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The phonon modes with strong electron-phonon interactions were investigated by two-phonon Raman scat-
tering in Nd,_,Cg,CuQ, and Pj_,LaCgCu0O,. The modes change from tits modes nea(0.44r,0.47) in the
insulating phase to tha; modes neaf0.44,0) in the metallic phase. The temperature dependence ak the
modes is the same as the Raman susceptibility of electronic excitations in the quasiparticle band generated at
the Fermi energy. It suggests that the change of the electron-phonon interactions is directly related to the
presence of the quasi-particle band in the metallic phase.
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[. INTRODUCTION found from two-phonon Raman scattering that the phonon
) . . mode with the strongest electron-phonon interaction changes
The electron-phonon interaction was reexamined 10 €Xfrom the breathing mode étr, ) to the half-breathing mode
plain the kinks near 70 meV in the electronic d'SperS'Onat(q-r,O) in good correlation with the change of the coherent

curves inp-type highT, superconductors3 In n-type super- :
X peak. It was calculated that the off-diagonal electron-phonon
conductor Nd.,CeCu0, (NCCO) the kink was, however, j,ioraction of the half-breathing mode—the zone-boundary

_not observed alo_ng th@,O)—(w,qr_) direc_tion.2 The_doping LO mode at (m,0)—helps the spin-mediated super-
m_duced change in the phonon dispersion curve is also Vel¥onductivity?12 Thus the electron-phonon interaction plays
different betweenp-type and n-type superconductors. In an important role to generate the superconductivity in the

p-type supercondu_ctor L3 SKLCUG, (LSCO).theAl mode at limited region ofk-space and causes the shift of the super-
(7,0)—half-breathing mode—decreases in energy as carri-

-8 ) conducting region irk-space.
ers are dopedt."On the other hand in-type superconductor 'y, 1, yype superconductors the insulator-metal transitions
NCCO the softening is observed arouf@4m,0).>Thus  occr at almost the same carrier densitigs=0.06 and the

the carrier density dependence of the electronic states arlﬁghestTc’s are achieved at=0.1612 On the other hand in
phonons inn-type highT, superconductors is very different _tyne superconductors the carrier densities of the insulator-
from those inp-type highT, superconductors. Therefore itis etal transitions diverge fromy =0.07 in P§_LaCeCuO,

very interesting to investigate what phonon modes haV‘?PLCCQ (Refs. 14-1§t0 x,,=0.14 in NCCO. The carrier
strong electron-phonon interactionsriftype highT, super-  gensity of the highest, changes fronx=0.1 to 0.15 accord-
conductors, how they change with the increase of carriefyg 15 materials. In order to extract the physical quantities
density, and whether the electron-phonon interaction is rérg|ating to the insulator-metal transitions, the comparison be-
lated to the development of the quasi-particle band and thgyeen materials with different transition carrier densities is
superconductivity as temperature decreases. useful. In the present Raman scattering experiments NCCO

In order to extract the phonon modes with strong electronz g pLccoO are utilized as the materials with higk,
phonon interactions, we use two-phonon Raman scattering.q 14 and lowxy =0.07.

Two-phonon Raman scattering is a useful method to find out |, the present experiments we investigated the carrier

the phonon modes with strong electron-phonon interactiongensity and the temperature dependence of two-phonon Ra-
in the whole Brillouin zone. The scattering intensity is pro- a5 scattering in NCCO and PLCCO. The phonon modes
portional to the fourth power of the electron-phonon interacyiip strong electron-phonon interactions change at the

tion. Two-phonon scattering is enhanced by the resonant Rggjator-metal transitions and do not change significantly
man effect, when the incident photon energy approaches thgiinin the metallic phase.

intermediate electronic excitation energy. The present experi-
ments were performed near the resonant condition.

In the previous paper our group disclosed that the
electron-phonon interaction is strongly correlated to the su- Single-phonon Raman scattering is a third order process:
perconductivity in p-type high T, superconductors. In the creation of an electron-hole pair by the absorption of an
p-type highT. superconductors the position of the supercon-incident photon, the creation of a phonon by the transition of
ducting coherentpair-breaking peak in k-space changes the electron or the hole, and the creation of a scattered pho-
generally from(w/2,7/2) to (7,0), as carrier density in- ton by the recombination of the electron-hole pair. The ef-
creases, in correlation with the change of the low-energyective two-phonon Raman scattering process is a fourth-
electronic density of states. However, the change of the cosrder process including twice the phonon creation processes
herent peak irk-space is more rapid than that of the elec-as shown in Fig 1. The intermediate states are virtual states
tronic density of states, which suggests the existence of aand the energies are not conserved. The two-phonon scatter-
additional pair-enhancing and pair-breaking mechanism. Weg probability is expressed by,

Il. TWO-PHONON RAMAN SCATTERING PROCESS
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where Hq is the electron-radiation interactioid,, is the  Fermi energy(Eg) in the metallic phasé/?8 but not in the

electron-phonon interaction; in the initial state and 1 inthe insulating phase as shown in Fig. 1. In the metallic phase the
final state are the numbers of incident photons and a scatwo-phonon scattering process via the quasiparticle band is
tered photonp; , is the number of th¢ mode atk, 0 in the  added to the process via the original UH band. The UH band
initial and the final states is the electronic ground stat®, s also modified from the insulating phase. Therefore the
and ¢ run over complete sets of intermediate electroniChhonon mode with the strong electron-phonon interaction
states. The summation includes all the terms for availablg,ay pe different. The two-phonon scattering intensity is pro-

time orders of interactions. o _ portional to the sixth power of the intermediate electronic
The intensity of the two-phonon scattering is proportionalsiate, if the intermediate states are the similar state. The
to the fourth power of the electron-phonon interaction. Thequasi-particle band shows the strong temperature depen-
two-phonon scattering intensity is usually too small to begence, sharpening from 300 to 100 K, formation of the
detected. However, when the incident photon energy is C|°Sﬁseudogap from 100 K td,, and producing the supercon-
to the energy of intermediate electronic state at the resonagicting gap belowT..28 If the phonon creation processes
Raman condition, the probability of two-phonon Ramangccyr twice in the quasiparticle band, the scattering intensity
scattering as well as single phonon Raman scattering ig affected by the temperature dependence of the quasiparti-
strongly enhanced. The incident photon energy 2.4 eV in th@je hand. If we can detect the correlated temperature depen-
present experiment is close to the broad charge tratSfy  gence between the two-phonon scattering intensity and the
energy from the @ band to the Cd upper HubbardUH)  ejectronic density of states of the quasiparticle band, we can
band. The CT energy increases from 1.5 to 2.2 eV as carrigfonclude that that the observed phonon modes have strong
density increases from=0 to x=0.17171® Therefore the jnteractions with electrons in the quasiparticle band.

phonon modes vibrating in the CyCplane with strong In the single-phonon Raman scattering the momentum of
electron-phonon interactions are selectively enhanced in thge gpservable phonon is limited ko~ 0 from the momen-
two-phonon scattering process. tum conservation among the phonon, incident photon, and

The two-phonon scattering intensity usually decreasegcattered photon. Two types of electron-phonon interactions
monotonically in many materials as carrier density increaseyre known in the single-phonon Raman scattering, one is a
However, in highT, superconductors the carrier density de-snort-range interaction like the deformation potential and an-
pendence is not simple. In high, superconductors a sharp other is a long-range interaction of the Frohlich type. Every
quasiparticle band is generatedsgtin the metallic phase as pnonon has the deformation potential-type electron-phonon
calculated by the dynamical mean field the8ry* and  jnteraction, while the Frahlich electron-phonon interaction is
1/N-expansion theor§2~2*The Raman susceptibility is also |imjted to thek~ 0 infrared active longitudinal opticaLO)
calculated in the dynamical mean field the&t§® In Raman phonons. In the crystal with the inversion symmetry such as
scattering of NCCO a sharp quasiparticle band appears at thgcco (14/mmm), the Raman active modes are infrared in-

active and the infrared active modes are Raman inactive.
Sometimes Raman inactive LO modes appear inAheRa-
man spectra by the intraband Fréhlich interaction at the reso-
nant Raman conditiof?-3°
Quas In the two-phonon Raman scattering the restrictiork of
particle ~0 is completely removed, because the creation of phonons
band atk and k gives the total excitation df=0. In many cases
the two phonons are created in the same phonon branch, and
then the two-phonon scattering has thg, symmetry. The
phonon modes observed in the Raman spectra are listed in
Table I. In the insulating phase both types of the electron-
phonon interactions are participated in the two-phonon Ra-
man scattering>3? On the other hand in the metallic phase
doped carriers screen the macroscopic electric field accom-
panying the LO phonon and the Frohlich electron-phonon

FIG. 1. Resonant two-phonon Raman scattering procesges in interaction does not work. When the two-phonon peak is
the insulating phase ang) the metallic phase. The intermediate COmparable or larger then the single-phonon peak, the
states are virtual states and the energies are not conserved. In tBkCtron-phonon interaction is anomalously large. This is
metallic phase electrons in the quasiparticle band contribute to ththe case in the two-phonon scattering of high super-
scattering process as intermediate electronic states. conductors.

(a) Insulating phase (b) Metallic phase
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TABLE |. Phonon modes observed in the Raman spectra.

Single-phonon scattering Two-phonon scattering

Nonresonant Aig+BigtEgy atk=0 Weak

Resonant with CT-excitation Aq4+B;4+Eg+E, (LO) atk=0  Strong electron-phonon-interaction modes
at anyk+E, (LO) modes ak=0

. EXPERIMENTAL PROCEDURE in the metallic phase. On the other hand Bipeak increases
. . . in intensity and becomes the larg&st peak in the metallic
Large single crystals were synthesized by a travellngbhase_ The energy of tH& peak is 975 ciit atx=0.16. In
solvent floating-zone method in an infrared radiation fur-i o metallic phase the second largest peak isDhpeak
nace. The undoped crystals of }&uO, were annealed in (g1q cnt?) and the next is th€ peak(906 cnil).

oxygen gas. Others were annealed in depressurized argon gasthe peak energies and the intensities are plotted in Fig. 3.
from 650 to 890 °C. The Rbd-aCe (LU0, crystals were  The areas of the circles are proportional to the scattering
annealed at 800 °C for the antiferromagnetic insulatingntensities of decomposed Gaussian peaks. The 1168 &m
(AFI) crystals and at 890 °C for the superconducting cryspeak atx=0 decreases gradually in energy and intensity, as
tals. The AFI crystal is in the intermediate state between thearrier density increases in the AFI phase. Then the intensity
insulating phase and the metallic phase. The electric resistivdecreases suddenly at the insulator-metal transition fxom
ity increases below 96 K, but the two-magnon peak energy is0.1 to x=0.14. The small 1029 cth B peak atx=0 in-
much larger than that in the insulating phase of NC€Dhe  creases in intensity as carrier density increases, and becomes
superconducting transition temperatures were determined &te most dominanB’ peak in the metallic phase.
the middle points of the transitions on the resistivity curves. The neutron scattering experiment of the phonon density
The transition temperatures are 25%=0.14), 23 K (0.15,  of states disclosed that the 573 ¢nix=0) peak decreases in
23 K (0.16, and 7 K(0.20 in NCCO and 25 K(x=0.07), energy and intensity as carrier density increases fxeif to
27 K (0.1), 25 K (0.15), and 14 K(0.18 in PLCCO. The x=0.08, but the 540 cmt (x=0) peak retains the intensity
NCCO crystals ak=0, 0.05, and 0.1 are AFI. into the metallic phas&. It is consistent with our results of
Raman spectra were measured in a quasiback scatteritige A andB+B’ modes.
configuration utilizing a triple-grating monochromator, a In order to find out the phonon modes of the two-phonon
5145 A Ar-ion laser, and a cooled charge-coupled devicgeaks, first let us check whether the phonon modes are the
(CCD) detector. A laser beam of 5—20 mW was focused ork=0 modes or thé&k>0 modes. The Raman active single-
the 50x500 um? area of cleaved surfaces. The obtainedphonon modesA,q, B,y andEy) and infrared active single-
spectra were corrected by the spectroscopic efficiency of thehonon modegA,, andE,) are thek=0 modes. All the en-
apparatus. Raman spectra were measured in four polarizatietigies of the two-phonon peaks are different from twice the
configurationE;,Ey) =(a,a), (a,b), (x,x), and(x,y), where  energies of the single-phonon Raman active modes. There-
E; andE; are the polarizations of incident and scattered light,fore the two-phonon peaks do not come from the Raman
a andb are parallel to the Cu-O-Cu directions, anéndy  active phonons d=0. The energies of the LO phonons were
are directions rotated by 45° from and b axes in the measured by infrared spectroscdfy®*° The LO phonon
ab-plane. TheA;, spectra were obtained by the calculation energies are higher than the transverse optita) phonon
[(x,x)+(a,a)—(x,y)-(a,b)]/2. energies by the restoring forces of the macroscopic electric
fields accompanying the LO phonons. The i) phonon
energies of the infrared active modes in,8dO, are 134
IV. TWO-PHONON RAMAN SCATTERING IN NCCO (144), 282(433), and 516559 cm™* for the A,, modes, 132
.  (139), 304(341), 353(432), and 512(593 cm* for the E,
Figure 2 shows thé, phonon spectra from 5 t0 300 Kin - modes at 10 K4 The oscillator strengths of the infrared-
NCCO. The normal modes of the=0 optical phonons in  gctive phonons are proportional to the square of macroscopic
tetragonal(l4/mmm NCCO areA;q+Biq+2E,+3A,+Bou  electric fields of the LO phonons.
+4Eu Many eXperimental results of thnon Raman scatter- Figure 4 shows the Comparison between the Sing|e_
ing were reported®3® The Raman active modes arfg, phonon spectra and the two-phonon spectra at 5 and 300 K.
(230 cm* at 30 K), By (344 cnmt at 30 K), Ey (126 cni*at  Note that the energy range for the single-phonon spectra is
250 K), andE, (494 cm* at 30 K) in Nd,CuO,.*3TheAy;  300-650 ¢, and the energy range for the two-phonon
mode has large scattering intensity in tfeec) spectra, be-  gpectra is 600—1300 cth The LO phonon energies &t 0
cause this mode is the-axis vibration of Nd atoms. The observed by infrared spectroscopy are shown by the arrows.
peaks from about 700 to 1200 chare caused by two- The peak energies 559 and 5927¢nn the single-phonon
phonon scattering. Ak=0 the largest peak is th& peak  spectra are close to the LO phonon energies of the 559 cm
(1168 cm') the second largest peak is thB peak A, mode and the 593 cth E, mode atx=0. These single-
(1029 cm?). As Ce concentration increases, thgpeak de-  phonon Raman peaks are probably induced by the intraband
creases in energy and intensity in the insulating phase angréhlich interaction at the resonant Raman conditifihe
becomes the smallest peak amongAh®’, C, andD peaks largest two-phonon peak energy 1168¢ns a little differ-
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FIG. 2. (color) Aq4 scattering
spectra in NCCO. The two-
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4 are decomposed into Gaussian
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ent from twice the LO phonon energies 562 cni! and  the other hand the energies of the single-phonon peaks at 559
593x% 2 cnit. The two-phonon peak energy decreases fromand 592 crt atx=0 are little changed from=0 to 0.1 and
1168 to 1148 ¢, as temperature increases from 5 t00.2 as shown in Figs. 2 and 4. This result again indicates that
300 K. If the origin of the two-phonon peak is tke0 pho-  the 559 and 592 cm peaks are not the origin of the
non observed in the single-phonon scattering, the singlet168 cm? (x=0) two-phonon peak.

phonon peak energy should decrease (h§68—1148/2 In Nd; {Ce&) ,.Cu0, the two-phonon peaks at 890, 972, and
=10 cnil. Such energy shift of the single-phonon peak is not1090 cm? have not the corresponding single-phonon peaks.
observed. Therefore the 1168 tn(5 K) two-phonon peak The energy of the 796 crh two-phonon peak is near twice

is not the Raman active modes nor the infrared active modethie energy of the 403 cth single-phonon peak at 5 K, but
atk=0. Two-phonon peak energy decreases from 1168 cm the temperature dependence is different. The 796 ¢wo-
atx=0 to 1076 cm® atx=0.1 and 1091 cnt atx=0.2. On  phonon peak at 5 K decreases to 749 tms temperature
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FIG. 3. Energies of two-phonon peaks at 5 K. The areas of
circles are proportional to integrated scattering intensities of the F|G. 5. The phonon modes with large two-phonon scattering

peaks.

increases to 300 K. Whereas the 403 trsingle-phonon
peak at 5 K little shift as temperature increases to 300 K
Therefore the 403 cm single-phonon mode at 5 K is not
the origin of the 796 cimt two-phonon peak at 5 K. These

results indicate that the origins of the two-phonon Raman, theS! mode and th&2 mode around0.42r,0.42r). TheB’, C

peaks are not thk=0 modes.

Next thej two-phonon peaks are compared with largearound(0.47,0), A} mode around0.5x,0), and A2 mode around
k-modes. Figure 5 shows phonon dispersion curves okthe (0.5x,0).

modes along,7) and theA; modes along #,0) at x=0
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intensities are mapped into the phonon dispersion curves measured
by neutron scatterin¢Ref. 4 atx=0 and by inelastic x-ray scatter-

ing (Refs. 9 and 1pat x=0.14. The experimental points are con-
hected by us for the x-ray scattering. The TO and EQmodes at

x=0 measured by infrared spectroscq®ef. 34 are also shown.
The A andB two-phonon peaks in the insulating phase are assigned

and D peaks in the metallic phase are assigned toAPﬂsﬂode

measured by neutron scatterfrand atx=0.14 measured by
inelastic x-ray scatterin)® The highest-energy mode is the
Cu-Q(1) bond-stretching longitudinal mode and the second
highest-energy mode is mainly associated with thg)@i-
brating longitudinal mod&.The E, infrared active phonon
modes in the insulating phage 0 at(0,0) are also shown by
the open squareg.0) and the solid squarg§0).3* The X,
modes and thd; modes become the, (LO) modes at0,0),
because thé&; modes and the\; modes are longitudinal
modes. Ax=0 theX; modes and th&, modes are smoothly
connected to th&, (LO) modes at0,0) as expected. ThE;
modes and thé; modes atx=0.14 are connected to thg,
(TO) modes ak=0. It indicates that the macroscopic electric
fields accompanying the LO modes are almost completely
screened by doped carriersxat0.14 and the energies of the
LO phonons approach the energies of the TO phonons. The
Al mode atx=0.14 strongly softens af0.4w,0). The A?
mode atx=0.14 also strongly softens frorf0.47,0) to
(0.67,0).

The energy of the strongest two-phonémpeak decreases
from 1168 cm? at x=0 to 1076 cm'* at x=0.1 in the insu-
lating phase. The corresponding single-phonon energy de-
creases from 584 to 538 ¢ This phonon mode is uniquely
determined to be thE} mode neaK0.42m,0.427) from the
coincidence of the energy as shown in Fig. 5. The energy of
the second stronge®t peak decreases from 1029 that x
=0 to 989 cm* at x=0.1. The corresponding energy shift is

FIG. 4. Comparison between the two-phonon scattering peak§0served in th&Z mode near0.42,0.42m). In the metallic
and the single-phonon scattering peaks. The energies of the 5 Rhase the second largddtpeak decreases from 914 that
two-phonon peaks are indicated by solid lines and the 300 K peak=0.1 to 796 cri' atx=0.2. The corresponding energy shift
by dotted lines. The energies of the LO modes measured by infrarei$ uniquely observed in the&i mode at x=0.14 near
spectroscopy are shown by arrows.

(0.57,0). The small C peak shifts from 906 cmt at x
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FIG. 6. Temperature dependences of two-phonon scattering sus
ceptibilities [I(peakheight/[n(w/2,T)+1]?] of the decomposed
GaussianA peaks in the insulating phase and the peak in the
metallic phasgthick lines. The temperature dependences of the
differential  electronic  susceptibilities {I(scatteringintensity
[n(w,T)+1]} at 20 cm? between the metallic phases and the insu-
lating phasex=0.05. They give the measure of the electronic den-
sity of states in the quasiparticle bandEgt
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=0.16 to 882 cm* at x=0.2. The energy corresponds to the  FIG. 7. Temperature dependences of the electronic scattering
sharp dip of th%i mode at(0.4m,0) in the metallic phase intensities at 20 cit in (a) B;4 and(b) B,g, and the susceptibilities
x=0.14. TheB peak in the insulating phase becomes the{l(scatteringintensity[n(w,T)+1]} in (¢) B;g and(d) By

strongesB’ peak in the metallic phase. The energy decreases, .
from 991 cm? at x=0.14 to 972 critt at x=0.2. The corre- Siparticle band sharpens to form a narrow resonant peak at
sponding energy is observed both in t mode at Er as temperature decreases from 300 to 100 K. The width at

(0.4m,0.47) and in theA] mode at(0.5x,0). Both modes half maximum is about 50 cf in Nd; g¢Ce,14CUO, at

can be distinguished from the temperature dependence of tJ90 K- The pseudogap of about 150 cris formed atE as

scattering intensity. The peak height decreases to 43% in tHgMPerature decreases from 100 KT Below T the su-
insulating phase=0.1 as temperature increases from 5 toP€rconducting gap is produced. The sharpening of the quasi-

300 K, while the peak height rapidly decreases to 27% in tharticle band and the formation of the pseudogap are stron-

metallic phasex=0.14. The temperature dependence in theJer in theByg symmetry than in thé,; symmetry.
metallic phase is the same &sand that of theD modes. Figure 7 shows the temperature dependence of the low-

Therefore theB’ mode in the metallic phase is assigned to€Nergy scattering intensity at 20 tThis scattering comes
the A} mode at(0.57,0) differently from theB mode in the fr.om 'ghe electronl_c excitation of 20 cthnearEg in the qua-
insulating phase. The different temperature dependence bélParticle band. Figures(& and {b) show the observed in-
tween the insulating phase and the metallic phase is intefensities in theB;4 and B,y spectra, respectively. These are
preted by the growing up of the quasi-particle band in thethe same as our previous papéiThe B, intensity atx
metallic phase as temperature decreases. =0.16 is reduced by 0.8 which is the estimated background

Figure 6 shows the temperature dependence of the Ramagvel at 20 cm?, because the spectra include a little large
susceptibility of the two-phonoi\ peak in the insulating elastically scattered light. The intensity of the small peak due
phase and th&’ peak in the metallic phase. The Ramanto the spin wave of the Nd-Cu mixed mode is removed. The
susceptibility is obtained by x(w,T)=lwo-phonok@,T)/  clear difference between the insulating phase and the metal-
[n(w/2,T)+1]2 In the insulating phase the height of the  lic phase is observed except for 0.2 in Byg In the insulat-
peak decreases to 70%t0, 50% atx=0.05, and 43% at ing phase the scattering intensity is small and decreases
x=0.1. The decreasing rate is that of the usual two-phonomonotonically as temperature decreasex=0, 0.05, and
scattering. While in the metallic phase tBé-peak height 0.1. On the other hand in the metallic phase the scattering
decreases to 27% at=0.14, 20% atx=0.16, and 28% atx  intensity increases from 300 to 100 K and decreases below
=0.2. In the insulating phase the decreasing rate increasd90 K atx=0.14 and 0.16 ifB,4 spectra and at=0.14, 0.16,
gradually from 100 to 300 K. While in the metallic phase it and 0.2 in B,y spectra. This temperature dependence is
increases from 30 to 200 K and decreases to 300 K. It igaused by the sharpening of the quasiparticle band from 300
expected that the difference is caused by the appearance tof 100 K and the formation of the pseudo-gap below 100 K.
the quasiparticle band in the metallic phase as shown iiThe increase of the scattering intensity at 100 K is larger in
Fig. 1. B,y than inBy4. The B, scattering intensity at=0.2 shows

In the metallic phase doped carriers form a quasiparticléhe similar temperature dependence as that in the insulating
band with the width of about 800 cthat E£.?"8 The qua-  phase, which indicates that the quasiparticle band is weak.
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The B;y and B,y Raman susceptibilities y(w) crossover occurs at the carrier density of the higigsin
=l(w)/[n(w,T)+1] are shown in Figs.(¢) and 7d), respec- La,,Sr,CuO, (LSCO) and the 60 K phase in YBE&U;0,
tively. In this expression the susceptibility increases as temtcYBCO). In Bi,SnCa Y Cl,Og,s (Bi2212) the coherent
perature decreases. The effect of the pseudo-gap beloRgak is observed at bothr/2,7/2) and(r,0) from under-
100 K observed in Figs.(@ and 7b) are changed into the doping to overdoping, but the stronger coherent peak
decrease of the increasing speed of the susceptibility beloghanges frontm/2,m/2) to (s, 0) at the optimum doping. In
100 K. The difference between the metallic phase and thB8i2ShLaCuGs.; and Bi 7421y 3551 sCUGs.5 (Bi220])

insulating phase is caused by the presence and absence of iié coherent peak &tr/2,m/2) decreases in intensity from
guasiparticle band. the underdoped phase to the optimally doped phase and dis-

The B, differential electronic Raman susceptibilities be- 8PP€ars in the overdoped phase. The coherent peak, @t

tween the metallic phase and the insulating pHase0.05  Increases in intensity as carrier density increases. This
at 20 cmi* are plotted by thin lines in Fig. 6. The differential gﬂgﬂgg ?;tr;ﬁecoer;gcrfrrgn?ga(lj(griﬁ)t?/c%;Ssigtréila;%(;rv‘;'rg]ntlhe
susceptibility is caused .by the formation of the quasiparti.cle(Tr/2 7/2) to (,0), but the proportionality relation is not
band neafs/2,7/2). It is clearly shown that the suscepti- satisfied T

bility of the two-phononB’ peak in the metallic phase has .

o . ! . Low-energy electronic Raman scattering can be assigned
similar temperature dependence to the differential electronig, e jntraband excitations in the quasiparticle band which is

susceptibility. The susceptibility of the two-phonénpeak  generated by the strongly correlated-electron effectEat
has different temperature dependence from the electronighe electronic density of states aroufye/2,7/2) increases
susceptibility of the quasiparticle band. In the insulatingrapidly from the undoped insulating phase to the insulator-
phase theB peak has the similar temperature dependence tenetal transition point and then decreases gradually as carrier
theA peak. On the other hand in the metallic phaseGfend  density increase¥. On the other hand the electronic density
D peaks have similar temperature dependence t8tpeak.  of states aroundr,0) increases gradually as carrier density
This is the reason that tH& peak is assigned to thie; mode increases. The intensity crossing occurs near the optimum
near(0.57,0) rather than th&? mode nea(0.42r,0.427).  carrier density in LSCO, Bi2212, and Bi2201, and the 60 K
phase in YBCO. The crossing of the coherent peak from
V. TWO-PHONON RAMAN SCATTERING IN PLCCO (w/2,w/2) to (ar,0) occurs in the narrow carrier density re-
gion, but the transfer of the electronic density of states from
Figure 8 shows thé, 4 phonon spectra from 5 to 300 Kin (#/2,7/2) to (w,0) is gradual with the increase of the car-
PLCCO. In PsCuQ, the energies of Raman active phononrier density. Therefore an additional mechanism is necessary
modes areA;y (233 cni?), By (287 cnm?), E, (165 and  to accelerate the change in the coherent peak position in
474 cm?) at 30 K (Ref. 40 and those of the TQLO) infra-  k-space.
red active modes aréy,, [135 (147), 271 (428), and 505 In the previous papé&tour group reported that the phonon
(552 cm™, E, [124 (130), 300 (330), 336 (430), and 486 mode of the largest two-phonon scattering peak changes
(576) cm™] at 10 K# In PLCCO the broad two-phonon from the breathing mode &tr, ) to the half breathing mode
peak at 1103 cit (x=0.07 in the insulating phase corre- at(m,0) in correlation with the change of the coherent peak
sponds to the broad two-phondnpeak atx=0.1 in NCCO. from (_77/2,77/2) to (4,0). It is calculated that the half-
The largest peak at 917 chin the metallic phase ax ~ breathing A, mode at (,0) modulate the magnetic
=0.15 corresponds to the 975 cthB’ peak in the metallic €xcitation-mediated ~superconductivity to enhance the
phase ax=0.16 in NCCO as shown in Fig. 2. Therefore it Pairing?'? The change of the phonon mode with the stron-
indicates that the change of the phonon modes with th@est electron-phonon interaction accelerates the change of
strong electron-phonon interactions occurs at the insulatothe position of the coherent peak kespace. .
metal transition, not at the fixed carrier density. In n-type highT, superconductors the carrier density de-
The peak energies and the intensities are plotted in Fig. gendence of the large electronic density of statek-$pace
The areas of the circles are proportional to the scatterings OPPosite to the-type highT, superconductors. In NCCO,
intensities for the modes. The peak decreases in intensity angle-resolved photoemission spectroscd®RPES dis-
as carrier density increases, although the change is slo@losed that doped carriers enter only aroundO) in the
compared with NCCO. Th&' peak is the most dominant insulating phasé** The density of states around

peak in the metallic phase. (wl12,7/2) increases after the phase changes into the metal.
The density of states &0.35m,0.67) are kept depleted. The

VI. COMPARISON WITH P-TYPE HIGH Tc low-energy electronic Raman scattering is consistent with
SUPERCONDUCTORS the results of ARPES? Raman scattering experiment dis-

closed that a quasiparticle band is formed below 800'ah

In p-type highT. superconductors the shift of the strong 300 K only in the metallic phase. It sharpens to the width of
electron-phonon-interaction mode kaspace seems to help about 50 crit* as temperature decreases to 100 K, the low-
the shift of the superconducting coherent peak as carrier degnergy part decreases in intensity to form the pseudogap be-
sity increases. In thp-type highT, superconductors the co- low 100 K, and the superconducting coherent peak is pro-
herent peak is stronger aroutd/2,7/2) than around, 0) duced belowT.?® The superconducting coherent peak is
at low carrier densities, but the position of the stronger co-observed both arounti=/2,7/2) and (#,0) and no cross-
herent peak is exchanged at high carrier densiticBhe  over is observed®4546
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In n-type superconductors the strong contribution of thetween the superconducting coherent peaksré2,7/2) and
phonon mode at(s,0) to the pair creation is not (,0) little depends on the carrier density.
predictec®!? In fact the strong electron-phonon interactions  The position of the strong electron-phonon interaction and
occur around0.4,0) in the metallic phase. The wave vec- the position of the large electronic density of states rgar
tor for the strong electron-phonon interactions sharplyare shown in Fig. 10. The clear correlation is observed be-
changes from aroun(.44r,0.447) to around(0.44r,0) at the  tween the change of the strong electron-phonon-interaction
insulator-metal transition but does not change in the metallienode and that of the large electronic density of states. The
phase. It is related to the superconducting properties ithange of the phonon modes is caused by the change of the
n-type high T, superconductors that the high€kt occurs  electronic states. Inversely it is supposed that the electron-
near the insulator-metal transition and the intensity ratio bephonon interaction affects to generate the electronic states. In
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FIG. 9. Energies of two-phonon peaks at 5 K. The areas of
circles are proportional to integrated scattering intensities of the, o ©,0) (0,0)
peaks.

FIG. 10. The positions of the large electronic density of states at

the insulating phase the wave vector of the strong electrorFr (hatched curves in the insulating phase and thick curves in the
phonon interaction mode corresponds to the wave vector dhetallic phasesand the large electron-phonon interactidigsay
the depleted Fermi surface near/2,m/2). The position of ~ circles.

doped electrons ik-space(w,0) can be derived from the ,pserved at the insulator-metal transition in PLCCO. The
electronic properties alorfé,but it is difficult to explain the  change occurs at the insulator-metal transition and does not
insulating properties tax=0.14. The electron-phonon inter- occur in the metallic phase. It is different from tipetype
action seems to contribute to form the wide insulating phasg@igh T, superconductors in which the strongest electron-
from x=0 to 0.14 in NCCO. In the metallic phase the wave phonon-interaction mode changes from the breathing mode
vector of the strong electron-phonon interaction mode correat (7, ) in the low-doping phase to the half-breathing mode
sponds to the wave vector connecting the two Fermi surfacest (#,0) in the high-doping phase. The temperature depen-
near (7, w/4) and (7,—w/4). The electronic state may in- dence of the two-phonon peak abruptly changes at the

clude the phonon component. insulator-metal transition. The difference of the electronic
states in the insulating phase and the metallic phase is the
VIl. CONCLUSIONS absence and the presence of the quasiparticle barkt,at

respectively. The temperature dependence of the two-phonon
The strong electron-phonon-interaction modes are detepeak in the metallic phase is the same as that of the elec-
mined from the two-phonon Raman scattering. The modegonic Raman susceptibility of the quasiparticle band. There-
change from theX,; modes near(0.4m,0.4m), 584 and fore we conclude that the observed two-phonon modes in the
514 cm* atx=0, to theA; modes neaf0.4s,0), 488, 453, metallic phase have strong electron-phonon interactions with
and 408 criit (x=0.16 in NCCO. The similar change is also electrons in the quasiparticle band.
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