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We report a comprehensive polarized and unpolarized neutron scattering study of the evolution of the
dynamical spin susceptibility with temperature and doping in three underdoped single crystals of the
YBa2Cu3O61x high temperature superconductor: YBa2Cu3O6.5 (Tc552 K), YBa2Cu3O6.7 (Tc567 K), and
YBa2Cu3O6.85 (Tc587 K). The spin susceptibility is determined in absolute units at excitation energies
between 1 and 140 meV and temperatures between 1.5 and 300 K. Polarization analysis is used extensively at
low energies. Transitional matrix elements, including those between spin states, in a bilayer system such as
YBa2Cu3O61x can be generally classified into even and odd, according to the sign change under a symmetry
operation that exchanges the layers, and both even and odd excitations are detected in YBa2Cu3O6.5 and
YBa2Cu3O6.7. While the even spin excitations show a true gap which depends on doping, the odd spectrum is
characterized by a weakly doping-dependent pseudogap. Both even and odd components are substantially
enhanced upon lowering the temperature from 300 K. The even excitations evolve smoothly through the
superconducting transition temperatureTc , but the odd excitations develop a true gap belowTc . At the same
time, the odd spin susceptibility is sharply enhanced belowTc around an energy that increases with doping.
This anomaly in the magnetic spectrum is closely related to the magnetic resonance peak that appears at 40
meV in the superconducting state of the optimally doped compound (Tc593 K). From these data we extract
the energy and the energy-integrated spectral weight of the resonance peak in absolute units as a function of
doping level. Theoretical implications of these measurements are discussed, and a critique of recent attempts to
relate the spin excitations to the thermodynamics of high temperature superconductors is given.
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I. INTRODUCTION

The importance of electronic correlations in the copp
oxide high temperature superconductors is now gener
recognized. Some of the strongest evidence has been
vided by neutron scattering measurements of the spin e
tations in several families of cuprates: La22xSrxCuO4,1

YBa2Cu3O61x ,2–21 and recently also Bi2Sr2CaCu2O81d .22

While in an uncorrelated metal the spin excitation spectr
takes the form of a broad continuum extending up to en
gies comparable to the Fermi energy, the spin excitation
the metallic copper oxides in many ways resemble the a
ferromagnetic magnons in their insulating parent co
PRB 610163-1829/2000/61~21!/14773~14!/$15.00
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pounds. This is illustrated by the mere fact that spin exc
tions cannot be observed at all in the metallic materials
neutron scattering: the spectral weight of continuum exc
tions in an uncorrelated metal is more than an order of m
nitude below the sensitivity limit of current neutron instr
mentation. In this article we continue our program of putti
this qualitative observation on a quantitative footing by co
verting the neutron cross section to the absolute spin sus
tibility.

The optimally doped superconductors YBa2Cu3O7 and
Bi2Sr2CaCu2O81d with transition temperatures in the 90
range at first sight appear compatible with a weak correla
picture as the normal-state spin susceptibility is indeed
14 773 ©2000 The American Physical Society
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weak to be measurable with the instrumentation curre
available.9,10,11,18,22 However, below the superconductin
transition temperature both compounds develop a rem
ably sharp ‘‘resonance peak’’ at an energy of 40 meV wh
spectral weight is comparable to that of antiferromagne
magnons at the same energy.5–11 This discovery, which was
followed up by related observations in underdop
YBa2Cu3O61x ,12–14 has generated much theoretical wor
most of which is based on strong-correlation models.23–41

Kinetic energy effects such as band structu
singularities25,26,42 or the manifestations of interlayer pa
tunneling along thec axis43 have, however, also been impl
cated. The resonance peak has not been observed in co
tional superconductors, but some recent data on heavy
mion compounds appear to have a similar signature.44 Here
we give a comprehensive account of this unusual phen
enon that provides important clues to the mechanism of h
temperature superconductivity. We fully describe the evo
tion of its energy and spectral weight with hole concentrat
and elucidate the relationship of the resonance peak to
normal state excitations in the underdoped regime.

Our new experiments are generally consistent with pre
ous investigations of the spin dynamics in the underdo
regime,2–5,7,8but due to the combination of large single cry
tals and advanced neutron instrumentation the energy ra
could be extended above 100 meV, comparable to
nearest-neighbor antiferromagnetic superexchange enerJ
in the insulator, and the statistics could be substantially
proved. Due to the extended energy range, we were ab
probe not only the low energy sector of the spin excitat
spectrum which evolves out of in-phase precession mode
spins in directly adjacent layers of the antiferromagnetic
sulator YBa2Cu3O6 ~acoustic magnons, Refs. 2,45!, but also
the higher energy sector evolving out of antiphase~optical!
magnons.46 In the metallic state we prefer to characteri
these excitations by their symmetry~odd or even, respec
tively! under exchange of the two layers. Observation of
citations in both sectors is important because it throws li
on interlayer interactions within a bilayer both in the norm
and in the superconducting states, an issue that has eme
as an important theme in the theory of high temperature
perconductivity.

The article is organized as follows. In Sec. II we introdu
our notation and the absolute scale which underlies muc
the presentation. Technical details of the sample charac
ization and the neutron experiments are given in Secs. III
IV, respectively. Section V gives a comprehensive acco
of the results on even and odd excitations in the normal st
and the spin gap and magnetic resonance peak in the s
conducting state. The data are discussed in Sec. VI in
light of recent model calculations. Preliminary accounts
this work have been given in Refs. 13,15–18.

II. DEFINITIONS AND NOTATION

A. Magnetic susceptibilities and absolute units

Throughout this paper, wave vectors are expressed in
ciprocal lattice units~r.l.u.!, that is, Q5Ha* 1Kb* 1Lc*
with a* ;b*;1.63 Å21 andc* ;0.57 Å21. In these units,
the antiferromagnetic zone center commonly referred to
ly
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Q05(p,p), is at Q05( 1
2 , 1

2 ). The two-dimensional reduce
wave vector, moduloQ0, is denoted byq.

Magnetic neutron scattering probes the imaginary par
the magnetic susceptibility tensor,47

d2s

dV dE
5r 0

2 kf

ki
f 2~Q!exp„22W~Q!…

N

p~gmB!2
@11n~v!#

3(
ab

S dab2
QaQb

Q2 D xab9 ~Q,v!, ~1!

where r 0 is the classical electron radius,k i and k f are the
wave vectors of the incident and scattered neutron withQ
5k f2k i , a,b are the spatial components of the tens
f (Q) is the atomic form factor of the orbitals that contribu
to the inelastic process,W(Q) is the Debye-Waller exponent
andN is the number of spins in the system. The suscepti
ity is related to the spin-spin correlation function in the for

Sab~Q,v!5
1

2p\N (
i j

E dt eiQ•(Rj 2Ri )2 ivt^Ŝi
aŜj

b~ t !&

5
11n~v!

p~gmB!2
xab9 ~Q,v!, ~2!

whereSi is the usual spin operator at siteRi . It will often be
fruitful to refer to this quantity because there is a sum r
for it @see Eq.~11! below#.

When there is no magnetic long range order in the sys
and no preferred orientation, the summation in Eq.~1! must
be rotationally invariant, that is, (ab(dab

2QaQb /Q2)xab9 (q,v)52 Tr(xab9 )/3. Therefore, using the
isotropic susceptibilityx9[Tr(xab9 )/3, Eq.~1! becomes for a
magnetically disordered system

d2s

dV dE
52r 0

2 kf

ki
f 2~Q!exp„22W~Q!…

11n~v!

p~gmB!2
x9. ~3!

We had already used this definition previously.15 How-
ever, in an earlier paper, some of us11 used a slightly differ-
ent convention for the dynamical susceptibility:

d2s

dV dE
5r 0

2 kf

ki
f 2~Q!exp„22W~Q!…„11n~v!…

x̂9

3
, ~4!

so that x95(2pmB
2/3)x̂9. The current convention agree

with the work of Haydenet al.48 in the metallic state of
La22xSrxCuO4 as well as with their recent work in
YBa2Cu3O61x .49 Throughout this paper,x9(Q,v) is given
in mB

2/eV/@unit formula#.
The signal detected in a neutron scattering experimen

proportional to the intrinsicx9 convoluted with the instru-
mental resolution function. We extractx9(Q,v) from the
data using a model of the resolution function and convert
result to absolute units through a calibration against sele
phonons~see Appendix!. Depending on the structure of th
magnetic spectrum in momentum space, it is often con
nient to further process the data by integratingx9 over mo-
mentum or energy. We henceforth often use the spec
weight, here defined as*d(\v)x9(Q0 ,v), as well as the
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Brillouin zone averaged susceptibilityx2D9 (v), also known
as local susceptibility, defined as

x2D9 ~v![
E d2qx9~q,v!

E d2q

. ~5!

The latter quantity is often used for systems with dispe
ing excitations. In particular, for a two-dimensional~2D!
Heisenberg antiferromagnet, we have at low energies~where
the magnon dispersion relation is approximately linear
wave vector!:

x2D9 ~v!;4SZxmB
2/J;10mB

2/eV, ~6!

independent of energy. We here used the theoretical valu
quantum corrections forS5 1

2 , Zx50.51,50 although neutron
scattering experiments in several undoped cuprates48,51 indi-
cate a systematic reduction of;30% of the spin-wave spec
tral weight as compared with the theoretical estimate~possi-
bly due to covalency effects!. Nevertheless, Eq.~6! provides
a useful benchmark for the ‘‘oscillator strength’’ of norm
state magnetic excitations in the metallic cuprates. The m
netic resonance peak in the superconducting state, on
other hand, is a nondispersive excitation centered aroun
single pointQ0 in momentum space. As it is very narrow
energy, the instrumental resolution function carries out a p
tial energy integration so that its spectral weight is best
pressed in terms of*d(\v)x9(Q0 ,v).

B. Even and odd excitations

YBa2Cu3O61x is a bilayer system, that is, two close
spaced copper oxide layers are separated by a much la
distance. Information about the magnetic coupling betw
the layers has been obtained from studies of the spin w
dispersions in insulating YBa2Cu3O6.2. The superexchang
coupling between adjacent bilayers is more than four ord
of magnitude smaller than the primary energy scaleJ
;100 meV.2,45 In metallic YBa2Cu3O61x , where the in-
plane correlation length is never larger than a few latt
spacings, the bilayers are therefore expected to be mag
cally decoupled from each other, so that the neutron sca
ing signal is an incoherent superposition of the signals a
ing from individual bilayers. This is in accord with th
experimental situation.

The intrabilayer couplingJ';10 meV,46 on the other
hand, is only an order of magnitude below the intralay
superexchange, and it has long been known that even in
metallic regime the two layers within a bilayer rema
strongly coupled.2–4,7 One focus of the present study is
further elucidate this magnetic interlayer coupling.

To this end, we consider an eigenstateun& of the in-plane
crystal momentum centered on the layern. We can then de-
fine symmetric and antisymmetric combinations of sta
centered on the two layers within a bilayer:

us&5~ u1&1u2&)/A2,

ua&5~ u1&2u2&)/A2. ~7!
-
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In this basis, elementary excitations can be characterized
transitions between states of the same or opposite symm
~even or odd excitations, respectively!. The contribution of
these two types of transition between spin states to the n
tron scattering signal can be varied deliberately by adjus
the momentum transfer componentQz perpendicular to the
copper oxide layers. In particular, with layer statesu1& and
u2&,

ẑu1&5d/2u1&,

ẑu2&52d/2u2&,

^a,sueiQzẑua,s&5cos~Qzd/2! ~even!,

^s,aueiQzẑua,s&5 i sin~Qzd/2! ~odd!, ~8!

whered is the intrabilayer distance. Therefore, the intensit
of the odd and even excitations, regardless of their in-pl
wave vector and energy dependence, follow the sin2(Qzd/2)
and cos2(Qzd/2) modulation, respectively, and we can writ
following Eq. ~2!,

x9~Q,v!5xodd9 ~q,v!sin2~Qzd/2!1xeven9 ~q,v!cos2~Qzd/2!.

~9!

In the antiferromagnetic insulator,xodd9 andxeven9 correspond
to the acoustic and optical spin-waves, respectively.46 The
local and the energy-integrated susceptibilities as define
the previous subsection can likewise be decomposed
their even and odd components.

III. CRYSTAL SYNTHESIS AND CHARACTERIZATION

Our samples are three single crystals of volum
;1 – 3 cm3. A precursor powder was made by combusting
stoichiometrically mixed aqueous solution of nitrates w
sucrose. The powder was then calcined in a fully ventila
environment at 940 °C for 6 h to form YBCO powders.
Crystals were grown using top seeded sintering technique52

After fully oxygenating the resulting crystal by annealing
a pure oxygen environment, oxygen was systematically
moved by progressive annealing under argon flow until
desired fraction of oxygen remained. They were then sea
in an evacuated quartz tube and annealed for two week
ensure homogeneity. We estimate the oxygen content by
weight gain/loss of the sample during the anneal, in conju
tion with comparing to theTc calibration of Cavaet al.53

Several factors contribute to a rather large systematic e
(Dx;60.05) in the estimate of the absolute oxygen conte
For instance, a significant fraction of a foreign pha
(Y2BaCuO5, the so-called green-phase! embedded in the
single crystal matrix makes it difficult to translate the weig
change of the crystal into a change in stoichiometry. Th
crystals were used: YBa2Cu3O6.5 with Tc;52 K and mass
23.3 g, YBa2Cu3O6.7 with Tc;67 K and mass 14.8 g, an
YBa2Cu3O6.85 with Tc;87 K and mass 9.5 g.

The superconducting properties of these samples w
characterized by SQUID magnetometry. The sharpnes
the diamagnetic transition is usually a good indicator, but
no means a guarantee, of the uniformity of the oxygen d
tribution in a large crystal. A surface sheet of high oxyg



x
ur
d
o

n
itiv
re
be

fe
d
ie

igh
ie

n
itu

th

re
a

am

ll
a

y

am
to
ed
a
o

o
rg
tr
rg

a

re
ti

a

le

e
za
el
f
a
ic

i

am
m-

tri-

r-

tter-

he
he

bu-

the
rge

tron
g a
ale,
eld
if

-

the
am
nd
ins
per-
ure
se,
nd
nd-
e
rize
ow
not
at
ld.

n,
ar

ro-
e
to

14 776 PRB 61H. F. FONGet al.
content material with a highTc may in principle mask more
poorly superconducting material in the interior. At the e
pense of reducing the sample volume, the SQUID meas
ments on the YBa2Cu3O6.5 sample were therefore performe
on a piece cut from the interior of the sample. Details
these measurements have been given elsewhere.13 On the
YBa2Cu3O6.7 sample, we have, in addition, employed a no
destructive neutron depolarization technique that is sens
to the distribution of superconducting transition temperatu
throughout the bulk of the sample. This method is descri
in Sec. IV below.

IV. EXPERIMENTAL DETAILS

The crystals were aligned such that wave vector trans
of the form (H,H,L) or (3H,H,L) were accessible an
loaded into a cryostat. The initial experiments were carr
out at Brookhaven National Laboratory~BNL!, on the H4M,
H7 and H8 thermal triple axis spectrometers of the H
Flux Beam Reactor. The bulk of the work was then carr
out on the 2T spectrometer at the Laboratoire Le´on Brillouin
~LLB ! for the YBa2Cu3O6.7 sample, and on the hot-neutro
IN1 and thermal-neutron IN8 spectrometers at the Inst
Laue-Langevin~ILL ! for the YBa2Cu3O6.5 sample. Addi-
tional polarized-beam experiments were done on IN20 at
ILL. At BNL, we used pyrolytic graphite~PG! ~002! mono-
chromators and analyzers with a PG filter in the scatte
beam and neutrons of 30.5 meV fixed final energy. Collim
tions were set at 40-40-80-80. At the ILL, the incident be
was monochromated by a vertically focused Cu~111! crystal
on IN8, and Cu~200! or Cu~220! with vertical focusing were
used as monochromators on IN1. Vertically and horizonta
focusing PG~002! was used as analyzer. At LLB, we used
vertically curved Cu~111! monochromator and a verticall
and horizontally focusing PG~002! analyser. Heusler~111!
crystals were used in the polarization work at IN20. No be
collimations were used at the ILL and the LLB in order
maximize the benefits of focusing. A PG filter was plac
behind the sample on 2T and IN8, and the final energy w
fixed at 14.7, 30.5, or 35 meV depending on the range
excitation energies covered. An Erbium filter was used
IN1, and the final energy was fixed at 62.6 meV. The ene
and momentum resolutions varied depending on the ins
mental configuration used. Typical values for the ene
resolution are 1 meV~full width at half maximum, FWHM!
at energy transfer 5 meV, 5 meV at 50 meV, and 12 meV
100 meV. The vertical resolution was typically 0.35 Å21

FWHM. Full four-dimensional resolution calculations we
used to extract the instrinsic magnetic neutron cross sec
from the raw data.

The Heusler monochromator used in the polarized be
experiments11,54 reflects only neutrons of a specific~vertical!
spin polarization direction. Before impinging on the samp
the beam polarization is maintained@vertical field ~VF!# or
rotated by 90°@horizontal field~HF!# by homogeneous guid
fields. After scattering from the sample, the beam polari
tion is again maintained or rotated back by 90°, respectiv
The beam then traverses a flipper~a set of coils capable o
flipping the neutron spin polarization by 180°), and the fin
beam polarization is analyzed by a Heusler crystal wh
Bragg reflects only neutrons whose polarization direction
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the same as that of the original beam~after the monochro-
mator!. Because of limitations of the apparatus the be
polarization is always incomplete and is usually para
etrized as~FR21!/~FR11!, where FR is the ‘‘flipping ra-
tio.’’ When the flipper is on, the spin-flip~SF! cross section
is measured, superposed by a polarization ‘‘leakage’’ con
bution from non-spin-flip~NSF! scattering events~mostly
phonon scattering!, a contribution from nuclear spin incohe
ent scattering~NSI!, and an extrinsic background~B!. Be-
cause of polarization terms in the coherent magnetic sca
ing cross section54 only half of the magnetic contribution
~M! is measured for vertical guide field, whereas for HF t
full contribution is measured. When the flipper is on and t
flipping ratio is not too small, one obtains54

I HF5M1
2

3
NSI1

NSF

FR
1B,

I VF5
1

2
M1

2

3
NSI1

NSF

FR
1B. ~10!

The standard method of extracting the magnetic contri
tion to the cross section is to subtractI VF from I HF, which
yields M/2.

We used this setup on IN20 in order to determine
superconducting transition temperature of one of our la
single crystals (YBa2Cu3O6.7) nondestructively andin situ.
The technique relies on the fact that a spin-polarized neu
beam is depolarized when transiting a region containin
magnetic field whose direction varies on a short length sc
such that the neutron spins do not follow the change in fi
direction adiabatically. Depolarization is negligible only
the parameter h5gB/v(du/dx)@1, where g51.8
3108 T21sec21 is the neutron gyromagnetic ratio,B
;10 G the applied field,v;2000 m/sec the neutron veloc
ity, and du/dx the directional variation ofB.55 The spec-
trometer is set for a nuclear Bragg reflection. The fieldB is
applied at the sample position in the same direction as
guide field before and after the sample, so that the be
polarization is maintained over the neutron flight path a
the full nuclear Bragg intensity is detected. This rema
unchanged as the sample is field-cooled through the su
conducting transition. Because of the porous microstruct
of our samples due to inclusions of a second pha
Y2BaCuO5, magnetic flux penetrates even at low fields a
gets trapped by microstructural defects such as twin bou
aries and the Y2BaCuO5 inclusions. This flux has the sam
direction as the guide field and therefore does not depola
the beam. The field is subsequently turned by 90° at l
temperature. Because of flux pinning, the vortices do
follow this change of field orientation, so that the net field
the sample position is no longer parallel to the guide fie
Significant beam depolarization results becausedu/dx
;(p/2)/(1 cm), where 1 cm is a typical sample dimensio
and henceh,1. The measured intensity of the nucle
Bragg reflection is therefore reduced~Fig. 1!. Heating the
sample in this state and monitoring the Bragg intensity p
vides a Tc curve characteristic of the entire bulk of th
sample. The small transition width shown in Fig. 1 attests
the high quality of the YBa2Cu3O6.7 sample.
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While neutron scattering with polarization analysis is t
most powerful tool to study magnetic excitations, curre
instrumentation restricts its use to rather low energy trans
~below ;50 meV). Moreover, the neutron flux is substa
tially lower than in a standard unpolarized-beam experime
For an extensive survey of the magnetic spectrum, and
higher excitation energies, inelastic neutron scattering
periments without polarization analysis are the only opti
In unpolarized-beam experiments, the dynamic structure
tor of phonons can exhibit various features in moment
space that can be mistaken for magnetic fluctuations at
worst, or complicate background subtraction at the v
least. In order to arrive at a reasonable description of
phonon background, we numerically modeled the lattice
namics of YBa2Cu3O61x using a simple harmonic interac
tion model. Once the phonon dispersion relations and eig
vectors are known as a function of wave vector, their f
cross section can be calculated in absolute units. This ha
added benefit of providing a standard against which the m
netic cross section can be calibrated. In previous publ
tions, we have demonstrated the success of this mode
predicting the cross section of a particularly important ph
non at 42.5 meV.9,11 We have since augmented our calibr
tion procedure by including several acoustic phonons,
we have further improved the parameters used in the si
lation. Details are given in the Appendix.

We do not attempt to fit the whole phonon spectrum w
our somewhat simplified model of the lattice dynam
which is still not completely understood.56 Nevertheless, the
simulation has given us a useful guide to extract the m
netic signal in some situations. As an example, Fig. 2 sho
a ‘‘worst-case’’ scan at 55 meV, an energy range in wh
the phonon cross section is particularly large in the region
momentum space where the magnetic cross section
peaked. This excitation energy is too large for polarize
beam experiments. The figure shows that the model calc
tion allows us to extract the magnetic cross section from
data with some confidence even in this energy range.
dashed-dotted line describes the prediction of the pho
model which accounts well for the bowl-shaped backgrou

FIG. 1. Tc curve of the YBa2Cu3O6.7 sample using the depolar
ization technique as described in the text. The spectrometer i
for the ~006! nuclear Bragg reflection. The flipping ratio, defined
the ratio of neutrons scattered without spin flip to those that
scattered with a spin flip, is infinite at a nuclear Bragg reflection
an ideal setup, but finite~here: 16! because of incomplete beam
polarization. With the sample field cooled into the superconduc
state and then rotated by 90°, the flipping ratio is reduced
trapped flux.
t
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of the scan. The peak in the center of the scan, on the o
hand, is not described by the phonon model and can th
fore be recognized as magnetic.

Also, in many cases, additional elements such as the
mentum dependence of the neutron intensity over sev
Brillouin zones, its temperature dependence, its beha
upon changing the resolution conditions, etc., have been
ployed to cross-check the determination of the magn
scattering. Such empirical methods have been discussed
successfully applied in previous studies.10,14

V. RESULTS

Typical constant-energy scans~whose background is gen
erally much more benign than that in Fig. 2! are shown for
YBa2Cu3O6.5 in Fig. 3 and for YBa2Cu3O6.7 in Fig. 4. Sev-
eral qualitative features are already apparent from the
data. First, while the magnetic signal is always peaked a

et

e

g
y

FIG. 2. A ‘‘worst case’’ scan of even channel excitations at
meV that exemplifies the usefulness of numerical simulations of
lattice dynamics. The dotted line, derived from the phonon simu
tion program described in the text, provides a good description
the background features. The peak in the center is magnetic.
solid line is a guide to the eye.

FIG. 3. Typical constant-energy scans taken on
YBa2Cu3O6.5 sample in the odd channel. The solid lines are t
results of fits to Gaussian profiles. The energies of the data in
three panels are evenly spaced~50 meV, 65 meV, and 80 meV!.
The dotted lines that join the split peaks go through (H
50.5 r.l.u.,E50 meV) and illustrate a spin-wave-like dispersio
as described in the text.
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nearQ05(p,p), the detailed shape of the profiles in m
mentum space depends on the excitation energy. As the
citation energy increases, the peak generally broadens, a
least in the YBa2Cu3O6.5 sample it begins to disperse awa
from Q0 above 50 meV~Fig. 3!. The line shape will be
discussed in Sec. V C below. Second, the even spin ex
tions ~shown in Fig. 4! are fully gapped, as are the eve
excitations~optical spin waves! in the antiferromagnetic in-
sulator. The data were fitted to single or double Gaussian
appropriate, and corrections for the resolution function w
made.

The data were further corrected for the magnetic fo
factor of copper. Because of the energy dependence of
momentum line shape~Figs. 3 and 4!, we plot in Figs. 5 and
6 theq-averaged~local! susceptibility@x2D9 , Eq. ~5!# of the
two samples in the even and odd channels, derived from
fitted intensities and widths of the Gaussian profiles. Alt
natively, the data can be summarized in terms of the p
intensity atQ0, as shown for YBa2Cu3O6.7 in Fig. 7. The
local and peak susceptibilities are not proportional to e
other, because of the energy dependence of the mome
line shape. Note also that the absolute magnitudes of
susceptibilities in Figs. 6 and 7 differ by more than order
magnitude, because the susceptibility is always stron
peaked at or nearQ0. Nevertheless, the qualitative featur
of Figs. 6 and 7 are similar. The spin excitations in t
YBa2Cu3O6.85 crystal are restricted to a much smaller ener
range than in YBa2Cu3O6.5 and YBa2Cu3O6.7, as observed
previously.3 A full spectrum is reported in a forthcomin
publication.57

A. Magnetic resonance peak and superconducting energy gap

One of the most striking features of the data of Figs. 5~a!,
6~a!, and 7~a! is a pronounced peak that develops at lo
temperatures. Various features of this peak are strongly re
niscent of the magnetic resonance peak that was observ
an excitation energy of 40 meV in optimally dope

FIG. 4. Typical constant-energy scans obtained on
YBa2Cu3O6.7 sample, in~a! odd and~b! even excitation channels
The top panel of~b! shows ILL data, the rest are from LLB exper
ments. The lines are the results of fits to Gaussian profiles.
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YBa2Cu3O61x ~Refs. 5–10! and more recently also in
Bi2Ca2Cu Sr2O81d :22 it is concentrated around a sing
point in an energy-wave vector diagram, its intensity d
creases with increasing temperature, and it occurs in the

e

FIG. 5. Local ~2D wave vector averaged! susceptibility of
YBa2Cu3O6.5 in the ~a! odd and~b! even excitation channels, ob
tained by fitting constant-energy scans. Solid lines are guides to
eye. The dotted line indicates the low- energy local susceptibility
the 2D Heisenberg antiferromagnet@Eq. ~6!#.

FIG. 6. Local ~2D wave vector averaged! susceptibility of
YBa2Cu3O6.7 in the ~a! odd and~b! even excitation channels. Soli
lines are guides to the eye. The dashed line superposed on th
~12 K! spectrum reproduces the solid line for the 70K data a
illustrates the effect of entering the superconducting state. The
ted line indicates the low-energy local susceptibility of the 2
Heisenberg antiferromagnet@Eq. ~6!#. ~from Ref. 15!.
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channel. This analogy is further bolstered by considering
detailed temperature dependence of the peak local susc
bility that is shown in Fig. 8 for both samples. Clearly, th
intensity is sharply enhanced below a temperature that
within the experimental error, is identical toTc in both cases.
The coupling to superconductivity is another characteri
feature of the resonance peak in the optimally doped c
pounds. We can therefore clearly associate the enhance
of the dynamical susceptibility in the underdoped samp
below Tc with the magnetic resonance peak.

As was noted earlier,12–14 the energy of the resonanc
peak decreases systematically as the hole concentratio
lowered from optimal doping. Another difference betwe

FIG. 7. Same data as in Fig. 6, but showing the intensity
Q05(p,p) instead of the local susceptibility.

FIG. 8. Temperature dependence of the local susceptibility
the energies at which the magnetic resonance occurs in both u
doped samples. Superconducting critical temperatures are ma
with arrows. The solid symbols are obtained using polarized n
tron scattering techniques.
e
pti-

to

c
-

ent
s

is

the optimally doped and underdoped materials is that in
latter samples magnetic excitations are detectable in the
mal state. The buildup of the magnetic correlations, thou
strongly enhanced in the superconducting state in a narro
energy window, already begins much aboveTc . Indeed, the
response shown in Figs. 5–7 is already broadly peaked in
normal state. The normal state spectra are discussed in d
in Sec. V B below.

For now, we focus on the enhancement of the dynam
susceptibility belowTc . In order to elucidate the influence o
superconductivity on the magnetic excitation spectra,
have subtracted the data just above their respectiveTc from
the data deep in the superconducting state. The resu
shown in Figs. 9 and 10 in the form ofx9(Q0 ,v) as well as
S (Q0 ,v). In this context it is fruitful to consider the latte
quantity because it is constrained by a sum rule:

E d3Q d~\v!Tr~Sab~Q,\v!!

E d3Q

5S~S11! per Cu atom.

~11!

This so-called ‘‘total moment sum rule’’ is strictly valid
only for the undoped Heisenberg antiferromagnet~with spin
S5 1

2 ), and the numerical constant is likely to be somewh
reduced as holes are added in the metallic regime of
phase diagram. Independent of doping, however, the t
moment sum rule implies that S(Q,v), integrated over all
momenta and energies, is temperature independent. N
however, that in a metallic system the relevant energies
tend up to energies comparable to the Fermi energy, far
yond the energy range probed by our experiment.

Figure 9~b! shows that for the YBa2Cu3O6.5 sample the
enhancement of the spectral weight around 25 meV, wh
we attribute to the magnetic resonance peak, is accompa
by a reduction of spectral weight over a limited energy ran

t

at
er-
ed
-

FIG. 9. Difference of~a! the susceptibilityx9(Q0 ,v) and ~b!
the spin-spin correlation function S (Q0 ,v) in the superconducting
and normal states, for YBa2Cu3O6.5. Normal state data are taken a
60 K, just aboveTc552 K.
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both above and below 25 meV. The width of the respons
momentum space does not change significantly upon en
ing the superconducting state, and the reduction of spe
weight above and below the resonance peak compensate
resonant enhancement such that the total moment sum ru
satisfied to within the experimental error.

The YBa2Cu3O6.7 sample shows a qualitatively simila
behavior, but within the energy range probed by our exp
ment the enhancement of the spectral weight around
resonance energy of;33 meV outweighs the reduction o
spectral weight at other energies. This trend continues as
hole concentration in increased. In YBa2Cu3O7, where nor-
mal state excitations have not been clearly identified, a
of spectral weight accompanying the resonance peak
thus far not been observed. At least for doping levels exce
ing x;0.7, we therefore have to postulate a broad and w
continuum of excitations, perhaps extending up to high
ergies and not directly observed in our experiments, a
‘‘reservoir’’ of quantum states from which the resonan
peak is drawn.

Following these considerations, we have chosen to par
etrize the spectral weight of the resonance peak by the p
tive component of the difference spectra of Figs. 9 and
*d(\v)Dx19 (Q0 ,v), in order to compare different dopin
levels.~Note that in the energy range in which the enhan
ment occurs, and over the temperature range considered
Bose population factor 11n(v) in Eq. 2 is very close to 1
so thatDx19 andDS1 are simply proportional to each other!
Figure 11 summarizes the doping dependences of the s
tral weight and energy of the resonance peak as a functio
doping concentration. The large error bars attached toDx19
in Fig. 11 are in part due to ambiguities arising from t
incommensurate response below the resonance peak wh
discussed below. While the energy of the resonance p
increases with increasing doping level, the absolute spe
weight is more weakly doping dependent~though a clear
reduction is observed in the fully oxygenated sam

FIG. 10. Difference of~a! the susceptibilityx9(Q0 ,v) and ~b!
the spin-spin correlation function S (Q0 ,v) in the superconducting
and normal states, for YBa2Cu3O6.7. Normal state data are taken
80 K, just aboveTc567 K. The open circles represent data tak
at BNL; the filled circles are data taken at LLB.
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YBa2Cu3O7). Note also that the dynamical susceptibility
the normal state decreases strongly with increasing dop
level. A feature not shown in Fig. 11 is the width of th
magnetic resonance peak in energy which is comparabl
the experimental energy resolution for YBa2Cu3O6.7,
YBa2Cu3O6.85and YBa2Cu3O7, but broadened to an intrinsi
width of ;10 meV for YBa2Cu3O6.5. It was shown in Ref.
21 that a small amount of disorder can lead to a dra
broadening of the peak, and we cannot exclude disorde
the Cu-O chain layer as the origin of the broadening
YBCO6.5.

Although the q width of the resonance peak,Dq
50.25 Å21, does not depend significantly on doping, it
nonetheless interesting to compute the energyandwave vec-
tor integrated spectral weight of the resonance peak, an
compare the result to the total moment sum rule, Eq.~11!.
After a two-dimensional Gaussian integration of the diffe
ence signal, we obtain 0.069mB

2 , 0.056mB
2 , 0.07mB

2 , and
0.043mB

2 for YBa2Cu3O6.5, YBa2Cu3O6.7, YBa2Cu3O6.85,
and YBa2Cu3O7, respectively. This means that rough
1–2 % of the total magnetic spectral weight is redistribu
to the magnetic resonance peak upon cooling belowTc .

Another important phenomenon at least partly associa
with the superconducting state is the formation of a spin g
in the susceptibility spectrum with decreasing temperatu
In the La22xSrxCuO4 superconductor, the normal state r
sponse is incommensurate and a small spin gap~;3–6 meV!
is observed in the superconducting state.58,59 In this system,
the size of the spin gap seems to be a good indicator of
homogeneity of the samples; impurities apparently introd
new states below the spin gap, thereby smearing out

FIG. 11. A synopsis of~a! the superconducting transition tem
perature,~b! the energy-integrated spectral weight evaluated atQ0

5(p,p), and~c! of the energy of the magnetic resonance peak
the two underdoped samples, compared to those of the optim
doped sample withTc593 K. Horizontal error bars indicate a con
servative confidence level for the oxygen content.
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PRB 61 14 781SPIN SUSCEPTIBILITY IN UNDERDOPED YBa2Cu3O61x
superconductivity-induced anomalies in both temperat
and energy. This has also been confirmed experimentall
Zn-substituted YBa2Cu3O61x .60,61

We have established the size of the spin gap in the su
conducting state of YBa2Cu3O6.7 in a polarized-beam experi
ment. Polarization analysis is required for an accurate de
mination of the onset of magnetic scattering, as opti
phonon scattering is rather strong in the vicinity of the s
gap. Figure 12 shows typical constant-energy scans ta
with a polarized beam, and Fig. 13 shows the low ene

FIG. 12. Typical constant-energy scan at 24 meV taken w
polarized neutrons in the spin-flip channel on YBa2Cu3O6.7 in ~a!
the superconducting and~b! the normal state. Open circles are ho
zontal field ~HF! measurements taken after the sample was fi
cooled with the field parallel to the scattering vector. Solid circ
are measurements taken after the sample was cooled in vertical
~VF!, perpendicular to the scattering plane. For magnetic scatte
the background-corrected HF intensity should be twice the VF
tensity because of polarization factors in the magnetic neutron c
section@Eq. ~10!#. The solid lines indicate that this is indeed th
case.

FIG. 13. Determination of the spin gap in YBa2Cu3O6.7 by po-
larized neutrons. The lines are guides to the eye. Open square
bols are from direct subtraction between HF and VF intensity a
the previous figure. Solid square symbols are HF polarized b
background from curve fitting such data. Open circles are the
plitudes resulting from these fits. Note that the scales on left
right vertical axis are the same.
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spectrum of YBa2Cu3O6.7 derived by fitting the constant
energy scans to Gaussians and plotting the amplitude ve
energy. The large spin gap of; 17 meV is testimonial to the
quality of the samples. Its size agrees well with the measu
ments of Rossat-Mignodet al. on a YBa2Cu3O6.69 sample.2

Similar measurements for YBa2Cu3O6.5 yield an energy gap
of about 5 meV at low temperatures. The doping depende
of the superconducting spin gap is therefore quite differ
from that of the magnetic resonance peak itself, as alre
found previously.2–4

B. Normal state susceptibility

Having established the influence of superconductivity
the spin excitations, we now describe their development w
temperature and doping in the normal state. The gen
trends can be seen in Figs. 5 and 6, where the susceptib
is given in absolute units up to excitation energies of 1
meV. The low-energy spectra in the odd channel, which
consistent with previous work,2–4,7show a broad peak whos
amplitude decreases gradually with increasing tempera
and doping. Figures 5–7 demonstrate that the low ene
spectral weight is already rather small in the normal sta
and that the additional depression upon entering the su
conducting state is rather subtle.~This was established fo
our samples in detailed studies of the temperature dep
dence of the low energies, not shown here.! This is consis-
tent with prior neutron observations of the spin pseudoga
underdoped YBa2Cu3O61x ~Ref. 2! as well as in nuclear
magnetic resonance~NMR! measurements.62,63 The relation-
ship between the magnetic resonance peak and this no
state peak will be described in the next section. We h
stress that one has to be cautious in interpreting the br
normal-state peak in the odd channel simply as a precu
of the magnetic resonance peak in the superconducting s

Until recently, neutron studies of YBa2Cu3O61x have
been confined to the odd channel, where excitations can
observed at relatively low energies. This situation w
changed when Rezniket al.46 identified even excitations~op-
tical magnons! in the antiferromagnetic insulator. Althoug
the coupling between two directly adjacent layers, extrac
from an analysis of the spin wave dispersions, is onlyJ'

;10 meV, antiferromagnetic long range order, togeth
with the much larger intralayer exchange coupling ofJ
;100 meV, boosts the gap for optical magnons
;67 meV. It is therefore interesting to monitor the od
even splitting in the absence of long range order. Figu
5~b! and 6~b! show that the even spectrum remains fu
gapped even in the metallic regime, although the gap
creases and broadens with increasing doping.

Similar to the odd channel, the even excitations also
hibit a broad peak, albeit centered around a higher ene
The temperature evolution of the intensity around the p
position is given in Fig. 14 for YBa2Cu3O6.7 and compared
to the intensity in the odd channel at the same energy.
even intensity increases markedly with decreasing temp
ture, whereas the odd intensity at this energy remains c
stant to within the error. The marked difference in even a
odd response functions in this energy range is already q
apparent in the data of Fig. 4. The gradual increase is re
niscent of the gradual growth of the peak intensity in the o
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channel in the normal state~Fig. 8!, but no anomaly is ob-
served in the even channel atTc .

We summarize the temperature evolution of even and
spectra schematically in Fig. 15. At high temperatures
dynamical susceptibility is rather featureless. Lowering
temperature leads to a gradual enhancement of the spin
ceptibility in both even and odd channels at approximat
the same rate, but centered around different frequencies.
aboveTc , both spectra therefore look very similar, with
broad peak in each channel that is merely shifted in
quency. BelowTc , the parallel evolution of both spectr
ceases. The peak in the odd channel sharpens abruptly w
the intensity in the even channel continues its smo
normal-state evolution and eventually saturates.

Finally, we draw attention to a noticeable dip in the o
channel excitation spectrum around 55 meV~Figs. 5 and 6!
which we are unable to account for in our phonon simu

FIG. 14. Local susceptibility at 65 meV in YBa2Cu3O6.7 in both
channels, showing their different temperature dependences.
the absence of any anomaly atTc . Lines are guides to the eye.

FIG. 15. Schematic diagram summarizing the temperature e
lution of the magnetic excitation spectra of the underdop
YBa2Cu3O61x compounds~a! in the normal state and~b! across the
superconducting transition. The even excitations evolve smoo
with temperature, parallel to~a!. The odd channel excitations un
dergo an abrupt sharpening at the resonance energy acrossTc .
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tion. Above this minimum the local susceptibility rises to
second ~less pronounced! maximum. This behavior is in
qualitative agreement with pulsed neutron data
YBa2Cu3O6.6.49 ~Note, however, that the intensity above 7
meV reported in Ref. 49 is twice as large as ours ev
though both data sets agree in the low energy range.! The dip
is observed in both underdoped samples but is more
nounced in YBa2Cu3O6.5. It is tempting to associate thi
feature with the gap in the even spectrum that also occur
this energy range. A more detailed analysis of the spe
reveals, however, that the gap in the even channel ha
stronger doping dependence than the 55 meV feature in
odd channel, which makes this scenario unlikely. We brie
discuss alternative explanations in Sec. VI below. Unfor
nately, the dip feature occurs in an energy region with
nontrivial phonon background~Fig. 2! and at an energy too
high for polarization analysis. A detailed experimental ch
acterization is therefore difficult.

C. Momentum line shape

In the context of recent debates about the role of ‘‘cha
stripe’’ fluctuations in high temperature superconductivi
the momentum line shape of the spin response
YBa2Cu3O61x has emerged as an important issue. Early
dications of an incommensurate response8 were followed up
by more detailed investigations over a narrow range of en
gies and doping levels.19,20 Because of the coarse vertic
resolution of a triple axis spectrometer and the nontriv
phonon background, special precautions are required
clearly resolve the incommensurate response
YBa2Cu3O61x . This is not the primary focus of the prese
study; ongoing detailed measurements of this aspect are
cused on the YBa2Cu3O6.85 sample, where the incommensu
rate response is most pronounced, and will be reported s
rately in a forthcoming publication.57 Here we discuss som
generic features of the momentum line shape that are ap
ent without high momentum resolution.

Independent of the detailed line shape, an important
rameter for the purposes of the present study is the ove
extent in momentum space of the magnetic response
given energy. For instance, this quantity enters into our
termination of the local susceptibility of Figs. 5 and 6. Th
overall width was extracted from the constant-energy profi
by fitting them to either a single Gaussian centered atQ0
5(p,p), or if necessary, to two Gaussians symmetrica
displaced aroundQ0. Figure 16 gives the result of this pro
cedure for our YBa2Cu3O6.7 sample. While most profiles ar
adequately fit by a broad single peak, we paid particu
attention to the energy range around 24 meV, just below
resonance peak, and were able to confirm the rec
observation19 of an incommensurate response. The wea
energy dependentq width below the resonance peak h
been noticed before2,7,14,64and may reflect an incommensu
rate response which is unresolved due to the coarse res
tion. At the resonance energy, the overallq width goes
through a minimum which is particularly noticeable whe
considering the resonant response only~that is, theq width
of the additional intensity peak belowTc , Fig. 10!.10

The pronounced intrinsic broadening at high energ
above 50 meV cannot be attributed to resolution effects
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is reminiscent of the dispersionlike behavior observed
YBa2Cu3O6.5 ~Fig. 3, see also Ref. 15! which in turn re-
sembles the dispersion of antiferromagnetic magnons.
interesting to notice that the onset of this broadening co
cides with the peak-dip feature in Figs. 5 and 6. In this h
energy region, the primary effect of hole doping therefo
appears to be a strong broadening of the magnetic respo
Overall, Fig. 16 is in good agreement with the recent rep
by Arai et al.65 on a sample with a similarTc . ~Note, how-
ever, that these authors chose to fit all of their consta
energy profiles to double peaks.!

VI. DISCUSSION

The most striking feature in the neutron spectra
YBa2Cu3O61x is the magnetic resonance peak whose exp
mental properties are summarized in Fig. 11. This phen
enon has been addressed in numerous theoretical st
over the past few years. One purpose of the present artic
to present a summary of the current state of experime
information on the resonance peak. The other purpose
stimulate further theoretical work on the interplay betwe
normal state excitations and the resonance peak in the un
doped regime. We discuss these two aspects in turn.

Compared to the broad continuum expected for ordin
metals, the resonance peak involves an extraordinarily s
volume of phase space.d-wave superconductivity helps ex
plain this observation: The coherence factor in the neut
scattering cross section has a pronounced maximum
wave vector connecting two lobes of thed-wave gap func-
tion with opposite sign of the order parameter.9 ~An early
interpretation based on a different gap symmetry23 has been
ruled out by a variety of other measurements.66! It has since
turned out thatd-wave superconductivity alone is not suffi
cient to explain the sharpness and spectral weight of the r
nance peak, and that other factors further narrow the ph
space involved in this process. Strong Coulomb interacti
between electrons are the most likely factor.

Some of the features of the resonance peak can be

FIG. 16. Overall momentum width of the magnetic response
YBa2Cu3O6.7, obtained as described in the text~Sec. V C!. Particu-
lar attention was paid to the constant-energy profile at 24 m
where an incommensurate response was identified as first obs
by Dai et al. ~Ref. 19!. Note the pronounced broadening above
meV.
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scribed in models that do not include such interactions.
instance, early photoemission studies have suggested a
tended saddle point singularity near the Fermi level.67 It has
been shown that this band structure anomaly leads to a p
in the joint density of states, which in turn produces a peak
the unrenormalized susceptibilityx09 .26,42The peak grows as
the gap opens in the superconducting state. The peculiar
structure in the interlayer tunneling model of high tempe
ture superconductivity also leads to a rather sharp peak inx09
in the superconducting state.43 The peak position is deter
mined by a combination of the energy gap and the chem
potential~see, e.g., Ref. 29! so that even in this minimalis
model the resonance peak and the superconducting en
gap do not have to show the same doping dependence.32 The
resonance peak energydecreasesas the hole concentration i
lowered from the optimally doped state~Fig. 11! while the
energy gap, which is directly determined by photoemiss
and other techniques, remains constant or increases~see, e.g.,
Ref. 68!. However, the interplay between the pseudo-g
measured in the normal state and the superconducting g
not well understood at present in these experiments.

There are, however, strong indications that electron c
relations are necessary for an adequate description of
resonance peak. First, the absolute magnitude of the dyn
cal susceptibility, determined experimentally in Refs. 11 a
15, is too large to be consistent with the relatively sub
enhancement assumed in Refs. 43 and 42. This does
necessarily rule out the mechanisms proposed in this w
but it strongly suggests that Coulomb correlations are a
needed to reproduce the experimentally measuredx9. Sec-
ond, the sharpness of the resonance peak close to op
doping indicates a true collective mode. This is indeed
direction that most of the recent theoretical work has tak

The theoretical description of this collective mode r
mains a subject of considerable controversy. In one theo
ical approach, the peak is identified with a resonance in
particle-particle channel. Proponents of this model,36 later
embedded into a more comprehensive theory of high te
perature superconductivity,37,38 early on predicted the reso
nance spectral weight to within a factor of two of the me
sured number for optimally doped YBa2Cu3O61x.

11 In the
framework of this theory, the resonance can be viewed a
pseudo-Goldstone boson of a new symmetry group enc
passing antiferromagnetism andd- wave superconductivity.
The symmetry becomes exact at the quantum critical p
separating both phases, and the energy of the Goldstone
son approaches zero in accord with the data. This scenar
also consistent with the tendency of the resonance spe
weight to increase with decreasing hole concentration~Fig.
11!. All of these features are, however, also consistent wit
more conventional description in which the resonance occ
in the particle-hole channel. In this approach, the resona
is identified with a spin exciton that is stabilized when dec
channels are removed in the superconducting state. Re
theoretical studies have shown that the evolution of the re
nance energy and spectral weight with doping~Fig. 11! as
well as the broadening of the resonance in the deeply un
doped regime can be explained in this framework.32,41 It has
also emerged that a remarkably consistent picture of ARP
and neutron data can be obtained in this framework.32,69,70

An interesting suggestion put forth in this context is to inte
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pret the weakly doping dependent dip-peak feature of Fig
and 6 as a signature of the bare superconducting energy
while the resonance peak is pulled below the gap
interactions.70 Further work is necessary to establish wheth
the onset of the momentum-space broadening in this en
range ~Sec. V C! can also be explained in this model. F
nally, it has been proposed that the resonance peak origin
from localized electrons in domain walls between cha
stripes, separate from those that form the superconduc
condensate.71 While the large spectral weight of the pea
finds a natural explanation in this approach, it is much har
to account for its sharpness in both energy and momen
and its strong coupling to superconductivity. Further, the e
dence of charge stripes is weak in optimally dop
YBa2Cu3O7 where the resonance peak is most pronounc

We do not wish to reiterate the purely theoretical arg
ments that were advanced in this debate~see, e.g., Refs
32, 38, 41, 72, and 73!. Rather, we point to the additiona
experimental information presented in this article, much
which still awaits a theoretical explanation. We first discu
the normal state susceptibility described in Sec. V B a
summarized schematically in Fig. 15. The broad peak in
odd channel that grows with decreasing temperature@already
been observed in early work on underdoped YBa2Cu3O61x
~Refs. 2–4,7!# signifies a new energy scale in the norm
state spin excitation spectrum, different from the super
change interactionJ that sets the energy scale in the insu
tor. It was pointed out33,74 that damping of antiferromagneti
spin waves~seen as long-lived excitations in the insulato!
introduces such a new energy scale, namely;Ja/j ~where
j;2a25a, depending on doping, is the spin-spin corre
tion length!, above which the excitations are not substantia
different from those of the insulator. This approach can
scribe some aspects of the data, especially the dispersio
behavior observed at high energies in YBa2Cu3O6.5. The
response in the even channel is also qualitatively consis
with a description based on damped spin waves. Whenj is
short, one may expect the even and odd response functio
be shifted byJ'j/a, the energy cost for flipping a correlate
patch of spins in a single layer while keeping the spins in
neighboring layer fixed.~This simple estimate was confirme
by numerical simulations on finite-sized systems.! The actual
situation~Figs. 5 and 6! interpolates between this limit an
the antiferromagnetic long range ordered state with an o
cal magnon gap of 2AJJ';67 meV.46

The temperature dependence of the broad normal-s
peak in the pseudogap regime and its relation to the magn
resonance peak are more difficult to describe. Of cou
short range dynamic spin correlations centered aroundQ0
5(p,p) are expected in a variety of microscopic stron
correlation models. The challenge is now to use these mo
to make detailed predictions of the temperature evolution
the magnetic spectra in both the superconducting and
normal states. Phenomenologically, the low-energy ‘‘ov
damped spin wave’’ response grows with decreasing t
perature. The broad peaks in both even and odd chan
grow gradually and approximately at the same rate, while
the same time a spin pseudogap opens in the odd chann
already revealed by earlier neutron7,2 and NMR ~Ref. 62!
experiments. Although it is hard to associate a character
temperature with this crossover phenomenon, our data
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certainly consistent with models that predict a correlated s
liquid phase below a doping dependent ‘‘coherence temp
ture,’’ often termedT* .75

It is important to draw a distinction between the gradu
growth of the broad normal state peaks in both even and
channels on the one hand, and the abrupt increase of
intensity in the superconducting state that occurs in the
channelonly on the other hand. This is seen most clearly
the high-statistics data of Fig. 8~a!. Though both are clearly
related, a recent reinterpretation of the previously obser
broad normal-state peak in the odd channel as a ‘‘pretra
tional precursor’’ of the resonance peak is therefore
simple minded.49 There is, moreover, no basis for a sepa
tion of resonant and nonresonant response functions in
normal state as proposed in Ref. 49. Promising steps in
direction of a microscopic description of the spin dynam
in both normal and superconducting states have rece
been taken~see, e.g., Ref. 39!.

This also bears directly on the issue of the origin of t
superconducting condensation energy that has rece
moved into the foreground of the high-Tc debate. Scalapino
and White76 derived a formula that relates the exchange
ergy ~associated with theJ term in thet2J model! to the
magnetic excitation spectrum. If the complete spectrum
known in absolute units, the change in exchange energy
tween normal and superconducting states can be evalu
and quantitatively compared to the superconducting cond
sation energy determined in specific heat experiments.77 In
optimally doped YBa2Cu3O61x , the resonance peak is th
only experimentally discernible feature in the magnetic sp
trum, and its spectral weight is known in absolute units11

Since the normal state spectrum is unknown except for
upper bound guaranteeing that the amplitude of the nor
state excitations is significantly below the resonan
amplitude,10,11,18 it is reasonable to apply the Scalapin
White formula to the resonance peak only. This is the
proach adopted by Demler and Zhang78 who found that the
magnetic energy stored in the resonance peak equals th
perconducting condensation energy to within an order
magnitude. Temperature dependent changes in other par
the spectrum, though not visible in the neutron experime
could of course lead to quantitative modifications in th
analysis. The full implications of this analysis for the pairin
mechanism of high temperature superconductivity are, h
ever, still under debate. Others79 have argued, for example
that the neutron peak provides a measure of the conden
fraction, rather than the condensation energy, of the su
conducting state.

The experimental situation is much less straightforward
the underdoped regime. We have shown here that the am
tude of the magnetic response in the normal state is at l
as large as the resonance amplitude, and that it is spread
a much larger energy range. If one wants to extend
Demler/Zhang analysis into the normal state of underdo
YBa2Cu3O61x , it is therefore erroneous to focus exclusive
on the energy at which the resonance eventually develop
the superconducting state,49 especially since a separation o
the normal-state response into resonant and nonresonant
tributions is entirely arbitrary. It is also inappropriate to n
glect the optical channel in such an analysis, because
amplitude and temperature dependence in the normal s
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are at least equal to those in the superconducting state.
cause the Scalapino-White formula differs from the total m
ment sum rule @Eq. ~11!# only through a momentum
dependent form factor, any gain in magnetic energy m
result from temperature dependent changes of the mom
tum line shape which are not even considered in Ref. 49.
easy to see that the outcome of an adequate analysis o
magnetic energy stored in the normal state spin excitat
and its relation to the specific heat would likely be quali
tively different from the one given in Ref. 49. In particula
the normal-state electronic specific heat in the pseudo
regime of the YBa2Cu3O61x phase diagram is actuallylower
than at optimum doping,77 whereas the magnetic spectr
weight and its temperature dependence are clearlylarger in
underdoped samples. Because of insufficiently accurate
formation on the temperature dependence of the momen
line shapes, we have not used our spectra to attempt suc
analysis ourselves.

In summary, we have presented a comprehensive acc
of the magnetic resonance peak and the normal state
excitations in underdoped YBa2Cu3O61x . We hope that the
detailed description of the magnetic spectra presented
will provide an improved basis for models of electronic co
relations in the cuprates.

ACKNOWLEDGMENTS

We wish to thank M. Braden at LLB and J. Kulda at IL
for their help during the experiments, and P. W. Anders
A. Chubukov, V. J. Emery, B. Hennion, M. Norman, F. On
frieva, and P. Pfeuty for stimulating discussions.
ev

e
y
te

m
.

u

-

M

h

n

.

e-
-

st
n-
is
the
s

-

ap

n-
m
an

nt
in

re

,

APPENDIX: PHONON SIMULATION

Empirical descriptions of the eigenvibrations in a sing
crystal are instrumental in obtaining the absolute magnit
of the dynamical susceptibility in our measurements. Ho
ever, as there are 39 phonon branches in YBa2Cu3O7 spread
over an energy range of roughly 70 meV, individual phon
branches are usually difficult to resolve~with a typical en-
ergy resolution of 5 meV!. Fortunately, in past successfu
experiments, we have isolated one particularly strong p
non branch at 42.5 meV.9,11 Since then we have further re
inforced confidence in our model by identifying and simula
ing acoustic phonon branches. Acoustic phonons
attractive for absolute unit measurements because their in
sities are strongly related to the Bragg peak intensities.
like optical phonons, the most important quantity for t
acoustic phonons is just one number—the limiting value
the structure factor as it approaches the Bragg condition.
convolution of their ‘‘cone shape’’ dispersion curve with th
instrumental resolution has been performed analytically
well as by using an efficient sampling technique based on
fast Fourier transform to perform a four dimensional nume
cal convolution.80 We have extensively used a longitudin
acoustic phonon branch around the~006! Bragg condition.
Our simulation gives a structure factor of 4
310218c2 eV21 which is consistent with our earlier optica
phonon calibration measurements. We further point out t
the calibration using phonon scattering from the sam
avoids the difficulties related to existence of ‘‘green phas
impurities as well as inclusions of smaller crystallites ine
table in these large YBa2Cu3O61x samples. This may con
tribute to systematic errors when calibrating against a va
dium standard.48,49
,

,

tt.

et-

.L.

,

.L.

J.

F.
1M.A. Kastner, R.J. Birgeneau, G. Shirane, and Y. Endoh, R
Mod. Phys.70, 897 ~1998!.

2J. Rossat-Mignod, L.P. Regnault, P. Bourges, P. Burlet, C. V
tier, and J.Y. Henry, inSelected Topics in Superconductivit,
edited by L.C. Gupta and M.S. Multani, Frontiers in Solid Sta
Science~World Scientific, Singapore, 1993!, p. 265.

3P. Bourges, inThe Gap Symmetry and Fluctuations in High Te
perature Superconductors, edited by J. Bok, G, Deutscher, D
Pavuna, and S.A. Wolf~Plenum, New York, 1998!, p. 349
~cond-mat/9901333!.

4L.P. Regnault, P. Bourges, and P. Burlet, inNeutron Scattering in
Layered Copper-Oxide Superconductors, edited by A. Furrer
~Kluwer, Amsterdam, 1998!, p. 85.

5J. Rossat-Mignod, L.P. Regnault, C. Vettier, P. Bourges, P. B
let, J. Bossy, J.Y. Henry, and G. Lapertot, Physica C185-189,
86 ~1991!.

6H.A. Mook, M. Yethiraj, G. Aeppli, T.E. Mason, and T. Arm
strong, Phys. Rev. Lett.70, 3490~1993!.

7J.M. Tranquada, P.M. Gehring, G. Shirane, S. Shamoto, and
Sato, Phys. Rev. B46, 5561~1992!.

8B.J. Sternlieb, J.M. Tranquada, G. Shirane, M. Sato, and S. S
moto, Phys. Rev. B50, 12 915~1994!.

9H.F. Fong, B. Keimer, P.W. Anderson, D. Reznik, F. Dogan, a
I.A. Aksay, Phys. Rev. Lett.75, 316 ~1995!.

10P. Bourges, L.P. Regnault, Y. Sidis, and C. Vettier, Phys. Rev
53, 876 ~1996!.
.

t-

-

r-

.

a-

d

B

11H.F. Fong, B. Keimer, D. Reznik, D.M. Milius, and I.A. Aksay
Phys. Rev. B54, 6708~1996!.

12P. Dai, M. Yethiraj, H.A. Mook, T.B. Lindemer, and F. Dogan
Phys. Rev. Lett.77, 5425~1996!.

13H.F. Fong, B. Keimer, F. Dogan, and I.A. Aksay, Phys. Rev. Le
78, 713 ~1997!.

14P. Bourges, L.P. Regnault, Y. Sidis, J. Bossy, P. Burlet, C. V
tier, J.Y. Henry, and M. Couach, Europhys. Lett.38, 313~1997!.

15P. Bourges, H.F. Fong, L.P. Regnault, J. Bossy, C. Vettier, D
Milius, I.A. Aksay, and B. Keimer, Phys. Rev. B56,
R11 439~1997!.

16B. Keimer, H.F. Fong, S.H. Lee, D.L. Milius, and I.A. Aksay
Physica C282-287, 232 ~1997!.

17B. Keimer, I.A. Aksay, J. Bossy, P. Bourges, H.F. Fong, D
Milius, L.P. Regnault, and C. Vettier, J. Phys. Chem. Solids59,
2135 ~1998!.

18P. Bourges, Y. Sidis, H.F. Fong, B. Keimer, L.P. Regnault,
Bossy, A.S. Ivanov, D.L. Milius, and I.A. Aksay, inHigh Tem-
perature Superconductivity, edited by S.E. Barneset al. ~CP483,
American Institute of Physics, Amsterdam, 1999!, p. 207~cond-
mat/9902067!.

19P. Dai, H.A. Mook, and F. Dogan, Phys. Rev. Lett.80, 1738
~1998!.

20H.A. Mook, P. Dai, S.M. Hayden, G. Aeppli, T.G. Perring, and
Dogan, Nature~London! 395, 580 ~1998!.



A
.

.D

, G

at

, C

ed

n,

.

hy

ic

o,

ica

see
s.

er,
ys.

,
y-

a,

e,

ica

er,

-
n-

rk,
ev.

le,

n-

s.

an

14 786 PRB 61H. F. FONGet al.
21H.F. Fong, P. Bourges, Y. Sidis, L.P. Regnault, J. Bossy,
Ivanov, D.L. Milius, I.A. Aksay, and B. Keimer, Phys. Rev
Lett. 82, 1939~1999!.

22H.F. Fong, P. Bourges, Y. Sidis, L.P. Regnault, A. Ivanov, G
Gu, N. Koshizuka, and B. Keimer, Nature~London! 398, 588
~1999!.

23I.I. Mazin and V.M. Yakovenko, Phys. Rev. Lett.75, 4134
~1995!.

24A.J. Millis and H. Monien, Phys. Rev. B54, 16 172~1996!.
25N. Bulut and D.J. Scalapino, Phys. Rev. B53, 5149~1996!.
26G. Blumberg, B.P. Stojkovic, and M.V. Klein, Phys. Rev. B52,

15 741~1995!.
27D.L. Liu, Y. Zha, and K. Levin, Phys. Rev. Lett.75, 4130~1995!.
28C. Stemmann, C. Pe´pin, and M. Lavagna, Phys. Rev. B50, 4075

~1994!.
29M. Lavagna and C. Stemmann, Phys. Rev. B49, 4235~1993!.
30F. Onufrieva and J. Rossat-Mignod, Phys. Rev. B52, 7572

~1995!.
31F. Onufrieva, Physica C251, 348 ~1995!.
32F. Onufrieva and P. Pfeuty, cond-mat/9903097~unpublished!.
33V. Barzykin and D. Pines, Phys. Rev. B52, 13 585~1995!.
34D.K. Morr and D. Pines, Phys. Rev. Lett.81, 1086~1998!.
35F.F. Assaad and M. Imada, Phys. Rev. B58, 1845~1998!.
36E. Demler and S.C. Zhang, Phys. Rev. Lett.75, 4126~1995!.
37S.C. Zhang, Science275, 1089~1997!.
38E. Demler, H. Kohno, and S.C. Zhang, Phys. Rev. B58, 5719

~1998!.
39Z.Y. Weng, D.N. Sheng, and C.S. Ting, Phys. Rev. Lett.80, 5401

~1998!.
40H. Yoshikawa and T. Moriya, J. Phys. Soc. Jpn.68, 1340~1999!.
41J. Brinckmann and P.A. Lee, Phys. Rev. Lett.82, 2915~1999!.
42A.A. Abrikosov, Phys. Rev. B57, 8656~1998!.
43L. Yin, S. Chakravarty, and P.W. Anderson, Phys. Rev. Lett.78,

3559 ~1997!.
44See, e.g., N. Bernhoeft, N. Sato, B. Roessli, N. Aso, A. Hiess

H. Lander, Y. Endoh, and T. Komatsubara, Phys. Rev. Lett.81,
4244 ~1998!.

45J.M. Tranquada, G. Shirane, B. Keimer, S. Shamoto, and M. S
Phys. Rev. B40, 4503~1989!.

46D. Reznik, P. Bourges, H.F. Fong, L.P. Regnault, J. Bossy
Vettier, D.L. Milius, I.A. Aksay, and B. Keimer, Phys. Rev. B
53, R14 741~1996!.

47S.W. Lovesey,Theory of Neutron Scattering from Condens
Matter ~Clarendon Press, Oxford, 1984!.

48S.M. Hayden, G. Aeppli, H.A. Mook, T.G. Perring, T.E. Maso
S.-W. Cheong, and Z. Fisk, Phys. Rev. Lett.76, 1344~1996!.

49P. Dai, H.A. Mook, S.M. Hayden, G. Aeppli, T.G. Perring, R.D
Hunt, and F. Dogan, Science284, 1344~1999!.

50E. Manousakis, Rev. Mod. Phys.63, 1 ~1991!, and references
therein; J. Igarashi, Phys. Rev. B46, 10 763~1992!.

51P. Bourges, H. Casalta, A.S. Ivanov, and D. Petitgrand, P
Rev. Lett.79, 4906~1997!.

52See, e.g., P. Gautier-Picard, E. Beaugnon, X. Chaud, A. Sulp
and R. Tournier, Physica C308, 161 ~1994!.

53R.J. Cava, A.W. Hewat, E.A. Hewat, B. Batlogg, M. Marezi
.

.

.

o,

.

s.

e,

K.M. Rabe, J.J. Krajewski, W.F. Peck, and L.W. Rupp, Phys
C 165, 419 ~1990!.

54For a detailed description of the polarized beam technique,
Ref. 11, and R.M. Moon, T. Riste, and W.C. Koehler, Phy
Rev.181, 920 ~1969!; G. Shirane,Frontiers of Neutron Scatter-
ing ~North-Holland, Amsterdam, 1986!.

55V.N.K. Zhuchenko, J. Phys. I7, 177 ~1997!.
56W. Reichardt, J. Low Temp. Phys.105, 807 ~1996!; L. Pintscho-

vius and W. Reichardt, inNeutron Scattering in Layered
Copper-Oxide Superconductors, edited by A. Furrer~Kluwer,
Amsterdam, 1998!, p. 165.

57P. Bourgeset al., Science~to be published!.
58K. Yamada, S. Wakimoto, G. Shirane, C.H. Lee, M.A. Kastn

S. Hosoya, M. Greven, Y. Endoh, and R.J. Birgeneau, Ph
Rev. Lett.75, 1626~1995!.

59B. Lake, G. Aeppli, T. E. Mason, A. Schroder, D. F. McMorrow
K. Lefmann, M. Isshiki, M. Nohara, H. Takagi, and S. M. Ha
den, Nature~London! 400, 43 ~1999!.

60K. Kakurai, S. Shamoto, T. Kiyokura, M. Sato, J.M. Tranquad
and G. Shirane, Phys. Rev. B48, 3485~1993!.

61Y. Sidis, P. Bourges, B. Hennion, L.P. Regnault, R. Villeneuv
G. Collin, and J.F. Marucco, Phys. Rev. B53, 6811~1996!.

62See, e.g., H. Yasuoka, S. Kambe, Y. Itoh, and T. Machi, Phys
B 199, 278 ~1994!.

63See, e.g., C. Berthier, M.H. Julien, M. Horvatic, and Y. Berthi
J. Phys. I6, 2205~1997!.

64A.V. Balatsky and P. Bourges, Phys. Rev. Lett.82, 5337~1999!.
65M. Arai, T. Nishijima, Y. Endoh, T. Egami, S. Tajima, K. To

mimoto, Y. Shiohara, M. Takahashi, A. Garret, and S.M. Be
nington, Phys. Rev. Lett.83, 608 ~1999!.

66See, e.g., D.J. van Harlingen, Rev. Mod. Phys.67, 515 ~1995!.
67D.M. King, Z.X. Shen, D.S. Dessau, D.S. Marshall, C.H. Pa

W.E. Spicer, J.L. Peng, Z.Y. Li, and R.L. Greene, Phys. R
Lett. 73, 3298~1994!.

68J.M. Harris, Z.X. Shen, P.J. White, D.S. Marshall, M.C. Schab
J.N. Eckstein, and I. Bozovic, Phys. Rev. B54, 15 665~1996!.

69M.R. Norman, H. Ding, J.C. Campuzano, T. Takeuchi, M. Ra
deria, T. Yokoya, and T. Takahashi, Phys. Rev. Lett.79, 3506
~1997!.

70A. Abanov and A.V. Chubukov, Phys. Rev. Lett.83, 1652
~1999!.

71V.J. Emery, S.A. Kivelson, and O. Zachar, Phys. Rev. B56, 6120
~1997!.

72M. Greiter, Phys. Rev. Lett.79, 4898~1997!.
73G. Baskaran and P.W. Anderson, J. Phys. Chem. Solids59, 1780

~1998!.
74J.M. Tranquada, Physica C282, 166 ~1997!.
75See, e.g., H. Fukuyama, Physica C263, 35 ~1996!.
76D.J. Scalapino and S.R. White, Phys. Rev. B58, 8222~1998!.
77J.W. Loram, K.A. Mirza, J.R. Cooper, and W.Y. Liang, Phy

Rev. Lett.71, 1740~1993!.
78E. Demler and S.C. Zhang, Nature~London! 396, 733 ~1998!.
79S. Chakravarty and H.K. Kee, cond-mat/9908205~unpublished!.
80A very good and well documented FFT implementation in C c

be obtained from http://theory.lcs.mit.edu/;fftw


