cu3O6.91 is the superconducting gap structure.

Figure 17 shows the selected spectra in the photoble
ing process of reconstructed layer modes aty56.83. The
surface was cleaved in air at room temperature and set in
cryostat followed by cooling to 5 K in helium gas without
illumination. The Raman spectra were measured on the s
spot successively at 5, 20, 40, 60, 80, 100, 150, 200, 250,
300 K on heating. The duration is 2 h for each scan. T
laser power was 20 mw/(503500) mm2. The spectra did
not change by the illumination of laser light at 5 K, but
20–100 K the peaks at 235, 266, 292, 309, 593, 634, 7
883, 1058, 1178, 1194, 1264, 1422, 1493, 1654, 1772, 18
and 2017 cm21 ~5 K! decreases by illumination. These pea
are due to the modes in the reconstructed layer. Above 15
these peaks increase again. Figure 16 was obtained afte
illumination of laser light at 20 K so as to reduce the inte
sity of the 1220-cm21 peak below about 1/20. The othe
two-phonon peaks in the two-phonon scattering region
Fig. 16 seem to be intrinsic, because the spectra are ne
4-10



CARRIER-DENSITY-DEPENDENT MOMENTUM SHIFT OF . . . PHYSICALREVIEW B 68, 184504 ~2003!
FIG. 9. B1g spectra in YBCO, LSCO, Bi2212, and Bi2201 at 300 K.
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the same as the 100-K spectra in which the 1220-cm21 peak
almost disappears.

In order to assign the origin of the two-phonon peaks,
Raman spectra are plotted in the single-phonon scale as
as the two-phonon scale in Fig. 18. There is no sing
phonon peak corresponding to the 1296-cm21 two-phonon
peak. Many experiments of infrared spectroscopy w
made.49,66–69The TO ~LO! phonon energies of the infrare
active A2u modes are 105~110!, 146~180!, 215~222!,
367~470!, and 645~664! and those of theEu modes are
116~125!, 188~199!, 246~266!, 351~420!, and 595~637! at y
56.66 Infrared active modes are usually screened by the i
erant carriers in metal. However, it was reported that
electric fields of theEu modes are not screened and can
observed in the metallic phase.45 The TO phonon energie
250, 357, and 588 cm21 at y56.1 ~Ref. 49! change to 275,
360, and 581 cm21 at y56.95.45 The small carrier-density
dependence of the highest-energyEu mode is consistent with
the neutron-scattering experiment that the LO phonon ene
at k'0 changes from 594 cm21 at y56 to 580 cm21 at y
57.48 On the other hand, the neutron-scattering experim
showsed that the energy of theS1 (p,p) mode decrease
from 687 cm21 at y56 to 610 cm21 at y57.48 The energy
of the two-phonon Raman peak changes from 1296 cm21 at
y56.2 to 1241 cm21 at y56.46. Therefore the 1295-cm21
18450
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e
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nt

two-phonon peak does not come from theEu ~LO! mode, but
from the S1 (p,p) mode. This two-phonon peak can b
observed tilly56.63. The Raman spectra have no domin
two-phonon peak aty.6.63. Recent neutron-scattering e
periments showed that theD1 phonon dispersion is very an
isotropic along thea axis and theb~chain! axis in the ortho-
rhombic phase.70,71TheD1 mode energies aty56.6 are 393,
461, and 582 cm21 at (p,0) and 411, 461, and 463 cm21 at
(0,p). The D1 mode energies aty57 are 145, 223, 265
391, 465, and 523 cm21 at (p,0) and 147, 221, 265, 417
447, and 452 cm21 at (0,p). The large anisotropy may caus
difficulty in producing a large two-phonon peak. The lar
dispersion of theD1 mode causes complex mode crossin
The energies of the (p,0) and (0,p) modes are shown in
Fig. 18. The correlation between these energies and the
phonon peak energies is not observed.

The disappearance of theS1 (p,p) two-phonon peak oc-
curs at the 60-K phase. It is very different form the case
LSCO in which the crossover of the dominant two-phon
peak fromS1 (p,p) to D1 (p,0) occurs at the optimum
carrier densityx50.15. This difference seems to be relat
to the difference of the carrier density for the momentu
crossover of the superconducting coherent peak fr
(p/2,p/2) to (p,0).

Figure 19 shows theA1g phonon Raman spectra i
4-11
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FIG. 10. ~a! B1g and B2g coherent peak energies and the effective exchange interaction energiesJ* obtained from two-magnon pea
energies;~b! B1g andB2g coherent peak heights;~c! relative coherent peak height betweenB1g andB2g; ~d! low-energy electronic Raman
intensity at 100 cm21 at 300 K and just aboveTc ; and~e! Tc . TheB1g electronic Raman spectra represent the excitations around (p,0) and
theB2g spectra represent the excitations around (p/2,p/2). The increase of theB1g low-energy scattering intensity in YBCO from 100 K t
300 K is caused by the increase of the extrinsic phonon scattering in the reconstructed surface layer on the cleaved surface.
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Bi2212 at 5 K. The peak energies in AF
Bi2Sr2Ca0.5Y0.5Cu2O81d @overdoped superconductin
Bi2Sr2CaCu2O81d ~OD 82K!# are 62~61!, 86~109!,
120~120!, 139~128!, ~172! 188~185!, 202~198!, 231,
311~297!, 331~324!, 378~360!, ~388!, 436~412!, 460~457!,
474~470!, ~524!, ~556!, 624~632!, 683~663!, 870, 1130, 1312,
and 1378 cm21. The energies of many modes are consist
with the reported energies.72–74 The orthorhombic distortion
and the incommensurate structural modulation reduce
crystal symmetry and increase phonon modes atk'0. The
strong peaks at 139, 436, 460, and 683 cm21 in the AFI
phase rapidly decrease in intensity, when the material
comes metallic in Bi2212~UD 76 K!. The change induced
by the Y substitution is also observed in the phonon den
of states measured by neutron scattering.75 The cusp struc-
ture at 300 cm21 in Bi2Sr2CaCu2O81d ~OD 82 K! is theA1g
superconducting gap structure. Many infrared reflection
periments have been reported.46,76,77 The TO~LO! phonon
energies in Bi2Sr2CaCu2O81d ~OP 91 K! for the electric field
parallel to thec axis (Euuc) are 93~96!, 164~172!, 208~213!,
281~284!, 304~328!, 360~379!, 460~464!, 521~527!,
584~629!, and 625(652) cm21 at 295 K.46 The TO phonon
18450
t

e

e-

ty

-

energies forEuua are 473 and 613 cm21. The TO phonon
energies forEuub are 325 and 613 cm21. The LO phonon
energies were not explicitly reported. These modes meas
with Euua and Euub were assigned to the vibrations in th
BiO and SrO layers.46 The A1g phonon energies in
Bi2Sr2CaCu2O81d ~OD 82 K! at 300 K in the present experi
ment are 60, 107, 118, 127, 184, 295, 323, 355, 388, 4
468, 627, and 660 cm21. There is no clear coincidence be
tween Raman active phonons and infrared active phonon

In order to search single-phonon peaks correspondin
the two-phonon peaks, the Raman spectra were plotted
multaneously in the single-phonon scale and the two-pho
scale in Fig. 20. The 1378-cm21 two-phonon peak in AFI
phase has the corresponding single-phonon peak
683 cm21. Both peaks rapidly decrease in intensity as t
material becomes metallic. The single-phonon energy
creases from 683 cm21 in AFI to 664 cm21 in Bi2212 ~UD
76 K!. This phonon is possibly the in-planeEu ~LO! phonon
mode atk'0. The 1312-cm21 two-phonon peak has no cor
responding single-phonon peak. Therefore this peak is
signed to the mode with a large wave vector. The poss
4-12
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FIG. 11. A1g two-phonon Raman spectra in LSCO. The da
gray area indicates that the two-phonon peak of the (p,p) LO
mode is strong and the light gray area indicates that the two-pho
peak of the (p,0) LO mode is strong.

FIG. 12. The carrier-density dependence of two-phonon p
energies above 750 cm21 and the one-phonon peak energies bel
750 cm21. The dominant branches in the optimally doped reg
are shown by thick lines and open circles. The crosses are neu
data~Refs. 48, 55, 56, 63!.
18450
mode is theS1 mode at (p,p) from the analogy of LSCO.
The two-phonon peak decreases in intensity as carrier d
sity increases. The peak can be observed till Bi2212~OP 93
K! in Fig. 19. A broad kink appears around 1050 cm21 in
Bi2212 ~OD 82 K!. In the case of Bi2201@OD 21 K and no
superconducting metal~NSM!# a cusp appears near this e
ergy. The carrier density 0.2/Cu in Bi2212~OD 82 K! is
smaller than the carrier density 0.23 in Bi2201~OD 21 K!
and 0.28 Bi2201~NSM!. It is expected that the broad kink i
Bi2212 changes to a cusp, if carrier density increases.

on

k

on

FIG. 13. Upper panel: theA1g two-phonon Raman spectra atx
50, 0.35, and 0.6. Middle panel: theA1g Raman spectra in the
half-energy range of the upper panel. Lower panel: the optical c
ductivity and the loss function of La2CuO4.

FIG. 14. Relative integrated intensity of the (p,0) two-phonon
peak near 1200 cm21 to the sum of the (p,0) two-phonon peak and
the (p,p) two-phonon peak near 1400 cm21.
4-13
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FIG. 15. Temperature dependence of the two-phonon Ra
spectra atx50, 0.1, 0.15, and 0.2 in LSCO.

FIG. 16. A1g two-phonon Raman spectra in YBCO.
18450
supposed that the kink and cusp are due to the two-pho
scattering of theD1 phonon at (p,0) from the analogy of
LSCO.

Figure 21 shows theA1g Raman spectra of Bi2201 at 5 K
The peak energies in AFI Bi2SrLaCuO61d ~optimally doped
superconducting Bi2Sr1.5La0.5CuO61d, OP 32 K! are 71~70!,
99~107!, 123~122!, 175~162!, 206~202!, 244~251!, 314~311!,
327, 351~336!, 379~391!, 408~406!, 459~457!, 478~471!,
~519!, 531, 549,~585!, 615~622!, 652~667!, ~752!, 828, 905,
~985!, 1067,~1100!, 1202, 1317 cm21. Some peaks chang
by the Pb substitution. The peak energies
Bi1.74Pb0.38Sr1.88CuO61d ~OD 21 K! are 44, 68, 78, 107, 116
160, 181, 203, 217, 260, 292, 331, 360, 391, 464, 532, 5
635, 664, 1094 cm21. The energies of many modes are co
sistent with the reported energies.73,78 The TO~LO! phonon
energies in (Bi2Sr2CuO61d, Tc56 –8 K) for the electric
field parallel to thec axis are 87~116!, 149~175!, 198~218!,
307~330!, 391~427!, 462~463!, 596~626!, and 644(655)
cm21 at 8 K.77

Figure 22 shows the Raman spectra in the single-pho
scale and the two-phonon scale. The energy of the 652-c21

peak is near half the energy of the 1317-cm21 two-phonon
peak. The intensity of the 652-cm21 peak rapidly decrease

an

FIG. 17. Photobleaching process of Raman peaks in the re
structed surface layer. Raman spectra were measured succes
at 5, 20, 40, 60, 80, 100, 150, 200, 250, 300 K on heating. T
duration for each spectra was 2 h.
4-14
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CARRIER-DENSITY-DEPENDENT MOMENTUM SHIFT OF . . . PHYSICALREVIEW B 68, 184504 ~2003!
like the 683-cm21 peak in Bi2212~AFI! as the material
changes into metal. This phonon energy is close
655 cm21 energy of theA2u LO phonon atk'0. However
the A2u phonon is not easily screened even in the meta
phase. The rapid decrease suggests that this mode is pos
the in-planeEu ~LO! phonon atk'0. The energy of the
single-phonon peak increases from 652 cm21 in Bi2201
~AFI! to 663 cm21 in Bi2201 ~UD 9 K!, but the energy of
the two-phonon peak decreases from 1317 cm21 to
1302 cm21. Therefore the two-phonon peak in Bi2201~UD
8 K! does not contain the 663-cm21 Eu phonon component
It is supposed from the analogy of LSCO that the tw
phonon peak is produced by theS1 mode at (p,p). The
1317-cm21 peak in AFI is composed of theS1 (p,p) mode
and the 652-cm21 Eu (k'0) mode. The broad two-phono
peak at 1097 cm21 in Bi2201 ~NSM! has no corresponding
single-phonon peak. It is supposed that the origin of t
peak is theD1 mode at (p,0). As shown in Fig. 21 the
1317-cm21 ~AFI! two-phonon peak decreases in intens
from AFI to Bi2201 ~UD 23 K!. The most dominant two-
phonon peak in Bi2201~UD 23 K! and Bi2201~OP 32 K! is
the 981-cm21 ~OP 32 K! peak. The 1097 cm21 ~NMS! two-
phonon peak emerges in Bi2201~UD 23 K! and becomes the
only one two-phonon peak in Bi2201~OD 21 K! and~NSM!.

In Bi2212 the dominant two-phonon peak changes fr

FIG. 18. A1g Raman spectra plotted in the single-phonon sc
~solid line! and the two-phonon scale~dashed line!.
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(p,p) to (p,0) at p50.16. On the other hand, in Bi220
the crossover occurs atp50.09. The overlap range is large
The relative intensity of the two-phonon peak of theD1
(p,0) mode to that of theS1 (p,p) mode is larger in
Bi2201 than in Bi2212 at the same carrier density. The
differences are reflected to the crossover behavior of the
perconducting coherent peak. TheB2g coherent peak a
(p/2,p/2) is not observed in overdoped Bi2201, while it
observed from the underdoped region to the overdoped
gion in Bi2212. TheB1g coherent peak at (p,0) is stronger
than theB2g coherent peak even in the underdoped region
Bi2201.

The typical carrier-density dependence of the electro
states is shown in Fig. 23. The thick parts of the Fermi s
face indicate the position with the large electronic density
states aboveTc . The area of the large electronic density
states shifts gradually from (p/2,p/2) to (p,0) as carrier
density increases. The position of the superconducting co
ent peak moves from (p/2,p/2) to (p,0) in the same way as
the change of the electronic density of states, but the cha
occurs in rather narrow carrier-density width. According
the change of the coherent peak position the momentum
the phonon mode with the strongest electron-phonon inte
tions changes from (p,p) to (p,0). It strongly suggests tha
the S1 (p,p) LO phonon helps pair creation at (p/2,p/2)
and causes pair breaking at (p,0) in the underdoped region

e FIG. 19. A1g two-phonon Raman spectra in Bi2212.
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and theD1 (p,0) LO phonon helps pair creation at (p,0)
and causes pair breaking at (p/2,p/2) in the overdoped re
gion. This zone-boundary LO phonon-induced anisotro
enhancement and reduction of the superconductivity is c
sistent with the calculation by Shen, Lanzara, Ishihara,
Nagaosa.41 It should be noticed that the superconducting g
energy determined from theB1g coherent peak energy fol
lows the effective exchange interaction energy. It indica
that the main mechanism for the high-Tc superconductivity is
the magnetic interaction. If the phonon modes directly me
ate the pairing, the phonon peak should be very broad a
MgB2.79–81

The energies of the phonon modes at (p,0) are 570 cm21

in LSCO, 525 cm21 in Bi2212, and 550 cm21 in Bi2201.
These energies are close to the energies, 70 m
(560 cm21), at which kinks are observed in the electron
dispersion curves in ARPES.24,41,82–86 The dispersion
changes belowTc near the kink and the coherent peak a
pears unexpectedly even along the node direction~0, 0!-
(p,p). Two main possible excitations coupled with the ele
tronic states have been pointed out for the origin of the ki
One is the phonon at (p,0) ~Refs. 41,82! and the other is the
collective magnetic excitation at (p,p).85 The present Ra-
man scattering favors the phononic origin, because this p
non is found to couple strongly with electronic states a
play the important role for the superconductivity.

FIG. 20. A1g Raman spectra plotted in the single-phonon sc
~solid line! and the two-phonon scale~dashed line!.
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FIG. 21. A1g two-phonon Raman spectra in Bi2201.

FIG. 22. A1g Raman spectra plotted in the single-phonon sc
~solid line! and the two-phonon scale~dashed line!.
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FIG. 23. Schematic diagram for the typical change of electronic states as carrier density increases. The thick curves indicate
surface with the large electronic density of states aboveTc and the thin curves indicate the Fermi surface with the small density of states
open~gray! circles indicate the areas in which the superconductivity is enhanced~reduced! by the interactions with phonons. The phono
mode with the strongest electron-phonon interaction changes from the breathingS1 mode at (p,p) to the half-breathingD1 mode at (p,0)
as carrier density increases. The atomic displacement of these modes is illustrated. The small circles are copper atoms and the l
are oxygen atoms. Electronic excitations around (p/2,p/2) and (p,0) are observed in theB2g andB1g spectra, respectively.
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V. CONCLUSIONS

In conclusion the carrier-density-induced momentu
change of the superconducting coherent peak fr
(p/2,p/2) to (p,0) is correlated with the change of the ele
tronic density of states nearEF , but it is not enough to ex-
plain the sharp crossover of the coherent peak in YBCO
LSCO. We disclosed that the phonon mode with the str
gest electron-phonon interaction changes from the breat
S1 (p,p) mode to the half-breathingD1 (p,0) mode on the
highest-energy LO branch as carrier density increases.
change is strongly correlated with the change of the cohe
peak. It indicates that the superconducting region ink space
is limited by the electron-phonon interactions, even
d-wave superconductivity is generated by magnetic inter
tions. The present experiments support the model by S
Lanzara, Ishihara, and Nagaosa where the half-breat
mode modifies the magnetic-interaction-media
superconductivity.41
no
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ki,

g,
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The suppression of the superconductivity at the maxim
gap region near (p,0) reducesTc in the underdoped region
otherwiseTc may increase with the increase ofJ* as carrier
density decreases. In YBCO the crossover occurs in the 6
phase, p50.1, and the coherent peak is small at bo
(p/2,p/2) and (p,0) around this carrier density. The cros
over of the coherent peak position ink space induced by
electron-phonon interactions is a possible origin for the 60
phase in YBCO.
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