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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
Bi,Sr,CaCu,0g.. 5 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
excitations 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.

The normal state properties of doped cu-
prate high-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 undoped cuprates. In the SC state,
inelastic neutron scattering reveals a novel
resonant magnetic excitation (I, 2). Here,
we report a Raman active resonance that is
present in doped cuprate superconductors
above T. and gains strength with cooling.
The doping phase diagram of high-T.
cuprate superconductors and parent materi-
als can be divided into four doping regions:
(i) a spin S = ¥ AF insulator with the spin
localized on Cu atoms of the CuO, planes, a
strong superexchange constant | =~ 125
meV, and a high Néel temperature Ty =~
300 K that rapidly drops with hole doping in
the CuQO, planes until a metal-insulator
transition is reached; (ii) an underdoped su-
perconductor, where T, increases with in-
creasing hole doping; (iii) an optimally
doped superconductor, where T, 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 lines separate
the “normal” high-temperature state from
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the low-temperature AF and SC phases.

In addition to these AF and SC phase
transitions, the phase diagram contains two
crossover lines that start at high tempera-
tures for low doping, decrease in temperature
for the underdoped region, and merge at the
SC transition line for the slightly overdoped
SC (3). At the upper crossover temperature,
short-range AF correlations develop, which,
for very low doping and lower temperatures,
evolve into the long-range ordered AF state.
The second, lower, crossover temperature is
experimentally suggested for the underdoped
materials. At this temperature, the system
develops a suppression of the density of low-
energy excited states, characterized as the
result of a “pseudogap” (4). The gap removes
only a fraction of the states at the Fermi
energy (Eg). The material remains metallic
and, moreover, shows an increase in the
component of the electrical conductivity
parallel' to the CuO, planes (5). Nuclear
magnetic 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 spins into singlets takes place at tem-
peratures higher than T.. The 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 that a pseudogap opens up in
the low-energy electronic excitation spec-
trum. Suppression of the spin susceptibil-
ity above T_ has been observed in inelastic
neutron scattering experiments (l). A
downturn above T, in the electronic den-

sity of states (DOS) at Ep has been sug- -

gested from high-resolution heat capacity
measurements (7). Recent optical studies
of underdoped cuprates reveal a drop in
the low-frequency scattering rate, and thus
an increase in the coherence of the elec-

tronic system, in the pseudogap regime
(8). Results from angle-resolved photo-
emission spectroscopy (ARPES) (9-11)
and tunneling (12) confirm the normal
state gap-like depression of the electronic
DOS of underdoped cuprates. The mo-
mentum dependence of this pseudogap re-
sembles that of the d2_.» gap observed in
the SC state (9, 10).

What causes the pseudogap and the un-
conventional normal state properties of un-
derdoped cuprates? What is the nature of the
SC pairing state? The AF and SC properties
of cuprates are strongly related (13). The SC
coherence length &g is on the order of a few
lattice spacings, considerably shorter than in
conventional superconductors. The persis-
tence of short-range AF correlations with
doping, £p = £, has been thought to lead
to an effective pairing mechanism (14, 15).
It is also thought that AF correlations that
do not vanish with doping are responsible for
both the unconventional normal state prop-
erties and the high-T. superconductivity
phenomenon (16-20).

Underdoped SC cuprates have low 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 Broglie wavelength, which
brings the underdoped cuprates into a class of
“bad metals” (22). London penetration depth
and optical conductivity measurements (23)
show that the Drude weight in the normal
state as well as the superfluid density in the
SC state are proportional to the carrier dop-
ing. Moreover, T, and the superfluid density
are linearly related (24). For cuprates, a rough
estimate of parameter kpEg (where kg is the
Fermi wave vector) leads to values of about 3
to 20, two orders of magnitude smaller than
for conventional Bardeen-Cooper-Schrieffer
(BCS) superconductors. The SC transition for
cuprates occurs around the temperature at
which the thermal de Broglie wavelength of
the pairs is two to six times the average inter-
pair separation (24). A pair size comparable to
the average interparticle spacing kg ! brings
cuprates to an intermediate regime between
the BCS limit of large overlapping Cooper
pairs (kefg >> 1) and that of Bose-Einstein
(BE) condensation of composite bosons
(kpbg<<< 1) consisting of tightly 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 SC state may
not display typical BCS behavior. In under-
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
correlations as well as for the SC order
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parameter in doped SC samples through
excitation across the SC gap. We studied
both effects in Bi,Sr,CaCu,0Og4. 5 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 By, sym-
metry at ~75 meV as evidence that inco-
herent doped holes bind above T, in a
long-lived collective state with a sharp res-
onance of B; ‘ (dszyz) symmetry and a bind-
ing energy of 75 meV. The temperature
dependence of this peak 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-magnon Ra- A
man scattering spectra at

room temperature for
Bi,Sr,CaCu,04., as a

function of (A) doping for

3.05 eV excitation and (B) 1
excitation for underdoped
T, = 60 K superconduc-
tor. The two-magnon in-
tensity is shown by shad-
ing. A slope in the contin-
uum is caused by the con-
tribution of luminescence
in the near infrared. Inset:
the intensity of the two-
magnon peak (circles) and
of the continuum under it
(diamonds) as a function
of excitation energy.

Y-doped
insulator

Raman cross section (arbitrary units)
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ronment with a correlation length &, 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 intensity
over a broad frequency region (30, 31), and
the intensity 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-frequency tail of the Raman continuum
changes 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
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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
T., and its origin has been unclear.

Bi-2212 single crystals were grown and
postannealed as described (9, 36). The under-
doped samples with T, = 83 Kand T, < 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-2212 mainly Raman
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 B, symmetry is peaked
for k near the antinode wave vectors {k, } =
[(0, =w/a) and (*w/a, 0)] (37), where the
anisotropic SC gap magnitude is believed to
reach its maximum value A__ . Indeed, the
B, ¢ Scattering geometry reveals interesting ex-
citations in both magnetic and e-h excitation
channels.

The high-energy part of B, 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 (Y-doped 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 3d°-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
fiwy approaches the Cu 3d — O 2p CT energy
Ecr (38). As a result of the superexchange,
each of two exchanged spins sees three ferro-
magnetically aligned neighbors, at a cost of
~3] owing to the Heisenberg interaction en-
ergy J 3 (S, - Sj—%), where S, is the spin on
site i and the summation is over near-neigh-
bor Cu paits. Thus, for the AF insulators, the
2-M peak position yields an estimate of ] ~
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
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superexchange process, which becomes most
probable for those incoming photon energies
that approach the upper edge of the e-h exci-
tation spectrum (39). Resonance enhance-
ment of the 2-M scattering yields information
about Et 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 3] 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 doped Cu site and leads to a reduction
of the spin superexchange energy in the
vicinity of holes. With doping (Fig. 1A),
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. 1B), 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* =~
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 awf* — E- =~ 1.4 eV [an optical
study (41) gives an estimate for E~p =~ 1.72
eV] and for effective copper nearest-neigh-
bor-hopping matrix element t =~ 320 meV
because Aw(® ~ 2[(E~/2)* + 16t%]Y2. 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 By, 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 spectra is the electronic con-
tinuum. For blue excitations, the continu-
um is superimposed on the q = O 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.

www.sciencemag.org * SCIENCE ¢ VOL. 278 » 21 NOVEMBER 1997

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[{w,T), to be proportional to the
incoherent QP inverse lifetime 7y ,™(w,T)
=Ty (@7 = [(aw)? + (BT)™ for k in
the vicinity of wave vectors {k, }: (@, T) «
[1 + n(w,D]ol/(w? + T'?), where n(w,T) is
the Bose factor and a and B 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 continuurm 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
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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-
tensity of the peak contains just a few per-
cent of the integrated 2-M scattering inten-
sity. This peak has B, symmetry and is not
present for polarized xx-scattering geometry
(A, + BZg)‘ 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,, 4 =~ 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 very unlikely, 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
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Fig. 2. The low-energy portion of B, , Raman scattering spectra for Bi,Sr,CaCu,04.; as a function of
doping {(A and B) for underdoped sample with 7 = 83 K, (C) for underdoped sample with the SC
transition onset at 10 K, and (D) for overdoped sample with T, = 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 !

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 T for samples with higher
dopings, the 600 cm ™" 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 spectroscopies. It oc-
curs at about twice the energy of the QP
peak observed by ARPES at low tempera-
tures for k near {k_ } points (9). Tunneling
data on the underdoped samples exhibit
peaks in conductance curves at ~ *+36
meV (45).

The narrow width of the 600 cm™! peak
in the Raman spectra (Fp a4 =50 cm s
more than an order of magmtude smaller
than the inverse QP lifetime I’y (600
cm~ !, T) associated with the continuum.
The two very different lifetimes for the 600
c¢m ™! 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 background.

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, = <10, 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 T_, where
the intensity shows a sudden enhancement.
With cooling, the low-frequency portion of

T=65K (underdoped) l

Continuum @105 cm™

Secondary emission intensity (arbitrary units)

0 100 200 300

1 i
300 K 22 e ),/“ /
170 K
100 K I’Seud()ga_p
65 K
40K
5K

the continuum simultaneously shows inten-
sity reduction. This covers a broader fre-
quency range than can be explained by the
temperature-dependent Bose factor. The in-
tensity reduction is an indication of a drop
in the low-frequency (0 < 600 cm™!) in-
verse lifetime Tl ~Yw,T). The suppres-
sion of the low- frequency spectral weight in
Raman spectra is similar to the pseudogap
observed in spin-excitation spectra (I, 6) as
well as in optical (8), ARPES (9-11), and
tunneling (12) 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, peaked near the commensurate AF
wave vector Q = (w/a, w/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 (17). 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 (I8). 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-

6471 A

650

550 600

400

500 600 700 800

Raman shift (cm™?)

Fig. 3. The B, Raman scattering spectra for underdoped T, = 65 K Bi,Sr,CaCu,0s..; as a function of
temperature. The temperature dependence of the area under 600 cm™" mode above the continuum is

shown in the inset.
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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 ~ V/3 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 €, = &, pairs of
doped holes may form a bound state (15) of

(dxz_yZ) symmetry (46). Because of phase
ﬂuctuatlons of the SC order parameter,
global superconductivity may occur at T,
well below the binding temperature (26,
27). Geshkenbein et al. discussed supercon-
ductivity resulting from the Bose condensa-
tion of preformed pairs with no dispersion
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 B, (dxz_y 2) 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

T T T T EN
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Fig. 4. Temperature dependence of the normal-
ized low-frequency continuum intensity (circles)
and a normalized (integrated above the continu-
um) 600 cm ™~ peak intensity (diamonds) for the 7,
< 10K, T, = 65K, and T, = 83 K underdoped
samples. Vertical arrows denote 7.
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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. We propose that
this process, enhanced by a final-state reso-
nance, is the origin of the 600 cm™' By,
Raman peak, and we suggest that it should
be present for underdoped materials with AF
correlations sufficient to exhibit under-
damped 2-M excitations. The AF correla-
tions that cover a few lattice spacings should
last for at least 10713 s, the lifetime of the
bound state. The ratio of 2-M scattering to
the 600 cm ™! mode intensity may represent
a rough estimate of the number of sites with
AF ordered Cu 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-frequency DOS, and for-
mation of the pseudogap. Because of different
couplings to light and also because of the very
different lifetimes of single 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 cm ™!
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 cm™! binding energy.
Cooling increases the concentration in the
bound state and enhances the pseudogap. At
a critical density, the bound state manifests
phasing and condenses into the collective SC
state. Simultaneously, because of the phasing
effect, the Raman spectra acquire 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 (T_ < 10
K), only a weak pseudogap develops, and the
integrated 600 cm ™! peak intensity exhibits a
weak enhancement (Fig. 4). Both the pseu-
dogap and the peak enhancement are stronger
for the T, = 65 K sample. The sample with
slightly higher doping (T, = 83 K) exhibits
an effective condensation into the SC state,
with formation of a 2A peak-like feature in
the Raman spectra out of the 600 cm™! peak.
Simultaneously with a strong increase in the
density of the coherent bound state, a well-
defined QP peak develops in the ARPES and
tunneling spectra at about half of the 2A-peak
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energy [see figure 1 in (9) and figure 1 in
(45)]. However, we believe that for samples
with lower T_ or for the T_ = 83 K sample at
temperatures above T_, where both the low-
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 QP peak 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 lig-
uid-based Raman scattering theory for d-wave
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 cm™!. The shoulder may result from a
SC gap opening along small pocket-type
Fermi surfaces observed by ARPES around
(E£m/2a, £m/2a) (11). A weak 2A peak-like
feature has been observed at ~200 cm™! for
B22 scattering geometry that is most sensitive
for excitations along the pocket-type Fermi
surfaces (48).

In contrast, overdoped materials show a
different picture. Even though normal state
scattering is still mostly incoherent, the
scattering intensity above T_ is weaker than
for underdoped materials (compare Figs. 2B
and 2D). There is no robust excitation near
600 cm™! A strong coherent 2A peak,
much stronger than the 600 cm™! peak for
the underdoped materials, develops below
T.. The peak shape, including its low-fre-
quency tail, may be reproduced by Fermi
liquid-based Raman scattering theory for
d-wave SC with a large Fermi surface (37).
This result demonstrates that (i) in agree-
ment with ARPES studies (I1), a large
Fermi surface is restored for materials above
optimal doping, and (ii) at least in the SC
state, the incoherent scattering is greatly
reduced up to 400 cm ™ L.
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Nearly Singular Magnetic Fluctuations in the
Normal State of a High-T, Cuprate
Superconductor

G. Aeppli, T. E. Mason,” S. M. Hayden, H. A. Mook, 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 transition temperature, T, = 35 kelvin, up to 350 kelvin) of single crystals of
La, g6Srg 14CuU0,. The peaks that dominate the fluctuations have amplitudes that de-
crease as T2 and widths that increase in proportion to the thermal energy, kT (where
kg is Boltzmann’s constant), and energy transfer added in quadrature. The nearly singular
fluctuations are consistent with a nearby quantum critical point.

The normal state of the merallic cuprates
is as unusual as their superconductivity. For
example, the electrical resistivity of samples
with optimal superconducting properties is
linear in temperature (T) from above 1000
K to the superconducting transition tem-
perature, T_ (1). Correspondingly, infrared
reflectivity reveals charge fluctuations with
a characteristic energy scale that is propor-
tional only ro T (I, 2). Furthermore, the
effective number of charge carriers, as mea-
sured with the classic Hall effect, is strange-
ly T-dependent. Even so, the Hall angle, a
measure of the deflection of carriers in the
material by an external magnetic field, fol-
lows a T2 law (3). Thus, the metallic
charge carriers in the doped cuprates exhib-
it peculiar but actually quite simple proper-
ties (4) in the normal state. Moreover,
these properties do not vary much between
the different high-T_ families.

Electrons carry spin as well as charge, so it
is reasonable to ask whether the normal state
magnetic properties derived from the spins are
as simple and universal as those derived from
the charges. Experiments to probe the spins
include classical magnetic susceptometry,
where the magnetization in response to a ho-
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mogeneous external magnetic field is mea-
sured, and resonance experiments, where nu-
clear dipole and quadrupolar relaxation is used
to monitor the atomic-scale magnetic fluctu-
ations. The spin-sensitive measurements yield
more complex and less universal results than
those sensitive to charge, and do not seem
obviously related to the frequency-dependent
conductivity ¢(w,T) (where o is frequency),
probed in electrical, microwave, and optical
experiments. [n particular, there is little evi-
dence for magnetic behavior that is as nearly
singular in the sense of diverging (for T —0)
amplitudes, time constants, or length scales,
as the behavior of o{w,T).

We report here nearly singular behavior
of the magnetic fluctuations in the simplest
of high-T. materials, namely, the com-
pound La,  Sr CuO,, whose fundamental
building blocks are single CuQ, layers. The
experimental tool was inelastic magnetic
neutron scattering. A beam of mono-ener-
getic neutrons is first prepared and then
scattered from the sample, and the outgoing
neutrons are labeled according to their en-
ergies and directions to establish an angle
and energy-dependent scartering probabili-
ty. Because the neutron spin and the elec-
tron spins in the sample interact through
magnetic dipole coupling, the cross section
is directly proportional to the magnetic
structure  function, S(Q,w), the Fourier
transform of the space- and time-dependent
two-spin correlation function. The momen-
rum and energy transfers Q and  are sim-
ply the differences between the momenta
and the energies of the ingoing and outgo-
ing neutrons, respectively. According to the
fluctuation-dissipation theorem, S{(Q,w) is
in turn proportional to the imaginary part,
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X'(Q,w), of the generalized linear magnetic
response X(Q,w). The bulk susceptibility
measured with a magnetometer is the long-
wavelength, small-wavenumber, (Q—0),
limit of ¥’ (Q,w = 0), and the nuclear res-
onance techniques yield averages of x"(Q,w
~ Q) over momenta Q, which are of order
inverse interatomic spacings.

Figure 1A is a schematic phase diagram for
La,  Sr CuO, as a function of T, hole doping
(x), and pressure (y). Holes and pressure are
generally introduced chemically, most notably
through substitution of Sr>* and Nd** jons,
respectively, for the La’* ions in La,CuO, (5,
6). Possible magnetic ground states range from
simple antiferromagnetic (AFM for x ~ 0) to
a long-period spin density wave with strong
coupling to the underlying lattice (shown as a
gray “mountain” for x ~ 0.1 in Fig. 1A). Unit
cell doubling, where the spin on each Cu** is
antiparallel to those on its nearest neighbors
displaced by vectors (0, *a_) and (=a,, 0) in
the (nearly) square CuO, planes, characteriz-
es the simple AM state (7 ); the lattice con-
stant, a, = 3.8 A. The associated magnetic
Bragg peaks, observed by neutron scattering,
occur at reciprocal lattice vectors Q of the
form (n, mw), where n and m are both odd
integers; the axes of the reciprocal lattice
coordinate system are parallel to those of the
underlying square lattice in real space.

Substitution of Sr** for La’ ™ introduces
holes into the CuO, planes and initially
replaces the AFM phase by a magnetic
(spin) glass phase. It is in this nonsupercon-
ducting composition regime, for which the
magnetic signals are strong and large single
crystals have long heen available, that the
most detailed T-dependent magnetic neu-
tron scattering studies have been performed
(8). With further increases in Sr*™ content,
the magnetic glass phase disappears and su-
perconductivity emerges. At the same time,
the commensurate peak derived from the
order and fluctuations in the nonsupercon-
ducting sample splits into four incommensu-
rate peaks, as indicated in Fig. 1B (9). These
peaks are characterized by a position, an
amplitude, and a width. Earlier work (9) has
described how the peak positions vary with
composition at low temperatures. Qur con-
tribution is to follow the red trajectory in Fig.
I and thus obtain the T and w dependence
of the amplitude and width, which represent
the maximum magnetic response and inverse
magnetic coherence length, respectively.

The La, ¢Sty ,CuO, crystals used here
are the same as those used in our determina-
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