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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
YBa,Cu;04 .« high temperature superconductor: .BarOg 5 (T,=52 K), YBaCwOg, (T,=67 K), and
YBa,Cu;05 g5 (T,=87 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
YBa,Cu;05 .« 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 detectedGn;®Baand
YBa,Cu;05 ;. 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 temperatdrg, but the odd excitations develop a true gap belgw At the same
time, the odd spin susceptibility is sharply enhanced bélgvaround 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 compoitigg 93 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.

[. INTRODUCTION pounds. This is illustrated by the mere fact that spin excita-
tions cannot be observed at all in the metallic materials by
The importance of electronic correlations in the coppemeutron scattering: the spectral weight of continuum excita-
oxide high temperature superconductors is now generalltions in an uncorrelated metal is more than an order of mag-
recognized. Some of the strongest evidence has been prokude below the sensitivity limit of current neutron instru-
vided by neutron scattering measurements of the spin excimentation. In this article we continue our program of putting
tations in several families of cuprates: J1aSrCuQ,' this qualitative observation on a quantitative footing by con-
YBa,CusOg. 4,2 2! and recently also BBr,CaCuyOg, 5.2  verting the neutron cross section to the absolute spin suscep-
While in an uncorrelated metal the spin excitation spectruntibility.
takes the form of a broad continuum extending up to ener- The optimally doped superconductors Y:BasO; and
gies comparable to the Fermi energy, the spin excitations iBi,Sr,CaCyOg, s with transition temperatures in the 90 K
the metallic copper oxides in many ways resemble the antirange at first sight appear compatible with a weak correlation
ferromagnetic magnons in their insulating parent com-picture as the normal-state spin susceptibility is indeed too
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weak to be measurable with the instrumentation currentlyy — (7 7), is atQ,=(3,%). The two-dimensional reduced
available?'?1%22 However, below the superconducting yave vector, modul®,, is denoted byg.

transition temperature both compounds develop a remark- Magnetic neutron scattering probes the imaginary part of
ably sharp “resonance peak” at an energy of 40 meV whosghe magnetic susceptibility tenstf,

spectral weight is comparable to that of antiferromagnetic

magnons at the same energy: This discovery, which was  d?s kK , N

followed up by related observations in underdopedgg gg ~foj [ (Qex—2W(Q)) —)2[1+ n(w)]
YBa,CusOg. o, 2 * has generated much theoretical work, ' m(gre

most of which is based on strong-correlation mod&t§? Q.0

Kinetic energy effects such as band structure X D (5aﬁ— = ﬂ)XZ/;(Q,w), 1)
singularitie$>2%*2 or the manifestations of interlayer pair ap Q?

tunneling along the axis™ have, however, also been impli- wherer, is the classical electron radiuk, andk; are the

qated. The resonance peak has not been observed in Convghve vectors of the incident and scattered neutron With
tional superconductors, but some recent data on heavy fer- ki—k , a,B are the spatial components of the tensor,

mion compounds appear to have a similar signattitdere f(Q) is the atomic form factor of the orbitals that contribute

we give a comprehensive account of this unusual phenom[b the inelastic processy(Q) is the Debye-Waller exponent,

enon that provides important clues to the mechanism of high | +\/is the number of spins in the system. The susceptibil-

temperature superconductivity. We fully describe the evOIU"lty is related to the spin-spin correlation function in the form

tion of its energy and spectral weight with hole concentration

and elucidate the relationship of the resonance peak to the 1 _ L

normal state excitations in the underdoped regime. Sap(Quw) = 5— > | dteQRimR-let(Seght))
Our new experiments are generally consistent with previ- 1

ous investigations of the spin dynamics in the underdoped 1+ n(w)

regime?~>"8put due to the combination of large single crys- = —— Xis(Qw), ®)

tals and advanced neutron instrumentation the energy range m(gup)

could be extended above 100 meV, comparable to th?vhere& is the usual spin operator at sig. It will often be

_neares_t-nelghbor antlferromz_;\gnetlc superexchange .en]er.gyfruitful to refer to this quantity because there is a sum rule
in the insulator, and the statistics could be substantially Imzor it [see Eq(11) below]
proved. Due to the extended energy range, we were .abI_e to When there is no magnetic long range order in the system
probe not only the low energy sector of the spin excitation d no preferred orientation, the summation in Ed.must
spectrum which evolves out of in-phase precession modes (gfg rotationall invaria,nt that is. S .(6
spins in directly adjacent layers of the antiferromagnetic in-" 10%)," y T M /3. Theref 1 Tap “fh
sulator YBaCu;Og (acoustic magnons, Refs. 2)4but also . Q“Qﬁ Q )Xaﬁ(.qfc.")_ r(Xf,“ﬁ) - [nherelore, using the
isotropic susceptibility”=Tr(x,z)/3, EQ.(1) becomes for a

the higher energy sector evolving out of antiphésgtical ; i
magnong® In the metallic state we prefer to characterize Magnetically disordered system

these excitations by their symmettpdd or even, respec-
tively) under exchange of the two layers. Observation of ex-
citations in both sectors is important because it throws light  dQ dE
on interlayer interactions within a bilayer both in the normal
and in the superconducting states, an issue that has emergedWe had already used this definition previouSiyHow-
as an important theme in the theory of high temperature swever, in an earlier paper, some oftissed a slightly differ-
perconductivity. ent convention for the dynamical susceptibility:
The article is organized as follows. In Sec. Il we introduce
our notation and the absolute scale which underlies much of  d’s ki X"
the presentation. Technical details of the sample character- m:roﬁf (Qexp(—2W(Q)(1+n(w)) 7, (4)
ization and the neutron experiments are given in Secs. Il and R
IV, respectively. Section V gives a comprehensive accounso that X"=(21-r,u§/3))(”. The current convention agrees
of the results on even and odd excitations in the normal stateyith the work of Haydenet al*® in the metallic state of
and the spin gap and magnetic resonance peak in the supém, ,Sr,CuO, as well as with their recent work in
conducting state. The data are discussed in Sec. VI in th¥Ba,Cu;0g. ,.*° Throughout this papery”(Q,®) is given
light of recent model calculations. Preliminary accounts ofin x3/eV/[ unit formula].
this work have been given in Refs. 13,15-18. The signal detected in a neutron scattering experiment is
proportional to the intrinsigy” convoluted with the instru-
mental resolution function. We extragt’(Q,w) from the
Il. DEFINITIONS AND NOTATION data using a model of the resolution function and convert the
result to absolute units through a calibration against selected
phonons(see Appendix Depending on the structure of the
Throughout this paper, wave vectors are expressed in rgnagnetic spectrum in momentum space, it is often conve-
ciprocal lattice units(r.l.u.), that is, Q=Ha* +Kb* +Lc* nient to further process the data by integratigover mo-
with a* ~b*~1.63 A"! andc*~0.57 A L. In these units, mentum or energy. We henceforth often use the spectral
the antiferromagnetic zone center commonly referred to aweight, here defined agd(%w)x"(Qq,w), as well as the

2 1+n(w)

m(gue)?

_ 2
=2r;

K
Ef (Q)exp(—2W(Q)) X"

A. Magnetic susceptibilities and absolute units
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Brillouin zone averaged susceptibilitysr(®), also known [N thi;_ basis, elementary excitations can be char_acterized by

as |Oca| Susceptib”ity, defined as transitions betWeen states of the same or OppOSIte Symmetry
(even or odd excitations, respectivelyrhe contribution of
these two types of transition between spin states to the neu-

d?gx"(q, ) tron scattering signal can be varied deliberately by adjusting
Xop(w)=——""". (5  the momentum transfer componeRi perpendicular to the
f d%q copper oxide layers. In particular, with layer staté$ and
12),
The latter quantity is often used for systems with dispers- 2|1>=d/2| 1),

ing excitations. In particular, for a two-dimension&D)
Heisenberg antiferromagnet, we have at low energid®re
the magnon dispersion relation is approximately linear in
wave vectoy.

z|2)=—d/2|2),

(a,s|6'%7|a,s)=cogQ,d/2) (even,
Xop( @) ~4SZ wilI~10udleV, (6)

(s,ale'%?a,s)=i sin(Q,d/2) (odd), (8)
independent of energy. We here used the theoretical value of i ) ) i _ .
quantum corrections faB= %, ZX=0.51,50 although neutron whered is the mtrabllayer_dls_tance. Therefore, the mtgnsmes
scattering experiments in several undoped cupt3®éindi- of the odd and even excitations, regardless of thellr in-plane
cate a systematic reduction 6f30% of the spin-wave spec- Wave vector and energy dependence, follow thé(&Qul’2) _
tral weight as compared with the theoretical estimatessi- ~and co§(Q.d/2) modulation, respectively, and we can write,
bly due to covalency effectsNevertheless, Eq6) provides ~ following Eqg. (2),
a useful benchmark for the “oscillator strength” of normal ” . "
state magnetic excitations in the metallic cuprates. The mag¥ (Q,®) = Xoud A @)SIM(QA/2) + Xeyed A )OS (Q,d/2).
netic resonance peak in the superconducting state, on the ©)
other hand, is a nondispersive excitation centered around |a the antiferromagnetic insulatog,,y and x e, correspond
single pointQo in momentum space. As it is very narrow in to the acoustic and optical spin-waves, respectifyhe
energy, the instrumental resolution function carries out a partocal and the energy-integrated susceptibilities as defined in
tial energy integration so that its spectral weight is best exthe previous subsection can likewise be decomposed into
pressed in terms ofd(% w) x"(Qq,w). their even and odd components.

B. Even and odd excitations Ill. CRYSTAL SYNTHESIS AND CHARACTERIZATION

YBa,Cus0s.« is @ bilayer system, that is, two closely  Qur samples are three single crystals of volume
spaced copper oxide layers are separated by a much larger; _3 cn?. A precursor powder was made by combusting a
distance. Information about the magnetic coupling betweegtoichiometrically mixed aqueous solution of nitrates with
the layers has been obtained from studies of the spin wav§crose. The powder was then calcined in a fully ventilated
dispersions in insulating YB&u;Og,. The superexchange environment at 940 °C fo6 h to form YBCO powders.
coupling between adjacent bilayers is more than four ordergystals were grown using top seeded sintering technitfues.
of magnitude smaller than the primary energy scale, After fully oxygenating the resulting crystal by annealing in
~100 meV>* In metallic YBaCu;Oq.,, Where the in- 3 pure oxygen environment, oxygen was systematically re-
plane correlation length is never larger than a few latticemoved by progressive annealing under argon flow until the
spacings, the bilayers are therefore expected to be magnetiesired fraction of oxygen remained. They were then sealed
cally decoupled from each other, so that the neutron scattefn an evacuated quartz tube and annealed for two weeks to
ing signal is an incoherent superposition of the signals arisensure homogeneity. We estimate the oxygen content by the
ing from individual bilayers. This is in accord with the weight gain/loss of the sample during the anneal, in conjunc-
experimental situation. tion with comparing to theT, calibration of Cavaet al®

The intrabilayer couplingd, ~10 meV;® on the other Several factors contribute to a rather large systematic error
hand, is only an order of magnitude below the intralayerAx~ +0.05) in the estimate of the absolute oxygen content.
superexchange, and it has long been known that even in thegr instance, a significant fraction of a foreign phase
metallic regime the two layers within a bilayer rer_nain (Y,BaCuQ, the so-called green-phasembedded in the
strongly coupled=*" One focus of the present study is t0 single crystal matrix makes it difficult to translate the weight
further elucidate this magnetic interlayer coupling. change of the crystal into a change in stoichiometry. Three

To this end, we consider an eigenstate of the in-plane crystals were used: YBEU;Og 5 with T,~52 K and mass

crystal momentum centered on the layeiWe can then de- 233 g, YB3Cu;04 ; with T,~67 K and mass 14.8 g, and
fine symmetric and antisymmetric combinations of statesyga,Cu,0; s with T.~87 K and mass 9.5 g.

centered on the two layers within a bilayer: The superconducting properties of these samples were
characterized by SQUID magnetometry. The sharpness of
|s)=(1)+]2))/12, the diamagnetic transition is usually a good indicator, but by

no means a guarantee, of the uniformity of the oxygen dis-
|a>=(|1>—|2>)/\/§. (7) tribution in a large crystal. A surface sheet of high oxygen
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content material with a higfi; may in principle mask more the same as that of the original bedafter the monochro-
poorly superconducting material in the interior. At the ex-matop. Because of limitations of the apparatus the beam
pense of reducing the sample volume, the SQUID measurgpolarization is always incomplete and is usually param-
ments on the YBECu;Og 5 sSample were therefore performed etrized as(FR—1)/(FR+1), where FR is the “flipping ra-
on a piece cut from the interior of the sample. Details oftio.” When the flipper is on, the spin-fligSF) cross section
these measurements have been given elsevfdde the is measured, superposed by a polarization “leakage” contri-
YBa,Cu;Og ; sample, we have, in addition, employed a non-bution from non-spin-flip(NSF scattering eventgmostly
destructive neutron depolarization technique that is sensitivphonon scatteringa contribution from nuclear spin incoher-
to the distribution of superconducting transition temperaturegnt scatteringNSI), and an extrinsic backgroun@). Be-
throughout the bulk of the sample. This method is describedause of polarization terms in the coherent magnetic scatter-
in Sec. IV below. ing cross sectio!f only half of the magnetic contribution

(M) is measured for vertical guide field, whereas for HF the

full contribution is measured. When the flipper is on and the

IV. EXPERIMENTAL DETAILS flipping ratio is not too small, one obtaitfs

The crystals were aligned such that wave vector transfers
of the form H,H,L) or (3H,H,L) were accessible and | —M+ENSI+ E:-i-B
loaded into a cryostat. The initial experiments were carried HF 3 FR ’
out at Brookhaven National Laboratof@NL), on the H4M,
H7 and H8 thermal triple axis spectrometers of the High 1 2 NSE
Flux Beam Reactor. The bulk of the work was then carried lye==M+ =NSI+—+B. (10
out on the 2T spectrometer at the Laboratoirem &rillouin 2 3 FR
(LLB) for the YBaCuz;Og ; sample, and on the hot-neutron
IN1 and thermal-neutron IN8 spectrometers at the Institut The standard method of extracting the magnetic contribu-
Laue-Langevin(ILL) for the YBaCu;Og s Sample. Addi- tion to the cross section is to subtrdgk from Iy, which
tional polarized-beam experiments were done on IN20 at thgields M/2.
ILL. At BNL, we used pyrolytic graphitéPG) (002) mono- We used this setup on IN20 in order to determine the
chromators and analyzers with a PG filter in the scattereguperconducting transition temperature of one of our large
beam and neutrons of 30.5 meV fixed final energy. Collima-single crystals (YBgCwOg ;) nondestructively andh situ.
tions were set at 40-40-80-80. At the ILL, the incident beamThe technique relies on the fact that a spin-polarized neutron
was monochromated by a vertically focused(Th) crystal ~ beam is depolarized when transiting a region containing a
on IN8, and C{200) or Cu220) with vertical focusing were magnetic field whose direction varies on a short length scale,
used as monochromators on IN1. Vertically and horizontallysuch that the neutron spins do not follow the change in field
focusing PG002) was used as analyzer. At LLB, we used adirection adiabatically. Depolarization is negligible only if
vertically curved C(111) monochromator and a vertically the parameter »=1yB/v(dé/dx)>1, where y=1.8
and horizontally focusing P@02 analyser. Heuslét1l)  x10° T-'sec! is the neutron gyromagnetic ratio3
crystals were used in the polarization work at IN20. No beam~10 G the applied fieldy ~2000 m/sec the neutron veloc-
collimations were used at the ILL and the LLB in order to ity, and d6/dx the directional variation 0B.>®> The spec-
maximize the benefits of focusing. A PG filter was placedtrometer is set for a nuclear Bragg reflection. The figlds
behind the sample on 2T and IN8, and the final energy wagpplied at the sample position in the same direction as the
fixed at 14.7, 30.5, or 35 meV depending on the range ofjuide field before and after the sample, so that the beam
excitation energies covered. An Erbium filter was used orpolarization is maintained over the neutron flight path and
IN1, and the final energy was fixed at 62.6 meV. The energyhe full nuclear Bragg intensity is detected. This remains
and momentum resolutions varied depending on the instruinchanged as the sample is field-cooled through the super-
mental configuration used. Typical values for the energyconducting transition. Because of the porous microstructure
resolution are 1 me\full width at half maximum, FWHM  of our samples due to inclusions of a second phase,
at energy transfer 5 meV, 5 meV at 50 meV, and 12 meV alf ,BaCuQ, magnetic flux penetrates even at low fields and
100 meV. The vertical resolution was typically 0.35 A gets trapped by microstructural defects such as twin bound-
FWHM. Full four-dimensional resolution calculations were aries and the ¥BaCuQ; inclusions. This flux has the same
used to extract the instrinsic magnetic neutron cross sectiotirection as the guide field and therefore does not depolarize
from the raw data. the beam. The field is subsequently turned by 90° at low

The Heusler monochromator used in the polarized beartemperature. Because of flux pinning, the vortices do not
experiments->*reflects only neutrons of a specificertica)  follow this change of field orientation, so that the net field at
spin polarization direction. Before impinging on the sample,the sample position is no longer parallel to the guide field.
the beam polarization is maintaingdertical field (VF)] or  Significant beam depolarization results becau$e/dx
rotated by 907 horizontal field(HF)] by homogeneous guide ~(#/2)/(1 cm), where 1 cm is a typical sample dimension,
fields. After scattering from the sample, the beam polarizaand hencen<<1. The measured intensity of the nuclear
tion is again maintained or rotated back by 90°, respectivelyBragg reflection is therefore reducéBig. 1). Heating the
The beam then traverses a flipdarset of coils capable of sample in this state and monitoring the Bragg intensity pro-
flipping the neutron spin polarization by 180°), and the finalvides aT. curve characteristic of the entire bulk of the
beam polarization is analyzed by a Heusler crystal whictsample. The small transition width shown in Fig. 1 attests to
Bragg reflects only neutrons whose polarization direction ighe high quality of the YBgCu;Og ; Sample.
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FIG. 2. A “worst case” scan of even channel excitations at 55
FIG. 1. T, curve of the YBaCu;Os 7 sSample using the depolar-  mey that exemplifies the usefulness of numerical simulations of the
ization technique as described in the text. The spectrometer is Sgiitice dynamics. The dotted line, derived from the phonon simula-
for the (006) nuclear Bragg reflection. The flipping ratio, defined as tjon program described in the text, provides a good description of

the ratio of neutrons scattered without spin flip to those that argne packground features. The peak in the center is magnetic. The
scattered with a spin flip, is infinite at a nuclear Bragg reflection inggiq Jine is a guide to the eye.
an ideal setup, but finitéhere: 16 because of incomplete beam

polarization. With the sample field cooled into the superconducting,s ine scan. The peak in the center of the scan, on the other
state and then rotated by 90°, the flipping ratio is reduced b3hand, is not described by the phonon model and can there-
trapped flux. fore be recognized as magnetic.
) ) _ o o Also, in many cases, additional elements such as the mo-

While neutron scattering with polarization analysis is thémentum dependence of the neutron intensity over several
most powerful tool to study magnetic excitations, currentgyjjjoyin zones, its temperature dependence, its behavior
instrumentation restricts its use to rather low energy transfergyon changing the resolution conditions, etc., have been em-
(below ~50 meV). Moreover, the neutron flux is substan-pioyed to cross-check the determination of the magnetic
tially lower than in a standard unpolarized-beam experimeniscattering. Such empirical methods have been discussed and
For an extensive survey of the magnetic spectrum, and fogyccessfully applied in previous studi@<?
higher excitation energies, inelastic neutron scattering ex-
periments without polarization analysis are the only option.
In unpolarized-beam experiments, the dynamic structure fac-
tor of phonons can exhibit various features in momentum  Tynical constant-energy scafghose background is gen-
space that can be mistaken for magnetic fluctuations at thgraly much more benign than that in Fig. &e shown for
worst, or complicate background subtraction at the veryyga,cu,0; 5 in Fig. 3 and for YBaCusOg ; in Fig. 4. Sev-
least. In order to arrive at a reasonable description of the | qualitative features are already apparent from the raw

phonon background, we numerically modeled the lattice dyyata. First, while the magnetic signal is always peaked at or
namics of YBaCuzOg, 4 USINg a simple harmonic interac-

V. RESULTS

tion model. Once the phonon dispersion relations and eigen- 1900
vectors are known as a function of wave vector, their full 1800
cross section can be calculated in absolute units. This has the 1700
added benefit of providing a standard against which the mag- 1600
netic cross section can be calibrated. In previous publica- = 1500
tions, we have demonstrated the success of this model in *§ 700
predicting the cross section of a particularly important pho- E 650
non at 42.5 meV:'! We have since augmented our calibra- Z o
tion procedure by including several acoustic phonons, and S 500
we have further improved the parameters used in the simu- £ 450§
lation. Details are given in the Appendix. E ,ggg
We do not attempt to fit the whole phonon spectrum with £ 900
our somewhat simplified model of the lattice dynamics 800
which is still not completely understocf Nevertheless, the 700 B
simulation has given us a useful guide to extract the mag- 600
netic signal in some situations. As an example, Fig. 2 shows 500 L
a “worst-case” scan at 55 meV, an energy range in which 0 02 I_‘I’-‘E'r |0J6) 08 1.0

the phonon cross section is particularly large in the region of
momentum space where the magnetic Cross section iS g 3. Typical constant-energy scans taken on the
peaked. This excitation energy is too large for polarized—yga,cu,04 5 sample in the odd channel. The solid lines are the
beam experiments. The figure shows that the model calculgesults of fits to Gaussian profiles. The energies of the data in the
tion allows us to extract the magnetic cross section from thenree panels are evenly spacé® meV, 65 meV, and 80 meV
data with some confidence even in this energy range. Thghe dotted lines that join the split peaks go througH (
dashed-dotted line describes the prediction of the phonor0.5 r.l.u.,E=0 meV) and illustrate a spin-wave-like dispersion,
model which accounts well for the bowl-shaped backgroundas described in the text.
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FIG. 4. Typical constant-energy scans obtained on the 2 !}
YBa,Cu;Og 7 sample, in(a) odd and(b) even excitation channels. 0 —Xe .
26067 P @ ® 0 25 50 75 100 125 150

The top panel ofb) shows ILL data, the rest are from LLB experi-

ments. The lines are the results of fits to Gaussian profiles. E (meV)

FIG. 5. Local (2D wave vector averaggdsusceptibility of

near Qy=(, ), the detailed shape of the profiles in mo- YI‘3a2Cu30§.5.in the (a) odd and(b) even eX(.:ita.tion channgls, ob-
mentum space depends on the excitation energy. As the ej@ined by fitting constant-energy scans. Solid lines are gu|d_es_ fo the
citation energy increases, the peak generally broadens, andteﬁ/te.zgha d_ottetlj) line m(t:i_:ccates ther{Iow-(t;;l]ergy local susceptibility of
least in the YBaCu;Og 5 sample it begins to disperse away © eisenberg antiferromagré. (6)).

from Qy above 50 meV(Fig. 3). The line shape will be

discussed in Sec. V C below. Second, the even spin excitafBa,Cu;04.x (Refs. 5-10 and more recently also in
tions (shown in Fig. 4 are fully gapped, as are the even Bi,CaCu SkOg, 5:% it is concentrated around a single
excitations(optical spin wavesin the antiferromagnetic in- point in an energy-wave vector diagram, its intensity de-
sulator. The data were fitted to single or double Gaussians, aseases with increasing temperature, and it occurs in the odd
appropriate, and corrections for the resolution function were

made. Integrated Susceptibility

The data were further corrected for the magnetic form 20 - y
factor of copper. Because of the energy dependence of the sl ) 805%%7 ] ,s
momentum line shap@-igs. 3 and # we plot in Figs. 5 and 0dd channel
6 the g-averagedlocal) susceptibility[ x5, EQ. (5)] of the g 10r ik | 20
two samples in the even and odd channels, derived from the N§ 5 11s
fitted intensities and widths of the Gaussian profiles. Alter- )
natively, the data can be summarized in terms of the peak o 7 110
intensity atQq, as shown for YBgCu;Og 7 in Fig. 7. The }!,-’!—!I\Ii.— 5
local and peak susceptibilities are not proportional to each 0T .3 200K~
other, because of the energy dependence of the momentum 0 30 60 900
line shape. Note also that the absolute magnitudes of the E (meV)

susceptibilities in Figs. 6 and 7 differ by more than order of
magnitude, because the susceptibility is always strongly
peaked at or nea@,. Nevertheless, the qualitative features
of Figs. 6 and 7 are similar. The spin excitations in the
YBa,CuzO4 g5 Crystal are restricted to a much smaller energy
range than in YBsCu;Og s and YBgCu;Og 7, as observed 1% .
previously® A full spectrum is reported in a forthcoming . . I I
publication®’ 0 25 50 75 100 125 150
E (meV)

FIG. 6. Local (2D wave vector averaggdsusceptibility of
o ] YBa,Cu;04 7 in the (a) odd and(b) even excitation channels. Solid

One of the most striking features of the data of Figs),5 |ines are guides to the eye. The dashed line superposed on the top
6(a), and &) is a pronounced peak that develops at low(12 K) spectrum reproduces the solid line for the 70K data and
temperatures. Various features of this peak are strongly remitiustrates the effect of entering the superconducting state. The dot-
niscent of the magnetic resonance peak that was observedtadi line indicates the low-energy local susceptibility of the 2D
an excitation energy of 40 meV in optimally doped Heisenberg antiferromagnggq. (6)]. (from Ref. 15.

b)

Even channel

X (g /V)

A. Magnetic resonance peak and superconducting energy gap
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Peak Susceptibility at (0.5,0.5) YBa,Cu,0, . 16K-60K
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800} 27367 | 1000 0.3
> 0dd channel .02
. -~
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N{ 125 b) Even channel -2 E{
S S ] 3
& 7 o K 0 10 20 30 40 50
S 50+ 1 E (mev)
2]
e 25 3 x - T
< 0 I x FIG. 9. Difference of(a) the susceptibilityy”(Qq,w) and (b)

0 25 50 75 100 125 150

E (meV) the spin-spin correlation function 8, ) in the superconducting
me

and normal states, for YBEu;Og 5. Normal state data are taken at

FIG. 7. Same data as in Fig. 6, but showing the intensity at60 K, just aboveT =52 K.

Qo= (7, 7) instead of the local susceptibility. ) ) ) )
the optimally doped and underdoped materials is that in the

éatter samples magnetic excitations are detectable in the nor-

channel. This analogy is further bolstered by considering th : . X
detailed temperature dependence of the peak local suscep'illq-al state. The buildup of the magnetic correlations, though

bility that is shown in Fig. 8 for both samples. Clearly, the strongly enhanced in the superconducting state in a narrower

intensity is sharply enhanced below a temperature that, t§Neray winﬂow, ?'rfg?‘dy 2697"?5 nlwucf:j atgd@d:ndee(?(, t(;‘? th
within the experimental error, is identical 7q in both cases. response snown in Fgs. o=/ 1 already broadly peaked In the

The coupling to superconductivity is another characteristitpormal state. The normal state spectra are discussed in detail

feature of the resonance peak in the optimally doped com™! Sec. V B below.

pounds. We can therefore clearly associate the enhancement':Or now, we focus on the enhancement of the dynamical

of the dynamical susceptibility in the underdoped sampleiusgfgggg't)étb?tlowgﬁ' :Qeorliir tr?e?.lgcédit.?atthoen'nsflu:(?t?: of o
below T. with the magnetic resonance peak. up uctivity gneticexcitat P » W

As was noted earlie? the energy of the resonance have subtracted the data just above their respedijvieom

peak decreases systematically as the hole concentration i%e data deep in the superconducting state. The result is

lowered from optimal doping. Another difference between own in Figs. 9 and 10 in t_he fo_rm of (QO’“’.) as well as
S (Qq,w). In this context it is fruitful to consider the latter

quantity because it is constrained by a sum rule:

Resonance
20 . :
YBa,Cu.0
s %%:ﬁ Bmev ] f d°Q d(hw) Tr(S,5(Q.hw))
ol 4 §§§§ ] =3S(S+1) per Cuatom.
3
— 5 Te g -] ! fd Q
2 1y
X2 : : . . .
. YBa,Cu,0, , This so-called “total moment sum rule” is strictly valid
& 15) % 33 meV : only for the undoped Heisenberg antiferromagtvéth spin
E S=1), and the numerical constant is likely to be somewhat
10r §% 1 reduced as holes are added in the metallic regime of the
s ) %‘5 §§§§ g phase diagram. Independent of doping, however, the total
Te g moment sum rule implies that Q(w), integrated over all
momenta and energies, is temperature independent. Note,

00 S0 100 150 200 250 300

however, that in a metallic system the relevant energies ex-
Temperature (K)

tend up to energies comparable to the Fermi energy, far be-
FIG. 8. Temperature dependence of the local susceptibility ayond the energy range probed by our experiment.

the energies at which the magnetic resonance occurs in both under- Figure 9b) shows that for the YBa&Cu;Og 5 sample the

doped samples. Superconducting critical temperatures are mark&hhancement of the spectral weight around 25 meV, which

with arrows. The solid symbols are obtained using polarized neuwe attribute to the magnetic resonance peak, is accompanied

tron scattering techniques. by a reduction of spectral weight over a limited energy range
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FIG. 10. Difference of(a) the susceptibilityy”(Qq,w) and (b) - 10
the spin-spin correlation function 8¢, ) in the superconducting
and normal states, for YBEu;Og ;. Normal state data are taken at %_2 0.4 0.6 0.8 1.0 1.2
80 K, just aboveT.=67 K. The open circles represent data taken Doping (x)

at BNL; the filled circles are data taken at LLB.
FIG. 11. A synopsis ofa) the superconducting transition tem-
both above and below 25 meV. The width of the response iRerature (o) the energy-integrated spectral weight evaluate@at

s = (m,m), and(c) of the energy of the magnetic resonance peak in
momentum space does not change significantly upon ente{rpe two underdoped samples, compared to those of the optimally

ng t?}f sbupercor:jdgcltlng tztate, and the redIL(JCtlon of Sp?CtrE_g ed sample witif,=93 K. Horizontal error bars indicate a con-
weight above and below the resonance peax compensates vative confidence level for the oxygen content.

resonant enhancement such that the total moment sum rule 1s
satisfied to within the experimental error.

The YBaCu;05 7, sample shows a qualitatively similar YBa,CuzO;). Note also that the dynamical susceptibility in
behavior, but within the energy range probed by our experithe normal state decreases strongly with increasing doping
ment the enhancement of the spectral weight around thkevel. A feature not shown in Fig. 11 is the width of the
resonance energy 6f33 meV outweighs the reduction of magnetic resonance peak in energy which is comparable to
spectral weight at other energies. This trend continues as ththe experimental energy resolution for Ya,0s;,
hole concentration in increased. In Y&a,0,, where nor-  YBa,Cu;Og gsand YBaCu;O;, but broadened to an intrinsic
mal state excitations have not been clearly identified, a loswidth of ~10 meV for YBgCu;Og 5. It was shown in Ref.
of spectral weight accompanying the resonance peak hail that a small amount of disorder can lead to a drastic
thus far not been observed. At least for doping levels exceedsroadening of the peak, and we cannot exclude disorder in
ing x~0.7, we therefore have to postulate a broad and weathe Cu-O chain layer as the origin of the broadening in
continuum of excitations, perhaps extending up to high en¥YBCOg 5.
ergies and not directly observed in our experiments, as a Although the q width of the resonance peakiq
“reservoir” of quantum states from which the resonance=0.25 A, does not depend significantly on doping, it is
peak is drawn. nonetheless interesting to compute the enamywave vec-

Following these considerations, we have chosen to paramer integrated spectral weight of the resonance peak, and to
etrize the spectral weight of the resonance peak by the postompare the result to the total moment sum rule, @d).
tive component of the difference spectra of Figs. 9 and 10After a two-dimensional Gaussian integration of the differ-
Jd(hw)Ax', (Qo,w), in order to compare different doping ence signal, we obtain 0.06§, 0.056.2, 0.07u2, and
levels.(Note that in the energy range in which the enhanceo_o43,ﬁB for YBa,Cu;Os5, YBa,CusOg7, YBa,CusOg gs,
ment occurs, and over the temperature range considered, thad YBgCu,O,, respectively. This means that roughly
Bose population factor £+n(w) in Eq. 2 is very close to 1, 1-29 of the total magnetic spectral weight is redistributed
so thatA x”. andAS, are simply proportional to each other. to the magnetic resonance peak upon cooling béfgw
Figure 11 summarizes the doping dependences of the spec- Another important phenomenon at least partly associated
tral weight and energy of the resonance peak as a function afith the superconducting state is the formation of a spin gap
doping concentration. The large error bars attached y¢ in the susceptibility spectrum with decreasing temperature.
in Fig. 11 are in part due to ambiguities arising from theln the La_,Sr,CuQ, superconductor, the normal state re-
incommensurate response below the resonance peak whichsponse is incommensurate and a small spin(ge®-6 me\j
discussed below. While the energy of the resonance pedk observed in the superconducting st&t In this system,
increases with increasing doping level, the absolute spectrahe size of the spin gap seems to be a good indicator of the
weight is more weakly doping dependefthough a clear homogeneity of the samples; impurities apparently introduce
reduction is observed in the fully oxygenated samplenew states below the spin gap, thereby smearing out the
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7 0 spectrum of YBaCu;Og, derived by fitting the constant-

s 25 energy scans to Gaussians and plotting the amplitude versus

g 200 | energy. The large spin gap ef 17 meV is testimonial to the

3 175 quality of the samples. Its size agrees well with the measure-

= 150t ments of Rossat-Mignoet al. on a YBaCu;Og g9 Sample?

% 125 Similar measurements for YBE@u;Og 5 yield an energy gap

)= 100 of about 5 meV at low temperatures. The doping dependence
o of the superconducting spin gap is therefore quite different

from that of the magnetic resonance peak itself, as already

7 0 found previously? ™

= 25

E 200

3 15 B. Normal state susceptibility

; 150 Having established the influence of superconductivity on

£ 125 the spin excitations, we now describe their development with

E 00 temperature and doping in the normal state. The general

trends can be seen in Figs. 5 and 6, where the susceptibility
is given in absolute units up to excitation energies of 120

FIG. 12. Typical constant-energy scan at 24 meV taken withMeV. The low-energy spectra in the odd channel, which are
polarized neutrons in the spin-flip channel on ¥Ba;Og, in (8  consistent with previous work,*’show a broad peak whose
the superconducting ar(t) the normal state. Open circles are hori- amplitude decreases gradually with increasing temperature
zontal field (HF) measurements taken after the sample was fieldand doping. Figures 5-7 demonstrate that the low energy
cooled with the field parallel to the scattering vector. Solid circlesspectral weight is already rather small in the normal state,
are measurements taken after the sample was cooled in vertical fiegthd that the additional depression upon entering the super-
(VF), perpendicular to the scattering plane. For magnetic scatteringzonducting state is rather subtl@his was established for
the background-corrected HF intensity should be twice the VF inour samples in detailed studies of the temperature depen-
tensity because of polarization factors in the magnetic neutron crosgence of the low energies, not shown hefEhis is consis-
section[Eqg. (10)]. The solid lines indicate that this is indeed the tent with prior neutron observations of the spin pseudogap in
Case. underdoped YBZu;04,, (Ref. 2 as well as in nuclear

magnetic resonand®MR) measurement&:53 The relation-

superconductivity-induced anomalies in both temperatur&hip between the magnetic resonance peak and this normal
and energy. This has also been confirmed experimentally iftate peak will be described in the next section. We here
Zn-substituted YBgCu;Op ;. .°>%* stress that one has to be cautious in interpreting the broad

We have established the size of the spin gap in the supepormal-state peak in the odd channel simply as a precursor
conducting state of YB& ;g - in a polarized-beam experi- of the magnetic resonance peak in the superconducting state.
ment. Polarization analysis is required for an accurate deter- Until recently, neutron studies of YB&u;Og., have
mination of the onset of magnetic scattering, as opticabeen confined to the odd channel, where excitations can be
phonon scattering is rather strong in the vicinity of the spinobserved at relatively low energies. This situation was
gap. Figure 12 shows typical constant-energy scans takethanged when Rezniét al*® identified even excitation®p-

with a polarized beam, and Fig. 13 shows the low energyical magnong in the antiferromagnetic insulator. Although
the coupling between two directly adjacent layers, extracted

Spin gap of YBa,Cu;0,, from an analysis of the spin wave dispersions, is ahly

300 ~10 meV, antiferromagnetic long range order, together

T o HF- 14K with the much larger intralayer exchange coupling of
R I RH s e {250 ~100 meV, boosts the gap for optical magnons to
,E 100 | ~67 meV. It is therefore interesting to monitor the odd-
% 1200 even splitting in the absence of long range order. Figures
S 50 1150 5(b) and &b) show that the even spectrum remains fully
e - gapped even in the metallic regime, although the gap de-
£ 0 T T L | 1100 creases and broadens with increasing doping.
.g TE =17meV Similar to the odd channel, the even excitations also ex-
= -0 i 50 hibit a broad peak, albeit centered around a higher energy.

0 3 'OE (1r:eV) 20 2 30 The temperature evolution of the intensity around the peak

position is given in Fig. 14 for YB&Cu;Og ; and compared
FIG. 13. Determination of the spin gap in YB2,0,, by po- [0 the intensity in the odd channel at the same energy. The
larized neutrons. The lines are guides to the eye. Open square syf@ven intensity increases markedly with decreasing tempera-
bols are from direct subtraction between HF and VF intensity as ifure, whereas the odd intensity at this energy remains con-
the previous figure. Solid square symbols are HF polarized bearfitant to within the error. The marked difference in even and
background from curve fitting such data. Open circles are the amodd response functions in this energy range is already quite
plitudes resulting from these fits. Note that the scales on left and@pparent in the data of Fig. 4. The gradual increase is remi-
right vertical axis are the same. niscent of the gradual growth of the peak intensity in the odd
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8 T Pa.Co.0 tion. Above this minimum the local susceptibility rises to a
27367 i i i i i
- 6__}\} E=65meY ] second(less pronouncedmaximum. This behavior is in
i 3 III qualitative agreement with pulsed neutron data in
4 1 YBa,Cu;056.%° (Note, however, that the intensity above 70
<8 o[ o od ] meV reported in Ref. 49 is twice as large as ours even
¢ Even though both data sets agree in the low energy rafgee dip
00 50 100 150 200 250 300 is observed in both underdoped samples but is more pro-
T (K) nounced in YBaCu;Og5. It is tempting to associate this

feature with the gap in the even spectrum that also occurs in
FIG. 14. Local susceptibility at 65 meV in YB@u;O, ;in both  this energy range. A more detailed analysis of the spectra
channels, showing their different temperature dependences. Not€veals, however, that the gap in the even channel has a
the absence of any anomalyBt. Lines are guides to the eye. stronger doping dependence than the 55 meV feature in the
odd channel, which makes this scenario unlikely. We briefly
channel in the normal stat&ig. 8, but no anomaly is ob- discuss alterr)ative explanation; in Sec. VI beIOV\_/. Unfprtu—
served in the even channel B. nately,_the dip feature occurs in an energy region with a
We summarize the temperature evolution of even and od ontrivial phonon backgroungFig. 2) and at an energy too

spectra schematically in Fig. 15. At high temperatures th igh for polarization analysis. A detailed experimental char-

dynamical susceptibility is rather featureless. Lowering thecterization is therefore difficult.

temperature leads to a gradual enhancement of the spin sus-
ceptibility in both even and odd channels at approximately
the same rate, but centered around different frequencies. Just
aboveT., both spectra therefore look very similar, with a  In the context of recent debates about the role of “charge
broad peak in each channel that is merely shifted in fresStripe” fluctuations in high temperature superconductivity,
quency. BelowT,, the parallel evolution of both spectra the momentum line shape of the spin response in
ceases. The peak in the odd channel sharpens abruptly whi¥Ba:ClsOgx has emerged as an important issue. Early in-
the intensity in the even channel continues its smoottflications of an incommensurate respénsere followed up
normal-state evolution and eventua"y saturates. by more detailed investigations over a narrow range of ener-
Finally, we draw attention to a noticeable dip in the odddies and doping levelS:*° Because of the coarse vertical
channel excitation spectrum around 55 m@igs. 5 and §  resolution of a triple axis spectrometer and the nontrivial
which we are unable to account for in our phonon simulafhonon background, special precautions are required to
clearly resolve the incommensurate response in
YBa,Cu;Og .. This is not the primary focus of the present
a) . study; ongoing detailed measurements of this aspect are fo-
T>Te, cooling cused on the YBAEu;O¢ g5 Sample, where the incommensu-
rate response is most pronounced, and will be reported sepa-
rately in a forthcoming publicatio?’. Here we discuss some
F L,’ generic features of the momentum line shape that are appar-
i / ent without high momentum resolution.
odd ,I Independent of the detailed line shape, an important pa-
& Even rameter for the purposes of the present study is the overall
extent in momentum space of the magnetic response at a
given energy. For instance, this quantity enters into our de-
(€Y termination of the local susceptibility of Figs. 5 and 6. This
overall width was extracted from the constant-energy profiles
T<Tc by fitting them to either a single Gaussian centeredat
=(ar,m), or if necessary, to two Gaussians symmetrically
displaced around,. Figure 16 gives the result of this pro-
X s v, cedure for our YBsCu;Og 7 sample. While most profiles are
; - adequately fit by a broad single peak, we paid particular
# odd attention to the energy range around 24 meV, just below the
i[ (Sudden  J/ E,v,g';um change) resonance peak, and were able to confirm the recent
change) observatio’ of an incommensurate response. The weakly
energy dependeng width below the resonance peak has
been noticed befofé**®*and may reflect an incommensu-
® rate response which is unresolved due to the coarse resolu-
FIG. 15. Schematic diagram summarizing the temperature evoiON- At the resonance energy, the overgliwidth goes
lution of the magnetic excitation spectra of the underdopedfhrough a minimum which is particularly noticeable when
YBa,Cu;04 ., compoundsga) in the normal state ang) across the ~ considering the resonant response ofthat is, theq width
superconducting transition. The even excitations evolve smoothi@f the additional intensity peak beloW,, Fig. 10.%°
with temperature, parallel tea). The odd channel excitations un- ~ The pronounced intrinsic broadening at high energies
dergo an abrupt sharpening at the resonance energy agoss above 50 meV cannot be attributed to resolution effects and

C. Momentum line shape

iy -
1) o e,

b)
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I R I L L R scribed in models that do not include such interactions. For

0-6 ] instance, early photoemission studies have suggested an ex-
0.4 T T 1 tended saddle point singularity near the Fermi 1&Vét.has
] been shown that this band structure anomaly leads to a peak
0.2 B ] in the joint density of states, which in turn produces a peak in
o HHWH [ m ] the unrenormalized susceptibiligf; .2%*>The peak grows as

Spin gap

. { M[ H ] the gap opens in the superconducting state. The peculiar gap
0.2 - structure in the interlayer tunneling model of high tempera-

Momentum width (A7)

] ture superconductivity also leads to a rather sharp peg§ in
-0.4 1 y in the superconducting stat® The peak position is deter-
- mined by a combination of the energy gap and the chemical
. . . ' . potential (see, e.g., Ref. 3%o0 that even in this minimalist
0 20 40 60 80 100 120 model the resonance peak and the superconducting energy
Energy (meV) gap do not have to show the same doping depend&nidee
resonance peak energgcreasess the hole concentration is
FIG. 16. Overall momentum width of the magnetic response inlowered from the optimally doped statEig. 11) while the
YBa,Cuz0; 7, Obtained as described in the té®ec. V Q. Particu-  energy gap, which is directly determined by photoemission
lar attention was paid to the constant-energy profile at 24 meVand other techniques, remains constant or incre@ses e.g.,
where an incommensurate response was identified as first observegef. 69. However, the interplay between the pseudo-gap
by Dai et al. (Ref. 19. Note the pronounced broadening above 50 measured in the normal state and the superconducting gap is
meV. not well understood at present in these experiments.

There are, however, strong indications that electron cor-
is reminiscent of the dispersionlike behavior observed invelations are necessary for an adequate description of the
YBa,Cu;0g 5 (Fig. 3, see also Ref. 15which in turn re-  resonance peak. First, the absolute magnitude of the dynami-
sembles the dispersion of antiferromagnetic magnons. It igal susceptibility, determined experimentally in Refs. 11 and
interesting to notice that the onset of this broadening coin45, is too large to be consistent with the relatively subtle
cides with the peak-dip feature in Figs. 5 and 6. In this highenhancement assumed in Refs. 43 and 42. This does not
energy region, the primary effect of hole doping thereforenecessarily rule out the mechanisms proposed in this work,
appears to be a strong broadening of the magnetic respongsut it strongly suggests that Coulomb correlations are also
Overall, Fig. 16 is in good agreement with the recent reporhieeded to reproduce the experimentally measuedSec-
by Arai et al® on a sample with a similaf.. (Note, how-  ond, the sharpness of the resonance peak close to optimal
ever, that these authors chose to fit all of their constantdoping indicates a true collective mode. This is indeed the

-0.6 ]

energy profiles to double peaks. direction that most of the recent theoretical work has taken.
The theoretical description of this collective mode re-
V1. DISCUSSION mains a subject of considerable controversy. In one theoret-

ical approach, the peak is identified with a resonance in the

The most striking feature in the neutron spectra ofparticle-particle channel. Proponents of this moeater
YBa,Cu;04.,  is the magnetic resonance peak whose experiembedded into a more comprehensive theory of high tem-
mental properties are summarized in Fig. 11. This phenomperature superconductivity;*® early on predicted the reso-
enon has been addressed in numerous theoretical studieance spectral weight to within a factor of two of the mea-
over the past few years. One purpose of the present article @ired number for optimally doped YBauOg_ . In the
to present a summary of the current state of experimentdfamework of this theory, the resonance can be viewed as a
information on the resonance peak. The other purpose is tpseudo-Goldstone boson of a new symmetry group encom-
stimulate further theoretical work on the interplay betweenpassing antiferromagnetism ad wave superconductivity.
normal state excitations and the resonance peak in the undéfhe symmetry becomes exact at the quantum critical point
doped regime. We discuss these two aspects in turn. separating both phases, and the energy of the Goldstone bo-

Compared to the broad continuum expected for ordinanson approaches zero in accord with the data. This scenario is
metals, the resonance peak involves an extraordinarily smadllso consistent with the tendency of the resonance spectral
volume of phase spacd-wave superconductivity helps ex- weight to increase with decreasing hole concentrakig.
plain this observation: The coherence factor in the neutrorll). All of these features are, however, also consistent with a
scattering cross section has a pronounced maximum at raore conventional description in which the resonance occurs
wave vector connecting two lobes of thevave gap func- in the particle-hole channel. In this approach, the resonance
tion with opposite sign of the order parametefAn early is identified with a spin exciton that is stabilized when decay
interpretation based on a different gap symnféthas been channels are removed in the superconducting state. Recent
ruled out by a variety of other measuremeffisit has since  theoretical studies have shown that the evolution of the reso-
turned out that-wave superconductivity alone is not suffi- nance energy and spectral weight with dopikég. 11) as
cient to explain the sharpness and spectral weight of the resavell as the broadening of the resonance in the deeply under-
nance peak, and that other factors further narrow the phasioped regime can be explained in this framewtrk It has
space involved in this process. Strong Coulomb interactionalso emerged that a remarkably consistent picture of ARPES
between electrons are the most likely factor. and neutron data can be obtained in this framew6fR."°

Some of the features of the resonance peak can be dén interesting suggestion put forth in this context is to inter-
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pret the weakly doping dependent dip-peak feature of Figs. Bertainly consistent with models that predict a correlated spin
and 6 as a signature of the bare superconducting energy gduid phase below a doping dependent “coherence tempera-
while the resonance peak is pulled below the gap byture,” often termedT*.”®
interactions’® Further work is necessary to establish whether It is important to draw a distinction between the gradual
the onset of the momentum-space broadening in this energyrowth of the broad normal state peaks in both even and odd
range (Sec. V Q can also be explained in this model. Fi- channels on the one hand, and the abrupt increase of the
nally, it has been proposed that the resonance peak originatggensity in the superconducting state that occurs in the odd
from localized electrons in domain walls between chargechannelonly on the other hand. This is seen most clearly in
stripes, separate from those that form the superconductingie high-statistics data of Fig(&. Though both are clearly
condensaté! While the large spectral weight of the peak related, a recent reinterpretation of the previously observed
finds a natural explanation in this approach, it is much hardeproad normal-state peak in the odd channel as a “pretransi-
to account for its sharpness in both energy and momentumonal precursor” of the resonance peak is therefore too
and its strong coupling to superconductivity. Further, the evisimple minded?® There is, moreover, no basis for a separa-
dence of charge stripes is weak in optimally dopediion of resonant and nonresonant response functions in the
YBa,Cu;0; where the resonance peak is most pronouncednormal state as proposed in Ref. 49. Promising steps in the
We do not wish to reiterate the purely theoretical argu-direction of a microscopic description of the spin dynamics
ments that were advanced in this debéee, e.g., Refs. in both normal and superconducting states have recently
32, 38, 41, 72, and J3Rather, we point to the additional been taker(see, e.g., Ref. 39
experimental information presented in this article, much of This also bears directly on the issue of the origin of the
which still awaits a theoretical explanation. We first discusssuperconducting condensation energy that has recently
the normal state susceptibility described in Sec. V B andmoved into the foreground of the high- debate. Scalapino
summarized schematically in Fig. 15. The broad peak in theind Whité® derived a formula that relates the exchange en-
odd channel that grows with decreasing temperdtiready  ergy (associated with thd term in thet—J mode) to the
been observed in early work on underdoped ¥B&Og,,  magnetic excitation spectrum. If the complete spectrum is
(Refs. 2-4,7] signifies a new energy scale in the normal- known in absolute units, the change in exchange energy be-
state spin excitation spectrum, different from the superextween normal and superconducting states can be evaluated
change interactiod that sets the energy scale in the insula-and quantitatively compared to the superconducting conden-
tor. It was pointed odf*"*that damping of antiferromagnetic sation energy determined in specific heat experiménts.
spin waves(seen as long-lived excitations in the insulator optimally doped YBaCu;Og., the resonance peak is the
introduces such a new energy scale, namelja/§ (where  only experimentally discernible feature in the magnetic spec-
¢~2a—5a, depending on doping, is the spin-spin correla-trum, and its spectral weight is known in absolute uhits.
tion length, above which the excitations are not substantiallySince the normal state spectrum is unknown except for an
different from those of the insulator. This approach can deupper bound guaranteeing that the amplitude of the normal
scribe some aspects of the data, especially the dispersionlikgate excitations is significantly below the resonance
behavior observed at high energies in ¥B&;Ogs. The  amplitudel®'*!8jt is reasonable to apply the Scalapino-
response in the even channel is also qualitatively consistem/hite formula to the resonance peak only. This is the ap-
with a description based on damped spin waves. Whe  proach adopted by Demler and Zh&hgho found that the
short, one may expect the even and odd response functions isagnetic energy stored in the resonance peak equals the su-
be shifted byd, &/a, the energy cost for flipping a correlated perconducting condensation energy to within an order of
patch of spins in a single layer while keeping the spins in thenagnitude. Temperature dependent changes in other parts of
neighboring layer fixed(This simple estimate was confirmed the spectrum, though not visible in the neutron experiments,
by numerical simulations on finite-sized systeni$e actual could of course lead to quantitative modifications in this
situation(Figs. 5 and B interpolates between this limit and analysis. The full implications of this analysis for the pairing
the antiferromagnetic long range ordered state with an optimechanism of high temperature superconductivity are, how-
cal magnon gap of 2JJ, ~67 meV* ever, still under debate. Othétshave argued, for example,
The temperature dependence of the broad normal-stathat the neutron peak provides a measure of the condensate
peak in the pseudogap regime and its relation to the magnetieaction, rather than the condensation energy, of the super-
resonance peak are more difficult to describe. Of coursezonducting state.
short range dynamic spin correlations centered aroQgpd The experimental situation is much less straightforward in
=(,m) are expected in a variety of microscopic strong-the underdoped regime. We have shown here that the ampli-
correlation models. The challenge is now to use these modetsde of the magnetic response in the normal state is at least
to make detailed predictions of the temperature evolution ofs large as the resonance amplitude, and that it is spread over
the magnetic spectra in both the superconducting and the much larger energy range. If one wants to extend the
normal states. Phenomenologically, the low-energy “over-Demler/Zhang analysis into the normal state of underdoped
damped spin wave” response grows with decreasing temYBa,Cu;O5., , it is therefore erroneous to focus exclusively
perature. The broad peaks in both even and odd channets the energy at which the resonance eventually develops in
grow gradually and approximately at the same rate, while athe superconducting stat&especially since a separation of
the same time a spin pseudogap opens in the odd channel th& normal-state response into resonant and nonresonant con-
already revealed by earlier neutfonand NMR (Ref. 62 tributions is entirely arbitrary. It is also inappropriate to ne-
experiments. Although it is hard to associate a characteristiglect the optical channel in such an analysis, because its
temperature with this crossover phenomenon, our data ammplitude and temperature dependence in the normal state
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are at least equal to those in the superconducting state. Be- APPENDIX: PHONON SIMULATION
cause the Scalapino-White formula differs from the total mo- Empirical descriptions of the eigenvibrations in a single

ment sum rule[Eq. (11)] only through a momentum- . stal are instrumental in obtaining the absolute magnitude
dependent form factor, any gain in magnetic energy mushf the dynamical susceptibility in our measurements. How-
result from temperature dependent changes of the momegver, as there are 39 phonon branches in XRgO, spread
tum line shape which are not even considered in Ref. 49. It igver an energy range of roughly 70 meV, individual phonon
easy to see that the outcome of an adequate analysis of theanches are usually difficult to resolyeith a typical en-
magnetic energy stored in the normal state spin excitationgrgy resolution of 5 me)} Fortunately, in past successful
and its relation to the specific heat would likely be qualita-experiments, we have isolated one particularly strong pho-
tively different from the one given in Ref. 49. In particular, non branch at 42.5 me%:* Since then we have further re-
the normal-state electronic specific heat in the pseudogaifforced confidence in our model by identifying and simulat-
regime of the YBaCu;Og, , phase diagram is actuallpwer ~ iNg acoustic phonon branches. Acoustic phonons are
than at optimum doping, whereas the magnetic spectral attractive for absolute unit measurements because their inten-
weight and its temperature dependence are cldarjer in  sities are strongly related to the Bragg peak intensities. Un-
underdoped samples. Because of insufficiently accurate ifike optical phonons, the most important quantity for the
formation on the temperature dependence of the momentu@coustic phonons is just one number—the limiting value of
line shapes, we have not used our spectra to attempt such Hi structure factor as it approaches the Bragg condition. The
analysis ourselves. convolution of their “cone shape” dispersion curve with the
In summary, we have presented a comprehensive accouffistrumental resolution has been performed analytically as
of the magnetic resonance peak and the normal state spWell as by using an efficient sampling technique based on the
excitations in underdoped YB&u;Og. . We hope that the fast Fourier transform to perform a four dimensional numeri-
detailed description of the magnetic spectra presented hef&l convolutior?® We have extensively used a longitudinal

will provide an improved basis for models of electronic cor-acoustic phonon branch around @06 Bragg condition.
relations in the cuprates. Our simulation gives a structure factor of 4.3

X 10 &2 eV~1 which is consistent with our earlier optical
phonon calibration measurements. We further point out that
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