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We describe the relation between spin fluctuations and superconductivity in a highly ordered sample of
YBa,Cu;Og 5 using both polarized and unpolarized neutron inelastic scattering. The spin susceptibility in the
superconducting phase exhibits one-dimensional incommensurate modulations at low energies, consistent with
hydrodynamic stripes. With increasing energy the susceptibility curves upward to a commensurate, intense,
well-defined, and asymmetric resonance at 33 meV with a precipitous high-energy cutoff. In the normal phase,
which we show is gapless, the resonance remains surprisingly strong and persists cl@atyains and energy
scans. Its similar asymmetric spectral form abdye-59 K suggests that incoherent superconducting pairing
fluctuations are present in the normal state. On cooling, the resonance and the stripe modulations grow in well
aboveT, below a temperature that is comparable to the pseudogap temperature where suppression occurs in
local and low-momentum properties. The spectral weight that accrues to the resonance is largely acquired by
transfer from suppressed low-energy fluctuations. We find the resonance to be isotropically polarized, consis-
tent with a triplet carrying~2.6% of the total spectral weight of the Cu spins in the planes.
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[. INTRODUCTION directly observable with neutrons as new Bragg peaks, and
since orbital currents break an Ising-like symmetry, a gap
Spin fluctuations play a fundamental role in the superconshould exist in the spin excitation spectrum. We have previ-
ductivity of high-temperature superconductors. Intensive reeusly found that no new Bragg peaks are observable in the
search has spawned a plethora of theories for the interplayormal phase of the ortho-Il ordered Y045
between superconductivity and antiferromagnetism but ngYBCOg ), thus excluding strong DDW order that breaks
model is generally accepted for the unusual behavior of théhe symmetry aQ= (7, 7). We cannot exclude the possibil-
doped planar cuprate superconductors. The search for neity of broken orbital symmetry at zero wave ve&ar the
phases of matter, especially in the underdoped region, as thssibility that the orbital currents are primarily dynarhic.
boundary with the antiferromagnetic phase is approached, Another theory to explain the variety of phases through-
continues to provide stimulus for experiment and théory. out the cuprate phase diagram is the stripe theory. Upon the
Many recent theories for both the normal and superconducintroduction of charge, this theory predicts the existence of
ing states have made specific predictions for the spin correseveral phases whose structure is analogous to the nematic
lations and therefore a detailed and complete study ofnd smectic phases of liquid crysta#s*In the stripe pic-
x"(Q,w) is essential to understanding the cuprates. ture, charge and spins are spatially segregated with the spins
One of the most interesting properties of the cupratgorming antiphase domains. In the smectic phase, long-range
phase diagram is the existence of a pseudogap phenomencorrelations exist producing incommensurate Bragg peaks. In
seen clearly in tunneling, NMR, transport, and angle-the nematic phase, the stripes only have orientational order
resolved photoemission spectroscoARPES experi-  and therefore the antiferromagnetic correlations will be short
ments? Tunneling data have evinced clear evidence of a gapranged. Also, since the ground state of the stripe phase
like structure in the density of states well above the onset tdreaks a continuous symmetry there should be no spin gap.
superconductivity. Some of the cleanest data have comeThis theory seems to give a good account of the phase dia-
from NMR studies which have found a suppression of bothgram of the La_,Sr,CuQ,(LSCO or 214 (Ref. 15 systems
the Knight shift and the relaxation rateT4T in the normal  which have been studied in great detail. For YBG®™ook
state®® et all® obtained the first evidence for stripes along the
Many theories have been constructed to explain thexis. The overall picture in the YB&u;Og . System is still
pseudogaf.Most recently an orbital current or flux phase not clear, however, since a complete study as a function of
has been suggested which predicts circulating currents flondoping has not been completed and, as we will also show, the
ing in the copper-oxide planés’®In the static version of the structure of the spin dynamics is highly dependent on struc-
theory®!! a hidden order parameter, called thedensity tural disorder and impurities.
wave (DDW), condenses at a temperature well above the The most striking feature of the spin spectrum in the
superconducting transition temperature. Since the stati¥BCOg,, system is the presence of an intense resonance
DDW order would produce a moment, this phase should b@eak at low temperatures which is well defined in both mo-
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mentum and energy.The resonance peak has been observed ) ' ' ' 7 '
in the YB&CU;Op.x, Bi,SLCaCyOg. 5,18 (BSCCQy, ), Rocking ootk st o0l
and the single layer 3Ba,CuG;, s (Ref. 19 systems sug- 8000 | ]
gesting that the resonance is a universal feature of all cuprate
superconductors. Many theories have been developed to ex-
plain the resonance peak in terms of the spin-fermion and
band-structure models with the €l spins being coupled to
the quasiparticle$’~?? Since these theories predict that the
resonance is a direct consequence of a gap opening in the
guasiparticle channel, no well-defined resonance is predicted
to exist in the normal phase.

We present a comprehensive study of spin fluctuations in
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the normal and superconducting states up-t$0-meV en- 24 -6 08 0 08 16 24

ergy transfer. The oxygen doping in the system studied, ® (degrees)

YBCOgs, corresponds to a hole doping in each CyO FIG. 1. Rocking curve of the six-crystal composite sample at the

plane ofp=0.09. We expect that the high degree of struc-(g g 6) Bragg reflection. The collimation from source to detector is
tural order will remove some of the scattering and dampingyiven in minutes of arc within square brackets.

seen in the spin response from samples where there is disor-
der from twinning, poor chain order, and short oxygen chain roximately 50 A along thec direction. The correlation

Segments _randomly_ Ioc_ated. We believe tha_t much of th %ngths compare favorably to the x-ray characterization of
previous discrepancies in the neutron scattering data can lig] hly ordered ortho-ll indicating the high quality of our

reconciled by the existence of such disorder and a consisten 8.9
crystals?®

The measurements were carried out with the DUALSPEC
riple axis spectrometer at the C5 beam of the NRU reactor at
%{mlk River Laboratories. A focusing graphit@02 mono-

romator and a graphit®02 analyzer were used. A pyro-

picture of the underdoped region can be formed.

This paper is divided into parts that deal with the normal
and superconducting phases. The section on the norm
phase will present results on the temperature dependence

the low-energy excitations that show that no spin gap exists .. o 2 . .
and that one-dimensional incommensurate scattering iyt'c graph|te.f|lter in the scat'tered e e"m'”"’!ted higher-
order reflections and the final energy was fixed Bt

present that obeys/T scaling. In the section on the super- =14.6 meV. For unpolarized measurements the horizontal

conducting phase we show how the low-energy scattering is .~ .

: llimation was set gt33' 29’ S51' 120'] for energy trans-
suppressed, and that a resonance peak grows that is mu?éﬂr reater than 10 iev and set[®3 4é, S57 1%%] for
better defined in energy in YBCO ortho-Il than it is in dis- 9

ordered YBCO. We end with a discussion of the integrateoene.rgy transfers belovy 10 mgV vvhere the mag'netic scatter-
intensities and the total moment sum rule, where we detef9 1S weaker. The vertical collimation was kept fixed &0

mine the absolute weight of the resonance in the supercor%—A'o( S214 430]. The six-crystal assembly was mounted in

ducting phase and the surprisingly large fraction of reso? closed-cycle refrigerator that was carried on an open c
radle. For constant-energy scans along the in-plane direc-

nance weight that is already present in the normal phas&_. ) !
Comparisons are made with the pseudogap phenomenon afans the rotation axis of the C cradle was along [861]

with theory.
YB’CO’OrEho-I’I é T 259K
Il. EXPERIMENT I g;lﬁ?jn}e;z“l B ]
The sample consisted of six orthorhonfit® crystals of 3 :

total volume~6 cn? aligned on a multicrystal mount with a 7 S000F E e 1]
combined rocking curve width of 1.5° as shown in Fig. 1. 5 ; Cooling
The lattice constants were measured to&e3.81 A, b % " Y et @) |
=3.86 A, andc=11.67 A. Details of the crystal growth, the E Minority Domain
detwinning by stress along theaxis and the oxygen order & oot g?é%)*Bragg e Majority Domain
have been given earlié%?’ The (2 0 0) scan of Fig. 2 shows B (200) Bragg Peak
that the majority domain occupies 70% of the sample vol- i at2a ]
ume. The peak at largé®|(H=2) is the(2 0 0 Bragg peak

from the majority squeezed domain, and the peak1.98 is 0 o6 195 2 200 5o
the (0 2 0) of the minority domain. An independent check is
obtained from the satellites produced by oxygen chain order
at(3/2 0 0 and(0 3/2 0. Figure 3 shows scans through the  F|G. 2. Radial scan through t@ 0 0) Bragg peak. The Gauss-
oxygen superlattice peaks. Fits to resolution-convolvedan fit shows that the majority domain occupies 70% of the sample
Lorentzians showed that the oxygen correlation length exvolume. The magnetization inset shows a sharp superconducting
ceeded~ 100 A in thea andb directions, while it was ap- transition temperature at 59 K with a width 6f2.5 K.

(1, 0,0) (r. 1. u)
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200 |Oxygen Chain Ordering  YBCO Ortho-ll collimation was[80" 72" S 120 4307]. The second taller

[24 29 51 120] analyzer of dimensions ®312 cnf was installed for the

700 . constantQ studies through the resonance. The horizontal
—o—(0K0) collimation was then set tp33' 48 S 126 120'] and the
600 - —=—(HO00) 7 vertical collimation wag80" 72’ S280 430]. The flipping

ratios from both the small and large analyzer crystals were
measured at the(2 2 0 Bragg position for E;=E;
=47.6 meV, the incident energy at the resonance peak. The
flipping ratio with the small analyzer was found to be 19:1
for both VF and HF field directions. The flipping ratio for the
tall analyzer was measured to be 15:1 for the HF and 12:1 for
the VF directions. By using a taller analyzer we were able to
obtain a factor of 2 increase in the resonance scattering per
unit time.

To compare our results with those of other groups and to
144 146 148 15 152 154 156 connect with theory we have put our measurements of
x"(Q,w) on an absolute scale. We have calibrated the spec-
trometer by measuring the integrated intensity of an acoustic

FIG. 3. Radial scans through the oxygen ordering superlattic®honon near the stron@ 0 6) Bragg peak. By comparing
peaks at(3/2 0 0 and (0 3/2 0 (units ofa*). The horizontal bar the measured energy-integrated intensity to that calculated in
indicates the resolution. A fit to a resolution-convolved Lorentzianthe long-wavelength limit, where eigenvectors are known,
shows that the oxygen ordering correlation length exceeds 100 Ave were able to obtain the calibration constant that puts the
The larger peakfilled squaresis from the majority domain and the magnetic intensities on an absolute scale. Details are pro-
lesser from the minority domain. vided in the appendices. The appendices also show how we
made the correction for monitor contamination by higher-
order wavelength neutrons. This correction is particularly
important at small energies, where its neglect may lead to an
underestimation of the low-energy response.
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(H00) or (0K 0) (r.L.u. units a*)

direction. This permitted scans along (H 0) in zones(1/2
1/2 L), and, by rotating th€ cradle by~ 26°, also alongkl
3H 0) in the(1/2, 3/2,L) zone. To study the incommensurate
nature of the magnetiQ correlated peaks, scans were made

along the[H 0 0], [0 K 0], and[0 0 L] directions indepen- lIl. THE NORMAL STATE

dently with respect to the zone centdr2, 3/2,L). To do _ o

this, the rotation axis of th€ cradle was placed along the A. Gapless normal state spin excitations

[110] direction. By slaving theC rotation to thel. value we The existence or not of a normal state spin gap has many
could access a general(K L). important theoretical implications. Theories involving a bro-

To confirm the magnetic origin of the scattering we madeken discrete symmetry such as orbital currents require the
polarized measurements with a Heusl@dl) monochro- existence of a normal state spin gap at low temperature. In
mator and analyzer. A flipper coil was placed on the incidenbne model, the DDW theory, the orbital currents are equiva-
side and a graphite filter was used on the scattered side tent to static weak moments with Ising-like behavior, and the
filter higher-order neutrons. A Mezei flipper in the incident theory predicts that a magnetic Bragg peak will appear in the
beam allowed spin-flip and non-spin-fliNSP cross sec- underdoped phase at temperatures well above the onset tem-
tions to be measured. At the sample two pairs of coils apperature of superconductivity.In this model, in which the
plied either a weak horizontal fiel(HF) parallel toQ or  orbital currents are in opposite directions in adjacent unit
vertical field (VF) perpendicular tdQ (of ~3-5 G) to con- cells, the DDW peak is predicted to break the spatial sym-
trol the direction of the neutron spin at the sample. With themetry of the copper oxide plane and to appear Gat
flipper on, the difference between the HF and VF count rates= (7, 7). In the fluctuating orbital current theory of Wen and
gives the spin-flip scattering from the magnetic electrond_ee”® there is no static order, and there is a crossover to
alone independent of nuclear incoherent or phonorfluctuations that compete with superconducting fluctuations
scattering®® To prevent any possible depolarization from thein the normal phase. It is possible that this might still lead to
Meissner state the sample was always warmed to 100 k& suppression of the magnetic spectral weight well adqve
(~40 K above the transition temperaturand then field Experiments on underdoped YBCO in which no observ-
cooled to low temperatures. During scans the field directiorable scattering below 10 meV has been detected have been
with respect to the sample never changed more than a fetaken as evidence for a pseudogap phase in the normal
degrees, thereby minimizing the effects of depolarization orstate®! In terms of this interpretation the pseudogap is de-
the neutron beam. fined to be a range in energy transfer where there is zero or

We measured the polarized scattering with two differentnegligible spectral weight in the energy response as mea-
Heusler analyzers. The first small analyzer, 32 cnf, sured by the dynamic susceptibility(w), and which lies
was used for the constant energy scans. The horizontal cobelow a range with appreciable weight. Another definition of
limation was set td 33" 48’ S126 120] and the vertical the pseudogap phase arises from NMR studies which have
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I phasé€’ From Fig. 4 we see that the susceptibility decreases
250 - —e—T=85 K (Normal State) ' monotonically with energy below 15 meV. The clear sup-
—0—T=15 K (Superconducting State) . . . . h
B pression of scattering in the superconducting state will be
% 200 Q~(m ™) | discussed later. Clearly the difficulty of detecting the normal-
”;m 10 L * | phase scattering incrgase; at low energies as the weight de-
= % clines, but the trend is uniform and gives no sign that the
§ 00| % | spectral response drops off in a way that might suggest a gap.
7 $ This linear decrease of susceptibility with energy transfer is
sl | consistent with overdamped spin waves or fermi liquid be-
havior. It is also consistent with several early studies of dis-
o L ordered YBCO in the underdoped regin>® Note that the
0 2 4 6 8 10 12 14 16 spin gap referred to in several studfe®“°(see Figs. 9, 26,
E (meV) and 13, respective)yis the gap in the superconducting state,
not the normal phase gap whose absence we address here.
FIG. 4. The peak dynamic susceptibility,, atQ=(m,m) as a Some typical scans at low energies along[th@0] direc-

function of energy transfer for energies below 16 meV in the nor-jgn through (1/2 3/2 2 are shown in Fig. 5. This zone

mal and superconducting states. In the normal state scattering E‘oundary is equivalent to the two-dimensiordD) wave
present at the lowest energies studied and increases roughly linear]

ith transfefine). In th ducting state th t Vector (m,) with L=2 near a maximum of the bilayer
with energy transtetiine). In the superconducting state the SCatler g -tyre factor. The results are corrected for the effect of
ing is suppressed but not eliminated for energies below 16 (tre/

i . higher-order contamination of the monitor rate. If this cor-
ines are guides to the eye . ) . . .
rection were ignored it would lead to an underestimation of

shown thesuppressionnot absence, of both the Knight shift the low-energy intensity by a factor1.5 at 6 meV as dis-
and the relaxation rate, T/T, well above the superconduct- cussed in the appendices. The solid curves represent the
ing transition temperature®>~3Based on this we interpret Overdamped spin-wave model of Chetial*® (the following
the normal phase pseudogap to be a spectral range in whi@gction which gives an excellent fit to the data and also
either there is negligible scattering or there is substantial sugRredicts that the scattering should increase roughly propor-
pression of the scattering with decreasing temperaturdional to the energy transférw. Because it is more difficult
Therefore, in terms of neutron scattering, evidence for g0 detect this signal as the energy decreases, it is possible that
pseudogap must come from both the energy and temperatufXperiments where the sensitivity and statistics are optimized
dependence of”. Recent work on near optimally doped for the intense resonance peak might have failed to observe
LSCO has shown some evidence for a spin pseudogap bastt¢ low-energy response and so might have led to the infer-
on both the energy and temperature dependence of tHce that a gap was present. All of our results indicate that
scattering®® As regards the observed dynamics we find nothere is no well-defined normal state spin-gap in ortho-lI
evidence for a gap or pseudogap in the normal phase dfrdered YBaCuzOgs.
YBCOg 5 based on the temperature and energy dependence
of x¥”. In this section we present our results on the energy
dependence of” pointing to gapless excitations in the nor-
mal phase. The temperature dependence shoyingcreas-
ing in the normal phase with decreasing temperature is pre- To establish the incommensurate structure we made
sented in later sections. purely H and K scans(see Fig. 5, left-hand panglsn a

In an extensive survey of the low-energy spectra we haveonfiguration with good in-plane resolution, where the
observed that scattering centered@s (7, ) clearly exists ~ coarse vertical resolution was only 20°—30° from (d& L)
in the normal state and extends to the lowest energies studigtirection and so did not integrate over the incommensurate
(~4 meV). A summary of our results, shown in Fig. 4, in- peaks. We see that the profile shows incommensurate peaks
dicates the absence of any clear normal state spin pseudogalenga* but only a commensurate feature aldofy. From
in contrast to the suggested behavior by previous studiegheH-K anisotropy of the low-energy scans in Fig. 5 we can
The data were obtained by conducting fits to@eorrelated  show that the dynamic spin fluctuations are one-dimensional
peak above the background that lies under the magnetic codlong a* with an incommensurate wave vectod
relations centered on (7). We have removed the ~0.06 r.l.u(reciprocal lattice units To do this we recognize
temperature-dependent Bose factor and the anisotro&t Cu that the scattering observed is the sum of that from the ma-
form factor from theQ-correlated scattering to obtain the jority and minority domains weighted in the oxygen-order
dynamic susceptibility as discussed in detail in the appendiratio of 70:30. Because of the low weight of the incommen-
ces. surate peaks of thé&* minority domain, the[010] scan

While the spectral weight at low energy is lower than thatshows only a commensurate ridge as the scan passes between
at the resonance energsee latey, this, in itself, is not suf- the stronga* peaks att 6 where the resolution picks up its
ficient evidence for a gap. We have recently discussed thigreatest contribution from the wings of the broaderéd
result in the context of orbital currents and have argued thapeaks.
the presence of low-energy excitations is evidence against Since it gives a good description of the scan profile, we fit
the presence of a statid-density wave or orbital current the overdamped spin-wave model of Chet al® and

B. Incommensurate dynamic structure
in YBa,Cu;Og 5 ortho-Il
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scattering scans througii/2 3/2

2) at energy transfers of 12.4, 8.3,
and 6.2 meV. The correction for
higher-order contamination of the
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(H,3/2,2) (r-1.u) (H,3/2,2) (r-1.u) along [100] reveals incommensu-
. . . . 1200 . . . . rate features, but alonf010] it
~ 300 ' T=70 K | T=70 K does not (se_e text The_ solid
@ - - 1 curve is a fit of the spin-wave
E E=12.4 meV 'EIOOO I E=6.2 meV | model of Chouet al. discussed in
‘E 700 o the text. Their relative weight is
%© 5 L 4 given by the 70:30 domain ratio.
5 § The broken lines give the linear
b= 800
§ 600 @ background.
%) z2
‘B
g 500 E) 600
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1 ( 1 - |_ 400 1 1 1 - |_
1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1
(172, K, 2) (r. L. u) (H,3/2,2) (1. 1. u)

thereby extract~0.06 after convoluting with the spectrom-

eter resolution function. In the Chou model linear branches I'=fhck= & ()

of damped spin waves rise isotropically in the 2D plane from °

incommensurate wave vectors displaced by Q) in r..u.  wherec is the spin-wave velocity ané, can be interpreted
from the antiferromagnetic poirft./2, 1/2, equivalent toQ  as a dynamic correlation length. We emphasize that the pa-
= (7, 7).** Similar behavior is found for low-energy excita- rameter¢, is not strictly the instantaneous correlation length
tions in the stripe phase of the nickeldfe4® where the as we are not integrating over energy. To account for the
stripes are static instead of fluctuating. As we apply theminority domain we add to Eq1) a similar term in which
model to thea* domain, q is measured fronQ and the the scattering emanates from wave vectqyg=(0,5,0).
incommensurate wave vector @g,.=(45,0,0), so that the Therefore the total cross section is given as follows:

Chou model is the sum of scattering from two wave vector
origins: S(0,0)=S(0,0)|q_ (5007 RIQ0)q —(0s0)- (4

ho The ratio of the two amplitude®, from the two domains is
S(g,0)|q =AlN(w)+1] — set to the known domain ratio of 30:70 determined from the
e [«“+ (9= dinc)“] oxygen chain superlattice peaks. After folding with the reso-
lution function the fit to the data is performed.
x( r The excellent agreement displayed in Fig. 5 shows that
[F2+(ﬁw—hwqi)2] the slow spin correlations are incommensurat®irrhere is
no observable static incommensurate peak. At these low en-
r ergies, phonon contamination is unlikely and as a check we
+[F2+(ﬁw+ﬁwq+)z] ' @ have ver_ified that the or_igin of th_is scattering at each energy
- transfer is truly magnetic, from its temperature dependence
aroundT, (see future sections regarding temperature depen-

where denceg. By iterating through each data set we have chosen
hwge =he(q* ine) 2) the spin-wave velocitysc~300 meV A, a dynamic correla-
tion length, £,~20 A, and incommensurabilitys=0.06,
and that applies at all energies and temperatures.
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As shown in Fig. 5, the fit from this model describes the ' '

. . . T=85K YBCO ortho-II
line shape along both thEL00] and [010] directions very 900 | E=12.4 meV [332951120] -
well. The minority domain is not strong enough to be seen as
a separate peak in tH®10] scan(lower left panel, both
because of its small weight and because the majority peaks
are broadened by and resolution so that they contribute
most of the scattering at the commensurate pgi#0D. Thus

the [010] scan shows a single peak lit=1.5 as the scan
crosses a saddle point between the two majority peaks at
(£6,0,0.

Our analysis provides strong evidence that the low-energy
spin dynamics reflect a one-dimensional incommensurate
structure alon@*. Its dynamics can be associated with the
Doppler shift for a right and left moving incommensurate 5000 012 014 06 03 1
spin density wave. Similar incommensurate scattering has
been previously observed for oxygen concentrations of
=0.6 (Ref. 16 and x=0.7 (Ref. 46 at energies of FIG. 6. The agreement of the stripe modghes), in which
~20 meV, where the incommensurate wave vector and dopantiphase domains of length=6 with 5=1/2¢ =0.08 occur with a
ing is larger. The one-dimensional incommensurate scattegorrelation length of 27 A, with the observed scattering near the
ing is thus a common feature of the YBGQ, system in the antiferromagnetic wave vectdt/2 3/2 2.
underdoped region. One-dimensional incommensurate scat-
tering has also been observed in; LgBr, o:CuO, (Ref. 15  peaks iny” along thea* and b* directions. This is con-
indicating that it is possibly a general feature of all cupratesfirmed by density-functional calculations for the orthorhom-

Physically, our data can be interpreted in terms of onebic unit cell which predict nearly isotropic hopping integrals
dimensional antiphase domains parallel to thfe chains. in the band structurg: It seems more likely that the intrinsic
This may be consistent with the stripe picttirin which the  structure of the spingand carriersin a plane favors stripe
spin correlations are antiferromagnetic in a domain betweenrder and that the sma#-b splitting as well as the filled
charged walls separated Hyspins along 100], where the oxygen chains serves to select to orient the preexisting
carriers concentrate. Across a wall the coupling is ferromagstripes'**® Our results are similar to those found in the
netic so that the next spins belong to an antiphase spin dd-SCO system. In particular, the incommensurate wave vec-
main 7 out of phase with the first. Antiferromagnetic cou- tor in this experiment is consistent with those found in the
pling across a row of spin vacancies would also givemonolayer cuprates with the same hole dopihg.
antiphase domairf€. A nice feature of the stripe model is A comparison of the incommensurability with doping for
that the local spin correlations within a domain remain com-bilayer and single layer systems is shown in Fig. 7. As can be
mensurate, as suggested by analysis of NMR Haéever-
theless, the maximum in a scattering experiment moves away 12 . . . . . . . .
from 7 to an incommensurate wave vectorr/2¢, i.e., 6 ® YBiCuO

. . . atu
=1/2¢, the inverse of the @ spin repeat distance for long- 1L 203 6 ]
ranged stripe correlations. Our data are consistent with the O La, SrCuO,
stripe model where the charge domain is of length 6

. . . ISIS
spins, and the domain correlations fall off over a length of 0.8 - (M. Arai et al.)
seven spins {27 A) as shown in Fig. 6. This fit was con- ® 07
ducted by convolving the stripe model with tReresolution O;NL ]
only and taking the energy dependence to have a simple x=0.6
Lorentzian form. One of the predictions of a sharp domain
boundary is the presence of higher-order satellite peaks 0.4 7
which are clearly washed out by the resolution. This model Yamada et al.
gives as of 0.08, slightly higher than that deduced using the 02 (LSCO)

Chou model but consistent given the errors of the fit and the
fact that we have neglected energy dispersion in fitting the
antiphase domain model. 0

Because our data are consistent with the idea that an in-
commensurate structure exists in the normal state, it is pos-
sible that the stripe phase is a precursor to superconductivity riG, 7. The reduction of the superconducting transition tem-
in the underdoped YBCE) system. The one-dimensional perature upon reducing the oxygen doping below optimum, as it
nature of the scattering is difficult to interpret as originatingrelates to the position of the incommensurate peak in cuprate super-
from band-structure effecfS.We find that for models such conductors. The incommensurate wave vector along the Cu-O-Cu

as Refs. 50 the anisotropic hopping caused by the small 1%irection in reciprocal lattice unit8.l.u.) such that the wave vector
a-b splitting should produce little difference in the bands andis 27 é/a.

800

700

Intensity (Counts/ 18 min)

600

(H,1.5,2) (r.L.u)

Chalk River

06 | x=0.5 o

Te/Te(max)

0 0.04 0.08 0.12 0.16
Incommensurability & (r. 1. u.)
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seen, our data are consistent with values;gf observed in  ©00) o
the LSCO system for similar hole doping. Even though data b
in the YBCO system are currently very limited, the good \

agreement to-date in the underdoped region points to a pos

sible universal trend between the hole doping and the spir 8§, (L2:1/2.0) \ w‘

stripe width. Following Yamadaet al,>®> Balatsky and
Bourges?® showed that the overall half width at half maxi-
mum of theQ-correlated peak below the resonance, whether
it shows incommensurate modulation or not, is proportional
to T.. Our results are in agreement with this relation. This
suggests that the widths in YBCO in part arise from incom-
mensurate modulations and so can be interpreted within a _ . o
stripe picture similar to that in LSCO. FIG. 8. lllustration of in-plane wave vectors accessible in the

The fact thatd is small, combined with short correlation SCattering planesH 3H L) and H H L). The actual scans were
lengths and twinning, could explain why many studies in thischosen to lie in thel 3H L) plane so that the vertical resolution
' @Ilipse) would integrate over the stronger incommensurate peaks

doping region have observed only a single commensuratalon o
peak at ¢r,7r). This point was the main assumption of the ga-.
analysis of Chouet al. who fit a series of commensurate

. . : : : .. The temperature dependence of the susceptibility is
inelastic magnetic peaks to a model with spin waves origi- Lo .
nating, with equal weight, from the two slightly incommen- shown in Fig. 9 for energies of 12.4 meV and 24.8 meV. One

surate positions of=(0,5,0) andq=(5,0,0)° It is also of the most striking features is the presence of a clear sup-
clear from our data that in a sample with equally popula’teamess'on Of. the spin fluctuatlons at12.4 m.e-V belpw . su-
structural domains, a single commensurate peak would b erconducting transition temperature, as will be discussed in
observed because 'of the small incommensurability the following section devoted to the superconducting state.

o : )
The incommensurate correlations aloaty are a robust In the ”0”“?' statey” increases W.'th decrea5|_ng tempera-
%re. As previously discussed, this is further evidence for the

(H3HO0)

(100)

(HH0)

feature of the behavior and not a result of superconductin b ; | stat q i thi
order in underdoped YBCO. They are present in the norm Sence of a norma s”a € pseudogap In tis energy range.
ost surprising is thay”(Q, ) continues to grow on cool-

phase up to temperatures of at least20 K, and, as we . . 63 . .
shall see later, they persist in the superconducting phase dﬂ,g( while the NMR **Cu relaxation 1T, T [proportional to

: /w] declines below aboufl* ~150 K.2°® The T*
to ~25 meV (Fig. 13. X' (@) . . .
In scanning t?mneling microscopy Davis, de Lozanne, anérom NMR has.ft.)eenlassqcr:]lateté W'éh a psTeLijggalg, E’éﬂ it does
collaborators® have observed a charge modulation along the'ot grow significantly with underdoping €= ).’ as
b* (chain direction in optimally doped YBCO with a 13-A w_ould be expe_cted for a pseudogap that many believe grows
periodicity cell. This would correspond to a reciprocal IatticeW'th un_derdopmg. We cannot exclude a smallgr 9ap tha'? 4
wave vector of 0.3 r.l.u. In underdoped YBgg&there is no meV (Fig. 4), but such a small gap would predict the maxi-

evidence for this charge modulation alob§ nor of any mum NMR relaxation to occur at much too low a tempera-

) . : .1 ture~30 K and cannot explain the observeti~ 150 K[es-
double-length spin modulation 0.15 r.l.u., both of which imate via Eq.(21) of Tranquadzet al®9].

would have been easy to resolve. The spin modulation wavi - L
y P In early studies of the temperature dependerédn dis-

vector lies alonga*. However, the scanning tunnel micro- _ .
scope images the chains, not the electronic structure of th%rde_red3g(BCQ,5 was found to follow a simple/T scal.lng
relation”™ The samew/T scaling was very successful in de-

lanes. o .
P scribing the temperature dependence of the integrated sus-
ceptibility in underdoped La ,Sr,CuQ,.°"°8 The analysis
C. Temperature dependence ofy"(Q, @) and w/T scaling assumes that the dominant energy scale is set by the tempera-

in the normal state ture and predicts the following temperature and energy de-

To study theQ-correlated peak as a function of energy PEndence of the scattering:

and temperature, the sample was aligned in tHe3{H L)
and the H H L) scattering planes. This configuration was X"(0,T) 2 v o

; L : ——— = —arctan —+ +o . (5)
chosen so that the vertical resolution integrated over the in- Y'(0,T=0) T a,T3
tensity from the two slightly out-of-plane incommensurate ’
peaks(see Fig. & Since the width of th&-correlated peaks Here the termy”(w,T=0) represents the limit of” as the
was found, within experimental error, to be independent otemperature goes to zero. A detailed study on disordered
temperature, the peak susceptibility was then a good measuygCQy , showed® that the temperature dependence of all

of the integrated intensity. To extract the susceptibility inscattering up to- 33 meV is described well by just the first
absolute units we have removed the anisotropié Ciorm  tarm with a, set to 0.9:

factor multiplied by the bilayer structure factor as discussed
in the appendices. The bilayer structure factor for odd- "o, T) 5
symmetry fluctuations will be shown later to give a good Xe) _ —arctarﬁl>. ©6)

account of thel dependence of the scattering. Y'(0,T=0) 0.97
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250 r — T T T T T T T T T T
8;3/‘2‘ 1111/62\/ 22) e Neutron 3" | 16 1 | YBCO Ortho-II 1
~ 200 e o NMR 1/ TIT /T Scaling (Low Energy)
> sz SOK — /T Scaling = 0s i
2 N 1" 5 I

@ 150 e N
5 — § 06 T
— & =
8 100 8, = o4l 1
d 7{ :8/ ' A 83meV
= = o 124 meV
= 50 02 .

3 0 165 meV
0 I ! l | 0 0 1 1 | 1 1
0 50 100 150 200 250 300 0 0.5 1 15 2 25
Temperature (K /T
1500 T : P ; (. : . @
s E=24.8 meV . FIG. 10. A summary of the” is plotted for all normal state data
S Q=(1/2,3/2,2.2) ~ — /T Scaling below 16-meV energy transfer as a function«fT. The tempera-
NQ ture dependence of the low-energy scattering is very well described
2 1000 ¢ § T=59K 1 by /T scaling.
N’ Y
”é‘ -

. L X" (0, T/ x"(w, T=0) follows for all temperatures and ener-
_g 500 L T i gies. We conclude thab/T scaling accurately describes the
= \ normal state low-energf» and temperature dependence.

sc | Normal f s Despite the fact that the scaling analysis works very well
State | State for low energies, the scaling previously observed and pre-
0 : dicted suggests that for higher-energy transfers the integrated

0 50 100 150 200 250 300 susceptibility should be only weakly dependent on tempera-
Temperature (K) ture. This is clearly not the case at 24.8 m@ig. 9 where

FIG. 9. The peak susceptibility at 12.4 meV and 24.8 meV as éhe FeSponse gr_ows strongly on cqoling. I'.[ also do_es not hold
function of temperature. For the normal phase, the solid curves ar@t_ higher engrg|es where we sg’_é |n<_:rea5|ng _CO”“”EJOU_S'V
fits to thew/T scaling analysis of Birgeneat al. At 12.4 meV the with decreasing temperature. This difference in scaling in thg
normal state follows the scaling analysis. A clear suppression offormal state shows a clear departure of the scattering in
scattering is observed in the superconducting state. The scattering ¥BCO ortho-Il from that in the disordered systems previ-

24.8 meV in both the normal and superconducting states continue@usly studied which observed scaling up to at least 33 meV.
to grow on cooling and no longer follows the nearly constant tem-WWe note that a breakdown af/ T scaling has been observed

perature dependence predicted T scaling. The dashed line in at very low energies in LggSr LU0, and is thought to
the lower panel is a guide to the eye. The local and low-frequencyriginate from a small gap in the excitations due to the out-
susceptibility sensed by the NMR relaxation rate®d€u is sup-  of-plane anisotrop$?
pressed on cooling below a temperatlife while the susceptibility A possible explanation for the presence of one-
at the antiferromagnetic wave vector increases uniformly until thegimensional incommensurate scattering,T scaling, and
onset of coherent superconductivity. NMR data are for YBGO the breakdown of the scaling relation at higher energies can
taken from Timusk and Statt. be found in the stripe model. The stripes consist of one-
dimensional domainsr out of phase with each other. As
The inclusion of higher terms in the expansion was founddiscussed by Zaanast al ®* for a stripe liquid, where there is
not to noticeably improve the fits. This scaling was alsono long-range order and stripes are fluctuating, there are two
originally proposed in the context of the marginal Fermi lig- extreme energy scales. The first is at high energy where the
uid theory to explain many of the normal state physical prop-domain walls appear static, and the second is the hydrody-
erties of the cuprates. The marginal Fermi liquid theory namic limit where the stripes are in a fluid state. For the
does not give the strongrspace structure seen here. second hydrodynamig@ow energy limit the energy scale of
For ordered YBC@s in its ortho-Il state we find that in the system is set by the temperature. These assumptions un-
the normal phase this scaling form is in excellent accord wittderlying /T scaling suggest that the fluctuating stripe
the spin response at low energies. Surprisingly the scalinghodel provides a natural explanation for %€l scaling we
function fits the data with theamecoefficienta;=0.9 as for  clearly observe at low energies in the normal state. It is also
the disordered system. The relation is plotted in the normaérgued by Zaanemrt al. based on hydrodynamics thgt’
state for 12.4 meV and 24.8 meV transfers in Fig. 9 and~ /T which can also be derived from th&' T scaling rela-
shows excellent agreement at 12.4 meV but not at 24.8 meVion by expanding the expression to first order. Therefore
The results for energy transfers below 20 meV are summastripes do not predict the presence of a spin pseudogap in the
rized in Fig. 10. The figure was obtained by fittitgith  normal state but predict scattering at all energies and that
a;=0.9) thew/T scaling relation at each energy to derive ay”"~w at low energies. This is exactly the model applied
single parameter x"(w,T=0), from which  here to our low scattering and originally used by Clebal.
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This is further illustrated in Fig. 4 which shows the scattering F=8.3 meV

at very low energies decreasing @s

The stripe model also predicts the breakdown «gfT
scaling. At some point the energy will be sufficiently large
compared with the fluctuation frequencies that the fluid
domains will appear almost static. In our line shape
analysis this energy would be given bw.~#AcC/é,
=300 meV A/20 A=15 meV. Therefore we would expect
that for energies above-15 meV the internal domain dy-
namics will start to play a role in setting the energy scale and
lead to a breakdown ofs/T scaling. This is qualitatively
what is seen in our data—perfeof T scaling up to at least
16 meV followed by a clear departure from scaling at around
25 meV.

These qualitative ideas can be extended to explain the role FIG. 11. Constant energy scans of the scattering at 8.3-meV
of disorder. Disorder would decrease the correlation leggth energy transfer. The incommensurate behavior persist unchanged
and therefore increase the characteristic frequencyThis ~ apart from amplitude upon entering the superconducting state. The
would provide a natural explanation for why early studies onbackground beyond the peaks and the fast neutron bgckground scale
highly disordered crystals followed scaling up to high ener-2s[n(w)+1]. The solid lines are from double Gaussian fits to the
gies ~33 meV. These arguments provide some support tdata.
the idea that the presence of fluctuating stripes in a liquid
phase can explain many qualitative features of the data in thé@at the energy below which the response is suppressed in the
normal state including the temperature dependence and lirf¢iperconducting state is consistent with gap derived by
shape. other groups in the YBCE , system for higher dopirf§

lT scaling can also be interpreted as the result of th@nd with the universal curve of Dait al** (see their Fig.
close proximity of a quantum critical pofiftwhere energy 26).
and temperature are interchangeable. Such critical points Thus, although there is no evidence for a normal phase
have been suggested to exist in the overdoped and near opap, there is clear evidence of formation of a gap as super-
timally doped regions of the generic cuprate phaseconducting order develops, with the degree of gapping in-
diagram®®® The fact that we observe scaling in the under-creasing as the energy tends to zero as seen in Fig. 4. We do
doped region and that scaling is observed over a broad réwot observe a full gap, and indeed would not expect to do so
gion in the LSCO system suggests that the scaling is not th# @ superconductor where the pairing gap has nodes, regard-
result of a quantum critical point. This assertion does depentess of the gap symmetry.
on the extent and size of the crossover region. To address the In contrast to the suppression of the superconducting re-
issue of quantum criticality clearly a more detailed study as #ponse below-16 meV, for energies greater than 24 meV

function of hole doping would be required in the YBgQ  the response is enhancégg. 9). It is interesting to compare
system. this observation to simple BCS theory which predicts a gap

at 2A=3.5gT.~18 meV. Levit®®® and coauthors have
calculated x"(Q,w) in the random-phase approximation

800 + YBCO Ortho-IT
[33 48 51 120] %

600 -

500

Intensity (Counts/ 18 min)

400

0 0.2 04 0.6 0.8 1
(H,3/2,2) (r. L. u.)

IV. SUPERCONDUCTING STATE

A. Suppression of low energy(<16 me\) scattering

900 | ' ' ]
. . . —T-= YBCO Ortho-1I
On entering the superconducting state, the scattering at T=8K [3329 51 120]
energies less thar 16 meV is suppressed but not eliminated TT=14K H E=12.4 meV

as shown in Figs. 4, 9, 11, and 12. Thus there is not a com-
plete gap. Moreover, the incommensurate structure remains
in the superconducting state. As shown in Fig. 9, the suppres-
sion clearly starts af; and cannot be taken as evidence for

a normal phase pseudogap as previously discussed. This sup-
pression at the onset of superconductivity clearly departs
from the /T scaling relation, in contrast to what was de-
rived from early studies on disordered systems for similar
oxygen concentrations. Our measurements also agree quali-
tatively with the result of early studies on higher oxygen
dopings which showed a departure framdT scaling and a
suppression of scattering in the superconducting Stakais

Intensity (Counts/18 minutes)

800

700

600

500

0.2 OI.4 OI.6 0.8 1
(H,3/2,2) (r.1.u)

response is consistent with the behavior in underdoped FiG. 12. Constant energy scans of the scattering at 12.4-meV
LSCO, where the low-energy scattering has been found to bgnergy transfer. The line shape does not change upon entering the
suppressed in the superconducting Sfatéth almost com-  superconducting state. The background scalegnés)+1]. The
plete gapping at the lowest eneffyFor YBCO; s we find  solid lines are from double Gaussian fits to the data.
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FIG. 13. Constant energy scans of the scattering at 24.8-meV ”1m
energy transfer showing a clear flat-top line shape indicative of = 1000 1
incommensurate scattering. This scan was performed ifHh&L) 31 ?
scattering plane. The solid line is from a double Gaussian fit to the 9 s00 L {> ?c} ]
data. = o ¢ {%’%‘}’{,}.
[
ole e, '{)
(RPA) and found a partial suppression of the response in the 0 10 20 30 40 50
superconducting phase. There is qualitative agreement with E (meV)

our results(Figs. 4 and @ The temperature dependence of
x" for both theswave andd-wave cases have been com- ; .
ormal and superconducting states. Two methods of measyfing

puted .|n tohe rgndom-phgse approximation b}’ BUIUt_ an({lre plotted, the solid points being obtained from constant-energy
Scalaplr_107. Their calculation was done assuming a singlegcans and the open points from a direct subtraction of the high-
band with only nearest-neighbor hopping. The hole dopingemperature background susceptibility measured at 250 K. A clear
wasp=0.15, somewhat above the dopingm# 0.09 thatis  resonance appears in the superconducting state and also in the data
estimated for our ortho-I1 YBCO system from il§. For a  at 85 K, indicating that a resonant feature does persist into the
gap withswave symmetry the imaginary part of the suscep-normal state.
tibility shows a strong suppression or gap at all energies up
to Aw~2kgT.. Thed-wave model shows a suppression for
energies belowh w~kgT. and an enhancement for energies
of kgT, and above. Theal-wave results capture only the
gualitative trend of our data, in the sense that they sho
suppression at low energies and enhancement at high ener-
gies. Quantitatively, however, the model fails to predict the
energy scale at which the crossover from suppression to en-
hancement occurs, for it predictE~kgT., which is One of the most dominant features of the scattering in the
~5 meV, whereas we observe crossover~alt6 meV or  superconducting state, as shown in Fig. 14, is the presence of
~3kgT,. Despite this disagreement the general trend of ouan intense and well-defined peak in energy at 33-meV energy
data is consistent with the formation ofdavave instead of transfer. We have verified that this resonance peak is mag-
ans-wave gap which would show a suppression of the scatnetic in origin from three features: it exhibits the cldar
tering at all energy transfers. dependencéFig. 15 expected for the bilayer structure factor
As regards the spatial spin correlations we observe thaif the two copper oxide planes, its intensity decreases with
they continue to exist with the same incommensurate form inncreasing temperature as does magnetic scattéfigg 19),
the superconducting phase as they did in the normal phasand it appears in polarized neutrons in the purely magnetic
and this despite the suppression of the susceptibility by thdifference channel, as will be discussed later.
superconducting order. The dynamic stripe structure is robust In Fig. 15 we show that the bilayer structure factor, scaled
not only with respect to temperature, but also with respect tdy a single amplitude, gives an excellent account of the
energy, for it is present up te 25 meV as illustrated in Fig. modulation of the resonance intensity along ffie1] direc-
13. tion. The scan in Fig. 15 was done by conducting a series of
In the context of the stripe picture previously discussedone-point scans on and off the peak and subtracting. The fact
for the normal phase, we observe that the spin suppression that the data are negative at the minimum of the bilayer
the superconducting phase occurs over an energy range sinidicates the presence of a sloping background. We have also
lar to that of the hydrodynamic region of the striped normalverified that the scattering follows the anisotropicCtiorm
phase, i.e., the energy range where we found &idt scal-  factor by comparing constant energy scans done atlif&e
ing describes the normal state temperature dependence. THi&, 2 position to equivalent scans conducted at higigr
suggests that the superconducting order acts to suppress tBgllouin zones. This shows that the resonance is consistent

FIG. 14. x" for all energies studied is summarized in both the

amplitude of the precursor stripe fluctuations of the normal
phase, but does not essentially change their spatial or tempo-
V&al character.

B. Resonance at 33 meV

014502-10



DYNAMIC STRIPES AND RESONANCE IN THE . .. PHYSICAL REVIEW B 69, 014502 (2004

500 T T T T

[ T=11K YBCO Ortho-II | YBCO Ortho-I1 T=17K

e} —_
z 400 | E=33.1 meV (3329 51 120] £ 1000 | [332951120] ]
3 i E E=33.1 meV
E 300 =
S - | 2 800 1
S 200} . £
3 2
= 600 [ .
= 100} | e
@ z
4 of 1 8 400 1
= =
> e
.:2 -100 B ] 1 1 1 1 1
g 13 14 15 16 1.7
= 2200 L L L L L H, H/3, 2) (r. 1. u.

0 1 2 3 4 5 ( ) lu)

(1/2,3/2,L) (r. 1. u.) FIG. 16. Scan through the 33-meV resonancg342 1/2 2

along H H/3 2), a direction that is sensitive to any incommensurate
FIG. 15. Constant-energy scan through the resonance along thfodulation alonga* such as was observed well below the reso-
[001] direction. Due to the presence of optic phonons a series ohance. A single commensurate resonance peak is observed whose
two point scans were done with data being taken on and off theyidth exceeds the resolutidhorizontal bay.
peak. The solid line is the result of a fit to the bilayer structure

factor. The fact that the subtraction gives negative values at the . ) )
minimum of the bilayer structure factor indicates the presence of AMited decrease above the resonance. When the disorder is

sloping background. small, as in the present ortho-Il crystal, the resonance be-
comes quite long livedof order 10 periods from the raw
data and longer if resolution is allowed foAlso, this natu-
rally explains why in early studies the resonance was first
discovered in optimally doped systems. These have all the
chains nearly full and so no oxygen disorder is preseet,
ortho-I chain ordering while for lower doping without
ress detwinning a much broader version of the resonance is
en’?"3As for the effect of disorder on the width @, we

with scattering from Ct" spins in the planes which fluctuate
in antiphase between the bilayéedso known as the acoustic
or odd-symmetry mode

We find, as have othefd that the resonance is commen-
surate. Scans along(3, K, 2), (H, H/3, 2), and H, H, 5 i
direction geometries have been used in previous studies &

investigate the incommensurate scattering as a function

energy and temperatuféWe have determined that the reso- can ‘g[‘defsmnd why,_ in the comprehensive study of Dal
nance is commensurate by scanning along #8( K, 2), et al,>* the sample with the most developed oxygen order,

(H, H/3, 2, and H, H, 5) directions. The latter two scans YB(_:C_)G_G, as determined from clear ortho-II oxygen peaks,
are sensitive to any incommensurability@alonga* and exhibited a much sharper resonanceQnthan did other
show incommensurate peaks for energies below 24 me\gamples.
However, at the resonance we observe only a single com- This line of thought would suggest that the resonance
mensurate peak, an example of which we display in Fig. 16should be strongly broadened in the LSCO system because
Its width (full width at half maximum in Q, after correcting Sr enters the lattice in a disordered manner, therefore having
for resolution, is~0.17 A", implying a correlation length the analogous effect to disordered oxygen chains in YBCO.
of 12 A or about three cells. To date there has been no clear sign of a resonance in LSCO.
In the ortho-Il ordered sample the susceptibility shows aHowever, there is evidence for doubling of the strength of
linear region followed by a clear upward curvature to a well-the local susceptibility, relative to that in the antiferromag-
defined resonance at 33 meWig. 14 with a half width of  netic insulator, at-20 meV, just above the superconducting
3.6 meV(including resolutioh In contrast, when the system gap’* This could be taken as evidence that the superconduct-
has the same&=0.5 oxygen content, but is disordered, theing order pushes the spectral weight to a region above the
linear region of the local susceptibility leads to a broad maxi-gap®’ If this feature was taken as the analog of the YBCO
mum at~ 15 meV without the upward curvature typical of a resonance, its spectral form is substantially different since it
resonant modé& That broad spectrum extends to low ener-is broad with a tail to high energies, but may nonetheless be
gies and differs substantially from the present well-definecconsistent with the effects of disorder. The resonance has
resonance of the well-ordered ortho-Il system. In another been found in monolayer compounds indicating that a bi-
=0.5 sample withT,=52 K the peak of the resonance oc- layer structure is not necessary for its presefice.
curred at~25 meV again without upward curvatutéThe Figure 17 shows constant energy scans at 33 meV for
large differences suggests that the effect of structural disoiseveral temperatures. These scans show thaQtkerrela-
der in the chains is to damp out the resonance. Indeed th#&ns at the resonance energy still exist well into the normal
resonance is broadened in disordered systems to give a tailate. Figure 18 shows the growth upon cooling of the peak
on its high-energy wing, resulting in a more symmetric peaksusceptibility at 33 and 31 meV. The spin response exhibits a
whereas in ordered ortho-Il we find a sharp resolution-very clear upward break in slope at the onset of supercon-
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ductivity and is clearly enhanced beloly. What is plotted  plicitly measure any temperature dependence of the correla-
is the peak in absolute units derived from the constanttion length. A similar result has been obtained by Fong
energy scans of Fig. 17. et al.” for optimally doped YBCO.

To establish that in the normal phase the 33-meV feature The energy integrated resonance intensity as a function of
is resonant in time as well as localized@nit is importantto  temperature from consta@ scans is seen from Fig. 20 to
observe that its width is less than its energy in a congfant- show a clear enhancement beldw. Two methods were
energy scan. To remove the effects of phonons we have sulpplied to estimate the energy integral. In of®osed
tracted a background scan taken at 250 K. Since the magircles we took the area under a fitted Lorentzian. The back-
netic scattering, as determined from constant energy scans,@tound fitted under the Lorentzian removes from the esti-
energies greater thar 24 meV, essentially disappears by mated area part of the response that grows on cooling in the
250 K this method of subtraction should give the full peakrange 25—33 meVin Fig. 19 compard =65 K with 175 K).
susceptibilityy”(Q,w). We have also subtracted an estimateFurthermore, we know from low-temperature data that the
for the temperature independent background by rotating theesonance carries a long tail to low energies which is not
analyzer crystal five degrees and counting. As can be seeaccounted for by a symmetric Lorentzian fit. Since we know
from Fig. 19, where results for three of the temperatureshe range 25-33 meV to be free of phonons in our
studied are shown, the method of subtracting hightemperature-subtracted datsee polarized data lajerwe
temperature data does a reasonable job at removing theopted a second method for the spectral weight in which we
phonons. There is a very intense optic phonon at 20 meViumerically summed the observed response from 25 to 43
which does not quite subtract out and gives an apparent rismeV (open circles in Fig. 20 This method will account, as
in scattering around this energy. Nevertheless, the energye see, for less than the full integral at low temperatures.
scans show a clear resonance belqwand reveal that in the The fraction of the full superconducting resonance inten-
normal state the resonance remains as a weaker but still webity that remains in the normal phase just abdyeFig. 20
defined feature. is 25% from the Lorentzian fits and 70% from the numerical

The lines in Fig. 19 are the results of a fit to a Lorentzianintegration. Either estimate is a substantial fraction of the
and a temperature-dependent background. We fixed thlew-T resonance. We conclude that the resonant feature ex-
width at all temperatures to obtain a stable fit in the normalsts in the normal phase as a temporal and spatially corre-
state. The quality of the data above prevents us from lated feature, suggestive, as discussed later, that supercon-
determining whether or not the resonance broadens in thaucting fluctuations persist in the normal phase. A normal
normal state. The fit, though, does suggest that the peak phase resonance at 34 meV was obséfvbdlow 150 K in
the resonance shifts to higher enefgg shown in the inset YBCOgg and used to define a pseudogap temperature. As a
to Fig. 19 with decreasing temperature, reminiscent of afingerprint for pairing it appears that of order half the super-
slight decrease in damping with decreasing temperature. Thisonducting density, albeit incoherent, has already formed in
shift in resonance frequency with decreasing temperature cahe normal phase.
be explained by the spin-fermion model of Morr and Piffes. By combining both method€Q scans and consta@-en-

In the spin-fermion model the resonance position is predicte@rgy scans using temperature subtraction, we have been able
to be inversely proportional to the magnetic correlationto arrive at a complete picture of the magnetic spectrum up
length. We should emphasize, however, that we do not exto 40 meV as shown in Fig. 14 in both the superconducting
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FIG. 20. The energy integrated intensity of the resonance as
measured in consta® scans. The integrated intensity in absolute
units was obtained by summing the data from 25 to 43 meV, and
also by fitting a Lorentzian to data like Fig. 19. The latter method
gives a resonance integral that reaches a maximum 19 ,ué at
low temperature. There is a clear increase in the growth rate of the
resonance intensity upon entering the superconducting state. Both
methods show that a substantial fraction of resonant precursor is
already present in the normal state.

(8 K) and normal(85 K) states. The spectrum is obtained at
high resolution because we used a low final neutron energy
of 14.6 meV for even the largest energy transfers. The abso-
lute calibration was determined against the known cross sec-
tion of an acoustic phonon assuming a paramagrsttro-

FIG. 18. The peak intensity as obtained from constant energypic in Sp|n) Cross Sectiomsee appendicé_s‘fhe two methods
scans of the scattering at 33- and 31-meV is plotted as a function gy, determiningy”(Q, w) agree very well, further indicating
temperature. Both sets of data show a clear enhancement of thge yalidity of the assumptions used in the subtraction analy-

intensity atT, and presence of a resonance pea®at(m, ) well

into the normal state.
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FIG. 19. Constan® scans obtained from a temperature subtrac-
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sis previously discussed.

In Fig. 21 we plot the dependence of the low-temperature
resonance frequency on dopifdgrived’ from T,) as deter-
mined by different groups. It can be seen that the resonance
frequency in our sample is consistent with the overall trend.
A linear scaling of the resonance energy with (dashed

60 T T T T T T T T
— Resonance Energy: YBCO
> 50l 6+x i
[
g
32 40 |+ 4
2 —— Zhang SO(5)
@ 30| -- Linear .- b
=
23]
0
g 20r ASIS (Arai etal) ]
g qr ILL (Fong et al.)
5 10| [/1 ORNL (Dai et al.)|
e @ Chalk River
0 L 1 1 1 1 1 1 L
0 0.04 0.08 0.12 0.16
Hole doping p

tion with data at 250 K taken as the background and with the Bose

factor removed. The rise around 20 meV is due to a strong optic FIG. 21. A summary plot of the resonance energy as a function
phonon which does not completely subtract out in our analysispf hole dopingp for the YBCQ;, , system. The solid line is a fit
giving a sloping background. The data show a clear resonance im,.s*(p—pc)Y? as predicted by S@) theory. A similar doping

the superconducting state. The 65 K data indicate that a weakenetépendence for the resonance energy was also predicted by Chu-
resonance persists into the normal state. The lines are a Lorentzidnukov et al. based on the presence of a quantum critical point. The
on a sloping background. The inset shows that the resonance enerdgshed line is a linear fit. Both fits give reasonable descriptions of
decreases slightly with increasing temperature.

the data.
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line) is consistent with most of the data. However, the reso- 250 ‘ " YBCO Ortho-II

nance trend also lies close to the predictions of thé550 —O-HF Lt E=33.1 meV

(Ref. 78 and quantum critical theory of ChubukSvfor 200 —¥-VF ]

which the solid line is a fit tow,es* (p-pe)*? with p. T

=0.055, as measured carefully in the LSCO sysfeiBe- 150+

cause its spectral weight has a strong onsel aftor opti- 100 L |

mally doped, and an accelerated growth raté afor under- ‘} _____

doped, there is little doubt that the resonance peak is SO | Fastneutron s eeeael. 57

intimately related to superconductivity. It is not yet clear background

which effect drives the other; the pairing could involve the 0= . - . -

entire very high energy spin-wave band while the resonance § 250 - 1

is a consequent low-energy concentration of spin response i T=65K

caused by the pairing. Further studies, particularly at lower . i i

doping, are required to address this point. We will discuss S 150L )

this topic later in the context of the total integrated intensity 2

and the sum rule. < 100t .
At low temperatures we clearly see the presence of both a %‘

commensurate resonance peak and incommensurate scatter- g 0 1

ing at low energy transfers. This coexistence points to a pos- k| 0l , ‘ , .

sible common origin of both the resonance and incommen- 250 - - - ]

surate scattering. This topic has been discussed by Batista T=120 K

et al. who have analyzed possible common magnetic origins 200 - i

of both the resonance and incommensurate scatt&Httdn

the analysis of Batistat al.the incommensurate features are 150 § 1

interpreted as spin waves originating from static incommen-

surate wave vectors. A resonance then results when the spin- 100 -

wave branches meet at ther,(r) position. This idea con- 501 |

nects with our data as our line shape found in the unpolarized

data has a clear tail at low energies and is suggestive of an 0L— : .

umbrella type dispersion where the excitations meet at the 0.3 (HOAH 502'3 (t 10'?1)
resonance position. Such a dispersion in the context of the P T
incommensurate to commensurate behavior has been dis- FIG. 22. Polarized constant-energy scans through the resonance
cussed in studies of optimally doped YBCOHowever, peak at temperatures below and abdye The decrease with tem-
these ideas are speculative for YBEQ as the incommen- perature of the resonance intensity at 8 K agrees with that of the
surate scattering is broad and we cannot resolve the spimmpolarized data, eliminating any possibility of phonon contamina-
wave branches suggested by this analysis. Experiments dion. The open circles are taken with guide field paralleQt¢HF)
stripe-ordered systems, however, give a spectrum with and the triangles with field perpendicular @ (VF). The peak in-
sharp cutoff forQ=x at a maximum energﬂf‘, similar in tensity in the VF channel is roughly half that in the HF channel,
form to the asymmetric spectrum we observe for the YBCOwhich indicates no preferred polarization of this excitation. The
resonance. dotted line is an estimate of the fast neutron background. The feed
It is not clear how the low-energy fluctuating stripes relatethrough from the NSF channel can be estimated from the flipping

to the resonance peak. In the normal state we see formatid@tio to be on average 10 counts. When added to the fast neutron
of incommensurate fluctuations below 120 K or 2T background, this almost completely accounts for the background
¢ czgound the correlated peak. The temperature-dependent high point

t H=0.35 also appears in the NSF channel and is likely due to a

first becomes clearly observable. On cooling, the growth O]ah_onon. The solid lines describe Gaussian fits to the data.

resonance intensity accelerates on passing into the supercoIO
ducting phase, concomitant with the onset of suppression @firections. This rules out any enhanced spin fluctuations ori-
the stripe fluctuations. Whether one or the other is the prognted along either tha* or b* directions. A comparison of
genitor remains an open Issue. the intensity in the ifl, H, L) plane with that in other scat-
tering planes suggests no preferred spin fluctuations along
the c* direction. This is the same isotropic spin polarization
behavior as in a paramagnetic phase.

To determine if there is any preferred orientation for the  Further evidence for this finding comes from polarization
spin fluctuations we studied the resonance and low-energgnalysis. For scattering from a paramagnetic material with a
scattering in three different zones and scattering planesdF alongQ, all of the magnetic scattering will appear in the
These included theH, H, L), (H, 3H, L), and (¥, K, L) spin-flip channel since the neutron detects only the perpen-
zones. With unpolarized neutrons the low-energy incommeneicular component of the magnetization. For a VF perpen-
surate scattering and the resonance peak do not show magicular to Q the magnetic scattering will contribute equally
surable asymmetry between thé,(3H, L) and (H, H, L) to the spin-flip and non-spin-flip channels. If the magnetic

C. Polarization analysis

014502-14



DYNAMIC STRIPES AND RESONANCE IN THE . .. PHYSICAL REVIEW B 69, 014502 (2004

scattering is entirely paramagnetic, the scattering in the HF 1200 | vBCO Ortho-IL T=8K ]
channel will then be exactly twice that in the VF channel. [33 48 126 120] Q=(1/2,3/2,2.2)
Figure 22 shows polarized scans through the resonance at 1000 + .
three different temperatures. The HF intensity is always {

twice that in the VF channel to within error, showing that the
scattering arises only from the magnetic spins and that the
resonance is isotropically polarized. The fact that in this
paramagnetic system we see no preferred polarization in the
spin fluctuations can be taken to be consistent with transi-
tions from a singlet superconducting ground state to a triplet

800 | % .

600 | i } "'.‘ 1
400 | + % - {'
200 {'H% | i

2(HF-VF) (Counts/ 8 Hours)

excited state. We note that a triplet particle-particle reso- ‘}
nance, coupled by the superconducting order parameter into 0 % . . 4

the particle-hole spin susceptibility, is predicted by the'3O 0 10 20 30 40 50
theory of Demler and Zhar.We note that a triplet reso- E (meV)

nance was an early prediction of Chubuletval ®?

The temperature dependence of the resonance intensity FIG. 23. Polarized measurement of the spectral form of reso-
agrees with that obtained from the unpolarized constant emance peak obtained by subtracting the vertical figld) from the
ergy scans. The agreement proves that magnetic resonanugizontal fieldHF) data. The 33-meV peak position, the resolution
scattering persists in the normal state at 65 K. Since thémited high-energy cutoff, and the low-energy tail connecting to
scattering disappears at high temperatures, this unambigthe incommensurate response, confirm the spectral form obtained
ously demonstrates the absence of any contamination froffom the unpolarized dat@otted line is smoothed unpolarized data
accidental Bragg or phonon scattering. This type of contamiscaled by a constant facjor

nation has been a problem in previous studies of the reso- ) .
nance moda’:’s (the dotted line shows the smoothed unpolarized )ddia

Figure 22 also shows that the background around th@artig:ulgr, the polarizeq scans confirm the intgresting asym-
resonance peak has the same intensity in the HF and ViPetric line shape consisting of a low-energy tail leading to a
channels. This indicates that there is no measurable corfharp cutoff beyond the peak of the resonance as discussed
tinuum or diffuse magnetic scattering other than the antifer@20ve.
romagnetic correlations centered on the 4) position. This
point is further highlighted by the dotted line in Fig. 22 D. Integral of S(Q, ) and the sum rule

which gives the fast neutron count with the analyzer rotated From Fig. 14, we have estimated the total integrated spec-
by 5°. Even though this method does not obtain the fullia| weight of the resonance at 8 K. To do this a symmetric
background, it does put a lower bound on the amount of grentzian profile centered at 33 meV was fit to the low-
background scattering. From this one can see that most of th@mperature energy scan in Fig. 14 to obtain a half-width
background is taken into account by the scattering with the- 3 6 meV and a peak intensity of 140f/eV. By assuming
analyzgr turned. The rest of the spin-flip intensity in they saussian line shape along both [f60] and[010] direc-
wings is close to that expected from feedthrough from theﬁions, a perfect column of scattering along {891] direc-

non-spin-f[ip channel._This contribution to th.e sgattering i”tion, and ignoring the bilayer structure factor, we estimate
the spin-flip channel is equal to the scattering in the NSRhe jntegrated scattering of the resonance to be
channel divided by the flipping ratio. This is equal to ap-

proximately ten counts for the monitor used in Fig. 22. The

NSF feed-through and fast neutron rate account for almost Ires= Wﬁlf dwf d®q[n(w)+1]x"(d,0)=0.0523

the entire background. This shows that there is no measur- 7)

able magnetic diffuse or continuum scattering around the . s ) . )
correlated peak atif, ). Finally, we note that in this energy Per formule} unit yvhertd g is in reciprocal lattice units. Our
range there is no observable scattering from hydrogen. Thigtegrated intensity for the resonance compares very well to
would have occurred as nuclear spin-flip scattering equallyne results of previous studies for similar oxygen concentra-
in VF and HF channels. This attests to the careful mountindions. Because of resolution effects, the true comparison be-
of the sample in dry conditioféand to the minimal amount tween different groups and experiments comes from Elge In-
of shielded adhesive used to seal the sample cans. tegral of x” in both momentum and energy. Foreg al.

Since it is established that the scattering is paramagneti€@librated their measurements using an acoustic phonon and
we have have been able to independently verify that the lonbave obtained an integral of 0.028 (0.069u3/w) for
temperature spectral line shape derived from unpolarized BCOg 5. As noted in the appendices, the definitionl af
data(Fig. 14 is correct. We subtracted the spin-flip scatter-used in that work isr times larger than the one used here.
ing at(1/2, 3/2, 2.2 in HF and VF channels and so obtained Dai et al”® have integrated the resonance to fin®.06u3
the magnetic scattering alone, free from the phonon contamfoer YBCOg¢. This calibration was conducted using tise-
nation which we had to remove in analyzing the unpolarizedropic Cu?* form factor which, given th& position in that
data. The resulting spectral form of the resonance shown iexperiment, would introduce a smalt5% difference be-
Fig. 23 is in excellent agreement with the unpolarized resultéween our measurements. A summary of the absolute mea-
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Integral of Resonance: YBCO6 combined with the comparable results of Defial, show
012 F - - . - — that there is a clear growth of total spectral weight with de-
—_ ] ORNL (Dai et al.) creasing doping. These results lend support to theories, such
< m op ILL (Fong etal) i as S@5) and the spin-fermion model, which predict such an
=2 @ Chalk River increase
g 0.08 | T_;iﬁ;r:;zzz intensity below T 1 Ignoring the effect of the chains, and therefore taking only
5 Y c two CU* atoms per formula unit, the total spectral weight
E L E integrated over all energy and momentum should be given by
3 the total moment sum rule:
= 004 4
b
Y 3 2 2
= i | do | d°qS(0,0)=2X3S(S+1)g", ®)
g .
0 - - . - - . where [d3q is the momentum space integral over the corre-
30 S0 90 lated peak. In this equation the factor of 2 comes from the

fact that we are taking two Gii ions per formula unit. Here

we have assumed th&(q,w) has been corrected for the
bilayer structure factor and the €uform factor(see appen-
dices. We do not expect the total moment sum rule to be
strictly obeyed in the superconducting cuprates as the holes
have been divided byr to correspond to the present definition for will destroy a fraction of the Cii moments. Given that the

the integral. The upper Chalk River and ORNL points are the totaf10Ie doping in our sample ip~0.1, this effect should t.)e.
detected resonance weight. The lower data are the growth in resemall and we expect the total measured moment to be similar

nance weight belowT, for ILL and below 85 K for Chalk River. (0 that predicted by the sum rule. Equating the above integral
to the cross section for paramagnetic scattering discussed in

surements of the resonance as a functio ofs plotted in  IN€ appendixes, where the relation betwes(y, ») and
Fig. 24. The ILL and lower Chalk River data points are theX (q:w) IS dgfmed, we_obtam the total moment sum rule for
growth of the resonance integral that occurs below The  10calized spins as the integral ov8{q, «):
ORNL and the upper Chalk River data points are the total
resonance integral. _ |Eq-flf dwf d3g[n(w)+1]x"(q, )

An increase in the spectral weight under the resonance

FIG. 24. The integrated resonance intensity, fdwfd3q
[n(w)+1]x"(g,w), measured by several groups for different val-
ues of T.. An increase of spectral weight with decreasing doping is
predicted by both the spin-fermion and &Pmodels. The ILL data

peak with decreasing doping is predicted by thg®3@heory 2
of Demler and Zhan& Their theory relates the spectral = §,u§928(8+ 1). 9
weight in the superconducting state to the difference in ex-
change energies between the normal and superconductif@r S=1 this gives a total integral of=2u3. The total
states extrapolated td=0, taken to be the condensation resonance at low temperatures therefore makes up only
energy, which is expected to decrease with lower doping. As-2.6% of the spectral weight predicted by the total moment
noted by Demler and Zhang, this is consistent with the elecsum rule. This agrees very well with estimates found in other
tronic specific-heat measurements of Loratral. who have  studies®® on YBCO;, , and BSCCQ, . The absolute in-
found a decrease in the condensation energy with decreaseshsity of the resonance has also been computed from band-
doping!’ The condensation energy is proportional to the dif-structure theories and is in reasonably good agreement with
ference in the integral of the dynamic susceptibility. For theour experiment® Despite the fact that the resonance is
spin response below 42 meV we find that in ¥Ba;Os5  strongly affected by the approach and onset of superconduc-
the integral/dw x"(g,w) (no Bose factoris indeed larger tivity, it contributes a tiny fraction of the total moment. Its
in the superconducting phase, since it amounts to (l¥eakness has led to the suggestion that the presence of a
i2),u§ at 8 K and only (1% 2),u§ at 85 K, but the differ-  resonance is not crucial to the onset of superconductivity and
ence lies within error. that it is unlikely that the resonance can be associated with
An increase with reduced doping of the resonance intenthe mediating boson of superconductiity®* This, of
sity also arises in the spin-fermion mod@With this model,  course, does not exclude the entire high-ener®60-meV
and previous normal state inelastic neutron results, Morr angpin-wave spectrum from providing the boson, while the
Pines were able to predict quantitatively a factor~e2 in- resonance is just a redistribution of a tiny fraction of the
crease in the integrated intensity from optimal doping tolow-energy spin spectrum in response to the opening of a
YBCOgs. The results of Fongt al*® show that any growth pairing gap, an idea that we now examine.
is by a smaller factor. However, Fong's integral includes only  To understand the origin of the resonance spectral weight
the component of the integrated intensity which developsve compare in the superconducting and normal phases the
belowT.. We find the same integral if we remove from our integral from 0 to 42 meV of the two spectra of Fig. 14
data all but the resonance growth below 85l6wer Chalk  multiplied by the Bose factor. The integral, which is equal to
River point in Fig. 24. However, our results for the total 7fdwS(qg,w), was carried out by polynomial interpolation
resonance weight of the normal plus superconducting statef the data. If the resonance growth has come from energies
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larger than our 42-meV window, or from other momenta thantuations abovel; in agreement with the evidence for vorti-
the AF region, then we would calculate an increase in thees seen through the Nernst effétct.
superconducting phase. o8 K we obtained a l One aspect of the resonance observed here at high reso-
=[dwyx"(q,w)[n(w)+1]=(17= Z)Mé and we find (14 lution appears different from the results of previous studies
+2)u3 for 85 K. Although there is some growth, within of YBCO. Its spectral shape is asymmetric with a sharp drop-
error the total weight of the spin correlations is conservedoff above the peak, and with a much slower decrease along a
This indicates that the bulk of the spectral weight gatheringving below the resonance. This wing connects smoothly
at the resonance energy at low temperatures is transferrendth the previously noted linear, low-energy response part of
from the low-energy incommensurate scattering as this bex”(Q, ). Several calculatioriS predict the opposite asym-
comes suppressed in the superconducting state. Since theetry as does thed model®®8°Normar® has noted that the
Bose factor increases as o~ ! for small energy transfers, a calculation fory”(Q, ) drops off too fast below the reso-
natural concern with this type of calculation is the weightnance. On the other hand the spin-fermion model of Morr
carried byy” at very low energies, a region which is difficult and Pine& gives a spectral shape for the resonance with a
to characterize experimentally. To assess its influence wtil to low energies as we observe.
note that that integral from 0 to 5 meV at 85 K amounts to  The physical mechanism underlying the resonance peak
~0.5u3, representing only 4% of the total weight. Thus thestill remains unknown and is a matter of much debate. Band-
the low-energy limit ofy” is not contributing a large amount structure calculations using a single band associate the reso-
and so validates the accuracy of the integral and our findinggance peak with the opening of a superconductingave
of a low-energy to resonance transfer of spectral weight. gap in the excitation spectrufft/ Since these theories are
We now extend our calculations to determine what frac-mean field they are not able to explain the presence of the
tion of the total moment resides in the entire spectrum, notesonance in the normal phase at a similar energy to that in
just the part under the resonance. By integrating numericalljhe superconducting state. Other theories such as that of Wen
up to 42 meV, and with the sangedependencgGaussian and Lee, whered-symmetry normal-phase fluctuations are
in the a-b plane and constant along thedirection we  dynamic} may be more appropriate. The QEDtheory,
find a total integral ofw‘lfdwfd3q[n(w)+1]X”(q,w) which takes into account vortex-antivortex fluctuations
~0.06u3. We conclude that the spin response below 42within the pseudogap region, may also account for the reso-
meV carries about 3% of the spectral weight available fromnance we see abovk, .
the total moment sum rule. Thus the spin response below 42 A heuristic approach to understanding the spectral form of
meV captures only a small fraction of the total moment andthe resonance is to interpret it as the result of a sampling of

illustrates the importance of studying higher-energy spirfhe density of states of the-superconductingdSQ gap
fluctuations. function. In this picture the spectral weight of the over-

damped low-lying spin response is pushed up to energies
above a varying gap function. This accords with our obser-
V. DISCUSSION vation of a transfer from low energies to the resonance en-
ergy as superconducting order develops. We find that a uni-

We first discuss the contribution to the absolute total moform sampling of a dSC form of gap functiod,=(A/2)
ment squared of the entire spectrum up to 43 meV. We have[ cosk,)—cosk,)] gives a good account of the initial rise in
shown above that this amounts-+d.06u3 per formula unit.  y”, and also the cusplike cutoff we observe at the maximum
For a single C&" spin this gives~0.03u§, comparable to  energy of the resonané&This might suggest that the spins
that observed to develdn cooling in zero fiel (Ref. 85  couple to an incoherent charge spectrum so that the momen-
in underdoped La ,Sr,CuQ, with x=0.1, a doping similar tum conservation between the spin response and charge re-
to that for the present YBCE. This is one of the many sponse of a band model is compromised. It would imply that
similarities with the LSCO system. We note that both LSCOthe cutoff beyond the resonance might be a measure of twice
and YBCO ortho-II exhibit scattering that extends to the low-the maximum gap, 2,~33 meV in a two-particle picture.
est energies in the normal phase with incommensurate feddowever, the recent theory of Eschrig and Normanhich
tures characteristic of moving stripes. There is a shorter comodels the ARPES charge spectrum of8,CaCuyOg, 5,
relation length in YBCO ortho-Il, yet we have shown that thepredicts for p=0.1 that the charge pairing gapAZ
incommensurate wave vector tracks the doping equally in=120 meV~30ksT. is much larger than our observed spin
both systemgFig. 7). For LSCO, if we associate the reso- resonance energy of 6kgT., and that it increases while the
nance with the enhanced response at energies above the resonance energy declines with reduced doping. This much
gion where superconductivity suppressg¥Q,w), then larger energy scale presumably provides the less metallic en-
qualitatively there is much similar behavior in LSCO and invironment in which a spin resonance can survive with rela-
YBCO. tively little damping. An attractive feature of the mod@l,

On cooling belowT the strong enhancement of spectral however, is that it predicts an increasing degree of incoher-
weight in the resonance energy region is predicted by RP&nce in the charged quasiparticle properties as doping is re-
calculations of the susceptibility of a single quasiparticleduced, a finding that lends support to the momentum aver-
band based on BCS thed?f (the presence of resonance aging that underlies our heuristic model.
intensity at temperatures abovie is not). We believe, as We have looked for behavior that might account for the
discussed below, that this reflects local superconducting fluadecline on cooling of the NMR relaxation ratelTim, which
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has been associated with a pseudogap temperature @bnductivity”*® For YBCQ;, the ¢ axis conductivity is sup-
~150 K. We note that the low-energy dynamic susceptibilitypressed below an energy ef50 meV. It grows in at high
in the meV range does the opposite—it increases on coolingemperatures~3T,.. For YBCQ; 4 the suppression of the
from room temperature right through the pseudogap ranges-b optical conductivity is below 80 me¥/The connection
and continues to rise until interrupted by superconductinghetween the resonance in the spin susceptibility and the
pairing below 59 K. Since the normal response below 16charge dynamics has been made in the work of Schachinger
meV is linear inw, it follows that its slopey”(Q,w)/w, et al.and Carbottest al %7
which amounts to O.OJ;AélmeVZ and which is proportional The resonance has been described as a two-particl&state
to the NMR relaxation rate T4T, also increases while the or as a spin excitoff Demler and Zharf§ have described in
NMR relaxation decreases. The different temperature deperthe SQ5) theory how a particle-particleptp) triplet reso-
dence of the NMR and neutron spin response suggests thaance arises from paired carriers. The spin resonance at 33
either the extrapolation from the THz neutron to MHz NMR meV then gives the maximum energyAg to create a pair
frequency range is far from linear, or that it is at the otherwhen the dSC gap function i& = (Ay/2)[ cosk)—cosk,)].
wave vectors sampled by the local NMR probe that theThe pair resonance can only be seen in neutron scattering
pseudogap suppression takes place. when it is coupled to the spin susceptibility by the supercon-
The only feature in the neutron spin response which hasglucting order parameter and hence not abdye A reduc-
an onset near the presumed pseudogap temperature is tli@n of the superconducting order by a magnetic field would
resonance peak which grows in below 130 K. The increasinghen lessen the coupling to the spin channel as found by Dai
weight in the resonance may be interpreted in terms of a shitt al, who observed the resonance intensity to weaken with
of spectral weight away from very low energies. In compar-field.*® However, Tchernyshyoet al®® have shown that for
ing the results in the superconducting state with those in thélat bands near+#,0) the neutron resonance is more likely a
normal phase, we have noted earlier that the rapid increase gpin exciton near the lower energy Af,. The triplet sym-
the resonance intensity beldly can be accounted for by the metry of the spin resonance was predicted by the quantum
loss of low-energy intensity belovi w~20 meV. Such a critical theory of Chubukoet al.®? and also in S(5), and is
picture cannot account for the normal state, where the newonfirmed by our polarized neutron results which can be in-
tron spin susceptibility inexorably rises on cooling and gath-terpreted in terms of a singlet ground state with a triplet
ers extra weight at the resonance frequency well abive excited state.
accompanied by growth, rather than suppression at low en- It is more difficult to understand the presence of the spin
ergies. It is possible that the spectral weight under the normaksonance in the normal phase, albeit weakened but of simi-
state resonance may be acquired from higher energies or mtar spectral form. Indeed, most theories predict that the reso-
menta, well removed froms, 7). However, since the reso- nance should be seen in the superconducting but not in the
nance energy scale is already much larger than thermal emormal phase abov&é.. Our observation of the resonance
ergies, it is unlikely that there are substantial changes in thaboveT. does not support these models. The quantum criti-
higher-energy spectrum neatr (). On the other hand, the cal spin-fermion model of Abanoet all% [Eq. (140 with
depression of the local NMR spin susceptibilitifig. 9), wss=33 meV], including hot spots, does give a broad peak
which reflects an average over momenta, suggests that muai the normal phase spin response. It is a relatively feature-
of the resonance weight is being transferred from low-less Lorentzian spectrum, however, falling slowly above a
momentum fluctuations. spin-fluctuation energy. The model does not predict the more
While the spin correlations at all energies remain visiblepeaked spectrum with a faster high-energy fall off near the
to the highest temperatures as a correlated peakrat)( resonance energy that we see in the normal pkige 14
the formation of the stripe modulation only becomes observiower panel. The spectral shape of the normal-phase spec-
able below~120 K. This is in a broadly similar temperature trum appears more like a weakened version of the supercon-
range to where we see the resonance begin to grow in. Th#ucting resonance spectrum and provides circumstantial evi-
emergence of resonance intensity and stripe modulations adence that local superconducting fluctuations exist afigve
associated in the model of Batistaal%° We emphasize that Thus the neutron response supports the evidence that fluctu-
Batista’s theory is for an incommensurate static orderedting vortices exist in a YBCg) sample T.=50 K) as has
structure, which is far from the present situation. been obtained from the Nernst efféétlt is possible, we
Calculations for the 2D Hubbard cluster motfdiave led  suggest, that the normal phase fluctuations may be of the
to the conjecture that uniform rather than antiferromagneticorrect symmetry to let a local resonance appear in the neu-
spin fluctuations are causing the pseudogap. However, theyon spin response. Since the neutron spectrum is indepen-
find no evidence for pairing fluctuations fog<T<T*, and  dent of the sign of\, fluctuations of the gap parameter on a
reject the notion of preformed pairs in favor of RVB spin- time scale slower than the inverse resonance energy should
charge separation. Many of the problems of the single-bandllow a resonance feature to remain in the normal state. The
theories may indeed be overcome by a theg@nch as spin-  density of states of the dSC gap function is strongly peaked
charge separatiorwhere the dynamics are not described inat its maximum energy, and this characteristic energy can
terms of individual quasiparticléS. Spin-charge separation persist in the normal phase. The loss of pair coherence on
is also favored in the theory of L&e. heating through the dSC superconducting transition can oc-
In the energy spectrum the pseudogap is clearly seen asir in the nodal regions, without eliminating the high-energy
noted above in the charge response given by the opticaksonance spectrum. By contrast, insavave supercon-

014502-18



DYNAMIC STRIPES AND RESONANCE IN THE . . . PHYSICAL REVIEW B 69, 014502 (2004

ductor, the nodeless order parameter is nonzero everywheréhe use of a phonon from the sample provides a good inter-
and the gap function would have to collapse in all directionsnal calibration which is independent of errors resulting from
to effect the transition. Extensions to the theoretical modelsmpurities or domains which may be an issue with the use of
to treat fluctuations so as to extend their validity to the nor-a vanadium standard.

mal phase would be valuable. For fixed final energy and counting time determined by
the fixed counts in an incident beam monitor whose effi-
VI. CONCLUSION ciency varied with incident wave vector askd/ the mea-

) ) ) sured intensityl, is directly proportional to the magnetic or
We have shown that the antiferromagnetic spin fluctuaphonon cross section

tions in YBCGQ; 5 ortho-Il are gapless, with incommensurate

modulation at low energy consistent with dynamic stripes. 1(Q,w)xS(Q,w). (AL)
The spin susceptibility curves upward with energy to a well

defined but asymmetric resonance peak at 33 meV followed The constant of proportionalityA) can be determined
by a precipitous cutoff. A weakened image of the resonancéom the measured integrated intensitfQ) = fdw! (Q, w),
is readily observed in the normal phase as a well-define@f an acoustic phonon. In the long wavelength limit
temporal and spatial structure with an asymmetric spectrum 2608

similar to that of the superconducting state. On cooling, the I(Q)=A( i)[l+n(a) )|F |2Q cos(B) e 2W
resonance at 33 meV{6.5«gT.) and low-energy spin fluc- 2w, P N M '

tuations strengthen until the superconducting phase at 59 K (A2)

is reached. As coherent superconducting order is establish%ereM is the known mass of the unit cet=2V~1 is the

the resonance accelerates its growth rate, while the IOWDebye—WaIIer factor[ 1+ n(w)] is the Bose ,factod,FN|2 is
energy fluctuations below are sharply suppressed but not y,o giatic structure factor of the Bragg reflection nearest to
eliminated as expected forcawave gap, and transfer much where the acoustic phonon is measured, gnis the angle

.?f ther'{ vr\:e_lght tof_thedrtesonanlce retgflon. The sletn Suscem'tb'lbetweenQ and the phonon eigenvector. Inserting the mea-
Ity, which 1S confinéd to hearly antirerromagnetic momenta, g .o 4 phonon frequency allows a direct measurement of the

shows na evidence for an energy gap In the normal phas‘?:alibration factorA and therefore allows any measured inten-
and we suggest that experiments in which a pseudogap squ’ty to be put on an absolute scale

presgion is seen sample a range of'Iower momenta. HOWever, ‘¢ ¢ magnetic scattering we relate the measured scat-
we find that the resonance and incommensurate respon§§ring to the magnetic correlation function'8y

make their appearance below a temperature as high*as

~2T, comparable with the pseudogap temperature. The . a

fraction of the low-temperature resonance weight that devel- S(Q,®)=g%f2(Q)BX(Q) Y, (8,5~ Q.Q4)S.s(Q w).
ops before entering the superconducting phase is surprisingly P (A3)
large. We suggest that this indicates that substantial super-
conducting pairing fluctuations occur in the normal phase offhe correlation function is related by the fluctuation dissipa-

underdoped YBCgs. tion theorem to the imaginary part of the spin susceptibility
x(Q,w) by
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e factor 2 comes from the orientation factor e-
(NRC) of Canada. The factor 2 li th tat factor gyitld

notes the susceptibility per formula unit here and in the body
APPENDIX A: ABSOLUTE UNITS AND CALIBRATION of the paper. We have chosen to use the anisotropic form
OF SPECTROMETER factor f2(Q) over the isotropic for? because the aniso-
tropic form has been carefully verified in the ordered antifer-
To compare our data with those of other groups and tadomagnetic system and in the Al-doped YBCO syst&it%
theory we have put our measurementsyd{Q,w) on an  For practical cross-section calculationsyr()?/4 is 73
absolute scale by comparing the measured magnetic intensitgbarns sr'. The paramagnetic description for the spin scat-
to the integrated intensity of a transverse acoustic phonotering follows from our polarized measurements and from
near the(0 0 6 Bragg peak, e.g., witlQ=(0.15,0.15,6). our variation of the orientation factor in different Brillouin
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zones. These show no preferred polarization of the fluctua- ' ' ' '
tions. The factoB(Q,) is the bilayer structure factor equal
to sin@,d/2), whered is the intra-bilayer spacing. In the

—_

{2}
=
=
S
normalization to absolute units of the spin fluctuations below = 0.8
~40 meV energy transfers we have only considered the 8=
acoustic, or odd, fluctuations to the susceptibility since these EO 0.6
predominate at the momenta studied. In the notation of Fong 5
et al. we have calculateg ,4(Q, ) only. g 04
The definitions of the magnetic cross section used here § 5
are identical to those used in the phonon calibration by Fong £ 0
40 it i =
et” al™” But, the deflnlthn of they and w integrated value of 0TS S Ml o Y, S
x" used by Fonget al. is larger by a factor ofr from the 0 10 20 30 40
definition used in this paper and that of Detial. We have Energy Transfer o (meV)

therefore removed this factar from the integral quoted by
Fonget al. for the comparisons made heéf@ The vanadium
calibrations conducted by Dat al.”® use the isotropic form
factor but otherwise the same equations were tf8e pre-
sented here. This allows a direct comparison between diffe
ent experiments®’

FIG. 25. The fraction of neutrons hitting the diffracted beam
monitor is plotted as a function of energy transfer fdn=»\/1,
N2, andA/3. The final energy is taken to be 14.5 meV where then
gnergy transfer is defined dsw=E;—E;. The solid curves are
calculations using a Maxwellian distribution and a moderator tem-
peraturekgT=28.8 meV.

APPENDIX B: CORRECTION FOR HIGHER-ORDER

CONTAMINATION OF MONITOR By correcting for the X, monitor efficiency the relative

fractions of monitor counts in the beam from A/2, and\/3
The low-efficiency fission monitor in the incident beam orders were calculated as shown in Fig. 25. We also com-

only approximately removes the factorkd/from the mea- puted the fractions for a Maxwellian distribution of neutrons,
sured cross section. As the incident energy decreases, temoderator temperature kif=28.8 meV (60 °C), and for
monitor rate is perturbed because it senses an increasifigese three components only. The resultant fraction of each
fraction of higher-order neutrons reflected by the monochroorder is%

mator out of the reactor spectrum. Thus low-energy transfer

scattering would be underestimated if no correction were (nZ)e*(ani)/kT

made. To understand the relative intensities as a function of F(n?E)=
energy transfer, a complete characterization and correction

for this contamination is essential.

We determined the relative weight af2 and\/3 neu- S shown forn=1, 2, and 3 in Fig. 25, this simple model
trons over the energy range of our experiments from thdrovides a reasonable description of the data given that we

relative intensities of aluminum powder Bragg peaks in two-nave not corrected for the energy dependent reflectivity of

axis mode. The relative flux of each component of the inci-tN€ monochromator. As can be seen from Fig. 25, the correc-

dent beam can be uniquely calculated from the followingtion factor required for low energies is substantial. Inclusion
108 of this factor is essential for obtaining an accurate form for

formula: o e
the spectral distribution, as we have done from 0 to 43 meV.
A3 The correction becomes particularly important when discuss-
I(ZH)MQ(R)W > IF@I3  (BD ing low-energy excitations where it amounts to a factor 2.
Q Neglect of the factor would make it more difficult to observe
where® is the incident flux|Fy(Q)|? is the nuclear struc- low-energy scattering and might lead to an inference that a
ture factor, and the sum is over constH@t. normal state spin gap was present.

. (B2
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