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Carrier-density-dependent momentum shift of the coherent peak and the LO phonon
mode in p-type high-T . superconductors
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Systematic Raman scattering experiments were carried ouyktype superconductors YBCO, LSCO,
Bi2212, and Bi2201. The superconducting cohekgair-breaking peak is anisotropic itk space not only in
energy but also in existence itself. The position of the coherent pedksipace changes generally from
(m/2,7/2) to (m,0), ascarrier density increases, in correlation with the change of the low-energy electronic
density of states. However, the change of the coherent pdakpace 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 modemtx«() to the half-breathing mode at(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 regionkadpace, even if magnetic interactions are the main
origin of the superconductivity.
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[. INTRODUCTION energy scattering intensity reflecting the electronic density of
states near the Fermi energ#d.1%1>"18 However, the
The pairing symmetry is one of the most intriguing prob- quantitative correlation is still controversial.

lems for the mechanism of high: superconductivity. In order to clarify the correlation as common properties of
Many experiments suppod(x®—y?) symmetry, which is high-T. superconductors, systematic Raman-scattering ex-
expected from the magnetic interaction-mediated supercori€fiments in many materials are requested. We carried out
ductivity mechanism. The direct observation of theRaman-scattering experiments in YBCO, LSCO, Bi2212,
k-dependent gap energy was obtained from angle-resolvedld Bi2201[Bi,Sr,_,La,CuG;, ; from the underdoped to
photoemission  spectroscopy (ARPES  in  Bi2212  the optimally doped region and BiPy 5651 g€CUGs 5 in
(Bi,Sr,Ca,_,Y,Cw,0g, 5).> Phase-sensitive experiments of the overdopedOD) region| from the insulating phases to the
m-superconducting quantum interference defidacrystal overdoped phases. We found that the crossover of the coher-

Ny P i ent peak is not fully interpreted by the crossover of the low-
fing |n2nea2r Op“.”.‘a”y doped YBCO .(YEQ@%OV) support_ energy density of states, because the change of the coherent
thed(x' Y ) pairing. Raman scattering can also deter.mlnepeak is more rapid than the change of the low-energy scat-
the pairing symmetry, because tBaq and Byg €lectronic  yoin g jntensity. Furthermore, we found that the mode of the
Raman spectra are attributed to electronic excitations arour@(rongest two-phonon peak changes filipmode at ¢r, )

(,0) and (w/2,m/2), respectively:° The typical gap StUC- 15 the A, mode at ¢r,0) on the same longitudinal-optical
ture is composed of a %ﬂgy aroune=0 and a coherent (| o) phonon branch as carrier density increases. The good
peak (pair-breaking peak’ =" The gap energy alon®,0-  coincidence of the crossover carrier density and the cross-
(,0) is the largest and that alon@,0»-(w,7) is zero for  gyer speed between the coherent peak and the phonon mode
the d(x"—y?) pairing. Therefore thd, , coherent peak ap-  gyggests that the electron-phonon interactions contribute to
pears near the maximum pair-breaking enesgy 2A (gap generate the superconducting states.

energy, while the B, 4 coherent peak appears at low energy

around the node direction. In optimally dop&dP) Bi2212,

LSCO (La_,SL,Cu0y), and TI2201 (TaBa,CuQs, ,) both Il EXPERIMENT

B4 and B,, coherent peaks were observEd! 9% The Single crystals of YBCO were synthesized by a
results that th®, 4 peak energies are larger than g peak  flux method utilizing Y,O3 crucibles. The obtained single
energies are considered to support dfg?—y?) pairing. crystals were sealed in quartz tubes with ceramics quenched

The above ideal response for thex?—y?) superconduc- from various temperatures and annealed at the same tempera-
tivity is strongly modified in the underdope@D) region. tures. The oxygen concentration was determined
The B,4 coherent peak is observed in the underdoped regiofrom the quenched temperatiffeThe amounts of oxygen
of YBCO and LSCO, but theB,4 coherent peak is not and guenched temperatures are y=6.2
observed?>"8|n Bi2212 the smallB;, coherent peak (930°C), 6.33 (800°C), 6.46 (700°C), 6.54 (650°C),
coexists even at underdoping, although the intensity is smalb.63 (600 °C), 6.68575 °0, 6.83 (500 °Q, 6.91 (400 °Q.

It increases rapidly above the optimum doping, while theSingle crystals of LSCO, Bi2212, and Bi2201 were synthe-
intensity of theB,4 coherent peak does not change so muctsized by a traveling-solvent-floating-zone method utilizing
from underdoping to overdopind:61°2%t has been pointed infrared radiation furnaceCrystal system, FZ-T-4000ex-
out that the coherent peak symmetry is related to the loweept for antiferromagnetic insulating\Fl) Bi2212 that was
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TABLE I. Single crystals used in this experiment.

Compound Doping Holes/Cu T, Initial composition Annealing condition
Bi,Sr,Ca5Y 0 CW0s., 5 AFI2 ~0.01 5X10°° mmHg at 550 °C
Bi,Sr,Cay gY o ,CW0g, 5 uDP 0.11 76 K B 1St oCay gY 9 .Ch0g 4 5 1x 102 mmHg at 550 °C
Bi,Sr,Cay gY . .Ch0g, 5 ub 0.13 86 K Bb 1S CaygY 0. .Ch0g. 5 0O, gasat 1 atm and 450°C
Bi,Sr,Ca oY .1CW0g ., 5 (0] 4 0.16 93 K Bb 1Sr oCa oY 0.1CW 0, 5 O, gasat 1 atm and 450°C
Bi,Sr,CaCyOg;, 5 opd 0.20 82 K B 1St CaCyOg, 5 O, gas at 1 atm and 450°C
Bi,SrLaCuQ, 5 AFI ~0.02 BLbSrLaCuQ, s 5% 105 mmHg at 550 °C
Bi,Sr Jlag gCuGs. 5 uD 0.067 9K BibSh JLag fCuQs, 5 O, gas at 1 atm and 450°C
Bi,Sr; Lag LCuGs. 5 ubD 0.093 23 K BjSr, sLag LCuGs, 5 0O, gasat 1 atm and 450°C
Bi,Sr; sLag sCuQ;. 5 oP 0.16 32K BjSr sLag CuGs, 5 0O, gasat 1 atm and 450°C
Biy 7Pk 3e5n gdCUOs 5 oD 0.23 21K Bi 7/Phy 3e5r gCUO; , 5 5% 10 ° mmHg at 550 °C
Biq 74Py 3651 gdCUOs 5 NSM® 0.28 Bl 74Py 365 gdCUGs 5 0O, gasat 1 atmand 450°C

@AFI: antiferromagnetic insulator.
UD: underdoped superconductor.
‘OP: optimally doped superconductor.
d0D: overdoped superconductor.
®NSM: no superconducting metal.

synthesized by a flux method. The JGuO, crystal was an- whereE; and Eg are the polarizations of incident and scat-
nealed in 1 mmHg oxygen gas at 900 °C for 12 h. ThelNe tered light,a and b are parallel to the Cu-O-Cu directions,
temperaturel y is 293 K. The LSCO crystals of=0.2 and andx andy are directions rotated by 45° fromandb axes
0.25 were annealed in oxygen gas under ambient pressureiat the ab plane. The Raman active symmetries ey

600 °C for 7 days. The annealing conditions for five Bi2212 + Big, Bag, AigtBag Big for (a,a), (a,b), (x,x), and
crystals and six Bi2201 crystals are listed in Table I. Tie  (x,y) polarization configurations, respectively. These spectra
was determined by electric resistivity. The widths of 10%—ere measured on the same surface of a crystal. &) (
90% transitions are less than ab@K indicating good crys-  gnq @,b) spectra were measured on the exactly same posi-

tals. Th_e carrier densitp_irj YBCO, Bi2212, and Bi2201was tion. Similarly the &,x) and (x,y) spectra were measured on
determined by the empirical equatfén the exactly same position

To/Te mw=1—82.6p—0.162, (2.1) Rz_iman sp(_ac_tra can be presented in two kinds of fprms:
' one is the originally observed spectra and the other is the
where T a IS the highesfT; in each series of the present Raman susceptibilityy which is obtained by dividing the
experiment. In case of YBCQ=6.46, 6.54, 6.63, 6.68, original spectra byi(w,T)+1, wheren(w,T) is the Bose-
6.83, and 6.91 correspond ®=0.062, 0.081, 0.099, 0.11, Ejnstein statistical factor. For usual electronic excitations the
0.14, and 0.16, respectively. The carrier denpity LSCOis  temperature dependence at low energies is smallgrtian
equal tox. The Raman spectra change according to the caf, the original spectra, but in the marginal Fermi lictfid is

rier density determined in this way. smaller in the original spectra. In the marginal Fermi liqyid
Raman spectra were measured on fresh cleaved S“rfacgsapproximately proportional ta/T at 0<fw<ksT and

Ina quambac_kscattenng configuration utilizing a 5145-A Arconstant above it. This temperature dependence makes the

ion laser, a triple monochromator, and a charge-coupled de-

vice detector. The laser power was 5 or 10 mW for the mea9rlglnal spectra nearly independent of temperature. Elec-

surement of low-energy spectra from 15 to 2000 érand tronic excitations in hight, superconductors show the mar-

20 mW for the wide-energy spectra from 15 to 7000 ¢m ginal Fermi—li.quid behavior inzt?e large area of the momen-
The laser light was focused into an oval SpotEDO0 m? tum and carrier-density spaé&?In many cases the original

on the sample surface. The increase of temperature was l¢8&man spectra are less temperature-dependenftaaiow

than aboti2 K at 5 K for 10 mW,when it was estimated €Nergies in the normal phase. Another reason that we prefer
from the comparison of low-energy specttssak and 20 K the original spectra is that what we want to see is the elec-
with various excitation power 20, 10, 5, and 2 mW. Thetronic density of states ned&tr. The intensity iny always
wide-energy spectra were obtained by shifting the centra@pproaches zero belokgT as the energy goes to zero, even
wave number of the spectrometer. The obtained spectra weit the electronic density of states is constant néaf. It
corrected for the efficiency of the spectroscopic system utimakes difficult to observe the low-energy excitations. On the
lizing a standard lamp to keep the constant response for thether hand, the original spectra have no such property and
light power. Any artificial subtraction of the background was make it easy to estimate the density of states &garThere-

not done. Many spectra were measured twice in differenfore we present the original spectra in the following. The gap
crystals. Raman spectra were observed in four polarizatioenergies determined from both methods are almost the same,
configurations E;,E)=(a,a), (a,b), (x,x), and ,y), because the gap energies are larger th,.
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FIG. 1. (Color B;4andB,4 Raman spectra in
YBCO at 5 K and just above . (60 K for y
<6.63 and 100 K fory=6.68).
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Infrared-ultraviolet reflection spectra were measured by &ity around 250 cm® at 5 K is larger than that at 60 K. The
Fourier-transform infrared spectrome{@omem DA8 and increase of the scattering intensity around 250 ¢ris due
a grating spectrometer. to the formation of the superconducting coherent peak. In the
B4 spectra the typical gap structure is observeg-a6.83
and 6.91. The intensity below 360 crat 5 K is smaller
than that at 100 K and the intensity around 600 ¢érat 5 K
is larger than that at 100 K by the formation of the coherent
peak. The coherent peak was not observed afigve

Raman spectra of YBCO contain extrinsic phonon peaks In order to show clearly the change of electronic scatter-
relating to chains in the reconstructed surface layer on théng induced by the superconducting transition, the differen-
cleaved surfacé>?’ Those peaks can be bleached by the extial spectra between the superconducting states and the nor-
posure of laser light at 20 K. Raman spectra were measuradal states are shown in Fig. 2. The phonon structure is not
on the warming process after almost complete bleaching, butompletely subtracted for large peaks at 334, 506, and
above 200 K those peaks appear again. Figure 1 shows ti82 cm ! (y=6.91) in theB, 4 spectra. As carrier density
B14andB,4 Raman spectra in YBCO at the superconductingincreases, the coherent peak appears at 228" émthe Byg
states(5 K) and thenormal statg$0 K for y=<6.63 and 100 spectra ay=6.46 and the intensity increasesyat 6.54, but
K for y=6.68). In theB,, spectra the typical gap structure is the coherent peak is not observed in Big, spectra in these
observed ay=6.46 and 6.54. The scattering intensity below carrier densities. The coherent peak decreases inBthe
120 cm! at 5 K is smaller than that at 60 K and the inten- spectra ay=6.63. In place of this decrease a coherent peak

IIl. SUPERCONDUCTING COHERENT PEAK,
LOW-ENERGY SCATTERING INTENSITY, AND THE
TWO-MAGNON PEAK

184504-3



SUGAI, SUZUKI, TAKAYANAGI, HOSOKAWA, AND HAYAMIZU PHYSICAL REVIEW B 68, 184504 (2003

iy YBa,Cu,0, 02rg YBa,Cu0, tallic phase fronk=0.06 to 0.25. On the other hand, tBg,

0.2 y=62 | g1 y=6.2 (AF) low-energy intensity increases with the increase of carrier
(SK'60K) density. These changes are qualitatively consistent with the
00 00 reported results in LSCO(Refs. 12,17,31,32 and

0.2 (5%%?6 o | Bi22121920:33The Jow-energy intensity is proportional to the
st pntiddepirprylan 0.0

m density of states nedEr. The opposite carrier-density de-
O.OMW‘ Y e
pre

pendence betweeB,  and B, 4 suggests that doped carriers
0.2

6.46 (T=47K)) 0.1 enter mainly near £/2,7/2) at underdoping and nea#r(0)

(5K-60K) .
00 Lot 0 oL Mttt at overdoping.

& . ' 6.54 (53 K)I ' Figure 5 shows th@&; 4 andB,4 spectra of Bi2212 in the

@ 0.2 (5K-60K) | 0.1 ! 6.54 (53 K) 0.08 superconducting staté¢$ K) and in the normal stated00

& 00 00 K). Figure 6 shows the differential spectra betwéeK and

E ’ 663(57K) | 100 K. The coherent peak is observed from the underdoped

Q o2 <5K'-6°K> 0.1 6.63 (57K) 0.10 region to the overdoped region in tiB, spectra. On the

o other hand, the coherent peak is very small in the under-

w 0.0 0.0 . . . .

E 6.68 (58 K) doped region in theB,4 spectra. It increases rapidly at the

S o2 (Bf-100K) | 0.1 optimum doping and further increases as the carrier density

2 increases.

0.0 0.0

Figure 7 shows th®;4 andB,4 spectra of Bi2201 in the
superconducting stat€s K) and in the normal stat€d0 K).
Figure 8 shows the differential spectra betwéeK and 40
0.0 K. The spectra of the nonsuperconducting metallic phase
o1 6.91 (91 K) 0.1 Biy 74Pk 3g5n gCUQs . s were taken 85 K and 100 K. The
coherent peak is observed from the underdoped to the
0.0 , optimally-doped region in thé,, spectra, while the very
small coherent peak increases rapidly from the optimally-

6.83 (88 K)
(5K-100K) 6.83 (88 K) 0.14

0.2 0.1

0.0

6.91 (91 K)

0.2 (5K-100K)

0.0

-0.2 -0.1 . .
doped to the overdoped region in tBgy spectra.
04" 400 600 800 1000 1200 0 200 400 600 800 7000 7200 The B, 4 coherent peak energy, which is considered as the
ENERGY SHIFT (em”) superconducting gap energy\?2 is proportional to the ex-

change interaction energy determined from g, two-

FIG. 2. Differential Raman spectra betweg K and just above magnon peak energy. Figure 9 shows the carrier-density de-

T (60 K for y<6.63 and 100 K foly=6.68). pendence of th®,, two-magnon spectra in YBCO, LSCO,
Bi2212, and Bi2201 at 300 K. The two-magnon peak energy

appears at 914 cnt in the B4 Spectra. TheB,4 coherent decreases, as carrier density increases, in agreement with
peak increases at=6.83 and 6.91, but the coherent peak isother experiment’1°323435The peak energies are almost
not observed in th8,4 spectra. The symmetry of the coher- the same in the insulating AF phase, but the decreasing rates
ent peak clearly changes frol,, to B4 at y=6.63 (o  are different. The decrease is the fastest in Bi2201 and the
=0.99). The coherent peak is small in bd@hy andB;4at  slowest in YBCO.
the crossover regiop=6.63 and 6.68 in the 60 K phase. The difference betweeB,y and B,y symmetries is sum-

This symmetry crossover of the coherent peak is commarized as a function of carrier density in Fig. 10. Figure
monly observed in high-, superconductors. Figure 3 shows 10(a) shows the energy of the coherent peak. Figuré)10
the B;4 and B,y Raman spectra of LSCO in the supercon-shows the height of the coherent peak measured from the
ducting stateg5 K) and the normal state@0 K). Figure 4 level continued from 600-1200 cm in the differential
shows the differential spectra betwed K and 40 K. The spectra. Figure 18) shows the relative height between the
coherent peak is observed in tBgq spectra at the under- B4 and B,y coherent peaks. Figure @ shows the low-
doped and optimally-doped region, 0s88<0.15, while in  energy scattering intensity at 100 th Figure 1@e) shows
the B, 4 spectra at the optimally-doped and overdoped region] . of the same crystal or a crystal in the same batch. The
0.15=x=0.22. Atx=0.115 theB,, coherent peak height is effective exchange interaction energy obtained from the
smaller than both sides. This is related to thél/8)-  two-magnon peak energy,.magnonby J* = %wz_magnonis also
problem” that theT . decreases by the formation of the qua- shown in Fig. 10a).
sistatic spin-charge stripe structure npar1/8.2~*°The B, In YBCO the energy of theB,, coherent peak ay
coherent peak energy increases gradually as carrier density6.68 (p<0.11) is much lower thad*, but the energy of
increases. The energy of tg, coherent peak decreases theB;4coherent peak 3t=6.63 (p=0.1) is higher thad*.
monotonically fromx=0.15 to 0.22. In LSCO theB,q (x<0.15) and theB,4 (x=0.15) coherent

The carrier-density dependence of the low-energy scattepeak energies are lower thalf. The B4 coherent peak
ing intensity is most clearly observed in LSCO. TBg,  energy is proportional td*. In Bi2212 theB,y coherent
intensity at low energiefor example, at 100 cmt) in the  peak energy is much lower thar at p=0.11. It increases
normal phasdat 40 K) decreases monotonically in the me- to nearJ* at p=0.16 and follows the decreasidj in the
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overdoped region. ThBlg coherent peak energy is almost OCCurs near the optimum doping. It indicates that the carriers
the same ad* from the underdoped region to the overdopedenter at ¢r/2,7/2) in k space at low carrier density and move
region. TheB,4 coherent peak height is larger than tBg; to (7,0) as carrier density increases. The same carrier-
peak height in the underdoped region. The relative heightlensity dependence is commonly observed in YBCO,
exchanges near optimum doping as shown in Figc)10n Bi2212, and Bi2201. In YBCO the increase of g, inten-
Bi2201 theB,4 coherent peak is observed only at the under-sity from 100 K to 300 K is caused by the increase of ex-
doped and optimally-doped region and the energy is lowetrinsic phonon scattering in the reconstructed surface layer
thanJ*. The height of theB,4 coherent peak is large from on the cleaved surface. Theoretical models were proposed
the optimally doped region to the overdoped region and théor the small density of states air(0) and the large density
energy is almost the same 35. of states at €/2,77/2) in the underdoped region. They dig
Figure 1@d) shows the low-energy (100 ¢m) electronic  interactions with the magnetic collective mode at, fr)
scattering intensity at 300 K and just aboVg (60 K fory  called as the “hot spots and cold spots” mod&l(2) the
<6.63 and 100 K foy=6.68 in YBCO, 40 K in LSCO, 100 instability of the Fermi liquid in strong-coupling umklapp
K in Bi2212, and 40 K in Bi220L The typical carrier den- scattering processés,and (3) effects of second and third
sity dependence is observed in LSCO. TiBg, scattering neighbor hopping ter
intensity increases rapidly from AFI to the insulator-metal ARPES showed that the pseudogap starts to open at
transition point and decreases gradually as carrier densitfyr,0) and extends to#/2,77/2) in underdoped Bi2212, as
increases, while thBlg scattering intensity increases with temperature decreases from the spin gap temperaligg (
the increase of carrier density. The crossover of the intensityo T..%° In the Raman spectra the decrease of intensity from
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0.03 0.06 sistent with the hot spots model, but consistent with our
By, La&,SrCu0, B,, La,SrCu0, results
X=0.06 (3301'2% The common properties of the coherent peaks in these
0.00 s 0.00 s Mg Wi superconductors can be summarized as follows.
o ' 008 (1) The goherenF peak appears typically in Ehg, spectr_a
420,08 M (UD 27K) at Iovy_carner densities and in th#, 4 spectra at' high carrier
MR A s AiAmily densities. The crossover occurs near the optimum doping,
SN / ) =0.16, in LSCO and Bi2212, but it occurs at low carrier
UX;‘;-;K density,p=0.1 (y=6.63), in YBCO. In Bi2201 the8, , co-
_ X=°A'1 » ( ) herent peak is always larger than tBgy coherent peak. In
DA Bi2212 and Bi2201 theB,, coherent peak is large at the
x=0.115 underdoped region, but both coherent peaks are observed in
< x=0.115 /LW_M (UD 33K) wide carrier density regions.
= rf“‘”’“‘“"“ el ' B (2) The energy of th@;, coherent peak is proportional to
:.’ %<0.15 / } x=0.15 J* in LSCO, Bi2212, and Bi2201. The proportionality coef-
< MM (OP 42K) ficient is 0.37 in LSCO, 1.08 in Bi2212, and 0.94 in Bi2201
2} p—— — A ey at the optimum doping. In YBCO th&;4 coherent peak
- / energy decreases more rapidly thdth, as carrier density
‘ x=0.2 x=0.2 . . .
(0D 32K) increases, and becomes equaltoat the optimum doping.
/‘/W‘/?'\AW.‘W\MM"MM NN On the other hand, thB,, coherent peak energy is much
M’V\J"\AM/V”V’*"V*/V X
’/f lower thanJ* and not proportional td* .
¢ x=0.22 x=0.22 (3) The low-energy scattering intensity increases gradu-
(OD 24K) . .
L N ally in B4, but decreases gradually Byy, as carrier den-
ApTAINT sity increases in the metallic region.
0,25 x=0.25 (4) The coherent peak height is reducedxat0.115 in
- (0D 13K) LSCO to form the(1/8)-stripe phase and arouryd=6.63 in

0.03 0.08 [ marmmmempsaspsndits YBCO to form the 60 K phase.
The superconducting gap energy determined fronBthe

coherent peak is strongly correlated with the effective ex-
change interaction energy. It suggests that the main origin of
the superconductivity is the magnetic interaction. On the
other hand, th&,, coherent peak energy approachesBhg
coherent peak energy from much lower energy, as the carrier
density increases to the optimum doping. In the overdoped
phase thd3, coherent peak energy follows tigg ; coherent
300 K to just aboveT is attributed to the formation of the peak energy in Bi2212. It was pointed out that Bg, co-
pseudogap. The very small pseudogamBin and the large herent peak energy is related To.*®!° However, it is diffi-
pseudogap irB,4 is observed ap=0.11 in Bi2212[Fig.  cult to consider the reason that the gap energy around the
10(d)] consistent with ARPES. However, this situation is node direction is determined b¥,, despite the monotonic
limited to this carrier density. Th&,4 pseudogap opens at decrease of the maximum gap energy at@) as carrier
p=0.13 in Bi2212 and in the whole carrier-density region indensity increases. A more reasonable model can be consid-
Bi2201. In LSCO theB,4 pseudogap does not open in the ered in connection with the change of the electronic density
underdoped region. Thus the formation of the pseudogap def states ink space. That is, at low carrier densities
pends on the material and the carrier density. The overaltoherent peak represents the gap arount2 r/2) with the
k-dependent density of states is already determined at 300 karge electronic density of states. As carrier density increases
and the change from 300 K 1B, is small. A large density of the component of the gap near,0) increases instead of the
states enough to generate the superconducting gap structudecrease of the component around/Z,#/2). The carrier-
is left in the B,4 pseudogap at . below p<0.15 in LSCO  density dependence of ti&, 4 coherent peak energy can be
and p=<0.1 in YBCO. Therefore the missinB,4 coherent qualitatively explained by the change of the weight in the
peak at low carrier densities cannot be attributed to the forelectronic density states fromr(2,7/2) to (,0).
mation of the pseudogap. The coherent peak seems to appear in the symmetry in
In the overdoped phase the density of statesmat0f  which the low-energy scattering intensity is larger, but the
becomes much larger than that at/2,7/2). This is just like  proportionality relation between their intensities is not ob-
a formation of the large pseudogap at/2,7/2). This  served. The exchange of the coherent peak height Bggm
carrier-density-dependent change of the electronic states cato B, 4 occurs in the narrow carrier-density region in spite of
not be explained by the hot spots and cold spots modethe gradual change of the low-energy scattering intensity in
Recently it was found in overdoped Bi2212 that the scatterYBCO, LSCO, and Bi2212. It suggests that the coherent
ing rate at ¢r,0) does not increase in ARPESIt is incon-  peak is not simply proportional to the density of states near

0005366 200 300 400 500 608°°%0 100 200 300 400 500 600

ENERGY SHIFT (cm’)

FIG. 4. Differential Raman spectra between 5 K and 40 K.
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Er just aboveT,. The coherent peak is generated only in thechange was observed in two-phonon Raman scattering as
superconducting component of the electronic states as knowghown below.

from the fact that the coherent peak is not observed above

T., even if the pseudogap opens, and it is sensitive to the )

(1/8)-problem in LSCO. Those experimental results suggest V. TWO-PHONON RAMAN SCATTERING

that some extra mechanism is necessary to sharpen the ex-Usually two-phonon Raman scattering intensity is much
change of the coherent peak symmetry. Shen, Lanzara, Istémaller than single-phonon Raman intensity. However, in
hara, and Nagao$kcalculated that the off-diagonal electron- high-T, superconductors the two-phonon scattering intensity
phonon interaction of the zone-boundary LO modeatQ) is even larger than the single-phonon intensity in the AFI
helps the spin-mediated superconductivity aroundd), but ~ phaseé’?~** The large two-phonon scattering intensity is
destroys the superconductivity aroundt/2,7/2). They did caused by the resonant Raman effect between the
not discuss the effect of the LO mode at,r), but it is  O(p)-Cu(d) charge transfer excitation and the incident light.
supposed that then(,7) mode helps the spin-mediated su- Therefore the atomic vibrations in the Cu@lanes are se-
perconductivity around #/2,/2) and destroys the super- lectively enhanced. Figure 11 shows g, phonon Raman
conductivity around 4,0). If the phonon mode with the spectra obtained from thex(x), (a,a), (x,y), and @,b)
strongest electron-phonon interaction changes fretr) to  spectra by the calculatio(x,x) + (a,a) — (x,y) — (a,b)]/2.
(w,0) as carrier density increases, the rapid change of théhe peak energies at=0 (0.15 are 128, 15@142), 194,
coherent peak symmetry can be explained. In practice thi223), 226, 273271), 307, 368362, 396, 424425, 460,
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Bi,Sr,Ca,,Y,Cu,Og,; teractions include all interactions except for the t#ich-
type interaction ofk=0 LO phonons. Infrared active

0057 B () Tc;;OK'z(‘(JD) Bas (2b) X=%f;é'::?ug)) phonons are onlk~0 modes from the momentum conser-
' vation between the phonon and light. Therefore infrared ac-
0.00 . Mwm tive k=0 A,, andE, modes can contribute only to the first
T " mechanism.
It is expected that the Fhiich interaction decreases rap-
005 idly as carriers are doped, because the electric field is
_ 7 screened by carriers. Recently Honesal *° and Tuet al*®
0.05 e 020y observed phonon spectra in the reflection spectra with the
~ee K D) ¢ =88 KD electric field perpendicular to the axis at the optimally
0.00 Mh. /M doped YBQCU;OGQS (Tc=93 K), Prl.SSCAQ).lSCUO4 (Te
o | / =19 K), and Bi2212 T,=91 K). Tu et al*® argued that
g these modes are not the vibrations in the Gp@nes, but in
Z 505 the BIO and SrO layers. The oscillator strength in the infra-
n - —7 , ; , . ; red spectra is proportional to the square of the macroscopic
0057 x<=0.1 *=0.1 (p=0.16) electric field of thek~0 LO phonon. The appearance of the
w0 T.=93 K (OP) 7.=93 K (OP) o N
- ' phonon structure indicates that the screening is poor for the

electric field perpendicular to theaxis even in the metallic

0.00 M phase. However, the present Raman-scattering experiment
/\\ shows that the two-phonon peaks of the infrared active

modes decreases more rapidly than other two-phonon peaks

-0.05¢ as carrier density increases. It indicates that théliaio-type
0.05 x=0 x=0 {p=0.20) electron-phonon interaction of thike==0 modes decreases
Tcgg)K y  T=82K(OD) more rapidly than the other electron-phonon interactions of
m largek modes. The Fialich-type electron-phonon interaction
0.00 e W, for thek=~0 infrared active modes does not contribute to the
W/ superconductivity.
The upper panel of Fig. 13 shows the high-energy part
005 et ‘ . ‘ . ‘ . (1050-1500 cm') of the two-phonon Raman spectra in the
0 200 400 600 800 10000 200 400 600 800 1000 AFI phase k=0 and 0.03band the boundary of the metallic
ENERGY SHIFT (cm ') phase ¥=0.06). The middle panel is the spectra in the range

of half the energy (525-750 cm). The spectra in this
range are composed of single-phonon scattering and two-
487473, (529, 612, (612, 670685, 708, 74%739), phonon scattering. The lower panel is the optical conductiv-
873833, 914, (935, 982, 1011, 1036, 1126065, 1171, ity o(w) and the loss functior-Im[ 1/e(w)] obtained from
12261146, 13411267, 1426, 1446(1363) cmt. The the Kramers-Kronig transformation of the infrared-
peaks below 750 ciit come from mainly single-phonon ultraviolet reflection spectra of the same,CaiO, crystal.
scattering and those above it from two-phonon scatteringThe electric field of light is perpendicular to tleaxis. The
TheA;, mode energies in the tetragonal unit cell are 229 andvide-energy-range reflection spectra were obtained by con-
426 cm ! at x=0.%? The carrier-density dependence of the necting the measured reflection spectra from 50 tio 6
two-phonon peak energy is plotted in Fig. 12. eV and the reported vacuum-ultraviolet spectra from 6 eV to
In the single-phonon process onks~0 modes are al- 35 eV*" The higher-energy expansion is followed by the for-
lowed from the momentum conservation among the phonornula of R(w) ™~ *. TheE,, transverse-opticdTO) phonon
incident light, and scattered light, while all modes in theenergies obtained from the peaksdifw) are 151, 184, 361,
Brillouin zone are allowed in the two-phonon process by theand 680 cm* at 20 K, if we ignore the splitting by the
simultaneous creation of phononskaand — k. Any symme-  orthorhombic distortion. The corresponding LO phonon en-
try mode becomes Raman active in thg, two-phonon scat- ~ ergies obtained from the-Im[1/e(w)] are 168, 275, 460,
tering, because the irreducible representations reduced frognd 712 cm®. Many energies are consistent with the re-
the direct product of the same representations haveihe ~ported results®*° The reported energies of the D) A,,
representation. The two-phonon scattering intensity is prophonons are 15050, 230458, and 512(575) cm?.>%~>
portional to the fourth power of the electron-phonon interac-These modes have polarizations parallel to thexis. As
tion in the successive two-phonon creating process. Therghown in the upper panel of Fig. 13, the 1426 ¢rpeak has
are two mechanisms for the strong two-phonon scattering i@ shoulder at 1446 cnt. The 1426 cm® energy is twice
the AFI phase. The first is the Flich-type electron-phonon the E, (LO) phonon energy 712 cit. The intensity of the
interaction via macroscopic electric field accompanykig peak decreases rapidly as carrier density increases to
~0 LO phonong* The second is especially strong electron-=0.035. This peak is assigned to the two-phonon peak of the
phonon interactions in the whole Brillouin zof&These in- 712 cni ! E,, (LO) phonon mode. The corresponding single-

FIG. 6. Differential Raman spectra betweg K and 100 K.
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phonon Raman peak is observed at 708 &nfThe intensity  914-cm ! peak is assigned to the two-phonon peak of the
of this peak also decreases as carrier density increases a#60-cm * E, (LO) phonon mode. The 460-cm peak in
almost disappears a&t=0.08. The crystal structure of LCO is Fig. 11 is the single-phonon Raman peak. They also decrease
D%ﬁ This structure has inversion symmetry and the Ramamapidly as carrier density increases.

activity and the infrared activity are exclusive. The possible The most dominant peak in the underdoped phase is the
mechanism for the Raman scattering of the infrared activd446-cm* (x=0) peak. It decreases gradually as carrier
mode is the intraband Entich interaction at the resonant density increases and the 1146-ch(x=0.15) peak be-
Raman condition>®* The possibility of the imperfection- comes the most dominant peak in the optimally-doped and
induced mechanism is removed because the intensity deverdoped phases. The energyxatO is 1226 cm®. This

creases as Sr concentration increases. mode is likely not to be th&~0 mode, because the corre-
The energy of the 1171-cnt peak is twice the energy of sponding single-phonon peak is not observetd-aD.
the A,, (LO) phonon (575 cm! at room temperatuje® Pintschovius and co-workéfs>*%ound by neutron scat-

The intensity of this peak decreases rapidly as carrier densitigring that there are two distinct phonon modes whose ener-
increases. The 1171-cth peak is assigned to the two- gies decrease sensitively as carrier density increases. Those
phonon peak of thed,, (LO) phonon mode. The single- modes are the highest-energy mode around 4,0) (half-
phonon peak is not observed, because the Raman spectrgeathing modeand theX,; mode around 4, 7) (breathing
were measured in thea(a), (a,b), (x,x), and ,y) polar- modg on theE, (LO) mode(atk=0) branch. The energies
ization configurations which do not include toeaxis. The decrease from 636 cnt atx=0 to 553 cmi * atx=0.15 for
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0.01[B,,  Bi,SrLaCu0,, B,, Bi,SrLaCu0,,, cordance with the carrier densiky=0.15 for the ¢r/2,7/2)

(xy) (AR (ab) (AFD —(m,0) crossover of the coherent peak as presented in the
0.00 W.W‘WWWM”'WWW WWWF‘MW preceding section. The momentum crossover of the strongest

electron-phonon-interaction mode is commonly observed in
0.01 — S5K-4doK — 5K-40K high-T, superconductors, although the crossover carrier den-
, igh-T sup : 9
0.01 BiSr, ,LasCuOs,; BiSr, ,La,¢CuO,,s sity and the overlap region depend on the compounds. Mc-
(UD 9 K) (UD 9 K) p=0.07

Queeney and coworkéfsobserved the appearance of the

70-meV (580-cm?) mode in the metallic phase abowe

=0.06 by neutron scattering. The present Raman-scattering

-0.01 : ’ . experiment disclosed that the mode continues fromO.

001 S o sk ' oAy The energy decreases from 613 cirat x=0 to 604 cm'*
atx=0.06, 575 cm?! atx=1.0 and 573 cm® atx=0.15.

0.00 R“ T W The3, (7,7) and theA; (,0) two-phonon peaks have

different temperature dependence in the underdoped region.

0.00 WWWWWWWWWWW

DIFFERENTIAL SCATTERING INTENSITY

_8281 Bi,51,5L2050UOs,, Bi5r, L2 0u0n s Figure 15 shows the temperature dependence of the two-
0P 32K) 1 (OP 32 K) p=0.16 phonon spectra at four carrier densities.x&t0, 0.15, and
0.00 0.2 the decreasing rates of thg two-phonon peak and the
A, two-phonon peak are nearly the same, whilg=a.1 the
0.01 A; two-phonon peak decreases more rapidly than Xhe
001" By 74PDy 31 5:CUOs, Bi, 74Py 351 5:CUOG, two-phonon peak as temperature increases) fioK to 300
} (OD21K) (OD21K) p=023 K. The same temperature dependence is observed commonly
0.00 f nﬂ el in the underdoped region at=0.06 and 0.115.
Figure 16 shows the phonon Raman spectra in YBCO at
-0.01 e . . . 60 K. The peak energies ily=6.33(6.91) are 8B9),
0017 | BiiauPLoasST: ssOUOe.s Bi1 74Py 551155 CUOs.q 117(116), 144151), 191193, 268265, 453443,
(NSM) (NSM) p=0.28 o) i
485504), 554, 582584), 796, 1296 cm~. The energies of
0.00 large peaks are consistent with reported energies, for ex-
ool MMM ook | | k100K arr]nple, 115, 145, ﬁ54’ and %72 %#6.65 The ll(arge peﬁlk
0 200 400 600 800 10000 200 400 600 800 1000 ¢ angefl fr(im the 142-c (y—6;2) peak to the
ENERGY SHIFT (cm’) 116-cm * (y=6.91) peak at y=6.63-6.83. The
116-cm ! (y=6.91) peak splits into two peaks af
FIG. 8. Differential Raman spectra betweg K and 40 K(100 =6.46-6.83. Another large peak changes from the
K'in Biy 74Pk 3651.68CUCs 1 5) - 454-cm ! (y=6.2) peak to the 504-cnt (y=6.91) peak at

y=6.33-6.46. The strongest two-phonon peak is observed at

the A; (m,0) mode and 722 cit atx=0 to 667 cm* at 1296 cn! in the AFI phase ¥=6.2). This peak decreases
x=0.15 for theX, (7, ) mode. Twice the energies are plot- in energy and intensity as carrier density increases fyom
ted in Fig. 12. From the coincidence of the energy, the=6.2 toy=6.63. The origin of the sharp peaks near 1220
1200-cm * and 1400-cm* two-phonon branches in Fig. 12 cm™! marked by asterisks at=6.54, 6.63, and 6.83 is not
are assigned to thd; mode at ¢r,0) and>; mode at the intrinsic mode, but the mode in the reconstructed layer on
(w, 1), respectively. Falter and co-workefs®* showed that the cleaved surface. The large cusp at 300 Emin
the carrier-induced softening is reproduced by long-rangeyBa,Cu;Og o, is the superconducting gap structure.
nonlocal electron-phonon interaction effects of charge fluc- Figure 17 shows the selected spectra in the photobleach-
tuation within the framework of a local-density approxima-ing process of reconstructed layer modesyat6.83. The
tion. They also calculated that the 425-ctnA; mode at  surface was cleaved in air at room temperature and set in the
(w,0) in the metallic phase has large electron-phonoreryostat followed by coolingat 5 K in helium gas without
interactions.”*® The 900-cm* branch in Figs. 11 and 12 illumination. The Raman spectra were measured on the same
can be assigned to the two-phonon scattering of this modepot successively at 5, 20, 40, 60, 80, 100, 150, 200, 250, and
The corresponding mode in YBCO was attributed to the in-300 K on heating. The duration is 2 h for each scan. The
teraction with theA; phonon branch by Pintschovius and laser power was 20 mw/(50500) um?. The spectra did
Reichard®® and to the stripe effects by Mook and D>  not change by the illumination of laser light at 5 K, but at
The anomalous dispersion of the LO phonon on tgelf  20-100 K the peaks at 235, 266, 292, 309, 593, 634, 781,
direction in La ¢St 1<CuQ, (Ref. 63 is controversiaf® 883, 1058, 1178, 1194, 1264, 1422, 1493, 1654, 1772, 1857,

The intensity of the two-phonon peak of tRg () and 2017 cm? (5 K) decreases by illumination. These peaks
mode decreases monotonically fro 0 tox=0.15, as car- are due to the modes in the reconstructed layer. Above 150 K
rier density increases. On the other hand, the intensity of ththese peaks increase again. Figure 16 was obtained after the
two-phonon peak of thel; (7,0) mode increases at illumination of laser light at 20 K so as to reduce the inten-
=0.1. The relative intensity of the 1200-cth peak to the sity of the 1220-crn® peak below about 1/20. The other
sum of the 1200- and 1400-crh peaks is shown in Fig. 14. two-phonon peaks in the two-phonon scattering region of
The crossover carrier density=0.115-0.15, is in good ac- Fig. 16 seem to be intrinsic, because the spectra are nearly
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FIG. 9. B4 spectra in YBCO, LSCO, Bi2212, and Bi2201 at 300 K.

the same as the 100-K spectra in which the 1220tpeak two-phonon peak does not come from #g(LO) mode, but
almost disappears. from the 3, (ar,7) mode. This two-phonon peak can be
In order to assign the origin of the two-phonon peaks, theobserved tilly=6.63. The Raman spectra have no dominant
Raman spectra are plotted in the single-phonon scale as walo-phonon peak ay>6.63. Recent neutron-scattering ex-
as the two-phonon scale in Fig. 18. There is no singleperiments showed that th®; phonon dispersion is very an-
phonon peak corresponding to the 1296-¢mwo-phonon  isotropic along the axis and theéb(chain axis in the ortho-
peak. Many experiments of infrared spectroscopy werghombic phasé®’*TheA; mode energies at=6.6 are 393,
made!®®¢-%The TO (LO) phonon energies of the infrared 461, and 582 cm® at (,0) and 411, 461, and 463 crhat
active A, modes are 10810, 146180, 215222, (0,7). The A; mode energies ag=7 are 145, 223, 265,
367470, and 64%664) and those of theE, modes are 391, 465, and 523 cnt at (7,0) and 147, 221, 265, 417,
116125, 188199, 246266), 351(420), and 59%637) aty 447, and 452 cm! at (0;7). The large anisotropy may cause
=6.%® Infrared active modes are usually screened by the itingifficulty in producing a large two-phonon peak. The large
erant carriers in metal. However, it was reported that thelispersion of theA; mode causes complex mode crossing.
electric fields of theE, modes are not screened and can beThe energies of thes,0) and (O7) modes are shown in
observed in the metallic pha$&The TO phonon energies Fig. 18. The correlation between these energies and the two-
250, 357, and 588 cnt aty==6.1 (Ref. 49 change to 275, phonon peak energies is not observed.
360, and 581 cm! at y=6.95° The small carrier-density The disappearance of thg, (7, 7) two-phonon peak oc-
dependence of the highest-enefymode is consistent with curs at the 60-K phase. It is very different form the case of
the neutron-scattering experiment that the LO phonon energySCO in which the crossover of the dominant two-phonon
atk=~0 changes from 594 cnt aty=6 to 580 cmm* aty  peak from3, (m,7) to A; (,0) occurs at the optimum
=7.%8 On the other hand, the neutron-scattering experimentarrier densityx=0.15. This difference seems to be related
showsed that the energy of the (7r,77) mode decreases to the difference of the carrier density for the momentum
from 687 cm ! aty=6 to 610 cm * aty=7." The energy  crossover of the superconducting coherent peak from
of the two-phonon Raman peak changes from 1296%cat  (#/2,7/2) to (m,0).
y=6.2 to 1241 cm?! at y=6.46. Therefore the 1295-ct Figure 19 shows theA;, phonon Raman spectra in
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FIG. 10. (@ B;4 andB,4 coherent peak energies and the effective exchange interaction en&fgidsained from two-magnon peak
energies{b) B, 4 andB,4 coherent peak heightsr) relative coherent peak height betweqy andB,4; (d) low-energy electronic Raman
intensity at 100 cm? at 300 K and just abovE,; and(e) T. TheB, 4 electronic Raman spectra represent the excitations arowy@ @nd
the B,4 spectra represent the excitations around?(w/2). The increase of thB, 4 low-energy scattering intensity in YBCO from 100 K to
300 K is caused by the increase of the extrinsic phonon scattering in the reconstructed surface layer on the cleaved surface.

Bi2212 at 5 K. The peak energies in AFl energies forE||a are 473 and 613 cnt. The TO phonon
Bi;SrCa5Y0sC0g, 5 [Overdoped  superconducting gnergies fork||b are 325 and 613 cit. The LO phonon
Bi;SpCaCyOq. 5 (OD 82K)] are 6261), 88109,  gnergies were not explicitly reported. These modes measured
120120, 139128, (172 188189, 202198, 231, Ella and E||b were assigned to the vibrations in the
311297, 331324), 378360, (388), 436412), 460457, By ang g0 layeré® The A;, phonon energies in
474470, (524, (556), 624632, 683663, 870, 1130, 1312, PiZSrZCaCL&ng (OD 82 K) at 300 K in the present experi-

and 1378 cm®. The energies of many modes are consisten
with the reported energidé-"*The orthorhombic distortion et are 60, 107, 118, 127, 184, 295, 323, 355, 388, 408,
P 9 é68, 627, and 660 cht. There is no clear coincidence be-

and the incommensurate structural modulation reduce th - h dinf d . h
crystal symmetry and increase phonon modek~a0. The tween Raman active phonons and infrared active phonons.

strong peaks at 139, 436, 460, and 683 énin the AFI In order to search single-phonon peaks corresponding to
phase rapidly decrease in intensity, when the material b two-phonon peaks, the Raman spectra were plotted si-
comes metallic in Bi2212UD 76 K). The change induced multaneously in the single-phonon scale and the two-phonon
by the Y substitution is also observed in the phonon densitgcale in Fig. 20. The 1378-cm two-phonon peak in AFI

of states measured by neutron scattefthhe cusp struc- Pphase has the corresponding single-phonon peak at
ture at 300 cm? in Bi,Sr,CaCyOg. 5 (OD 82 K) is theA;, 683 cm L. Both peaks rapidly decrease in intensity as the
superconducting gap structure. Many infrared reflection exmaterial becomes metallic. The single-phonon energy de-
periments have been report&d®’” The TQLO) phonon  creases from 683 cit in AFI to 664 cn ! in Bi2212 (UD
energies in BiSr,CaCyOg.. s (OP 91 K for the electric field 76 K). This phonon is possibly the in-plaifig, (LO) phonon
parallel to thec axis (E||c) are 9396), 164172, 208213, mode ak~0. The 1312-cm* two-phonon peak has no cor-
281(284), 304328, 360379, 460464, 521527, responding single-phonon peak. Therefore this peak is as-
584(629), and 625(652) cm® at 295 K¢ The TO phonon signed to the mode with a large wave vector. The possible
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FIG. 13. Upper panel: thd, 4 two-phonon Raman spectraat
=0, 0.35, and 0.6. Middle panel: th&,;; Raman spectra in the
half-energy range of the upper panel. Lower panel: the optical con-
ductivity and the loss function of LEuG,.

mode is theX; mode at ¢r,7) from the analogy of LSCO.
The two-phonon peak decreases in intensity as carrier den-
sity increases. The peak can be observed till Bi2QP 93

K) in Fig. 19. A broad kink appears around 1050 ¢nin
Bi2212 (OD 82 K). In the case of Bi220{OD 21 K and no
superconducting metdNSM)] a cusp appears near this en-
ergy. The carrier density 0.2/Cu in Bi221®D 82 K) is
smaller than the carrier density 0.23 in Bi22(@@D 21 K)

and 0.28 Bi220IXNSM). It is expected that the broad kink in
Bi2212 changes to a cusp, if carrier density increases. It is

1.0
La,,Sr,CuQ,

A,y Two-Phonon
(5K) 7

o
®
T

o
>
T
1

o
'S

o
o

1(1200 em™) / {I(1200 em™)+1(1400 cm™ )}

600 L 1 L
0.00 0.05 0.10 0.15 0.20 0.25
X
i . OO L 1 L L L 1 n L L
FIG. 12. The carrier-density dependence of two-phonon peak 0.00 0.05 610 015 0.20 0.25

energies above 750 ci and the one-phonon peak energies below
750 cm L. The dominant branches in the optimally doped region
are shown by thick lines and open circles. The crosses are neutr(fn

data(Refs. 48, 55, 56, 63

FIG. 14. Relative integrated intensity of the,0) two-phonon
eak near 1200 cnt to the sum of the£,0) two-phonon peak and
e (m,7) two-phonon peak near 1400 cth
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SCATTERING INTENSITY (counts/sec)

0 500

YBa,Cu0O, =
y
A,, (60 K)

1

6.54 (0.08) 53
x5

L

6.63 (0.1) 57K

6.83 (0.14) 88K

6.91 (0.16) 91K
M
1 1

1000 1500

ENERGY SHIFT (cm™)
FIG. 16. A4 two-phonon Raman spectra in YBCO.
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FIG. 17. Photobleaching process of Raman peaks in the recon-
structed surface layer. Raman spectra were measured successively
at 5, 20, 40, 60, 80, 100, 150, 200, 250, 300 K on heating. The
duration for each spectra was 2 h.

supposed that the kink and cusp are due to the two-phonon
scattering of theA; phonon at ¢r,0) from the analogy of
LSCO.

Figure 21 shows thé;, Raman spectra of Bi2201 at 5 K.
The peak energies in AFl BsrLaCuQ . s (optimally doped
superconducting B5r; sLag sCuG;, 5, OP 32 K are 7170),
99(107), 123122), 175162, 206202, 244251), 314311),

327, 351336), 379391), 408406), 459457, 478471,
(519, 531, 549,585, 615622, 652667, (752), 828, 905,
(985), 1067,(1100, 1202, 1317 cm®. Some peaks change
by the Pb substitution. The peak energies in
Bi; 74Pk 355h UG, s (OD 21 K) are 44, 68, 78, 107, 116,
160, 181, 203, 217, 260, 292, 331, 360, 391, 464, 532, 592,
635, 664, 1094 cm'. The energies of many modes are con-
sistent with the reported energi€s’® The TQLO) phonon
energies in (BiSLCuQ;, 5, T,=6-8 K) for the electric
field parallel to thec axis are 87116), 149175, 198218),
307(330), 391(427), 462463, 596626), and 644(655)
cm tat 8K/

Figure 22 shows the Raman spectra in the single-phonon
scale and the two-phonon scale. The energy of the 652tcm
peak is near half the energy of the 1317-cmwo-phonon
peak. The intensity of the 652-cm peak rapidly decreases
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FIG. 18. A;, Raman spectra plotted in the single-phonon scale FIG. 19. A;4 two-phonon Raman spectra in Bi2212.

(solid line) and the two-phonon scaldashed ling
(7r,7r) to (7,0) atp=0.16. On the other hand, in Bi2201

like the 683-cm! peak in Bi2212(AFIl) as the material the crossover occurs at=0.09. The overlap range is large.
changes into metal. This phonon energy is close th&he relative intensity of the two-phonon peak of thg
655 cm ! energy of theA,, LO phonon atk~0. However (7,0) mode to that of thes; (,7) mode is larger in
the A,, phonon is not easily screened even in the metallicBi2201 than in Bi2212 at the same carrier density. These
phase. The rapid decrease suggests that this mode is possildijfferences are reflected to the crossover behavior of the su-
the in-planeE, (LO) phonon atk~0. The energy of the perconducting coherent peak. Th&, coherent peak at
single-phonon peak increases from 652 ¢min Bi2201  (x/2,7/2) is not observed in overdoped Bi2201, while it is
(AFI) to 663 cmi ! in Bi2201 (UD 9 K), but the energy of observed from the underdoped region to the overdoped re-
the two-phonon peak decreases from 1317 tmto  gion in Bi2212. TheB, 4 coherent peak at#,0) is stronger
1302 cm L. Therefore the two-phonon peak in Bi2201D  than theB,4 coherent peak even in the underdoped region in
8 K) does not contain the 663-crh E,, phonon component. Bi2201.
It is supposed from the analogy of LSCO that the two- The typical carrier-density dependence of the electronic
phonon peak is produced by ti¥, mode at ¢r,7). The states is shown in Fig. 23. The thick parts of the Fermi sur-
1317-cm ! peak in AFI is composed of th®, (,7r) mode face indicate the position with the large electronic density of
and the 652-cm! E,, (k=0) mode. The broad two-phonon states abovd .. The area of the large electronic density of
peak at 1097 cm! in Bi2201 (NSM) has no corresponding states shifts gradually fromm(/2,7/2) to (w,0) as carrier
single-phonon peak. It is supposed that the origin of thigdensity increases. The position of the superconducting coher-
peak is theA; mode at ¢r,0). As shown in Fig. 21 the entpeak moves fronv{/2,7/2) to (7,0) in the same way as
1317-cm ! (AFI) two-phonon peak decreases in intensitythe change of the electronic density of states, but the change
from AFI to Bi2201 (UD 23 K). The most dominant two- occurs in rather narrow carrier-density width. According to
phonon peak in Bi2201UD 23 K) and Bi2201(OP 32 K is  the change of the coherent peak position the momentum of
the 981-cm! (OP 32 K) peak. The 1097 cm' (NMS) two-  the phonon mode with the strongest electron-phonon interac-
phonon peak emerges in Bi22Q1D 23 K) and becomes the tions changes fromt, ) to (w,0). It strongly suggests that
only one two-phonon peak in Bi22@DD 21 K) and(NSM).  the %, (#,7) LO phonon helps pair creation atr(2,7/2)

In Bi2212 the dominant two-phonon peak changes fromand causes pair breaking at,0) in the underdoped region
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and theA; (7,0) LO phonon helps pair creation air(0) L e L LA B
and causes pair breaking at/@,7/2) in the overdoped re- oal A  Bi2201 Bl Ho2
. . . . . 5K Bi,SrLaCuOy,; (AFl) E\(I)

gion. This zone-boundary LO phonon-induced anisotropic —
enhancement and reduction of the superconductivity is con- Two-phonon
sistent with the calculation by Shen, Lanzara, Ishihara, and °2r N ' 1%
Nagaosd! It should be noticed that the superconducting gap [~ \“"---"“é}h"]EI"H&}}SHJ
energy determined from thB,4 coherent peak energy fol- Y SR T bt L lgo
lows the effective exchange interaction energy. It indicated 800 559 iobd  1iop 120 ihod 1t
that the main mechanism for the high-superconductivity is . '6 0
the magnetic interaction. If the phonon modes directly medi- =
ate the pairing, the phonon peak should be very broad as in £
Mng.79_8l =

The energies of the phonon modes at@) are 570 cm* g
in LSCO, 525 cm* in Bi2212, and 550 cm® in Bi2201. <
These lenergies are .close to the en_ergies, 70 meV E s
(560 cm ), at which kinks are observed in the electronic Q500 900 1000 1100 1200 1300 _ 1400
dispersion curves in ARPE¥:*8278¢ The dispersion Tl T BiPbuwSWCuO., (NSM) 4A, |
changes belowl; near the kink and the coherent peak ap- i
pears unexpectedly even along the node directi®n0)-
(7, 7). Two main possible excitations coupled with the elec- 03 008
tronic states have been pointed out for the origin of the kink. -— e
One is the phonon atA,0) (Refs. 41,82 and the other is the o T
collective magnetic excitation atm().%° The present Ra- e 5;;0 7080
man scattering favors the phononic origin, because this pho- SINGLE-PHONON ENERGY (cm )
non is found to couple strongly with electronic states and = FIG. 22. A;; Raman spectra plotted in the single-phonon scale
play the important role for the superconductivity. (solid line) and the two-phonon scaldashed ling
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(a) Underdoped Region (b) Optimally doped Region (c) Overdoped Region
TN (r, ™) N\ N\
B, By,
B, B,
0,0 / \ Fermi Surface /
Breathing ¥; mode at (7, 1) Half-breathing A; mode at (x, 0)

Pair-creating Pair-creating
interactions with Cb O O interactions with
the (1, 7t) phonon the (1T, 0) phonon

Pair-breaking Q O Pair-breaking
interactions with interactions with
the (7, ) phonon @ O {) Q GO@ the (7, 0) phonon

O O

FIG. 23. Schematic diagram for the typical change of electronic states as carrier density increases. The thick curves indicate the Fermi
surface with the large electronic density of states aliquwend the thin curves indicate the Fermi surface with the small density of states. The
open(gray) circles indicate the areas in which the superconductivity is enhafreddced by the interactions with phonons. The phonon
mode with the strongest electron-phonon interaction changes from the breZthingde at ¢r,7) to the half-breathing\; mode at ¢r,0)
as carrier density increases. The atomic displacement of these modes is illustrated. The small circles are copper atoms and the large circles
are oxygen atoms. Electronic excitations aroumd2(w/2) and (r,0) are observed in thB,4 and B, 4 spectra, respectively.

V. CONCLUSIONS The suppression of the superconductivity at the maximum
In conclusion the carrier-density-induced momentum?2P region near,0) reducesT; in the underdoped region,

change of the superconducting coherent peak frongthemiseTc may increase with the increase &f as parrier
(w/2,712) to (r,0) is correlated with the change of the elec- density decreases. In YBCO the crossover occurs in the 60-K
tronic density of states ned;, but it is not enough to ex- Phase,p=0.1, and the coherent peak is small at both
plain the sharp crossover of the coherent peak in YBCO an§7/2:7/2) and (m,0) around this carrier density. The cross-
LSCO. We disclosed that the phonon mode with the stron®Ver of the coherent peak position knspace induced by
gest electron-phonon interaction changes from the breathingl€ctron-phonon interactions is a possible origin for the 60-K
3., (,m) mode to the half-breathing; (,0) mode on the Phase in YBCO.

highest-energy LO branch as carrier density increases. This

change is strongly correlated with the change of the coherent

peak. It indicates that the superconducting regiok gpace ACKNOWLEDGMENTS
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