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Electronic Raman scattering from high- and low-energy excitations was studied as a 
function of temperature, extent of hole doping, and energy of the incident photons in 
Bi2Sr2CaCu20,,, superconductors. For underdoped superconductors, short-range an- 
tiferromagnetic (AF) correlations were found to persist with hole doping, and doped 
single holes were found to be incoherent in the AF environment. Above the supercon- 
ducting (SC) transition temperature T,, the system exhibited a sharp Raman resonance 
of B,, symmetry and energy of 75 millielectron-volts and a pseudogap for electron-hole 
excitat~ons below 75 millielectron-volts, a manifestation of a partially coherent state 
forming from doped incoherent quasi particles. The occupancy of the coherent state 
increases with cooling until phase ordering at T, produces a global SC state. 

T h e  normal state properties of doped cu- 
prate hlgh-temperature superconductors are 
markedly different from those of conven- 
tional metals and are usually viewed as man- 
ifestations of strong electron-electron corre- 
lations. These correlations cause the  AF 
state in iu~ldoped cuprates. In  the SC state, 
inelastic neutron scattering reveals a novel 
resonant magnetic excitation (1 .  2). Here, 
we report a Raman active resonance that is 
present in doped cuprate superconductors 
above T, and gains strength with coollng. 

T h e  doping phase diagram of high-T, 
cuvrate suuerconductors and uarent materi- 
als can be divided into four doping regions: 
11) a svin S = 1/2 AF insulator with the  suin 
locallzed o n  C u  atoms of the CuOz planes, a 
strong superexchange collstant J = 125 
meV, and a hlgh Nee1 temperature T, .= 

300 K that rapldly drops with hole doplng 111 
the  CuO-  ulanes u n t ~ l  a metal-insulator - L 

transition is reached; (ii) an  underdoped SLI- 
perconductor, where T, Increases with in- 
creasing hole doping; (iii) an  optimally 
doped superconductor, where 7 ,  reaches its 
maximum; and (iv) an  overdoped supercon- 
ductor, where the  cuprate becomes a better 
metal as hole doping progresses and T, de- 
creases. Two phase transition llnes separate 
the "normal" hlgh-temperature state from 
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the low-temperature A F  and SC phases. 
In  addition to  these A F  and S C  uhase 

transitions, the phase diagram contains two 
crossover lines that start a t  high temuera- " 

tures for low doping, decrease in temperature 
for the  underdoped region, and merge a t  the  
SC transition line for the  slightly overdoped 
S C  (3).  A t  the  upper crossover temperature, 
short-range A F  correlations develop, which, 
for very low doping and lower temperatures, 
evolve into the  long-range ordered AF state. 
T h e  second. lo\ver. crossover temuerature is 
experirnelltally suggested for the underdoped 
materials. A t  this temverature, the svstem 
develops a suppression of the  density of low- 
energy exclted states, characterized as the 
result of a "pseudogap" (4) .  T h e  gap removes 
only a fraction of the states at the Ferrni 
energy (EF). T h e  material remains metallic 
and, moreover, sho\vs an  increase in the 
component of the  electrical conductivity 
parallel to the  C u 0 2  planes (5) .  Nuclear 
magnetlc resonance measurements revealed 
a drop in the  Knight shift as the  temperature 
T is decreased above T, (6) ,  which suggests 
that in these materials the pairing of elec- 
tronic spills into singlets takes place at tem- 
peratures higher than 7,. T h e  copper nucle- 
ar spin relaxation rate divided by tempera- 
ture first rises to a broad maximum for de- 
creasing T > T,, and then falls (6) ,  
suggesting tha t  a pseudogap opens up in  
the  low-enerev electronic excltatlon suec- ", 
trum. Suppression of t h e  spin susceptibil- 
lty above T,. has been observed in inelastic 
neutron scattering experiments ( I ) .  A 
do\vnturn above T, in  t h e  electronic den-  
sity of states ( D O S )  a t  EF has been sug- . 
gested from high-resolution hea t  capacity 
measurements (7). Recent optical studies 
of underdoped cuprates reveal a drop in 
the  lo\\7-frequency scattering rate, and  thus 
a n  increase in the  coherence of t h e  elec- 

tronic system, in  t h e  pseudogap regime 
(8). Results from angle-resolved photo- 
emission spectroscopy (ARPES) (9-1 1 ) 
and tunneling 1 /21  confirm t h e  normal " .  
state gap-like depression of t h e  electronic 
D O S  of underdoped cuprates. T h e  mo- 
mentum dependence of this pseudogap re- 
sembles tha t  of the  d , ? ~ , .  gap observed In 
the  S C  state 19. 1 0 ) .  

Wha t  causes the pseudogap and the un- 
co~lventional normal state properties of un- 
derdoped cuprates? What  is the  nature of the 
S C  pair~ng state? T h e  A F  and S C  properties 
of cumates are stronelv related 11 3 ). T h e  S C  " ,  . , 

coherence length SsC IS o n  the order of a few 
lattice spacings, considerably shorter than in 
conventional superconductors. T h e  persls- 
tence of short-range A F  correlations with 
doping, 2 Ssc, has been thought to lead 
to  a n  effective pairing mechanism (14, 15).  
It is also thought that AF correlatio~ls that 
do not vanish with doping are responsible for 
both the unconventional normal state prop- 
erties and the high-Tc superconductivity 
phenomenon (1 6-20). 

Underdoped S C  cuprates have lo\v carrier 
density. Because of the persistence of short- 
range AF spin correlations, the doped holes 
are very heavy (21) or quasilocalized (15). 
The  mean free path of the holes is shorter 
than their de Broelie waveleneth, which " " 

brings the underdoped cuprates into a class of 
"bad metals" (22). London penetration depth 
and o ~ t i c a l  conductivitv measurements 123 ) . , 

sho\v ;hat the Drude \%:eight in the ~lormal 
state as well as the suverfluid densitv in the 
SC state are proportional to the carrier dop- 
ing. Moreover, 7,  and the superfluid density 
are linearly related (24). For cuprates, a rough 
estimate of parameter ItFSSC (where k, is the 
Ferml wave vector) leads to values of about 3 
to 20, two orders of magnitude smaller than 
for co~lvent~onal  Bardeen-Cooper-Schrieffer 
(BCS) superconductors. T h e  S C  transition for 
cuprates occurs around the temperature at 
which the thermal de Broglie wavelength of 
the pairs is t\vo to six times the average inter- 
pair separation (24). A palr size comparable to 
the average interparticle spacing kF-' brings 
cuprates to an intermediate regime between 
the BCS limit of large overlapping Cooper 
pairs (kFSSC >> 1)  and that of Bose-Elnstein 
(BE) condensation of composite boso~ls 
(kFSsC<< 1)  consisting of tlghtly bound fer- 
mion pairs (24. 25). As a consequence of the 
low carrier density and the short SC correla- 
tion length, the transition to the S C  state may 
not dlsvlav tvvical BCS behavior. In under- 

L , , L  

doped cuprates, T may be strongly suppressed 
with respect to the pairing temperature and 
may be determined by phase fluctuations (22, 
26, 27). 

Electronic Raman scattering is a local - 
high-energy probe for the  short-range AF 
correlatio~ls as well as for the  S C  order 
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parameter in doped SC samples through 
excitation across the SC gap. We studied 
both effects in Bi2Sr2CaCu208,, crystals 
and found that for underdoped samples, the 
short-range AF correlations persist with 
hole doping. Furthermore, we interpreted 
the presence of a Raman peak of B,, .sym- 
metry at -75 meV as evidence that inco- 
herent d o ~ e d  holes bind above T. in a 

C 

long-lived collective state with a sharp res- 
onance of B,, (dxt-,l) symmetry and a bind- 
ing energy of 75 meV. The temperature 
de~endence of this ~ e a k  shows that this 
state gains phase coherence at T, and par- 
ticipates in the collective SC state. The 
binding of incoherent quasi particles (QPs) 
in the coherent state reduces the low-fre- 
quency scattering rate and leads to a pseu- 
dogap in the spectra. 

Two-magnon (2-M) Raman scattering 
directly probes short-wavelength magnetic 
fluctuations, which may exist without long- 
range AF order (28,29). The Raman process 
takes place through a photon-stimulated vir- 
tual charge transfer (CT) excitation that 
exchanges two Cu spins. This process may 
also be described as the creation of two 
interacting magnons. The CT excitation is 
the same one that virtually produces the spin 
superexchange constant J. In the AF envi- 

Fig. 1. The B,, continu- - 
um and two-mignon Ra- 
man scattering spectra at 
room temperature for 
Bi,Sr,CaCu,O,,, as a 
function of (A) doping for 
3.05 eV excitation and (B) 1 

excitation for underdoped < 
T, = 60 K superconduc- -2 c tor. The two-magnon in- 9 
tensity is shown by shad- 
ing. A slope in the contin- 5 
uum is caused by the con- 2 
tribution of luminescence 2 
in the near infrared. Inset: 

ronment with a correlation length I;,, cov- 
ering two to three lattice constants, the spin 
exchange process requires an energy of -3J. 
The magnetic Raman scattering peak posi- 
tion, intensity, and shape provide informa- 
tion about fluctuations in a state of short- 
range AF order (29). 

Electronic Raman scattering by charge 
fluctuations in metals arises from electron- 
hole (e-h) excitations near the Fermi sur- 
face. For a normal Fermi liquid model of the 
cuprates, the scattering would have finite 
intensity only at very low frequencies. For 
strongly correlated systems, incoherent QP 
scattering leads to finite Raman intensitv 
over a briad frequency region (30,31), and 
the intensitv can be used as a measure of the 
incoherent scattering. Indeed, for cuprates 
in the normal state, an almost frequency- 
independent Raman continuum has been 
observed that extends to at least 2 eV. The 
continuum strength is dependent on exci- 
tation wavelength and weakens with dop- 
ing (29, 32, 33). In the SC state of opti- 
mally doped and overdoped cuprates, the 
low-freauencv tail of the Raman continuum 
changei to reflect the SC effects. The open- 
ing of a SC gap reduces the incoherent 
inelastic scattering processes and reduces 
the strength of the continuum. Freed from 

the intensity of the two- ';i 

magnon peak (circles) and G 
of the continuum under it 2 0 
(diamonds) as a function V 

of excitation energy. t 
0 
0 
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v 

1 
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2 
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the heavy damping, the QPs now show a 
gap in their spectral function. Thus, the 
electronic Raman spectrum of e-h pair ex- 
citations acquires the so-called 2A peak as a 
result of excitations across anisotropic gap 
2A (k), where k is a wave vector on the 
Fermi surface. A recent resonance Raman 
study concluded that the 2A peak is caused 
by renormalization of the continuum in the 
SC state (34). For underdoped cuprates, 
only a relatively weak peak has been ob- 
served within the strong Raman continuum 
(35); its energy does not scale with sample 
Tc, and its origin has been unclear. 

Bi-2212 single crystals were grown and 
postannealed as described (9,36). The under- 
doped samples with Tc = 83 K and Tc < 10 
K (showing a transition onset through mag- 
netization below 10 K) were the same single 
crystals as in (9). Raman measurements were 
made with systems described in (33, 34). The 
presented data were taken in xy scattering 
geometry, giving for Bi-22 12 mainly Rarnan 
spectra of B,, symmetry. For magnetic excita- 
tions, the B,, scattering channel couples to 
pairs of short-wavelength magnons near the 
magnetic Brillouin zone boundary (29). For 
the e-h excitations near the Fermi surface, the 
Raman form factor for B1, symmetry is peaked 
for k near the antinode wave vectors {k,,} = 
[(O, ?.rr/a) and (?.rr/a, O)] (37), where the 
anisotropic SC gap magnitude is believed to 
reach its maximum value A,. Indeed, the 
Big scattering geometry reveals interesting ex- 
citations in both magnetic and e-h excitation 
channels. 

The high-energy part of B1, electronic Ra- 
man scattering spectra at room temperature is 
shown in Fig. 1 as a function of hole doping 
and excitation energy. The spectrum from the 
AF insulator (Ydoped Bi-2212 crystal) exhib- 
its a band peaked at -2860 cm-' and is 
assigned to scattering by 2-Ms, that is, the 
photon-induced superexchange of two spins 
on the two nearest-neighbor Cu 38-orbital 
sites (through the intervening 2p oxygen or- 
bital). The probability of the virtual interme- 
diate CT process is expected to be resonantly 
enhanced when the incoming photon energy 
hwL approaches the Cu 3d - 0 2p CT energy 
Em (38). As a result of the superexchange, 
each of two exchanged spins sees three ferro- 
magnetically aligned neighbors, at a cost of 
-3J owing to the Heisenberg interaction en- 
ergy J8(ij)(Si . s,-%), where Si is the spin on 
site i and the summation is over near-neigh- 
bor Cu pairs. Thus, for the AF insulators, the 
2-M peak position yields an estimate of J = 
125 meV. The probability of the superex- 
change process (the peak intensity) may be 
tuned by the incoming photon energy, show- 
ing enhancement for incoming photon ener- 
gies close to the CT energy. Dispersion of the 
e-h band and of the magnon excitations puts 
an additional constraint on the most resonant 

SCIENCE VOL. 278 21 NOVEMBER 1997 www.scienc 



superexchange process, which becomes most 
probable for those incoming photon energies 
that approach the upper edge of the e-h exci- 
tation svectrum (39). Resonance enhance- 
ment of ;he 2-M scattering yields information 
about ECT and the e-h band dispersion (29). 

For doped superconductors, the spectra 
exhibit a background continuum plus a 
broad peak, which, similar to the AF case, 
has been assigned to the double spin-flip 
excitation in the short-range AF environ- 
ment. For the process of two-spin superex- 
change to require the full 3J energy cost, 
spins on six further Cu neighbor sites must 
show AF alignment. The doped holes are 
believed to form singlets with the holes that 
would otherwise form local AF order (40). . .  , 
This screens the effective spin moment on 
the doved Cu site and leads to a reduction 
of the spin superexchange energy in the 
vicinity of holes. With doping (Fig. lA), 
the 2-M scattering peak broadens, weakens, 
and shifts to lower frequency. The existence 
of the peak in the SC cuprates indicates the 
persistence of a local short-range AF order 
extending for a few lattice spacings. 

The continuum and the 2-M intensity 
depend on the incoming photon energy 
(inset, Fig. lB), which confirms the reso- 
nance Raman scattering regime for the vis- 
ible excitation range. Similar to the behav- 
ior of insulating cuprates (29), the 2-M 
intensity strongly resonates around Aw;'J = 
3.1 eV excitation, confirming that the bot- 
tom of the valence band and the top of the 
conduction band are not changed by dop- 
ing. The resonance provides an estimate for 
the bandwidth of e-h excitations across the 
CT gap as ?io;e" - Em = 1.4 eV [an optical 
study (41) gives an estimate for Em - 1.72 
eV] and for effective copper nearest-neigh- 
bor-hopping matrix element t - 320 meV 
because h o p  = 2[(Em/2)2 + 16t2]112. The 
continuum intensity also exhibits reso- 
nance enhancement toward violet excita- 
tion, but in contrast to the magnetic peak, 
this intensity does not drop as sharply to- 
ward the red, and the continuum scattering 
efficiency differs by only a factor of -2 for 
the opposite ends of the visible excitation 
range. 

The low-energy B1, Raman scattering 
spectra are shown in Figs. 2 and 3 as a 
function of doping, temperature, and exci- 
tation energy (42). The most prominent 
feature of the sDectra is the electronic con- 
tinuum. For blue excitations, the continu- 
um is superimposed on the q - 0 Raman- 
allowed optical phonons. The phononic 
scattering resonates more strongly toward 
the violet excitation than does the elec- 
tronic continuum. This enables us to study 
clean continuum spectra without interfer- 
ing phononic (and magnetic) excitations by 
using lower energy (red) excitation. 

According to the existing phenomenolo- 
gy for the continuum (30, 43) and allowing 
for the symmetry of the B,, Raman form 
factor, we believe the B,, Raman continuum 
intensity, I(o,T), to be proportional to the 
incoherent QP inverse lifetime ~ { k  )-l(o,T) 
= l?bn$o,T) + ( ~ ~ ) 2 ] l f i  for k in 
the vicinity of wave vectors {k,}: I(w,T) 
[l + n(o,T)]or/(w2 + T2), where n(w,T) is 
the Bose factor and a and p are phenome- 
nological parameters of order unity. The 
continuum extends to a few electron volts, 
an energy scale comparable to the width of 
the e-h excitation spectra (Fig. 1). For higher 
temperatures, the continuum starts from very 
low frequencies (Figs. 2 and 3), affirming 
strong incoherent scattering even for low- 
lying e-h excitations. This observation is 
consistent with ARPES studies (9, 11) 
showing that for wave vectors in the vicinity 
of {k,}, underdoped materials at higher tem- 
peratures reveal ill-defined QP peaks on a 
strong flat background. The holes cannot 
propagate freely on the short-range AF back- 
ground; the strong correlations enforce inco- 
herent excitations over the whole QP energy 

band range (15, 21). 
Cooling the underdoped samples gradu- 

ally strengthens a remarkably sharp scatter- 
ing peak at -600 cm-' (75 meV). The 
integrated (above the continuum line) in- 
tensitv of the ~ e a k  contains iust a few ver- 
cent of the integrated 2-M scattering inten- 
sity. This peak has B,, symmetry and is not 
present for polarized xx-scattering geometry 
(A,, + B4). The peak position shows little 
temperature or doping dependence. We be- 
lieve the origin of the peak is electronic 
rather than phononic. There are no allowed 
B,, q - 0 phonon modes near 600 cm-' in 
optimally doped Bi-2212 (44). The 600 
cm-' peak does not show strong intensity 
reduction for red relative to violet excita- 
tion, as shown by the phononic peaks (com- 
pare Figs. 2A and 2B). Assignment of the 
peak to an overtone or combination pho- 
non mode is verv unlikelv. as these two- , , 
phonon peaks are almost always stronger in 
A,, symmetry than in any other Raman 
symmetry. Raman-active impurity-induced 
phonon modes are also usually stronger in 
A,, symmetry. Phonon Raman scattering is 

, ' I 109 and 287 an'] phonons I 109 and 291 an-' phonna I 

" 0  100200300400500600700 0 100200300400500600700leOO 

Raman shift (cm'l) 
Fig. 2. The low-energy portion of B,, Raman scattering spectra for Bi,Sr,CaCu,O,,, as a function of 
doping [(A and 8) for underdoped sample with Tc = 83 K, (C) for underdoped sample with the SC 
transition onset at 10 K, and (D) for overdoped sample with Tc = 82 K ] ,  temperature, and excitation 
wavelength A,. The phononic modes resonate with blue excitation (A and C) and are not present in the 
spectra with red excitation (B and D). The 600 cm-I peak is already present in the room-temperature 
spectra of all underdoped samples and its intensity strengthens with cooling, whereas the electronic 
Raman scattering at low frequencies shows intensity reduction. Below Tc for samples with higher 
dopings, the 600 cm-I peak develops in a 2A peak. At low temperatures the low-frequency tail of the 
2A peak obeys cubic power law, shown by fit in (B) and (D). 
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governed by a Bose factor, which causes the 
intensity to decrease with decreasing tem- 
peratures, opposite to the behavior observed 
here [see below). However. the 600 cm-' 
peak appears to be related to the features 
seen in one-electron s~ectrosco~ies. It oc- 
curs at about twice the energy of the QP 
~ e a k  observed bv ARPES at low temDera- 
tures for k near {k,] points (9). Tunneling 
data on the underdo~ed sam~les exhibit 
peaks in conductance curves at - +36 
meV (45). 

The narrow width of the 600 cm-' peak 
in the Raman spectra (rpeak 5 50 cm-') is 
more than an order of magnitude smaller 
than the inverse QP lifetime rlk,,) (600 
cmP',T) associated with the continuum. 
The two very different lifetimes for the 600 
cm-' mode and the continuum suggest that 
we are essentially dealing with a two-com- 
ponent system: a spectroscopically well-de- 
fined, long-lived 600 cm-' mode on top of 
the strong incoherent backeround. - - 

The temperature dependence of the in- 
tegrated intensity of the 600 cm-' mode 
(integrated above the continuum line) is 
shown in Fig. 4 for the three underdoped 
samples with T, = <lo, 65, and 83 K 
(spectra shown in Figs. 2, B and C, and 3). 
The temperature dependence of the low- 
frequency continuum intensity is also 
shown. The integrated intensity of the 600 
cm-' mode smoothly increases with cool- 
ing until the temperature reaches Tc, where 
the intensity shows a sudden enhancement. 
With cooling, the low-frequency portion of 

the continuum simultaneously shows inten- 
sitv reduction. This covers a broader fre- , 
quency range than can be explained by the 
tem~erature-de~endent Bose factor. The in- 
tensity reduction is an indication of a drop 
in the low-frequency (w < 600 cm-') in- 
verse lifetime T~ )-l(w,T). The suppres- 
sion of the low-fre?4uency spectral weight in 
Raman spectra is similar to the pseudogap 
observed in spin-excitation spectra (1, 6) as 
well as in optical (8), ARPES (9-1 1 ), and 
tunneling (1 2) studies. 

Various scenarios have been proposed to 
explain the pseudogap behavior. Within 
the nearly AF Fermi liquid model, Pines et 
al. suggested that the strong magnetic inter- 
action. ~eaked  near the commensurate AF , L 

wave vector Q = (.rr/a, .rr/a), between the 
QPs in the vicinity of {k,,} points leads to 
the formation of a precursor to a spin-den- 
sity wave state with a pseudogap (1 7). Lee et 
al. interpreted the pseudogap as a spin ex- 
citation gap in a scenario where the elec- 
trons are decomposed into fermions that 
carry spin and bosons that represent 
charged vacancies. For the underdoped ma- 
terials, the fermions become paired at some 
temperature above T,, leading to the pseu- 
dogap (18). Emery et al. suggested the 
mechanism of pairing as a form of internal 
magnetic proximity effect in which a spin 
gap is generated in phase-separated AF re- 
gions through spatial confinement by 
charge stripes, then communicated to the 
stripes by pair hopping. The predicted col- 
lective excitations of the quasi-one-dimen- 

RoL ,.I. 

- 0 100 200 300 468 WO 690 700 ' S O  '1 
Fig. 3. The B,, Raman scattering spectra for underdoped Tc = 65 K Bi,Sr,CaCu,O,,, as a function of 
temperature. The temperature dependence of the area under 600 cm-I mode above the continuum is 
shown in the inset. 

sional AF regions of the material include a 
neutron-scattering active charge-0, spin-1 
magnon mode with an energy gap of the 
order of the SC gap plus a Raman active 
charge-0, spin-0 mode with - fi higher 
energy ( 19). Uemura et al. (24) and Rande- 
ria et al. (25) proposed a preformed pairs 
scenario of a superconductor with strongly 
interacting dilute carriers. It has been sug- 
gested that in the presence of the short- 
range AF background tAF 2 &-., pairs of 
doped holes may form a bound state ( 15) of 
Bl,(d2-,z) symmetry (46). Because of phase 
fluctuations of the SC order parameter, 
global superconductivity may occur at T, 
well below the binding temperature (26, 
27). Geshkenbein et al. discussed suDercon- 
ductivity resulting from the Bose condensa- 
tion of ~reformed  airs with no dis~ersion 
in the vicinity of {k,] points coexisting and 
weakly interacting with unpaired fermions 
on other patches of the Fermi surface (47). 

The 75-meV mode observed in Raman 
spectra puts additional constraints on the 
theoretical models: The 75-meV excitation 
is related to the pseudogap phenomena, and 
it has Bl,(d2-,l) symmetry, a long lifetime, 
a few percent of the 2-M scattering inten- 
sity, and intensity enhancement at T,. 
Moreover, the relation to the QP energies 
seen in one-electron spectroscopies suggests 
that the chemical potential of the system is 
in the middle of the QP (pseudo)gap. 

All of the properties observed by Raman, 
ARPES, and tunneling spectroscopies re- 
veal an increase in the coherence of the 
electronic system as the underdoped cu- 
prates are cooled toward T,. The rearrange- 
ment of the Raman spectra with formation 

Temperature (K) 

Fig. 4. Temperature dependence of the normal- 
ized low-frequency continuum intensity (circles) 
and a normalized (integrated above the continu- 
um) 600 cm-I peak intensity (diamonds) for the Tc 
< 10 K, Tc = 65 K, and Tc = 83 K underdoped 
samples. Vertical arrows denote T,. 
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of the 75-meV mode is an  indication that a 
partially coherent state forms above T, out of 
the incoherent QPs in  the vicinity of {k,,} 
points. This long-lived state might consist of 
bound states of doped holes (preformed Coo- 
per pairs) or of more complex many-body 
objects. Light scattering may break up the 
bound state into unbound QPs by a process 
similar to 2-M scattering. W e  propose that 
this process, enhanced by a final-state reso- 
nance, is the  origin of the 600 cm-' B1, 
Raman peak, and we suggest that it should 
be present for underdoped materials with AF 
correlations sufficient to exhibit under- 
damped 2-M excitations. T h e  AF correla- 
tions that cover a few lattice spacings should 
last for at least 10-l3 s, the lifetime of the 
bound state. T h e  ratio of 2-M scattering to 
the 600 cmp'  mode intensitv mav remesent 
a rough estimate of the number of sitks with 
AF ordered C u  spins relative to the number 
in the bound state. 

Within the bound-state scenario, the es- 
sential point is: The  bound state is compatible 
with the surrounding AF order (13, 15, 26, 
46). This makes formation of the long-lived 
600 cm-' mode possible. Occupancy of the 
collective bound state lowers the density of 
the single holes, leading to reduction of the 
low-frequency inverse lifetime, suppression of 
the incoherent low-freauencv DOS, and for- . , 

lnatlon of the pseudogap. Because of different 
couplings to light and also because of the very 
different lifetimes of sinele holes and the " 
bound state, there is no conservation of spec- 
tral weight for Raman scattering: The  low- 
frequency intensity reduction is stronger than 
the increase of the intensity of the 600 cmpl  
mode. As seen from Figs. 2, A to C, and 3, the 
low-temperature reduction of the scattering 
rate, as also shown by optical data (8), occurs 
only below the 600 cmp' binding energy. 
Cooling increases the concentration in the 
bound state and enhances the pseudogap. A t  
a critical density, the bound state manifests 
nhasine and condenses into the collective SC " 
state. Simultaneously, because of the phasing 
effect, the Raman sDectra acauire additional 
600 cm-' peak intensity, and therefore the 
peak enhancement reflects the fraction of the 
bound carriers in the SC condensate. 

For the very underdoped sample (Tc < 10 
K), only a weak pseudogap develops, and the 
integrated 600 cmpl  peak intensity exhibits a 
weak enhancement (Fig. 4). Both the pseu- 
dogap and the peak enhancement are stronger 
for the Tc = 65 K sample. The  sample with 
slightly higher doping (7 ,  = 83 K) exhibits 
an effective condensation into the SC state, 
with formation of a 2 8  peak-like feature in 
the Raman spectra out of the 600 cm-' peak. 
Simultaneo~~sly with a strong increase in the 
density of the coherent bound state, a well- 
defined Q P  peak develops in the ARPES and 
tunneling spectra at about half of the 2A-peak 

energy [see figure 1 in (9) and figure 1 in 
(45)]. However, we believe that for samples 
w ~ t h  lower Tc or for the Tc = 83 K sample at 
temperatures above Tc, where both the lo&,- 
frequency reduction of incoherent intensity 
and the QP peak enhancement caused by 
phasing are not very pronounced, the lower 
energy resolution of ARPES spectroscopy pre- 
vents the observation of the weak U P  neak on - 
the strong incoherent background. Also, for 
all underdoped samples, only a partial con- 
densation of single holes occurs even at the - 
lowest temperature. Conventional Fermi liq- 
uid-based Raman scattering theorv for d-wave 

u 

superconductors predicts a cubic power law 
for the low-frequency tail of the B,, scattering 
intensity (37). For the T, = 83 K sample, 
which shows a pronounced SC condensation, 
an approximate cubic power law is observed 
for frequencies only below the shoulder at 
-200 cmp'. The  shoulder may result from a 
SC gap opening along small pocket-type 
Fermi surfaces observed by ARPES around 
(?7i/2a, ?7i/2a) ( I  I ) .  A weak 2A peak-like 
feature has been observed at -200 cm-' for 
B2, scattering geometry that is most sensitive 
for excitations along the pocket-type Fermi 
surfaces (48). 

In  contrast, overdoned materials show a 
different picture. Even though normal state 
scattering is still mostly incoherent, the  
scattering intensity above Tc is weaker than 
for underdoped materials (compare Figs. 2B 
and 2D). There is n o  robust excitation near 
600 cin-I. A strong coherent 2A peak, 
much stronger than the  600 cm-' peak for 
the underdoped materials, develops below 
T,. T h e  peak shape, including its low-ire- 
quency tail, may be reproduced by Ferini 
liquid-based Raman scattering theory for 
d-wave SC with a large Fermi surface 137). 

u 

This result demonstrates that ( i )  in agree- 
ment  with ARPES studies (1 1 ) ,  a large 
Fermi surface is restored for materials above 
optimal doping, and (ii) a t  least in the  SC 
state, the  incoherent scattering is greatly 
reduced up to  400 c m p l .  
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Nearby Si wgulrrr Mag wetie Fluctuations i w t h e  
Narmal Skate of a High-Tc Guprata 

G .  Meppli, T. E. Mason," S. IW. Hayden, H. A. Msak, J. Kulda 

Polarized and unpolarized neutron scattering was used to measure the wave vector- and 
frequency-dependent magnetic fluctuations in the normal state (from the supercon- 
ducting tra.nsition temperature, T, = 35 kelvin, up to 350 kelvin) of single crystals of 
La, ,,Sr, ,,CuO,. The peaks that dominate the fluctuations have amplitudes .that de- 
crease as T " and widths that increase in proportion to the thermal energy, k,T (where 
k, is Boltzmann's constant), and energy transfer added in quadrature. The nearly singular 
fluctuations are consistent with a nearby quantum critical point. 

T 1 1 e  norm,il \tare of the met,~ll lc cupr,ite> 
i.; as L I ~ ~ L I S L I ; ~ ~  <I.; their s ~ ~ ~ ~ e r c ~ ~ ~ ~ l ~ ~ c t i \ - i t v .  For 
ex;mlple, the electrical re;i:;ti\.lty of sample; 
\vltll ol?timal ~~~percanduc t i i l q  pl.ol?ertie.; is 
linear 111 temperature ( 7 )  from ,jl~oi-e I??? 
K to the ~uperconJuct inp transltl~,n tern- 
per,iture, Ti ( 1 ) .  C:orrcqk~on~linglv, ~nfrared 
reflecti~.ity re\-ealh charge fluctuL~tions n.ltll 
a c h a r , ~ c r e r ~ t i c  energy talc that  1s propor- 
tional only to T ( 1  , 2 ) .  Furthermore, the  
eftect~\re n~ulll-ei- i i f  cllariie carrlerb, a,, mea- 
sured lvith the  c1,lssii Hall eftcct, is stranee- 
1y 7 - ~ l e p e n ~ i e n t .  Even .;o, the  Ha11 angle, ;I 

mea\urc of the  ~ictlection o t  carriers i n  the  
illaterial L7v ~111 external magnetic fielcl, L)l- 
loi~i~a a T-I  la\\- ( 3 ) .  Tllus, the metallic 
c h a r e  carriers ~n the ilopeil cuprate> exhlh- 
~t peculiar but actuall\. quite hlmple proper- 
ties (4) in the ~ ~ o r i l l a l  state. Lloreo\.er, 
these properties ilo not  \ ,IS\. 11111cl1 bet~vecn 
the  Jitferent 11ich-T tcl~m~lies. 

,- L 

Electron> carry- >pin ai n.ell as cllargc, so it 
i. rcasonal-lc td ask ~vhether tile ~ ~ o r n ~ a l  .;tat? 
~llaeiletic propertie, LIerlveJ trom the -q7111. ,Ire 
a.; sinlplc a n ~ l  uni\~ersal as those JerlvcJ from 
tllc charcrc.;. Expcriment~ to prL~l>e tlle sy~ns  
include classical illagiletic ~u:;ceptometry, 
\\here the maqnetizat~on in response to a 110- 

G. Ae.:o' NEC Resea ch I-s'rtate - I -~;eoe-~:.er-';e',!:a, , , 
D~~~-:tton KJ 085-0 USA at-:I Rrso Ka'c i a  Labor.aLo- 

, 2ClC Ecs<de Der- l ia l  h 
T. E. >/laser-, Deliaii-.ie -I' of ?-vsl:s U -l,..ersty oiTorol-- 

mc~gcncou> estern,~l ~llag~letic i~elcl ic mca- 
ureci, ancl re>onance exrerimenti. ~vhere nu- 
clear Jilmle a i d  qu, i i i r~~~~olar  rclaxat~on ir useJ 
to mL~nitor the atiimic-scale lllacrnetic Buctu- 

those scn.;it~\:e to cllarqc, and d i ~  not seem 
tiL-vii>~~.ly I-elatcil to the f r c ~ l ~ ~ e ~ ~ c ~ - ~ l c ~ ~ c ~ ~ J c ~ l t  
~OIIJLIC~L\.I~';  (T(w.T) (~vhere co is frziluency), 
prohell in electrical, micrn\va\-e, and optical 
cx~~er iments .  In rartlcu1,lr. tllerc ib little ev1- 
J e ~ l c e  tdr magnetic beha\-ior that is a nearlv 
;ingul,lr in the acllac of Ji\.criring (i'i~r 7 -. O) 
amplitucles, t i i l~e constants, or length scales, 
as the beha~ io r  of u ( o , T ) .  

\S'e report here nearl\- ~ n c u l a r  b e h a ~ i o r  
of the nlapnetic fluctuation,. in the simpleht 
of 1119h-TL marcrial>, namely, the com- 
pound La:p,Sr,CuOi, iv11c)sc t l~ndamental  
l ~ ~ u l ~ i ~ n y  lylnck.; are single C u O ~  la\ er!. Tlle 
e ~ p e r ~ m e n t a l  tool \\-a< inelastic mapnetic 
ncutrnn scatterinq. A l ~ e a m  of mono-ener- 
getlc neutrons 1s tlrat prepared and tlleil 
scattereii tiom the >amrlc, x~il the  outgtli~lg 
neutrons arc l,~beled c~ccoriiinq to t l l e~ r  en-  
ergieq and i i i r e c t ~ ~ ~ n i  to establish an angle 
and energy-dependent scattcrinq probal~ili- 
t ~ .  Beiaure the neutron .pill and the elec- 
t r t ) ~ ~  \p111> 111 the <ample interact thriiugh 
magnetic ill1701c coupllnq, the  crew \ectlon 
1s directly prc?l~ortlonal to tllc maqnetic 
btructure f ~ ~ i ~ c t i o n ,  S i Q , o ) ,  the  Fourier 

tc T o ~ c r t o  Cana;a i~13S I ai; P sc Na'rsl-a _abo- transform of the  .pace- and time-dependent 
ra'o; 3ClCl2 Rosli11;e 2er- -,a i .  

,,<, 2enatl.,elt or O,-l.~slcs, lJI. . ,e sL,; cf  s. t~vo-spin correlation f ~ ~ n c t i n n .  Tlle momen- 
isl, 6 r 's t i '  6 S 8  IT- ,  IJK. tum anil encrgv transfers 9 ,211~1 a, are .1111- 

t. a ','ssx Oax Edge h a t c i a  La.23 atsr;, Oali R1:ge. ,,I\- cliftercnccs I-et,vccll tllc llll~l,lelltd 
TK 57811. LISA. 

lnsir,-i _aae._anzet i, Gl.ens,,le Ce. tlw energies of the  ingoinq a n ~ i  o u t c ~ ~ -  
citx FI a[-ct  1119 ne~ i t ro iu ,  respecti\-el\-. According to the 
-To ;",, cc,.respolcitrlct sl.oLld bs .ssse;, f l ~ c t u a t i o i ~ - i i i ' s ~ ~ ~ ~ ~ t i o n  tlleorem, S ( Q , o )  I. 
tl-sm, nasonEuto or7ts :a in rum yroL~ort i~)nal  to the  imayinary part. 

X " ( Q ~ W ) ~  of the  generalixd lineal. magnetic 
re<po~nse x(Q,w!. T h e  liulli . ;u. ;ceptihil~t~ 
mec~.ureLi \vith a m,2g1netometer is the  long- 
n;ar;zlenjith, ~ ~ l l a l l - \ v a v e i l ~ ~ ~ ~ ~ I ~ e r ,  (Q-:), 
l i i ~ l ~ t  of x '(Q,cG = 0),  anti the  nuclear res- 

in\.erse intel.atomic spacing.. 
Figure 1'4 a schematic ph,~>e Ji,~qram tor 

Lal ;Sr,(:u04 CIS a f ~ ~ n c t i o n  of T, hole <loping 
(s ) ,  anel pressure (y). Holes anLl pressure are 
gencrallv intrc~~luceLl chem~callr, most not ,~i~ly  
tllr~,uyll ~ul7,~tirutiL)n Lit Sr. '  a n ~ l  NLI'- ion,., 
re>pectivel\-, for the L,liA ion. ln La,CuO_ (5. 
6). Po,.sible magnetlc grounJ btati.5 ranpe from 
qimple antifcrrom;~gnctic (AFM for .Y -- 3) to 
a 1~11.-perioJ spin Jenqity wave n-it11 strong 
couyli~lg to the ~ui~~lerlying la t t~ce  (-11o\\-n ,IS ,I 
:my "nli)unt,iin" tor s - L7.1 LLI Fly. 1'4). Unit  
;ell il~~lbliilif. vihcre the b ~ ~ i n  011 each C u 2 +  1s 
antil~ar,illel to those on ~ t s  nearest neiqhi7ol.s 
displaced 1.y T:ector> (O, t a t > )  and ( ?a  ,, 0) in 
the (nearly) >quare CuO: plane>, c1laracter1:- 
ei the >imple ,%FA1 state (7 ) :  the la t t~ce  con- 
\rant, a,, = 3.5 The aqsociateJ ~ l l a q ~ ~ e t ~ c  
B r a ~ g  peak.;, ohaervecl 1~y neutron xcattering, 
occur at recirrocal lattice \.ectors Q ot  tile - 
form (nn, inn) ,  n-hcrc 11 a i d  ill are hot11 odd 
in te~ers ;  the axes of the recicroc,il lattice 
conrJinate .y.tem arc parc~llcl t ~ )  those of the 
unJerlying square lattice in real ,p<Ice. 

Subqt~tutii>n of S r '  fix Laa- ~ntroliuces 
linles intc~ the CuO,  plancs ,111d ~ ~ l ~ t i a l l y  
replaces the 4Fh/f phase l ~ y  a m,~gnetic 
( s l ~ n )  gla" pllasc. It is 111 this nnnsupercon- 
ilucting cL)mpo>it1on reeimc, for \\,hich the 
magnetic aiqn,11> arc strong and large single 
cr\stals have long heen a~,ailal7lc, t11,1t the 
nlost detailed T-der~cndcnt lllaenetic neu- 
tron sc,ltterlnq atudle> 11,ive been performeel 
(8). \&'it11 filrthcr lncreaies in Sr' content,  
the magletlc glabs phase disappearc and su- 
pcrconcluctiv~t~ emcrycs. '4t the same time. 
thc commen>urate tvak  ilerivcci from tile 
uriicr , ~ n d  fluctuation> in tllc non>uperci)n- 
iiucting w n p l c  q ~ l i t s  into fLur incommensu- 
rate l~eal<s, as inLiicatecl in F y .  1B (9) .  Tllesc 
L~e;~l<s are characteri:ed 135- a pos~tion, an  
am~~l i tudc ,  and ,I \i-lcitll. E,~rlicr n.i)rk (9)  lias 
deqcribeii hon. the peal; po>itions vary n.1t11 
c o m ~ ~ o ~ i t i o n  at  low temperatures. Our con- 
t r i l - ~ ~ t ~ o n  I >  to fc)llo~\~ the red tr,1lectory- in Fig. 
1 mil thus obtain the T anLl o iiependence 
of the a m p l ~ t u ~ l e  and \vidth, \vlllc11 represent 
the m , ~ x ~ ~ l l u m  maynctic response and in~,erse 
~nagnetic collcrcilcc length, respectl\.ely. 

The  La ,,,, Sr,  ,,CuOi cryqtals use~l  here 
are the same a. those uscrl in our determina- 




