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We have investigated the spin-fluctuations at energy transfers tyl1® meV, well above the resonance
energy (33 me\) in the YBgCusOg 5 ortho-Il superconductor using neutron time-of-flight and triple-axis
techniques. The spectrum at high energies differs from the low-energy incommensurate modulations previously
reported where the incommensurate wave vector is largely independent of energy. Well above the resonance the
peak of the spin response lies at wave vectors that increase with energy. Within error the excitations at all
energies above the resonance are best described by a ring arodnd#he@osition. The isotropic wave-vector
pattern differs from a recently reported square pattern in different but related systems. The spin spectral weight
at high energies is similar to that in the insulator but the characteristic velocit@% lower. We introduce
a method of extracting the acoustic and optic weights at all energies from time-of-flight data. We find that the
optic spectral weight extends to surprisingly low energies-@ meV, and infer that the bilayer spin corre-
lations weaken with increase in hole doping. When the low-energy optic excitations are taken into account we
measure the total integrated weight aroymd ), for energies below 120 meV, to agree with that expected
from the insulator. As a qualitative guide, we compare spin-wave calculations based on models with ordered
and disordered stripes and describe the inadequacy of these and other stripe models for the high-energy

fluctuations.
DOI: 10.1103/PhysRevB.71.024522 PACS nuntger74.72—-h, 75.25:+2z, 75.40.Gb
[. INTRODUCTION can be unambiguously resolved. At33 meV we found a

commensurate resonance peak which was strongly enhanced

The discovery of superconductivity in the cuprates hasn the superconducting state. One of the surprising aspects of
resulted in a vast amount of interest in the spin-fluctuationshe resonance peak is that, despite the low energy scale of
of these nearly two-dimensional materiafsDespite the in-  superconductivity (T.~59 K~5 meV), superconductivity
tense research the cuprates have received, there is no geng&s a very strong effect on the high-energy excitations
ally accepted theory of the mechanism for the high temperaaround the resonance. An important question is then how the
ture superconductivity. Due to the interplay betweenexcitations above the resonance energy are affected by super-
antiferromagnetism and  superconductivity the  spin-conductivity and hole doping.
fluctuations are drastically altered upon doping the parent The nature of the high-energy spin-fluctuations has previ-
insulator and are also strongly correlated with superconducously been studied only in the parent insulating cuprate com-
tivity. Understanding the spin-fluctuations in the cuprates ispounds. Using spallation neutrons Haydsral# were able
an important step to understanding superconductivity. to map both the acoustic and optic modes in YRG@nd

We have recently completed an extensive experimentaound that the results were well described by linear spin-
study of the temperature, momentum, and energy depeniwave theory. They found a large 75 meV energy gap for
dence of the spin-fluctuations below 40 meV, including thethe optic fluctuations, an in-plane exchange constant of
resonance peak at33 meV, for the partially detwinned ~125 meV, and a bilayer coupling ef11 meV. The disper-
YBa,Cu;0g 5 ortho-1l superconductct.The good structural sjon was found to extend up te250 meV. These results
properties from the oxygen chain order removes the effect ofiave also been confirmed by reactor measurements by
impurity scattering of the quasiparticles and spin-fluctuationReznik et al® The entire spin-wave dispersion of the single
due to disorder. We found the low-energy excitations to beayer compound, Lg&CuQ,, has been studied in detail by
gapless and to give rise to incommensurate peaks only digoldeaet al®
placed along th¢100] direction from the(w, ) position. After this paper was submitted, there have been new de-
This contrasts with the symmetric cone of scattering whichvelopments because of letters to Nature by Haydeil.
disperses from théw,m) position observed in the parent and Tranquadat al® on the high-energy spin-fluctuations in
insulating materials and illustrates the need for studies to b&¥ BCOgz g and LBCO. We have therefore included discussion
conducted on detwinned samples so thatdHe anisotropy  and comparison with the squarelike pattern in these cuprates
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and will show that the spin-fluctuations on ordered YBGO mental setup. The second section describes how we extracted
are quite different and specifically, they are isotropic in wavethe acoustic and optic weights using the known bilayer struc-
vector abouQ=(m,m). ture factors as well as the dispersion at high energies. We
The high-energy excitations of a doped superconductingliscuss the integrated intensity in terms of the total moment
sample were first measured by Bourggsal? in a twinned  sum rule. In the Appendix we describe linear spin-wave cal-
crystal of YBCQ s, They found a broadening ilQ| of the  culations for an ordered and disordered stripe ground state

correlated peakat Q=(, )] with increasing energy. Based and compare the results qualitatively to the experimental
on this result it was suggested that the spin-fluctuations disgata.

perse(at least at high energigs a manner similar to that of
the parent insulating compound. The momentum dispersion
of the magnetic excitations around the resonance was later
studied in detail by Araiet al*® on, again, a twinned The sample consisted of six orthorhombic crystals with
YBCOg ; sample. They found evidence for two modes whichqa| volume~6 cn aligned on a multicrystal mount with a
meet at the resonance energy, one of which opens downsg,mpined rocking curve width of 1.5°. Details of the crys-
wards and gives the incommensurate scattering measured Ry growth, the detwinning by stress along thexis, and the
1 - X , :

O s e v s e o0 O v been ublshed e sample s

: . d 12 A eviously been measured to be partially detwinned with the
study on optimally doped YBCgs by Rezniket al. = An majority domain occupying 70% of the total volume and

other recent experiment on twinned 1L@aBa; 1,:Cu0, has : .

found high-energy excitations that are consistent with thé"”th g%?q oxygen order._Oxyger;zgorreIatlon Iength_s exceed

dispersion of two-leg ladders wheQ , w) is averaged over ~100 A in thea andb _dlrectlon Y The dc magnet|zat|o_n
;shows a superconducting onset temperature of 59 K with a

domains® Because all of the samples studied have beer'. .
twinned, it is not clear if the high-energy scattering resultsW'dth of ~2.5 K. The low temperature lattice constants were

from incommensurate peaks displaced along a particular diéasured to ba=3.81 A,b=3.86 A, andc=11.67 A.
rection (as we have observed in our reactor low-energy . N€Utron scattering experiments were conducted by means

study) or if the excitations form a symmetric cone similar to ©f time-of-flight and triple-axis techniques. Time-of-flight
that of the parent insulatdsee the lower panel of Fig. 2 for measurements were made at the MAPS spectrometer at the

an illustration. It is clearly important to compare the line ISIS spallation source. The MAPS position-sensitive detec-

shape of the magnetic scattering above and below the resffrs cover 16 rf area _d_ivided ir)t_o 36864 approximatgly
nance energy on a detwinned sample to resolve how the ongduare plxels.. The ppsﬂpn-sensﬂwe d_ete,c,tOfS are designed
dimensional incommensurate scattering evolves to high ers© that there is no direction that has significantly podger
ergies. Our present study on a largely detwinned Samp|5esolut|on arising from the shape of the detectors. A mono-

enables the intrinsic nature of the magnetic scattering at highinfomatic beam was produced by a Fermi chopper spinning

energies to be determined free of scattering by structural dit @ frequency of 400 Hz with the incident energy fixed at

order. E;=150 meV. The sample was mounted with {l#®1] and

The nature of the spin susceptibility above the resonanckt10l directions in the horizontal plane and with the incident
energy has many important implications for the theory of the?€@M(k;) initially aligned along th¢001] direction. Because
cuprates. Recent effective band calculations using ththe value ofL, and hence the bilayer structure factor, varies
random-phase approximation predict the presence of spin eXith energy transfe(see Fig. 1 and the next sectjorthis
citations that have a velocity much higher than that of thequentanon_glves only a_llmlted ability to measure the acous-
parent insulatof® In contrast, linear spin-wave models based!iC and optic response independently. In order to extract the
on a stripe ground state predict that the excitations at higRcoustic and optic components for a range of energies
energies are not symmetric around the, ) position and 19 2, we varied the angle between the incident beam and
disperse almost linearly with enerdrl” Quantum critical the [001] axis, defined asj, with the rotation axis along

theories of two-dimensional Heisenberg antiferromagnet§110]. This procedure was chosen over varying the incident
suggest that the resonance energy can be interpreted as a gaergy(used elsewhet® to avoid changes in the resolution
which softens as a critical point is approached. Such a theorfunction. The full width at half maximuniFWHM) energy
would suggest that the excitations well above the resonandgsolution was measured from the incoherent elastic scatter-
are qualitatively similar to those of the parent insulatinging to be~8 meV. Using this method we have been able to
compound® Therefore, a detailed knowledge of the true study the spectral weight and the dispersion of both the
spin spectrum(involving dispersion and line shapabove acoustic and optic modes up to high energies.
the resonance energy is crucial in understanding the cuprates To calibrate the spectrometer, a standard vanadium
and in constraining theories. sample with a known mass was used. To objdify, w) we

We present a high-energy neutron inelastic study on dave taken the cross section to be isotropic in spin with defi-
well-ordered superconducting YBCO sample. We investigataitions of x” and the total cross section that we used
the momentum and energy dependence of the magnetic egreviously and that agree with those of other grodp3he
citations above the resonance energy. This study complealefinitions used here are identical to that used in Ref. 4 and
ments our previous work on the low-energy spectrum using & Ref. 39. The definition ofy” used here differs from that
reactor neutron souréeThe paper is divided into two sec- used in Ref. 52 such that our values gf are 1.5 times
tions and a discussion. The first section describes the expeigreater than that in Ref. 52. As a consistency cheeid as

Il. EXPERIMENTAL DETAILS
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[(:01] oo1] FIG. 1. (Color onlin@ The

k; for scattering diagram for a constant
E=150 meV in-plane wave vector of(H,H)
=(1/2,1/2 shows that as the en-
ergy transfer,E, varies, so does
the c-axis component of wave
vector L(E), thus enabling the
acoustic (odd) and optic (even
symmetries of the spin response
excitations to be determined by
combining data. In the left panel
the 150 meV incident neutron
L=5 (Acoustic) wave vectok; is brought in along
E=57 meV the [0 O 1] direction. The prima-
rily acoustic component of the re-
sponse aE=77 meV (solid lines
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mine the ratio of acoustic to
weight at different energies, the
[110] A [110] incident beam is brought in at a
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(1/2,1/2,0) (1/2,1/2,0) crystal axis(right pane).
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discussed later we have found that the total integral the[001] axis. The situation in YB#u;Og.y is complicated

(fd%qfdw) of the low-energy scattering obtained from the by the presence of two strongly coupled Gu@yers in the

vanadium calibration agrees well with that previously unit cell. There is a weak antiferromagnetic couplig or-

obtained using an internal phonon calibration. der 10 meV between the two layertseparatiord) in each
Trip|e_axis measurements were conducted at thé,lnlt cell. This means that the spin excitations can be Catego-

DUALSPEC spectrometer located at the C5 beam of thdized as oddor acousti¢ where the spin fluctuations are out

NRU reactor at Chalk River Laboratories. A focusing graph-Of phase betzween the layers, or even optic where they

ite (002 monochromator and a graphit@02) analyzer were &€ 1N phasé: Because the l_mlayer_ coupling is antiferromag-

used. A pyrolytic graphite filter in the scattered beam eIimi-net'Cttr?e Otﬁt'c Spin \{\_/aves in the insulator have a larger en-

nated higher order reflections and the final energy was fixesrg_lyhe a;couest?gorﬁzgg intensity varies along {891] as

at E;=14.6 meV. The horizontal collimation was set at _; : .

[33 f29’ S51' 120]. The vertical collimation was fixed at Sinf(Q,d/2), whered is the distance between the two layers

, . . in the unit cell, while the optic mode strength is proportional
[80" 240° S214 430]. The six-crystal assembly was , .20 d/2)22 Therefore, for a fixed experimental con-
mounted in a closed-cycle refrigerator and aligned such thay ration, differentL values, and hence different acoustic

reflections of the forn{HHL) lay in the scattering plane. To and optic weights, will be sampled becausevaries with
put thgse measurements on an absolute scale, a t_ransveg?fergy transfer. The reason far varying with energy is
acoustic phonon was measured around(t@ 6) position.  gchematically outlined in Fig. 1 which shows the scattering
This was the same procedure used previotisly. triangle for two different energy transfers, and hence two
different final energiesnote thatE; is fixed in this experi-
men). For a particular energy transfer corresponding to a
Il RESULTS final energyE;, the constraint of having the momentum
In magnetic Systems that are two_dimensior(alg” transfer of the fOI’mQ:(1/2,l/2 J_) fixes the value ofL.
La,CuQy), or one-dimensionale.g., CsNiC}), the nondis- Therefore, by changing the energy transfer, but keeQirtg
persive nature of the excitations along one or two directiondiave the formQ=(1/2,1/2L), will result in L varying with
makes the time-of-flight technique well suited for mapping€nergy transfer.
out the dispersion of the excitations. For such cases the non- The effect of this is further illustrated in the upper panel
dispersive momentum direction is typically placed parallel toof Fig. 2, which shows the acoustic structure factorCat
the incident wave vector such that the scattering can be pre=(1/2,1/2 as a function of energy transfer fgr=0° and
jected on the plane perpendicularkpand the entire disper- 20°. The acoustic structure factor varies alof@p1] as
sion (in gy andgy) can be mapped out. sin(Q,d/2), but since the value d@, depends on the energy
This technique has been successfully appgliem the transfer for a fixed(Q,,Q,)=(1/2,1/2, different acoustic
single-layer LaCuQ, insulator where the excitations are and optic weights will be sampled as a function of energy.
nearly two-dimensional and there is little dispersion alongTherefore, foryy=0 (see Fig. 1, to sample purely acoustic
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N ' ' - ) for each zone, sample orientatigry), and energy bin was
E=150 meV ---- y=20 then obtained by taking a c&long the[1,0] and[0,1] di-
Q=(0.5, 0.5) °

rectiong through the scattering at a constant energy transfer.
This process relied on thesLICE program?®

In this section we discuss the experimental results in
terms of four different subsections. In the first section we
discuss the lineshape of the high-energy acoustic scattering
and its symmetry in th¢H,K) plane. This is based on two-
dimensional slices integrating +7.5 meV in energy. The next
section contains the momentum dependence of the scattering
and its dispersion in detail. This involves an analysis where
we integrate over fine slices in momentysee boxB in the
lower panel of Fig. 2 and therefore do not smear out any
K line shape changes as a function of energy transfer. In the
00 20 20 80 80 100 th|r_d section we (_Jlescnbe the relative optic and acoustic

E (meV) we!ghts as a function of energy transfer using an analy§|s_|n

which we integrate over one momentum direction. This is
A[010] schematically represented by b&in the lower panel of Fig.
2. This removes any detailed line shape information and al-
[010] A lows all energies to be treated equally. In the final section we
discuss the total integrated spectral weight and compare the
results to other systems as well as the insulating compound
[100] B [100] (in particular YBCQ 15.

Acoustic Structure Factor (Arb. Units)

A. Spin excitation ring at high energies

Low - energy (E<E res) High - energy (E>E res) Examples of two-dimensional constant energy maps taken
at =0 are shown in Fig. 3. The two-dimensional slices
FIG. 2. The upper panel shows the calculated acoustic structurghown in Fig. 3 have been averaged over the four
factor at theQ=(1/2,1/2 position as a function of energy transfer. (+1/2,+1/2) zones sampled by the MAPS detector array. At
It shows how one can choose a different fraction of acoustic andhe resonance energy of 33 meV the response is localized at
optic weight at a given energy transfer by changing the atgle (7, 7). Above the resonance at 78 meV a ring is observed
between the incident beam direction and ¢fexis. The lower panel  showing the intersection of the constant energy surface with
shows, schematically, the observed difference between scattering two-dimensional cone of spin waves centered(enm)

above and below the resonance energy. T_he scattering below tr@nis point is discussed more thoroughly in the next segtion
resonance energy consists of two peaks displaced alonfl g The intensity around the ring is symmetric in til,K)

direction while the high-energy scattering comprises a ring. Th lane as demonstrated in Fig. 4. Figure 4 plots one-

arrows illustrate how cuts were done to study the dispersion of the,. . o _
correlated peaks. The filled boxédenoted A and Brepresent the dimensional cuts through tl’(er,w)_posmon atE=77 meV

integration windows used to study the spectral weight and the liné@long the[1,0], [0,1], [1,1], and[1, 1] directions. For com-
shape as a function of energy transfer as discussed in the text. parison purposes a sloping background has been subtracted
from each cut. The solid lines are Gaussians symmetrically
scattering an energy transfer of about 30 meV or 75 meV islisplaced from the(w,7) position. A comparison between
required. Figure 2 also illustrates that varyigignoves the the solid lines and the data shows that the scattering is con-
peak of the acoustic structure factor to different energy transsistent with an isotropic ring. Both the radius in wave vector
fers. In other studies, this problem has been overcome bgnd the intensity are independent of the direction inake
tuning the incident energy so that the energy position of thelane.
maximum in the structure factors would shift to the required Maps at all energies higher than the resonance are consis-
position. Such a procedure inevitably alters the resolutiorient with almost isotropic spin waves centeredatm). Al-
function and therefore the relative weight of the acoustic andhough an individual constant-energy contour, such as that at
optic modes. As a result, the dispersion of the acoustic an@7 meV in Fig. 3, may show more counts at particular direc-
optic modes cannot be reliably determined without the aid ofions around the ring, our results are statistically consistent
resolution corrections. with a spin-wave dispersion whose velocity and spectral
To avoid this, we kept the incident energy fixed and var-weight are isotropic in théH,K) plane. The line shape illus-
ied the angley between thg¢001] axis andk; (illustrated in  trated in the color map in Fig. 3 may also be compared with
Fig. 1). We have collected data fap=0, 20°, and 30°. In the diamond shape suggested by various calculations involv-
each configuration we were able to extract data in up to 12ng ladders*2>For the YBCQ 5 system the scattered inten-
different Brillouin zones (including the (x1/2,+1/2),  sity clearly does not correspond to a square pattern nor to
(£3/2,+£1/2 and permutationseach of which occur for dif- peaks displaced alondl10] (see Fig. 4 There is no evi-
ferent values ol. The intensity of the magnetic scattering dence at energies greater than 33 meV for the one-
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E=32.5 meV, T=6 K YBCO Ortho-II, E=150 meV
E=77.51+ 7.5 meV, L=5.1
15— 15—
—_ 1
[0
5
Z~°'5"'
g
B o
< 15—
> : :
-‘é [0q1
q) 1 ............. ; ...............
~ 2 gy
3 4
:: 0.5}
=3 s 0 05 -0.
-1
q(A™)

FIG. 4. One-dimensional cuts through the correlated ring at
77 meV energy transfeidisplayed in Fig. B along the[10], [01],
[11], and[11] directions. The data was integrated +0.05 r.l.u. per-
pendicular to the cut direction and a sloping background was sub-
tracted from each scan for comparison purposes. The solid lines are
Gaussians displaced equally from thwe, 7) position.

spectrum, equal contributions from horizontal and vertical
ladders(or stripes must be considered, as is present in a
twinned superconductor. Our results on partially detwinned
I YBCOg 5 show that a detwinned structure does not give rise
0 05 to a large anisotropy such as that expected for ladders. This
(H, 0) (r. . u.) anisotropy should be particularly evident when comparing
cuts alond 11] to those along10] or [01]. Reference 8 mod-
FIG. 3. (Color onling Smoothed two-dimensional slices eled the ladders for a twinned systéladders along andb)
through the correlated response fior 0 at 32.5 meV and 77.5 meV  and so may give stronger scattering aldid] due to the
energy transfers and integrated +7.5 meV along the energy axis. Adverlap of thea andb domains. It may be that the stripésr
77.5 meV the ring of scattering shows the intersection with a conjadders are purely dynamic and therefore higher energy
stant energy surface of the cone of spin wave dispersion emanatingctuations do not sense the small orthorhombic nature of
from the(1/2,1/2 position. Within statistics the velocity is isotro- the crystal structure, even though the low energy fluctuations
pic. The intensity represented by false color is in arbitrary units.do. We note that in the energy range studied in our experi-
Unsmoothed cuts of the data for various energy transfers are Préent the dispersion relation for a laddéke that observed

sented in Fig. 4 and Fig. 6. in LBCO) is similar to the linear spin-waves observed in the
dimensional incommensurate modulation that exists belovnsulator.
the resonance energy. We will show later that the high-energy excitations have a
Our observation that the scattering is symmetric is impor-similar dispersion and spectral weight to those of the parent
tant in the context of a recent model proposed by Tranquad@sulator YBCQ ;5 Therefore, incommensurate fluctuations
et al. which suggests that the high-energy scattering irthat are displaced and are stronger along a particular direc-
La; g7dBay.,£Cu0, (LBCO) is similar to the excitations from tion occur only at low energies indicating that the stripe tex-
ladders® At high energies comparable to ours, the actual datdure barely influences the high-energy spin excitations. This
in the color plots of Ref. 8 seem to the eye to show less obuggests that the high-energy excitations exhibit similar isot-
the strong diamond-shaped anisotropy of the ladder modebpy to those of an undoped insulator.
and are not dissimilar to the symmetric excitations we ob- Our results differ from those reported in a recent study on
serve. We are able to resolve the excitation in wave vectotwinned YBCQ, ; by Haydenet al” who measured, not a
because of the lower velocity in YBGQ ring of scattering, but four peaks displaced along [th&0]
Recent calculations by Vojta and Ulbricht have found thatdirections. For the YBCgs ortho-1l detwinned system the
a bond-centered stripe phase has an excitation spectrum vesgattered intensity clearly does not correspond to a square
similar to that observed in LBC&.For a ladder groundor  pattern nor to peaks alor{d10] (see Fig. 4 The different
bond-centered stripestate to give a symmetric excitation behavior may arise from the large=6.6 doping, for the

—_
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low-energy incommensurate wave vectoy in Ref. 7 is at 120 g g g
least twice as large as that in ortho-Il YBGEO Since § Acoustic Excitations:YBCO
. . . 6.5

scales approximately with doping, the YBg@system of 100}
Ref. 7 must have a significantly larger effective doping in the Ny .
CuG, plane than our ortho-ll YBCgX We note that the -
modestly largefT, of 63 K’ is not a direct measure of doping 80r ?‘q
sinceT, is, in general, lowered by increased structural disor-
der. 60 \

B. Dispersion of the optic and acoustic modes 40t — YBCOg,, *

Despite the fact that the low-energy excitations below the O Polar Average

resonance energy show anisotropic incommensurate peaks 20[ @ MAPS (ISIS)
slightly displaced along thgL0Q] direction, the high energy
excitations are close to beirgymmetricaround the(, 7),
position. This is illustrated in Fig. 3 which shows two-
dimensional constant energy slices through the correlated
peaks aff=6 K. In particular, there is no preferred weight of
the spin response at incommensurate wave vectors aong 100} ,_g, ';8_*

-

7

120

Energy (meV)

relative tob". Any modulation around the spin-wave cone
lies within statistical error as demonstrated by the one- 8ol \
dimensional cuts displayed in Fig. 4. Thus, the high-energy 0 :‘
scattering forms a symmetric cone, whose momentum in- «
creases with increasing energy as expected for the linear, 60} "..'E‘.é 4
constant-velocity part of the spin-wave dispersion. We have .8 ~ -
further observed that there is no qualitative change in the 40}
momentum dependence of the high-energy scattering in the Aqopﬁc
normal state aT=85 K.

To investigate how the line shape evolves as a function of 20¢
energy transfer, one-dimensional cuts along[ft@%)] axes at
each energy transfer were fitted to two Gaussians displaced 0 : . . :
equally from the(r, ) position to obtain the dispersion for -0.4 -0.2 0 0.2
the acoustic and optic modes above the resonance energy. As q (A"1)

a consistency check, we have also performed the same analy-

sis above the resonance but with cuts alpagd)]. Identical FIG. 5. The dispersion of the acoustic and optic modes with
results were obtained. The results for the overall momentumygpect to théar, =) position atT=6 K is plotted. The filled circles
dependence of the spin-fluctuations are illustrated in Fig. Sepresent the peak positions of a two Gaussian fit to cuts along the
Unlike the analysis described in the next section, the onef100] and[010] directions above the resonance energy and from
dimensional cuts to investigate the dispersion involve intecuts along only th¢100] direction below the resonance energy. The
grating over only a small range perpendicular to the cut diopen circles represent the positions of the incommensurate peaks
rection. This procedure is schematically illustrated in Fig. 2found in experiments conducted at Chalk River. The open squares
by the integration window represented by bBxExamples represent the peak position that result from a polar average around
of such one-dimensional cuts are shown in Fig. 6 for thethe (, ) position. The solid lines schematically represent the dis-
acoustic mode and Fig. 7 for the optic mode. persion of the insulating compound as measured by Hagdeh.

For energies below the resonance we have confirmed thdhe dashed lines are fits of the high-energy dispersion to linear
the stronger incommensurate scattering, alpk@p], previ- spin-wave theory foriw>40 meV as described in the text. The
ously obtained with a triple-axis spectrometer is consistenhorizontal bars show thg width observed for three optic scans at
with the MAPS data. The low-temperature results previoushfonstant energy.
obtained using a triple-axis spectromef@nd described else-
wherg are plotted as open circles in the upper panel of Figergy bins. The horizontal errorbars on each point are the
5. The result aff=6 K is plotted in Fig. 5. Here we have errors in theq positions for two branches, except at the reso-
imposed a cutoff for each mode such that acoustic is definedance energy where only one peak is resolved. The open
as any scan with sfQ,d/2)>0.8 and likewise for the optic circles in the upper panel of Fig. 5 are locations of the in-
mode co§Q,d/2)>0.8. Based on this strict criterion we commensurate peaks obtained from our previous reactor ex-
expect the measured dispersions to reflect the acoustic ampeériment on the acoustic mode. The reactor results are dis-
optic dispersion accurately. The data presented in Fig. 5 wereussed in detail in Ref. 3, and hence will not be presented in
obtained for an energy integration width®E=10 meV and detail here. Despite the fact that the energy resolution used in
an integration alon¢010] of £0.05 r.l.u.. We have also veri- the current experiment is much broader than that used in our
fied that the overall results remain unchanged for larger enreactor work the two results agree very well.
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FIG. 7. Constant energy cuts through the correlated peak at the
3 (7r,7) positions are plotted. An energy integration of 7.5 meV was
2 used and the data are integrated +0.05 r.l.u. alondQhé] direc-
tion. The solid lines are guides to the eye. By conducting similar

1 constant energy cuts to those displayed here the dispersion curve

0 0.5 1
H, 05) (r. . u) was obtained up te-100 meV energy transfer.
,0.5) (r. . u.

nance measured in optimally doped YBCO may suggest that
FIG. 6. Constant energy cuts through the correlated peak at ththe resonance is not directly associated with The strong
(7, m) positions are plotted. An energy integration of £7.5 meV wassimilarity between the low-energy response in LSCO and
used and the data are integrated +0.05 r.l.u. alondQté] direc-  YBCO may imply that the spin spectrum is common to all
tion. The solid lines are guides to the eye. By conducting similarcuprates. The low-energy responses measured in ortho-II
constant energy cuts to those displayed here the dispersion CUNEBCOg 5 and La ¢Sty 14CUOQ, are also qualitatively similar
was obtained up te-100 meV energy transfer. to the spin spectrum found in the nickelates, a well charac-
terized system known to exhibit charge and spin strifé3.
The open square symbols in Fig. 5 represent a polar av- The dispersion measured in YBGQcontrasts with that
erage around théw, ) position obtained for scans done of the insulating compound. The solid lines in Fig. 5 repre-
with =0, i.e., with the incident beam parallel to th@01]  sent the dispersion measured in insulating YBG& For
direction. For all energy transfers in the rangew  the acoustic modes the lower dashed lines represent a fit to
=45 meV to 105 meV, in steps of 5 meV, the polar averagdinear spin-waves#wxcq) to only the highest energy exci-
was evaluated with respect to ther, ) position. Points tations(fw>40 me\). For the optic modes, the dashed line
were binned in 0.017 r.L.u. steps fropw, ). For the points  is the result of a fit to linear spin-wave theory for bilayers.
in each bin the mean distance frofw,7) and the mean We obtain a slope ofic~400 meV A for the high-energy
intensity were evaluated. A Gaussian fit to the resulting polaacoustic scattering in our well-ordered ortho-Il crystal. The
average was used to find the position of the maximum intenspin-wave velocity observed in superconducting YBG®
sity for that energy transfer. The polar average agrees welionsiderably reduced from the insulator value /€

with the one-dimensional cuts alofi§j00] and[010] as we ~650 meV A% It is also considerably less than the value of
expect for an isotropic velocity for the high-energy excita-zic~600 meV A measured recently for LBCO.
tions. The acoustic dispersion around the resonance energy is

The momentum modulation of the spin-fluctuations as avery similar to that to thex-like dispersion observed in
function of energy transfer qualitatively differs from the scat-Lay gBag 1,4Cu0,,2 LSCO?7 and optimally doped YBCG?
tering measured in early work on LgSr 14CuO, which  This suggests that the-like dispersion is common to all
appears to show no increase in broadening in momentum uguprates. Despite the fact that the dispersion is similar, our
to energies of~150 meV?® Our results seem to suggest that results in detwinned and oxygen ordered YBG@how the
the resonance may be interpreted as the top energy scale lofv-energy excitations to be one-dimensional with incom-
the stripe-like incommensurate features at low energies. Thismiensurate peaks displaced only along ih€0] directions
is confirmed by a recent experiment on; g1, ;{Cu0, by  and the high-energy excitations to be essentially symmetric
Christenseret al?” They found that the low-energy incom- around the(sr, ) position. We note that a similar value to
mensurate peaks do meet at {e ) position at~40 meV, that obtained here for the spin-wave velocity was found by
a similar energy scale to that found in YBCO. As suggestedBourges et al® for disordered superconducting YBGO
in Ref. 27, the similarity between this and the 41 meV reso{T.=52 K). Therefore, the high energy excitations are not
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much influenced by structural disorder, whereas disordehalf maximum Aq,i. of the optic spin response at
broadens the intrinsic sharpness of the resonance 30 meV. We believe the incomplete spin correlatigsse
considerably. This emphasizes our previous assertion thainext sectioh may be responsible for the optic tail below
the high energy excitations may not be that sensitive to the-40 meV, and so the data at low energies should not be
effects of twinning and the orthorhombic anisotropy. fitted to our model dispersion. If the optic tail is the result of

We note that an important difference between the workdynamic stripes then the strong similarity between the high-
presented here and that of previous stu¢sesh as Ref. Bis  energy dynamics from both the dispersion and the integrated
that by combining reactor and spallation data we have beeimtensity (see next sectionsuggests that the stripes are
able to resolve the dispersion around the resonance and coweakly pinned and therefore the high-energy scattering can
trast the high-energy spin excitations with the incommensube treated differently than the scattering around, or below,
rate rods at low energies. Previously, it was not clear if thehe resonance energy. Our suggestion of the presence of
dispersion at high energies extrapolated smoothfyinter- weakly pinned stripes is consistent with recent resonant
preted in Fig. 3 in Ref. pto #w=0 or not. Our results clearly x-ray scattering data illustrating a weak hole modulation in
show that the dispersion at high energies is distinctly sepathe CuQ planes, possibly associated with chain ordefihg.
rate from the low-energy incommensurate fluctuations. Théf the stripes are weakly pinned, then the spin-fluctuations at
separation between the two regions is defined by the resdew energies would be expected to have very different prop-
nance energy. The physical mechanism separating these egrties from those at high energy. This provides some support
ergy regions is not currently clear, however, the high-energyor our analysis in which we extract effective exchange con-
excitations are of a different character than those observed atants from only the high-energy data.
low-energies below the resonance. A prediction of the bilayer stripe modélis that the optic

To estimate the in-plané);) and out-of-plangJ,) cou-  scattering near the resonance energy will be incommensu-
plings, we have fitted the acoustic dispersion from the resorate. It is difficult to discuss the possibility of incommensu-
nance to high energiggynoring the low-energy incommen- rability in the optic channel in YBCgk because the optic

surate scatteringo scattering is relatively weak and because we khtivat the
2 12 incommensurate wave vector is smalf~0.06 r.L.u. As
Eacousid) = [Agc+ (@), (1) shown in Fig. 5 the width of the optic scattering below

wheree(q)=7icq (at low energiekis the acoustic dispersion ~40 meV does not change measurably when analyzed as a
predicted by linear spin-wave thedi? and an arbitrary gap Single peak. However, the scan at 32.5 meV in Fig gives
A,.~33 meV has been set close to the resonance energy. F8Slight hint that the low-energy optic scattering may also be
the optic mode, we used the gapped form predicted by |inedpcommensurate_wnh ﬁS'Imllal’ to that of thelacoustlc chan-
spin-wave theory and founti,,~50 meV from the highest- nel. Furthgr stud|e_s at h_|gher doping whefés larger may
energy optic modeglower panel of Fig. & Based on this e useful in resolving this issue. _
analysis we have obtained|~70 meV andJ, ~10 meV. A[though constant energy cuts show well defined peaks,
The derived velocity~365 meV A, using the gapped form We find that constan® cuts up to~100 meV do not show
in Eq. (1), is close to that obtained by extrapolating the high-any clear sign of propagating modes. Figure 8 plots the fitted
energy spin-waves tq=0. intensity and widths as a function of energy transfer based on
The use of the gapped form for the acoustic dispersion i§onstant energy cuts through the data from 20 to 90 meV.
physically justified by the fact that the low-energy incom- Based on this figure, it can be seen that constastans do
mensurate branches meet at the resonance energy theref§@ show evidence for propagating modes., a peak in a
suggestive that the low-energy incommensurate scatteringPnStantQ scan above the resonance energy. This may sug-
and the high-energy dynamics can be treated as differergtest that the spin fluctuations are heavily damped even at
branches. Also the gapped dispersion results naturally if w8igh energies but to confirm this our results need to be ex-

consider the ground state to be approximated by dynamitended to much higher energies due to the large velocity of
stripes or ladder¥® the spin excitations in the energy range studied here. It is

It is well known that for theS=1/2 square lattice, renor- interesting to note that despite the fact we observe two well
malization factors are important. To estimate the true exdefined peaks in the acoustic chan(f@y. 6) it s difficult to
change constants the renormalization fackprhas previ- resolve the two optic modes even-a83 meV (Fig. 7). This
ously been used. This has been estimated from & 1/may |_nd|cate that the optic channel is more hez_ivny damped
expansion by Igarashi to be1.25! Even though it is only a both in momentum and energy than the acoustic channel.
20% effect, the effect of the renormalization factor means
that our measured value of 70 meV translates into
~60 meV. The bare value af, of 60 meV is considerably The previous sections have illustrated that the lineshape
less than the value of 100 meV found in the insulating com-of the magnetic scattering varies dramatically with energy
pounds. We conclude that the effect of doping has been ttransfer. When comparing relative spectral weights between
decrease the spin-exchangg,and concomitantly, the veloc- the acoustic and optic modes, it is desirable to be able to
ity by 40%. compare each energy equally without need for detailed line

For energies below-40 meV we were not able to sepa- shape corrections. In this section we discuss our analysis of
rate reliably the two peaks ig associated with the optic the acoustic and optic weights by integrating over one di-
mode. The dashed bars in Fig. 5 represent the full width amension ing.

C. Extraction of acoustic and optic intensities
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Acoustic Mode (Ei=1 50 meV) YBCO Ortho-II, T=6 K, E=150 meV
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30r b FIG. 9. Scans through the acoustic correlated peak for several
energy transfers. The scans have been integrated perpendicular to
the scan direction over a broad range as discussed in the text in
20 . ? i . order to include all of the correlated scattering. The energy integra-
0 0.2 0.4 0.8 1 tion width for each scan is £+2.5 meV.
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single Gaussian, and more importantly, even when some of

FIG. 8. (Color onling A map of the acoustic intensity as ex- the underlying two-peaked structure remains visible, the
tracted from Gaussian fits to constant energy scans. The intensigaussian does a good job of estimating the integrated inten-
has been plotted on a logarithmic scale and is in arbitrary unitssity needed as input to the ensuing the acoustic-optic analy-
normalized to unity. From this plot, it can be seen that an energyjg.
scan at constar, at energi_es exceeding the resonance energy, Wi!| The large integration width perpendicular to the scan di-
not display a peak or evidence of propagating modes. There iSaction has smeared out the ring of scatteriag shown in
nonetheless evidence of two ridges that move to larger momentuq&ig 3) and allows the correlated intensity to be well de-
as energy increases and that give a qualitative indication of a chafeineq by a single Gaussian from which an amplitude can be
acteristic velocity(dotted ling. extracted. The use of a one-dimensional integral to study the

To analyze the magnetic intensity into its optic and acousintensity as a function of energy transfer has the advantage of
tic components as a function of energy transfer we have agemoving any changes in the line shape with energy transfer
sumed a symmetric two-dimensional Gaussian line shaps discussed in the next sectiowith this analysis we can
(along[1, O] and[0, 1]) and integrated over a broad range in treat all energy transfers on an equal footing in terms of a
|gl. The range is chosen wide enough to collect intensitysingle symmetric Gaussian, and study the acoustic and optic
from all the incommensurate features. This procedure is ilcomponents without need for incorporating detailed changes
lustrated in Fig. 2 by the integration window represented byin the line shape. We discuss the two-dimensional integral as
box A, which shows a broad integration along tf& 1]  a function of energy transfer later.
direction perpendicular to the cut direction. By conducting a To extract the acoustic and optic weights at each energy
one-dimensional cut alonfl, 0], with the intensity inte- transfer, the amplitude from the Gaussian fit was corrected
grated alondO0, 1], we obtained a single peak that includes for the integration perpendicular to the scan direction and the
all of the correlated scattering. The single correlated peaknisotropic magnetic form factor. We emphasize that this
was fitted to a Gaussian plus a sloping background. Thanalysis relies on the assumption of a symmetric Gaussian
width of the integral along thg, 1] was taken to be #2 of ~ centered at thér, ) position. The measured peak intensity
the fitted Gaussian alorid, 0]. We repeated the analysis by of a cut along a particular direction through the peak of a
doing a cut alond0, 1] and integrating by +& along[1, 0]  two-dimensional Gaussian will depend on the integration
and obtained consistent results. Examples of this analysis amindow perpendicular to the cut direction. However, once
displayed in Figs. 9 and 10 for scans of predominantlythe width of the Gaussian is knowdefined byo), the cor-
acoustic and optic weight, respectively. The integrated intenrection for the finite integration perpendicular can be com-
sity profiles at all energies are reasonably described by puted to obtain the true peak intensity of the Gaussian. To
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FIG. 10. Scans through the optic correlated peak for several 92 6 2 :'1 é 8
energy transfers. The scans have been integrated perpendicular to L1 u)
the scan direction over a broad range as discussed in the text. The
energy integration width for each scan is +2.5 meV. FIG. 11. The intensity as a function af is plotted at three

different energies. The solid line is the result of a fit to the sum of
check this analysis, several integration widths were chosetie acoustic and optic structure factors described in the text. Based
and consistent results were obtained. By plotting the coron similar fits, optic and acoustic intensities were extracted as a
rected intensity as a function of the differeitvalues we function of energy transfer as displayed in Fig. 12. For the fitted
obtain the modulation data shown in Fig. 11. The depth ofurves,d/c was fixed at 0.3. The dotted vertical line shows where

the modulation reflects the acoustic-optic ratio. The knowrVe scanned using a triple axis to confirm the presence of optic
structure factors spectral weight at low energies.

, — " in Ref. 34, would only contribute significantly at small val-
X'(Qq0) = Xo, SIT(QAI2) + Xy, COS(QAD),  (2) ues ofL due to their steep form factor decrease.

then enable the acoustig,,) and optic(x;,) susceptibilities The results for the absolute intensities of the acoustic and
to be obtained from a least-squares fit to the data shown ifiptic modes are summarized in Fig. 12. The absolute inten-
Fig. 11. In the fits we have fixed the parameteto be the Sty as a function of energy transfer is qualitatively consistent
known bilayer spacind as successfully done at 33 meV in With data published previously for a similar oxygen

: : ; Lo ,
our earlier reactor experiment. We emphasize that the sep&goncentratiori® The strong asymmetry with a sharp cut off at

ration of spectral weight into acoustic and optic componentiz5 meV that was observed in our reactor déteken line in

is solely based on the fact that there are two coupled laye ig. 12) is observed less clearly because of the broader en-

: . -~ ergy resolution of MAPS near the resonance. The lower
gf:huenlttv\fgllhiggsdoes not depend on correlations or OIampmganel of Fig. 12 shows the FWHM, averaged over direction

Fiqure 11 displavs the dependence of the scattering at and zone, of a fit of a single Gaussian to the one-dimensional
h Igu ISp fy B P d fh Idg cuts at constant energy described previously. This figure is a
three energy transfers. Because théependence of the data , ajitative picture of the dispersion already presented earlier

extends to relatively lovi, we have checked that the optic/ i, this paper. The FWHM gives the over&)l width of the
acoustic ratio is insensitive to the precise valueltt. The  jncommensurate scattering at low energy, the width of the
solid line is the result of a fit to Eq2). At low energies the  commensurate resonance at the 33 meV resonance energy,
scattering can be seen to be predominately acoustic while @hd at larger energies gives a qualitative measure of how the
high energies(above ~60 meV) the acoustic and optic cone of spin excitations opens with increasing enejg-
modes contribute nearly equally at &llvalues. The nearly cussed in detail in the previous sectiofihe integrated data
equal contribution for optic and acoustic modes is consistenpresented herépeak and FWHNI are used in the next sec-
with the results of Pailhest al. at 54 meV in YBCQgs23  tion to compute the total integral overall momentum and
The fact that we clearly see scattering oulLte 7 suggests energy.

that the scattering is predominately fromZspins. Some The acoustic fluctuations exhibit the strong resonance at
other forms of magnetism, like the orbital currents described®3 meV seen in our reactor experiments and also exhibits a
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FIG. 12. The intensities of the acoustic and optic modes are FIG. 13. Scans of the optic spin responseLat6.7 with the
plotted as a function of energy transfefTa6 K in the upper panel. DUALSPEC triple-axis spectrometer at NRU reactor, Chalk River.
The solid bar represents the FWHM resolution of MAPS measuredt can be seen that optic intensity is still present at relatively low
at hw=0. The acoustic and optic intensities are roughly equal agnergy transfers. The solid lines are Gaussian fits to the data. The
high-energy transfers. The optic mode can be seen to extend to vefplid and open circles represent data taken at 9 K and 200 K, re-
low energies compared with the parent antiferromagnetic insulatospectively. The 200 K has had 200 counts subtracted to allow a
The solid lines are guides to the eye. The dashed line is the lowdirect comparison to the 9 K data.
temperature line shape of the resonance obtained using a triple-axis ) ) o
spectrometer and scaled down fron1400 u2/eVto 300 u2/eVto  EXists, its energy is less than20—25 meV. Surprisingly,
account for the poorer energy resolution of the MAPS data. Théhis is much lower than the optic energy gap-e75 meV
lower panel shows the energy dependence of the average FWHM #neasured in the insulating YB@u;Og 15

one-dimensional cuts alortg andK for which the transverse mo- We have confirmed that the optical response extends to
mentum integratiofalongK andH) is set large enough to cover the low energies by direct measurement with triple-axis spec-
diameter of the spin response. trometer where botlh. andzw can be tuned to the desired

values. Scans at the minimum of the acoustic bilayer struc-

weaker second peak at around 55 meV. This weak secortdre factorL=6.7, are shown in Fig. 13 at energy transfers of
peak may be consistent with the shoulder previously ob33.1 and 37.2 meV and at temperatures of 9 K and 200 K.
served by Bourgest al® above the resonance energy. We The fact that the scattering decreases when we heat to 200 K
note that a recent phonon study by Pintschowtial3®> has  supports the interpretation that the scattering is magnetic and
found intense and nearly dispersionless branches which imot from phonons. The scans confirm our findings from
tersect with the zone boundary in this energy range. ThereMAPS that a correlated peak of optic symmetry exists at low
fore, we cannot rule out that any extra scattering may be thenergies at low temperatures. These are the same optic fluc-
result of a significant phonon contribution in the rangetuations that extend to 25 meV in Fig. 12. A further consis-
50-60 meV. We note that we do not observe any new resdency check is that at 33 meV the ratio of optic to acoustic
nant feature above the 33 meV resonance, apart from theeight obtained in our reactor experiment is consistent with
weak 55 meV feature. Such a resonance has been suggestbdt found in the MAPS data. The absolute intensity from the
in theory to result from an antibound state of two holes, thereactor data at 33.1 meV and 37.2 meV was estimated to be
7 particle3® If this new resonance is of a similar strength to 142116,u§/eVand 164+ 15/u§/ev, respectively, based on a
that of the 33 meV resonance, our results put a lower bounghonon calibration. This is compared with a peak value of
of ~100 meV for the energy of any such resonant feature~1400 ,ué/ eV previously measured for the acoustic reso-
Lee and Nagao$4have predicted that orbital current fluc- nance at 33 meV. The factor of about 10 reduction from the
tuations cause additional scattering above the main res@coustic resonance to the optic weight is similar to that mea-
nance. Due to the form factor associated with orbital currentsured at MAPS. The correlated peak observed in our reactor
such scattering should only be apparent for small valués of experiment cannot arise from the feed through of the acous-
not accessible in our experimental configuration. It is cur-tic resonance at both energies, for we have previously dem-
rently not clear if orbital currents are contributing to the scat-onstrated that the acoustic weight decreases substantially
tering we observe around 50—-60 meV. from 33 to 37 meV. However, both our MAPS and DUAL-

A particularly interesting result displayed in both Figs. 11, SPEC data shows the optic weight to be comparable. Also,
12, and 10 is the presence of optical intensity at relativelyprevious measurements of the resonance aJo0d]*® sug-
low energies. Our measurements show that if an optic gagest that at. =6.7, there is essentially no acoustic contribu-
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tion to the scatteringor at least an attenuation factor much ment of spectral weight around the resonance energy. The

larger than 1D prediction of the bilayer stripe model, that the optic scatter-
The Chalk River and MAPS data show that the optic fluc-ing would be incommensurate, has been discussed in relation

tuations do not display any resonant behavior aroundo our data in the previous section.

33 meV unlike the strong acoustic resonance. A similar non-

resonant optic response was obtained by Fengl. in un-

derdoped YBC@,, who observed that the onset of the optic |\ INTEGRATED INTENSITY AND THE SUM RULE

mode energy (~30 meV in YBCQ, declined with

doping®® Our results indicate the gradual buildup of non-  One of the surprising results from our reactor study of the

resonant optic intensity around the resonance energy as hbwsv-energy scattering was that remarkably little spectral

been observed for nearly optimally doped YBE& near weight resides at energies less than or equal to the resonance

53 meV and in ¥, {Ca ;Ba,Cuz0,.3340 energy. We found that the total spectral weight made up only
The presence of optic weight at low energies is surprisingabout 3% of that expected from the total moment sum rule. If

when viewed in the light of linear spin-wave theory which the integrated spectral weight were distributed equally over

predicts a large optic gap of order70 meV for the antifer-  a|| energies, as it is in the insulating antiferromagtetp to

romagnetically ordered insulator. It is also a departure fronthe peak of the dispersion at250 meV, then we would

models for the superconductor, such as the renormalizedaye expected to have found 40 meV/250 mel6% of

mean field theory of Brinckmann and L&ewhich predicts e total spectral weight. The presence of so little spectral

an optic gap equal to or larger than the acoustic resonanGgeight at low energies necessitates a detailed evaluation of

energy. In the previous section, we found that the measureghe integrated intensity at energies above the resonance en-

high-energy dispersion requires a finite bilayer coupling ofg, V.

order 10 meV, which should have served to preserve the “1q get a qualitative idea for the amount of spectral weight

antiparallel spin correlations between layers. The presence gfg observe, and the fraction of the total moment which re-

optic spectral weight below the acoustic resonance, howevegiqes around the resonance energy, we consider the sum rule

leads to the idea that there is a reduction in the correlation o, two uncoupledCuO, layers. Ignoring the effect of the

the spins betweer_1 the two layers. In t_he limit of strong ,dis'chains, and therefore taking only two €uons per formula

order the correlation length alorjg01] is less than the bi- it the total spectral weight integrated over all energy and

layer spacing and there would be hodependence of the momentum should be given by the total moment sum rule:
scattering, analogous to the monolayer system. For weak dis-

order the correlation length would exceed the bilayer spacin 2
and the scattering would depend strongly lonForK(BC% ’ fdwj d*q9q,w) =2 % §S(S+ 1), 3
an intermediate situation prevails. We speculate that the pres-
ence of optic spectral weight at low energies signifies that th&vhere [d°q is the momentum space integral over the corre-
spin correlations in each layer are becoming increasinglhjated peak. In this equation the factor of 2 comes from the
weakened with increasing doping, hence reducing the moddfact that we are taking two Ctiions per formula unit. Here
lation in their acoustic/optic spin amplitudes. Strong decorWe have assumed th&(q,») has been corrected for the
relation of the spins alon01] with increasing hole doping bilayer structure factor and the €uanisotropic form factor.
has been observed in both the,L&rCuO, and LaCuO;., We do expect the total moment sum rule to be reduced as
systems in the elastic chanrfé® The increasing indepen- some of the spins will be inevitably destroyed by the doped
dence of the planes further highlights the magnetic frustraholes. Since the doping concentration is so sna#,0.1 in
tion introduced by doping. With increasing doping, as thethe case of ortho-Il YBC@s, we expect the total moment
layers become decorrelated magnetically, in terms of the sigsum rule to be approximately obeyed. Equating the above
perconductivity the material becomes more strongly coupledntegral to the cross section for paramagnetic scattering
Another explanation for the presence of optic weight at 5
low energies has been outlined in recent theoretical work | = ﬂ—lf dwf dgln(w) + 1]x"(q, ») = = u3g?S(S+1).
based on a bilayer stripe model by Kruger and Schéidl. 3
They considered three different stripe structures based on the (4)
position of the rivers of charge in one layer with respect to ) o _ 5 _
the other. For each structure they found that a finite bilayefor S=; andg=2 this gives a total integral df=2ug. This
coupling would introduce optic spectral weight at energiesestimate provides a useful benchmark with which we can
much lower than the optic gap of the parent insulator andfompare our integrated intensities.
quite close to the resonance energy of the doped sy&tem By integrating the data from O to 120 meV in both mo-
fined here as the energy at which the incommensuratBentum and energy over the optic and acoustic modes, we
branches of spin excitations meeSuch an interpretation find a total integral of 7' [ d?q [ dw[n(w)+1][Xs{(q, ®)
could explain the apparent softening of the optic mode witht x4,(d, )]~ 0.3 ug or about 15% of the total weight pre-
increasing doping and the presence of a weak resonance dficted by the sum rule. The integral from 40 to 120 meV
the optic channel? We note that these calculations are basedhen gives~0.23 ,ué. As a consistency check we have inte-
on an ordered magnetic ground state and therefore do ngrated the acoustic mode from O to 40 meV and have found
predict the large suppression of spectral weight at low-a total spectral Weightof~0.07,u§ which agrees reasonably
energies which occurs for nonzero doping, nor the enhancewvell with the total integral of 0.0&é measured in our reac-
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YBCO Ortho-ll, T=6 K poorer energy resolution of MAPS fd; =150 meV causes
' ' ' ' ' the resonance to appear much broader in energy and lower in
35 © Chak River (Triple-axis) 1 peak intensity than that measured in our reactor data. We
_ ® SIS (Time—oi-fiight) emphasize, however, that the total integrals for the reactor
% 30r = === YBCO,,;Haydenetal. | and time-of-flight measurements are the same within error
m;m for energy transfers 0—45 meV. The two data sets do agree
= 25; T in the energy range of 35—45 meV where the magnetic scat-
g tering is smoother in energy. As illustrated in Fig. 14, the
= 201 1 prediction for the spectral weight from linear spin-wave
o theory is violated at low energies in YBG@where the spin
o 150 % 1 fluctuations are dominated by the intense resonance peak.
™ Because the spectral weight at low energies has been fully
S 1o} ° 1 discussed in Ref. 3, we will focus on the spectral weight
= ¢ + # above the resonance energy. Figure 14 shows that the mo-
5 -0?-’4*}--{*---{ mentum integral abov_e 40 meV i_s near!y constant as ex-
00 ) pected for spin excitations with a linear dispersion. Its mag-
R TR nitude is consistent with measurements made by @@39.
E (meV) (see Fig. 5. However, our data provide a strong indication

that y"(w) is effectively constantwell above the resonance

FIG. 14. Momentum integrated susceptibility as a function of ENergy, unlike previous interpretations of a broad second
energy transfer for the acoustic mode only. The integration for thé)eak chated at a h'gh energy of 60 meV- The high-energy
MAPS data(E;=150 meV is plotted above 35 meV with filled acouzsnc momentum '|ntegrgl is only slightly larger than that
circles. The open circles are data taken previously at Chalk Rive?4 IU“B/eV) measuret;l "’_' the msy!ator _YBC&% by Haydenet'
using a triple-axis spectrometéE;=14.5 meVl. The low-energy  &l- at 100 meV This is surprising given that the effective
spectrum is dominated by the resonance peak-a8 meV. The €xchange constant, and hence velocity, in YBG®as de-
high-energy integrated susceptibility is nearly constant and is simicreased by a large factor of 60%. This would imgfyven
lar to that previously measured in tN8COg ;5 insulator. the same spectral weight distributjothat the data should

approach a constant value of 4/6-6—-8 ,ué/e\/. Our data
tor experiment. The difference between the reactor and spajn the range 50—100 meV lie in the range S#Q/e\/, some-
lation absolute unit calibration illustrates that the experimenwhat smaller than expected but within error. A small reduc-
tal error in the measurements quoted here is about 20% ajon in the renormalization factaZ, may possibly occur in
~0.015 u3. the doped system.

To connect our data with other experiments and theory, For the total moment, measurements on YBGOhave
we must correct the absolute measurement for the quantugiven about~0.2 ,uzB when integrating up to 120 meV,
renormalization factoZ,. Z, has been measured from the whereas we find a slightly larger value of Qu3. Because
momentum-integrated spectral weight in both insulatingour measured exchange constant is reduced to 60% of that of
YBCO and LSCO and agrees with the calculated value othe insulator we expect our measured total spectral weight to
~0.54%%2Therefore, the actual fraction of the total momenthe ~0.3—0.4.2. Our result for the total spectral weight is in
measured is about 15% of the total moment. In the insulatogood agreement with expectations given that the accuracy of
YBCOg 15 performing the same integral up to 120 meV onthe intensity calibration is about 20%s well as the accu-
gets~0.2 ,u'é/e\/.4 It is not surprising that we obtain a small racy of the estimated effective exchange constaie em-
fraction of the total moment at these energiesyascreases phasize that the total integral would be inconsistent, and too
dramatically as the dispersion reaches its maximum near themall, were it not for the fact that the optic mode softens
antiferromagnetic zone boundary. considerably from the insulator concentrationxsf0.15 to

A simple prediction of linear spin-wave theory for a x=0.5. Therefore, the apparent loss in spectral weight dis-
square plaquette of Ctispins is that the low-temperature played in the acoustic momentum integral is compensated by
momentum-integrated susceptibility”(w) = [d®qx"(q,w),  the presence of optic spectral weight at low energies. For
is independent ofw in the linear spin-wave region as has La, g;Ba; 1,4CuQ,, no correction for any change in ex-
been confirmed in insulating YBCQs***As pointed out by  change constant is required since the spin-wave velocity is
Shamotoet al., the momentum-integrated weight is inversely similar to that of the insulatd¥The high-energy momentum
proportional to the exchange constéhiherefore, a reduc- integrated spectral weight in kg;d8ay 1,{CuUQ, is similar to
tion in the exchange constafr spin-wave velocity will  that measured in the insulating monolayer compounds. In
translate into an increase in the momentum integrated speeonclusion, we find that the spectral weight at high energies
tral weight. For the insulator, in the low-temperature orderedn YBCOg 5 agrees very well with that of the insulator when
phasey’(w) saturates at a value ef4 u3/eV. The momen- the change in exchange constant and the softening of the
tum integralf/d?qy”(q, w) as a function of energy transfer for optic mode is taken into account.

YBCOg 5 is plotted in Fig. 14. The MAPS data are shown for  Despite the fact that the resonance carries a large fraction
the range from 35-120 meV and our earlier Chalk Riverof the spectral weight at low energies, it is not significant
reactor data are plotted from 0—45 meV. The reactor rathecompared with the total integral extending up to higher en-
than MAPS data are shown below 45 meV because thergies. This lends support to the idea that the resonance itself
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FIG. 15. (Color online The spectral weight calculated for an  FIG. 16. (Color onling The spectral weight calculated for a
Orderedspin structure with domains of e|ght Spins Separated by edisordered Stripe state on a Iogarithmic scale. Instead of the hole
stripe of S=0 states. The dispersions along the direction are  always occupying the same position, the hole was allowed to shift
shown in the upper panel and along thiein the lower panel. The randomly along[100] perpendicular to the stripe boundary. The
intensity is plotted on a logarithmic scale. The valueaoénd the  detailed bands found in the ordered stripe state are found to be
domain size was chosen to agree with our reactor data, as discuss@feared out considerably.

in the text. )
~120 meV} comprises only~10% of the total spectral

cannot be associated with a pairing boson which would reweight. Therefore, in terms of spectral weight located around
quire a much larger fraction of the total spectral weight to be(7, 77), the stripe model does not predict a substantial change
centered at the resonance enelpp low spectral weight from that of the insulator.
around the resonance is predicted by the spin-fermion model The dispersion and distribution of spectral weight at high
based on phase space arguméfis. energies predicted by the stripe calculation shown kane

As an intuitive guide we have carried out linear spin-waveindeed those presented elsewhatifer dramatically from
calculations based on both an ordered and disordered statige data. Linear spin-wave theory based on an ordered stripe
stripe ground statésee the Appendix The hole-rich region  ground state predicts bands in the high-energy spectrum with
is modelled as a vacant site across which a weak exchanggibstantial gaps of order 05~50 meV belowiw~J. In-
coupling acts to produce antiphase domains. We expect thgead of large gaps in the energy spectrum we observe the
model to be most appropriate for high frequencies where thepectral weight to be distributed uniformly above the reso-
excitations see the slow stripe dynamics as essentially statigance energy. The predicted spectrum based on an ordered
The stripe spin waves may provide a partial explanation foktripe ground state would also result in an significant aniso-
the presence of reduced spectral weight around(ther)  tropy in the high-energy dynamics. This is clearly not the
position. The stripe model with small dampir§ig. 15  case in our measurements as illustrated in Figs. 3 and 4 and
shows that significant spectral weight is located throughouss discussed previously. Since we know the measured high-
the Brillouin zone, in contrast to the conventional spin waveenergy spin spectra are continuous in energy as well as rela-
model whose weight is concentrated arodnd). For large  tively isotropic(Fig. 5) we have extended our stripe model to
damping, which we speculate may occur for YBEOthe  include roughened stripe boundaries. This may also simulate
extra spectral weight would be distributed throughout thestripes moving slowly relative to the high-frequency spin-
entire zone, would be unobservable as a well-defined corravaves. We have performed calculations where the position of
lated peak and so would not contribute to our integral for thethe hole-rich region, represented by a vacancy, is randomly
spectral weight. Although this would entail a reduction of placed to the left of, to the right of, or on the mean position
weight near(ar, ), our calculations show that the weight of the boundary in the above 8-spin-plus-vacancy stripe
located far from the(w,7) position (and below fw model. The results given in Fig. 16 show that the disordered
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stripe model partially eliminates the band gaps, howevestate. Therefore, a combination of a higher energy at which
there still exists a large anisotropy not observed in our datathe incommensurate peaks meet and a lower superconducting
We therefore conclude that only the low-energy dynamicgap may explain why the resonance peak is not as well de-
are similar to that expected from an ordered stripe groundined in LSCO compared with YBCO.
state. The occurrence of incommensurate scattering that is de-
Although the stripe model correctly predicts incommen-Scribed by a dynamic stripe model only at low energies sug-
surate modulation below the resonance, we emphasize thg€Sts that stripes are weakly pinned in the YBECGystem.
the model, in particular its spectral weight, is not valid at low 1NiS result provides an important energy scale for theories

energies. This is because the stripes are dyndréd. 47 -

involving low-energy fluctuating stripe phas&sThe evolu-
rather than static in YB&£uO4 5 because the bilayer cou- tion with energy from stripe-like excitations that are hydro-
pling is assumed small, and because spin destruction by ho

Rynamic in nature to spin-waves also provides an explana-
doping is ignored. The model provides only a qualitative wayIon for the breakdown ofw/T scaling observed at high
of interpreting the spin map ig and w at high energy.

energies in our previous reactor work. We emphasize that
even though we use the language of stripes here, any model

lculati ¢ Uhri 124 who caloul he triol Which results in one-dimensional spin density wave fiuctua-
calculations of Uhriget al** who calculated the triplon ex- iong at low energies would be consistent with our data.

citation spectrum associated with a two-leg spin ladder. TWo  one way of reconciling these two regions in the excitation
van Hove singularities were found, around the resonance eRpectrum in terms of fluctuating stripes is that the resonance
ergy (or when the incommensurate branches maed atthe  may represent a characteristic energy defined by the size of a
top of the spin energy dispersion. It is likely that a goodstripe domain. For spin fluctuations with a wavelength
fraction of the remaining SpeCtl’aI Welght exists at hlgher en'greater than the domain Siﬂew_energy excitatioﬁahe dy_
ergies(the high-frequency van Hove singulasitygnd there-  namics of the domain walls will be important. For high en-
fore is not included in our total moment integral. The CalCU'ergieS Where the Wavelength iS Shorter than the distance be_
lations of Uhrig et al. also show that the momentum- tween domain walls the dynamics of the stripes will not be
integrated spectral weight is nearly constant between the tWpnportant and the excitations will ook similar to those of the
van Hove singularities. This agrees with our observationsparent insulating compound. This physical picture is partially
However, their calculations predict the absolute spectrajefiected in our mean-field calculatiofisee the Appendix
weight at high energies to be substantially reduced from tha$ased on a disordered stripe ground state. This response is
in a generic cuprate insulatdike YBCOg ;5. This is incon-  qualitatively similar to that of stripe-liquid theof§.The ex-
SiStent W|th our I’esu|tS a.nd those measured in Other Cuprat%riment shows that the Spin response then shows Stripe-”ke
Experiments extending to much higher energies are clearlyenavior only at low energies. This then implies, in the con-
required to resolve the issue of total spectral weight. text of stripes, that the rivers of charge are only weakly
pinned.

The excitation spectrum of a stripe ground state was first
calculated by Batistat al1” and has recently been extended

One of the key observations in this experiment is the presby Kruger and Scheidft and Carlsoret al!# These calcula-
ence of excitations at high-energy transfers similar to thdions, as well as our own linear spin-wave calculation, show
spin-waves observed in the parent insulating compoundshat a stripe ground state cannot exhibit, in the case of weak
This is based on the high-energy dispersion as well as thstripe coupling and disordésee the Appendjx a symmetric
absolute momentum integrated spectral weight at high enesone around thés, ) position. Despite the fact that disor-
gies. The spin excitations are well defined in wave vector buter helps to remove the gaps, a significant anisotropy still
not in energy. A direct comparison of these results to those oéxists in the linewidth at high energies when scanned along
the low-energy excitations previously studied suggests tw¢10] compared with[01]. This anisotropy results from the
distinct regions of the excitation spectrum: one at low enerintersection of two spin-wave cones emanating from the in-
gies, less than 33 meV, and well described by onecommensurate positions. This is in contrast to the relatively
dimensional incommensurate fluctuations, and another asotropic widths we observe in YBGQ Also, the spin-
high energy with excitations characterized by commensuwave calculation is not capable of explaining the suppression
rately centered fluctuations that disperse in a similar isotroef spectral weight at low energies, for it ignores the magnetic
pic manner as spin-waves. frustration introduced by doping and as well assumes an or-

Based on the measured dispersion in §-8Ba; 1,Cu0O,  dered ground state.
(Ref. 8 and La g,Sry 1{Cu0,,%” the low-energy dispersion The existence of excitations above the resonance energy,
with incommensurate peaks meeting at higher energies agimilar to those found in the parent insulating cuprate com-
pears to be a common trait of the cuprate superconductorpounds, suggests that the resonance may be interpreted as a
However, the momentum integrated acoustic susceptibility agapped mode which gradually decreases in energy with de-
a function of energy transfer we measure in YBG@on-  creasing doping. Such an energy gap was predicted in the
trasts with that measured in LgSr, 1/,Cu0,.28 In particular  early theory of Chubukoet all® for a quantum disordered
no sharp well-defined resonance peak in the susceptibility iground state. More recent developments by Derelerl.
observed in LSCO. As noted in our previous reactor studysuggesting the close proximity of a spin-density wave
the spectral weight under the resonance comes from the loWSDW) phase may explain the existence of the low-energy
energy spectral weight suppressed in the superconductiigcommensurate fluctuatiof3The magnitude of the energy

V. DISCUSSION
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gap is predicted to decrease according to a power law as theeasured in Lag;88a; 1,{Cu0O, suggests that the spin dy-
Néel state is approached, which is qualitatively seen in th@amics in doped Cufsystems may have a universal expla-
YBCOg,, system. Such a response is also predicted in thaation.

spin-fermion modet® To test this prediction it would be

valuable to study the high-energy excitations near the bound-
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slightly declines with increasing energgee Fig. 1 of Ref.
13), unlike our observation of an opening in theseparation
with energy that reflects a characteristic spin velocity. The
high-energy line shape predicted in Ref. 13 is weakly aniso-
tropic and is consistent with the near symmetric ring ob- The qualitative nature of the spin excitations above and
served in this experiment. below the resonance energy are very different. The low-
Despite the several similarities in the high-energy specenergy excitations are incommensurate with peaks displaced
trum of the cuprates recently measured and discussed in thishly along thg[100] direction, in qualitative agreement with
paper, there are many key differences which are currently nahe spectrum predicted for a stripe ground state. The high
resolved. First, despite the fact that we observe a symmetrignergy excitations arisotropicin the direction ofq, within
ring of scattering, recent measurements reported in Ref. @xperimental error, and are qualitatively similar to spin-
show a clear anisotropy around tlie, ) position. Also, waves originating from thérm, 7) position. Given the differ-
whereas we observe the momentum integrated spectraht behavior at high- and low-energy energies it is important
weight to be nearly frequency independent above the resae determine if the two regimes can be understood in terms
nance energy, previous studi@scluding Ref. 9 and Ref. 36  of the same ground state. In this section we describe linear
report a significant peak in the integrated spectral weight agpin-wave calculations for aorderedstripe ground state as
high energies. Some of these apparent discrepancies may tell as numerical simulations describing the effects of dis-
associated with different dopings and Ref. 54 has suggestastder on the spectrum. We find the results of the calculation
the existence of a metal to insulator transition in YB£GCat  are not consistent with experiment.
x~0.55. Nevertheless, further studies are required to resolve In our calculations, which parallel those of Batisteal .1’
these discrepancies. Kruger and Scheidl>*®and Carlsoret al1* we have numeri-
cally calculated the excitation spectrum ofan ordered stripe
ground state with one-dimensional domains of 8 spins sepa-
rated by a vacant spin-site. The vacant site is taken to model
We have shown that the spin excitations of an underdopethe region of large hole density separating antiphase do-
YBCO superconductor evolve from stripe modulations atmains. The size of this domain structure is expected from the
low energies to a near symmetric cone of spin-waves abovknown positiori of the low-energy incommensurate modula-
the resonance energy. Based on the dispersion we have egipn in ortho-Il YBCO;5. We have used antiferromagnetic
mated the in-plane exchange constant to-3&% meV, 40% Heisenberg exchange between the spins and have varied the
less than the exchange of 125 meV in YBEL@ In contrast ~ strength of the weak coupling between domains across the
to the insulating compound we find that optic weight isvacancy at the charge stripg), relative to the strong cou-
present at relatively low energies. We suggest that with inpling within a spin domain(J), so as to define the key ratio
creasing doping the bilayer spins are gradually decoupled as§/J= a. Having fixed the domain size from the position of
the superconducting coupling of the carriers increases. Wkhe low-energy incommensurate peaks the parametee-
find that the total spectral weight is similar to that expectedtermines the position at which the low-energy incommensu-
from the insulator, when renormalization factors and the refrate rods meet, or where the resonance energy occurs in ex-
duced exchange constant are taken into account. The form periment. The weak antiferromagnetic exchange, eag.,
the high-energy spectrum cannot be explained with an or=0.075, between domains couples spins two sites apart and
dered stripe model, nor one with weak disorder. The highso leads to antiphase domains. We have determined the rela-
energy excitations are similar to spin-waves in the insulatotive cross sections as well as the energies so as to compare
based on both dispersion and spectral weight. The data amith experiment.
inconsistent with what is expected from a static ladder The energy spectrum of an ordered spin ground state can
ground state. We note that the several similarities of the exbe determine from dynamical mean-field theory by solving
citation spectrum we measure in ortho-ll YBg&with that  the set of coupled, first-order equations given by

APPENDIX: EXCITATIONS OF AN ORDERED AND
DISORDERED STRIPE GROUND STATE

VI. CONCLUSION
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d(S(1, 1) =h(l,t) X (S(1,1)). (A1)  dimensional anisotropy similar to observation: al¢ag K]
a gap occurs at the resonance energy with little weight at
lower energy, while alongH, 0], perpendicular to the stripe,
the energy falls to zero and the intensity grows on approach
h(l, =2 (1,1 +m)(S(l +n;,1). (A2)  tothe incommensurate momenta.

n; Based on our reactor studies of the low-energy spectrum

. . of ortho-Il YBCOg5, we expect the spin response to be
By assuming a particular ground state struct(8()) and highly damped. In our previous analysis of the low-energy

expanding the above equations linearly in deviations abouécatterin we estimated a dvnamic correlation lenath
this ground statéXS(l,t))) the following set of linear equa- 20 A agr]1d a spin-wave veloci}[/y dfc~ 300 meV A givingg

tions Is obtained a large energy broadening of'2-30 meV. In terms of the
-id,SH(1,t) = > [h2(1)8(1,)) = SL(1)I(,))]S (j,t) (A3)  Stripe picture this could be taken as evidence for the presence
j of a large amount of disorder along the stripeSsfO states.
In an attempt to simulate this we have arranged the holes on
a finite lattice to have a random and normal distribution
-idSf(t) =AS(1). (A4) (with standard deviatiom=1 cell or one C&" site) around
. : _ : o i the ordered position such that the hole can be shifted up to
In this equationS'(l,H=&Sdl, D)+ XS(1,0), M) is the two unit cells along thg1, 0] direction. Using periodic
boundary conditions we have then calculated the spin spec-
trum based upon a 1024 spin lattice ground sta&eby 32
sping using the same formulas presented above. The results

To obtain the spectral weight as a function of momentu were not found to change significantly for smaller lattices.

; . The results presented in Fig. 16 are averaged over seven
and energy transfer we have solved for the Green'’s function. . .
GIS'(1,1,5(),0]=-i0®(S(1,1),5(,0], and then different iterations of the 3% 32 random-hole structure.

taken the imaginary part to get the neutron scattering cross The results for such a configuration is presented in Fig. 16

section. Solving the equations of motion for the Green’sand shows that the spectral weight can be smeared out con-

siderably by such a disordered ground state. This calculation

Here, h(l,t) is the molecular field acting on the sp8il,t)
caused by its nearest neighbors,

or

molecular field with(S(l+n;,t)) set to the ground state val-
ues((S%(1))), and &(,j) is equal to one wheh=j and zero
otherwise. By diagonalizing the matrik the energy spec-
trum can be found for any ground state and spin-coupling.

function, also shows that many of the features displayed by the or-
D81, Kw+Al,K]IG[S (k,),S(j,0] dered system displaced far from ther, ) position are
k smeared out. Also, the spectral weight again appears as a
=([S"(1,0),5(j,0)]), (A5) correlated peak around tH€, w) positions expected in the

absence of stripes and the gapped structure calculated for the

the neutron cross section was obtained by setingo  ordered system is now smeared out in energy and momen-
w+ie, inverting, and summing all  possible tum. Because the model assumes an ordered ground state it is
G[S'(l,w),S(j,0)]. The parametek represents some form not able to reproduce the suppression of the low-energy spin-
of damping. fluctuations, which we have previously found to be well de-

The results for the eigenvalues and the spectral weight arscribed by overdamped spin-waves. Our formulation of a
shown in Fig. 15 for a domain size of 8 spins and a ratio ofdisordered stripe structure is expected to be more appropriate
inter- to intradomain coupling ofa=0.075. TakingJ  for higher-energy excitation&above the resonances the
=125 meV, we have chosen the domain size to give the cotenergy transfer is greater than the broadening &f 2
rect position for the low-energy incommensurate peaks as-30 meV expected from our reactor data. We note that the
measured in our reactor data. The valueaofvas chosen high-energy response found in our disordered stripe model is
such that the top of the lowest branch of the dispersion coeonsistent with the increase with energy of the observed
incided with the position of the measured resonancewidth in q reported for commensurate LgaBaj 1,4Cu0;,
energy>'” We note that such a detailed microscopic modelalthough our data and calculations show less anisotropy at
for the resonance has not been conclusively proven to datehigh energy than the calculations for the spin ladder médel.

The spectrum displays eight branches, as expected given Even though the low-energy scattering below the reso-
the ground state chosen in this calculation. The energy axis isance may be interpreted in terms of stripes, our numerical
given in units of the intrastripe coupling). It is worth not-  calculations show that it is difficult to interpret the high-
ing that the spectral weight is concentrated roughly in theenergy scattering in terms of a stripe ground state. Our re-
region where excitations would be present in the insulatingults for an ordered ground stafeith no disorder show
compound. Thus we see in Fig. 15 that the weight lies closéarge band gaps clearly not observed in the data. The intro-
to where a single conventional spin-wave band would occuduction of disorder does the smear band gaps but does not
as one moves from one band to another of the multibranchemove a large anisotropy, particularly in the linewidth. Our
dispersion of the stripe model. The concentration of spectradtripe model fails to account for the peak in the spectral
weight around individual branches separated by a finite gapeight at around 55 meV. The model does not account for
is not observed in the experiment. It is satisfying, howeverthe asymmetric resonance spectral profile found in our pre-
that the spin waves of the stripe model do show onevious reactor work.

024522-17



STOCKet al. PHYSICAL REVIEW B 71, 024522(2005

1E. Manousakis, Rev. Mod. Phy$3, 1 (1991). 29A. T. Boothroyd, D. Prabhakaran, P. G. Freeman, S. J. S. Lister,
2M. A. Kastner, R. J. Birgeneau, G. Shirane, and Y. Endoh, Rev. M. Enderle, A. Hiess, and J. Kulda, Phys. Rev6B 100407R)

Mod. Phys. 70, 897 (1998. (2003.
3C. Stock, W. J. L. Buyers, R. Liang, D. Peets, Z. Tun, D. Bonn,3oT. Barnes, E. Dagotto, J. Riera, and E. S. Swanson, Phys. Rev. B

W. N. Hardy, and R. J. Birgeneau, Phys. Rev.68, 014502
(2004).

4S. M. Hayden, G. Aeppli, T. G. Perring, H. A. Mook, and F.
Dogan, Phys. Rev. B64, R6905(1996.

5D. Reznik, P. Bourges, H. F. Fong, L. P. Regnault, J. Bossy, C.
Vettier, D. L. Milius, I. A. Aksay, and B. Keimer, Phys. Rev. B 32

53, R14 741(1996.

6R. Coldea, S. M. Hayden, G. Aeppli, T. G. Perring, C. D. Frost, T.
E. Mason, S.-W. Cheong, and Z. Fisk, Phys. Rev. L8&.5377
(2002).

7S. M. Hayden, H. A. Mook, P. Dai, T. G. Perring, and F. Dogan,
Nature(London 429 531 (2004.

83. M. Tranquada, H. Woo, T. G. Perring, H. Goka, G. D. Gu, G.

Xu, M. Fujita, and K. Yamada, Natur€_ondon 429 534
(2004.

9P. Bourges, H. F. Fong, L. P. Regnault, J. Bossy, C. Vettier, D. L.

Milius, I. A. Aksay, and B. Keimer, Phys. Rev. B6, R11 439
(1997.
10M. Arai, T. Nishijima, Y. Endoh, T. Egami, S. Tajima, K. To-

mimoto, Y. Shiohara, M. Takahashi, A. Garrett, and S. M. Ben-

nington, Phys. Rev. Lett83, 608(1999.

11H. A. Mook, P. Dai, F. Dogan, and R. D. Hunt, Natuteondon
404, 729(2000.

12D, Reznik, P. Bourges, L. Pintschovius, Y. Endoh, Y. Sidis, Y.
Shiokara, and S. Tajima, cond-mat/0307%@mpublished

13y..J. Kao, Q. Si, and K. Levin, Phys. Rev. &L, R11 898(2000.

14E. W. Carlson, D. X. Yao, and D. K. Campbell, Phys. Rev78
064505(2004).

I15F, Kruger and S. Scheidl, Phys. Rev.&, 134512(2003.

16F. Kruger and S. Scheidl, Phys. Rev. B, 064421(2004).

17C. D. Batista, G. Ortiz, and A. V. Balatsky, Phys. Rev. @,
172508(2001).

18A . V. Chubukov, S. Sachdev, and J. Ye, Phys. Revi® 11 919
(1994,

19D, Peets, R. Liang, C. Stock, W. J. L. Buyers, Z. Tun, L. Taillefer,
R. J. Birgeneau, D. Bonn, and W. N. Hardy, J. Supercatf).
531 (2002.

20The correlation length was obtained from a Lorentzian fit to the

data(1/[1+(q/&)?]).
21s. M. Hayden, G. Aeppli, P. Dai, H. A. Mook, T. G. Perring,

47, 3196(1993.

31D, L. Feng, A. Rusydi, P. Abbamonte, L. Venema, |. Elfimov, R.

Liang, D. A. Bonn, W. N. Hardy, C. Schubler-Langeheine, S.
Hulbert, C.-C. Kao, and G. A. Sawatzky, cond-mat/0402488
(unpublishegl

. D. Jorgensen, B. W. Veal, A. P. Paulikas, L. J. Nowicki, G. W.

Crabtree, H. Claus, and W. K. Kwok, Phys. Rev.4, 1863

(1990.

333, Pailhes, Y. Sidis, P. Bourges, V. Hinkov, A. lvanov, C. Ulrich,
L. P. Regnault, and B. Keimer, Phys. Rev. Le®3, 167001
(2004.

34p. A. Lee and N. Nagaosa, Phys. Rev.6B, 024516(2003.

35, Pintschovius, D. Reznik, W. Reichardt, Y. Endoh, H. Hiraka, J.
M. Tranquada, H. Uchiyama, T. Masui, and S. Tajima, Phys.
Rev. B 69, 214506(2004.

36p, Dai, H. A. Mook, S. M. Hayden, G. Aeppli, T. G. Perring, R.
D. Hunt, and F. Dogan, Scienc284, 1344(1999.

37K. Yamada, Y. Endoh, C.-H. Lee, S. Wakimoto, M. Arai, K.
Ubukata, M. Fujita, S. Hosoya, and S. M. Bennington, J. Phys.
Soc. Jpn.64, 2742(1995.

380. Tchernyshyov, M. R. Norman, and A. V. Chubukov, Phys.
Rev. B 63, 144507(2001).

3%H. F. Fong, P. Bourges, Y. Sidis, L. P. Regnault, J. Bossy, A.
Ivanov, D. L. Milius, 1. A. Aksay, and B. Keimer, Phys. Rev. B
61, 14 773(2000.

403, pailhes, Y. Sidis, P. Bourges, C. Ulrich, V. Hinkov, L. P. Reg-
nault, A. Ivanov, B. Liang, C. T. Lin, C. Bernhard, and B. Ke-
imer, Phys. Rev. Lett91, 237002(2003.

413, Brinckmann and P. A. Lee, Phys. Rev.@5, 014502(2000.

423, Wakimoto, R. J. Birgeneau, M. A. Kastner, Y. S. Lee, R. Er-
win, P. M. Gehring, S.-H. Lee, M. Fujita, K. Yamada, Y. Endoh,
K. Hirota, and G. Shirane, Phys. Rev. @&, 3699(2000.

4%y, S. Lee, R. J. Birgeneau, M. A. Kastner, Y. Endoh, S.
Wakimoto, K. Yamada, R. W. Erwin, S.-H. Lee, and G. Shirane,
Phys. Rev. B60, 3643(1999.

443, Shamoto, M. Sato, J. M. Tranquada, B. J. Sternlieb, and G.
Shirane, Phys. Rev. B8, 13 817(1993.

45H.-Y. Kee, S. A. Kivelson, and G. Aeppli, Phys. Rev. Le88,
257002(2002.

S.-W. Cheong, Z. Fisk, F. Dogan, and T. E. Mason, Physica B*®*A. Abanov, A. V. Chubukov, M. Eschrig, M. R. Norman, and J.

241-243 765(1998.

Schmalian, Phys. Rev. LetB9, 177002(2002.

223 M. Tranquada, G. Shirane, B. Keimer, S. Shamoto, and M#’S. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan, J. M.

Sato, Phys. Rev. Bl0, 4503(1989.
23R. Coldea, MSLICE version 2001.

Tranquada, A. Kapitulnik, and C. Howald, Rev. Mod. Phy$,
1201 (2003.

24@G. S. Uhrig, K. P. Schmidt, and M. Gruninger, cond-mat/0402659*8J. Zaanen, M. L. Horbach, and W. van Saarloos, Phys. R&8,B

(unpublished

25M. Vojta and T. Ulbricht, Phys. Rev. Leti93, 127002(2004).

26S. M. Hayden, G. Aeppli, H. A. Mook, T. G. Perring, T. E. Ma-
son, S.-W. Cheong, and Z. Fisk, Phys. Rev. Letg, 1344
(1996.

27N. B. Christensen, D. F. McMorrow, H. M. Ronnow, B. Lake, S.
M. Hayden, G. Aeppli, T. G. Perring, M. Mangkorntong, M.
Nohara, and H. Tagaki, Phys. Rev. Le®3, 147002(2004).

8671(1996.

49J. Zaanen and W. van Saarloos, Physic282-287 178 (1997.

50D, K. Morr and D. Pines, Phys. Rev. Let81, 1086(1998.

513. 1. Igarashi, Phys. Rev. B6, 10 763(1992.

52p, Bourges, H. Casalta, A. S. Ilvanov, and D. Petitgrand, Phys.
Rev. Lett. 79, 4906(1997).

53E. Demler, S. Sachdev, and Y. Zhang, Phys. Rev. L8,
067202(2001).

28p, Bourges, Y. Sidis, M. Braden, K. Nakajima, and J. M. Tran-54X. F. Sun, K. Segawa, and Y. Ando, Phys. Rev. L&8, 107001

guada, Phys. Rev. LetB0, 147202(2003.

(2009.

024522-18



