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We present elastic and inelastic neutron-scattering results on highly oxygen-ordergduyBgs; ortho-I1.
We find no evidence of the presence of long-ranged ordered magnetic moments to a sensithitQ@fug ,
an order of magnitude smaller than has been suggested in theories of orbdalensity-wave(DDW)
currents. The absence of sharp elastic peaks rules out the existence of well-correlated static DDW currents in
our crystal. We cannot exclude the possibility that a broad peak may exist with extremely short-range DDW
correlations. For less ordered or more doped crystals it is possible that disorder may lead to static magnetism.
We have also searched for the large normal-state spin gap that is predicted to exist in an ordered DDW phase.
Instead of a gap we find that th@-correlated spin susceptibility persists to the lowest energies studied,
~6 meV. Our results are only compatible with the coexistence of superconductivity and orbital currents if the
latter are dynamic and do not participate in a sharp phase transition to a highly ordered DDW state.
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. INTRODUCTION Sonieret al1° on YBCQ; ¢, and YBCQ, o5 were initially in-
terpreted as showing the existence of static magnetism con-
The search for the origins of high-temperature superconsistent with thed-density wave or other orbital current theo-
ductivity has led to many concepts in condensed-matteries. However, further work showed that the complexSR
science. One of these is that antiferromagnetism can origi-results are more likely to arise from the charge inhomogene-
nate from orbital currents. This idea underlies the staggereifies of a stripe structure rather than frodhdensity-wave
flux phase of Marston and Affleckthe proposed dynamic order. For YBCQ in a magnetic field, Milleret al? de-
orbital currents of Wen and Leleand thed-density-wave  scribed theiruSR results with a model that gives an im-
(DDW) order of Chakravarty and co-workets® The orbital proved fit when a static antiferrromagnetic moment is in-
currents would flow in the planes of cuprate superconductorsluded in the vortex cores. At doping>0.5 we note that
around a region of the size of the unit cell. They would befilled Cu-O chain segments may lie adjacent, while for
equivalent to a small magnetic moment to which neutronsyBCOg 5, ortho-Il ordered, the chains lie two cells apart and
are sensitive. The theory of Chakravarty and co-workers prean empty Cu chain separates them.
dicts that static DDW order would appear as an elastic Bragg Chakravartyet al® stated that the results of Ref. 9 are
peak well above the superconducting transition temperatureonsistent with the DDW theory. This claim is based on three
Most models require a breaking of the translational symmeebservations. An elastic magnetic peak was observed at
try of the CuQ planes aQ=(,), but the orbital currents (4, ), its intensity decreases much faster wi@j than does
predicted by Varmado not. the C# " spin form factof3 and finally, since the DDW is
There have been several reports of a static magnetic sigsing-like and breaks a discrete symmetry, there should be a
nal at (m,m) in YBa,CusOg,y (YBCO) at a surprisingly gap!* which they pointed out is consistent with the

large ordering temperature of300 K. Sidisetal® per- ~20-meV gap reported by Dai and co-workers in
formed both unpolarized and polarized neutron-scatteringyBCQg ¢.%1°
measurements along with zero-fiejdSR experiments on It is clearly important to know whether static magnetism,

YBCOgs. They observed an elastic magnetic peakQat regardless of its microscopic origin, plays a universal role in
=(1/2 1/2L) for L=2 but not forL=0. They found this to the superconductivity of YBCO, and whether it depends on
be consistent with G moments of~0.05ug, pointing i oxygen concentration, oxygen order, and orthorhombic twin-
the a-b plane and antiferromagnetically coupled within the ning. To answer this we have carried out elastic and inelastic
plane and between the bilayers. However, theR results neutron scattering on partially detwinned orthorhombic
conducted on a piece from the same sample did not displayBCOg 5 in which the oxygen is well ordered in the ortho-ll
oscillations consistent with the magnetic moment observeghase. In this phase copper chains albficfilled with oxy-

by neutron scattering. gen occur every second cell along th& direction. We es-

At a slightly larger oxygen doping Mookt al® observed tablish the absence of elastic magnetic signal with a high
an elastic peak dtl/2 1/2 2 in YBCOg ¢ below 300 K. They  sensitivity that would have easily detected the peaks seen in
derived an effective ordered magnetic moment-df.02uz , Refs. 8 and 9. We also observe low-energy spin fluctuations
and noted that the form factor drops rapidly wit®| as in the normal state well below 20 meV, where a spin gap has
would be expected from orbital currents. Th&R results of been claimed®
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FIG. 1. Radial scan through th{& 0 0) Bragg position showing (H, 0,0) or (0. K, 0) (r.L.u. units a*)

the majority and minority orthorhombic twins. The magnetization

. . o FIG. 2. Radial scans at 15 K through the oxygen-ordering su-
inset shows a sharp superconducting transition temperature at 59 léérlattice peaks &8/2 0 0 and (0 3/2 O (units ofa*). The hori-

Il. EXPERIMENT zontal bar indicates the resolution. A fit to a resolution-convolved
Lorentzian shows that the oxygen-ordering correlation length ex-
The sample consisted of six orthorhomiBit® crystals of  ceeds 100 A. The larger pedfiled squaresis from the majority
YBa,CuzO05 5 grown at the University of British Columbia domain and the lesser peak from the minority domain.
using a top-seeded melt growth technide@® which in
common practice requires the addition of small amounts othe minority domain. The intensity in the majority twin is
platinum and ¥BaCuQ (green phasé) to modify growth  almost twice the other but the observed ratio is reduced by
dynamics. In our case 0.5 wt. % of platinum and 2 wt. % ofextinction. A more reliable estimate is obtained from the
Y,BaCuQ were added, which are at the low range of valuesweaker satellites produced by oxygen chain ordé8&t 0 O
used in this technique. It was found by EO&nergy disper- and (0 3/2 0 (Fig. 2. Their widths alongH and K were
sive X ray$ composition mapping that platinum exists in the nearly resolution limited. Fits to resolution-convolved
BayY,PtCuy,0;, phase and the YBCO matrix is essentially Lorentzians showed that the oxygen correlation lengths ex-
free of platinum. By scaling the diffraction intensities of im- ceeded~100 A in both thea andb directions, while it was
purity phases to the weak extinction free YBGO® 1 2 approximately 50 A along the direction. These correlation
Bragg peak, we found that the dominant impurity was thelengths compare favorably to the x-ray characterization of
green phase of~5% by volume; all other impurities were highly ordered ortho-1l indicating the high quality of our
less than 1% by volume. We note that green phase fractiongrystals?>?®We find that the degree of oxygen order derived
as large as 14 mol % have been reported in other stétlies. from the ratio of(3/2 0 0 and(0 3/2 O oxygen satellite peak
The oxygen content of the crystals was set to 6.5 by anintensities is 70%, consistent with the twinning ratio of Fig.
nealing at 760 °C in an oxygen flow, followed by quenchingl reduced by extinction. This shows that the chains are fully
to room temperature in a nitrogen gas flow. Partially de-oxygen ordered within each orthorhombic domain.
twinned crystals were obtained by mechanically applying a Elastic scattering measurements were carried out at the
pressure of 100 MPa along tredirection at 400°C in a C5 and E3 neutron spectrometers at the NRU reactor at
nitrogen gas flow. The ortho-Il ordering, which has alternat-Chalk River Laboratories using filtered beams of both 2.37-
ing full and empty chains, was developed by annealing thend 4-A neutrons. A focusing graphit@02 monochromator
crystals at 60 °C for two weeks in a sealed bottle. The crysand a graphit€002) analyzer were used. Pyrolytic graphite
tals show a sharp superconducting transition at 59 K with dilters (with a total thickness 10 chwere placed in the inci-
width of 2.5 K, as observed by the field-cooling magnetiza-dent and scattered beams to eliminate higher order reflec-
tion shown in Fig. 1. Each crystal, about 1 tin size, was tions. Before the monochromator, filters of cold sapphire and
sealed in an aluminum can under a dry helium atmosphereeryllium were installed for 2.37- and 4-A neutron beams,
(kept at dewpoint< —40 °C to eliminate water The Stycast respectively. For elastic scattering, the collimation was
sealant was masked with gadolinium paint. The six crystal§24’'29'51'120'] horizontally and 80'240'214'429 ] verti-
were mutually aligned on a multi-crystal mount at the E3cally. The sample was mounted in a closed-cycle refrigerator
spectrometer at NRU reactor, Chalk River. The rocking curveon aC cradle so that theH{HL) plane was horizontal when
width was about 1° for each crystal and approximately 2.2°the refrigerator was vertical. The cradl¢@01] rotation axis
for the composite. allowed access not only to (1/2 1R), L=0, 1, and 2,
In the (2 0 0 radial scan of Fig. 1 showing the twinning, where DDW order was sought, but also tel (0 0) and
the peak at highdiQ| (H=2) is the(2 0 0) Bragg peak from (0 K 0) where the detwinning and oxygen order could be
the majority domain, and the pe&k=1.98 is the(0 2 0) of = measured.
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7500 . - - . . configuration similar to that of Ref. 8, where a much larger
YBCO_ _ Ortho-II Mook et.al. | | 5000 moment than that of Ref. 9 was reported for a sample of
= 7000 | 5233_’2]3’ 651’ 1207 YBCO, = YBCOg 5. We do not understand the substantial increase of
‘E (= 146 meV 2 3 Z. the Q-independent scattering with decreasing temperature
© ; =20 ) 1 4000 < amounting to 300 counts at 70 K and 1300 counts at 290 K.
£ 6300 : ot i It is too large (25%) to be from a Debye-Waller effect, and
§ “'I' o i - i 4 W we have taken considerable care to exclude hydrogen. In the
o 6000 \\'} fHHﬂ)(wwi 13000 B context of the~300-K transition seen in other samples, this
o 'I' ] 1IN ; might signify the growth below room temperature of a broad
25500 - ) i,ﬁ Ak é{.i ’ -~ peak that extends over much of the Brillouin zone and can-
% --@--1(13K) {2000 g n_ot be reso!ved from theT background. It would correspond to
E S000 N - —o—I(lsK)-I((;%K) z hlg_lr_ﬂy Io:a;)l:;(er]d Co_rrelatlonj.l_ Conth _ .
T @ 5 o 0 establish an improved limit on the maximum magnetic
W%W?”_‘ 1000 E moment to which our experiment is sensitive we put our
4500 ! L L ' L ] e measurements on an absolute scale. We calculated our sensi-
047 048 049 05 051 052 053

tivity in terms of what moment would produce an intensity
corresponding to the average of the error bars in the Fig. 3
FIG. 3. Elastic neutron scattering @2 1/2 2 at (7, ) and 13 scan throggﬂllz 1/2 2. To do this we assumed an _an_tlfer-
K shown as filled squareieft-hand axis. The rise to the left s fomagnetically ordered array of ét' moments pointing
from a green-phase peak. The data are well described by a fi@&long thea® direction (different directions in the-b plane
background with no sharp magnetic pe@lid line). A Gaussian ~ 9ive a qualitatively similar estimateWe compared the av-
having the resolution width has been forced to fit the dataken ~ €rage error bar with the integrated intensity of tHescan
line) and yields a sensitivity of-0.003u5 . The temperature depen- through(3/2 0 O and the rock scan throughi 1 2. These
dence(open circles and right-hand axisonfirms the absence of a two peaks are ideal for normalization since they have weak
peak. The inset shows the data of Ref. 9. structure factors and should not be subject to extinction.
These independent methods test the reliability of our esti-
For the inelastic neutron scattering measurements;at mate, since théd scan through3/2 0 O requires a knowl-
=14.6 meV and for energy transfers below 10 meV, whereedge of the instrumental resolution, while the rocking scan
the scattering is weaker, the horizontal collimation wasthrough(1 1 2 does not, as shown by Cowley and Bates.
changed td 31'48'51'120 ], but was kept the same as the We can conclude that our sensitivity is such that we could
elastic measurements for higher energy transfers. A pyrolytibave detected any static moment greater theh003ug .
graphite filter(5 cm thick was placed in the scattered beam. This is approximately an order of magnitude less than the
Inelastic scans were made along {i€0], [010], and[001] moments reported in other experimeffswWe have also
directions independently with respect to the zone centerforced a weak Gaussian, with the calculated resolution
(2/2 1/2 L), (1/2 3/2 L), and (1/2 5/2L). To do this the width, to go through the 13-K datéig. 3) and reached a

rotation axis of theC cradle was placed along tHe10]  Similar conclusion—moments of the size observed in these
direction. By slaving theC rotation to theL value we could experiments do not occur in well-ordered ortho-II

access a generaHKL) reflection. YBa,CusOg5. _
Although we find no static peak we have searched for

other signatures of orbital magnetism. For example, the
DDW theory requires an opening of a gap in the spin spec-
To search for static magnetic order at,(r) we made trum well aboveT,.%® For this reason it is claimed that the
radial and transverse elastic scans at the (1/2 llyosi-  reported spin gaps-20 meV for YBCQ g and ~16 meV
tions withL=0, 1, and 2. In Fig. 3 we show the scans with for YBCOg 5, are a confirmation of the DDW theory. How-
2.37-A neutrons througftil/2 1/2 2 at 13 K, and the inten- ever, these are superconducting, not normal-phase gaps,
sity change with temperature in the normal phase at 290 Ksince they were derived by subtracting the spin correlation
where the peak seen by others has almost vanished. Thiata aboveT, from that belowT,. In contrast, there is no
configuration is similar to that of Ref. 9 and covers the samevidence of a spin gap in disordered YBEOn its normal
range of wave vector. We find, in searche4 at0, 1, and 2, phase obtained by Foret al?® or Bourgeset al?®
that no static ordering peak exists in Y&aKOq 5 ortho-ll Since the presence of a gap would be a key piece of
that exceeds about 1.5% of the 13 K background. In contrasgvidence that the orbital currents of the DDW had broken a
the signal for YBCQg (results for L=2 are insetin Fig. 8 discrete symmetry below a sharp phase transition tempera-
which lies on a background of 1850 counts in 5 min, repreture, we made carefu scans in the low-energy regime to
sents a modulation of 13% above background, and woul@stablish whether a spin gap had occurred in the presence of
have been easily detected. From the statistical accuracy afygen order. Previous polarized neutron experiments have
each point alone we would have been sensitive to a momershown that theQ correlated peak nearr( ) is magnetic’
at least three times smaller than that reported for YBE®  and we have confirmed this from its form factor and tem-
In a further test(not shown we again determined that no perature dependenéeAs shown in Fig. 4, our experiments
peak was present when we used filtered 4-A neutrons in provide compelling evidence thatQ-correlated signal near

(H,H, 2) (r. 1. u.)

Ill. RESULTS
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1300 spin fluctuations are quite similar being suppressed but not
., T=70K YBCO Ortho-II s
1200 . . . . PO B g 3mev  [33 4851 120°] eliminated.
T=85 K YBCO Orthot1 | 1% The sample of YBC@g used in Ref. 9 has oxygen order-
| E=12.4 meV [33°29°51° 120°] | Z1000

ing correlation lengths comparable to ours by comparison of
the peak widths® However the extra oxygen must find a
way into the lattice and interrupt the perfea By 1b cell of

the ortho-Il structure. The sample of Ref. 8 has shorter oxy-
gen correlation lengths of 20 A in theeb plane and 12 A
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= | TTOK - XBCO Qe which exhibits nearly resolution-limited superlattice peaks
00} Sl indicating oxygen order over more thanl00 A within the
= = ] } ! CuO, plane and 50 A normal to the planes. This might sug-
600 - 5900 f _* f | gest that disorder causing the proximity of adjacent short
500 ‘ . ‘ ‘ 2l T -1 H++ segments of chains filled with oxygen could lead to magnetic
0 02 04 06 08 18 order.
(H, 15,2 (. Lu) T The idea that disorder may induce long-range antiferro-
00—z N )ofs 1 magnetic order is not new. Recent examples include Mg-

doped CuGegQ which exhibits long-range antiferromagnetic

FIG. 4. Inelastic neutron-scattering results in the normal state a@rder for finite Mg concentratior?. Also Hodgeset al*°
energy transfers of 12.4, 8.3, and 6.2 meV. Corrections for higheradded only 1.3% of Co to optimally doped YBCO and found
order contamination have been included. The fits are based on tHeng-range antiferromagnetic order below a large tempera-
overdamped spin-wave model of Chetial. The results show that ture T=320 K, quite similar to the onset of elastic peaks in
Q correlated spin fluctuations persist to the lowest energies. Refs. 8 and 9. They suggest this impurity effect is analogous
to the order seen by Sidt al® in underdoped YBCO. The

() persists to the lowest energi¥dn particular, it exists  1atter example is particularly interesting as Co is known to
in the normal phase for energies well below 20 meV and i€Nter into the copper chains and pull into the structure 0.5
still seen at energies as low asé meV in the normal ©OXY9en atoms 7per Co atom, therefore introducing disorder
phase. Its spectral weight declines roughly wihat low Nt the chains. . - .
energies. We conclude that there is no normal-state spin ga%A n'u'mber of theories deséggg’mg the eﬁ‘?“ of disorder and
for YBCOg s ortho-Il. impurities were formuloate_ > In the Ginsburg-Landau
Our observation that spin fluctuations persist to low ener2nalysis by Kohnct al.” disorder in a region can weaken
gies in ortho-ll-ordered YBACW0 ., with x=0.5 agrees the superconducting order and allow antiferromagnetic cor-

with the absence of a g&7°in disordered samples witk relations to grow locally. With increasing disorder or impu-
~0.5 and 0.52. Relative to these disordered crystals wit ity concentration the superconducting state will be trans-

L . e formed  first into a  state  with  locally nucleated
similar doping but lowef ¢, the low-energy susceptibility in antiferromagnetic moments and later into a state of long-

the ortho-ll crystal is more highly suppressed relative to th%ange antiferromagnetic order. We believe our resullts repre-
et al?* for disordered, twinned YBCE. Our higher resolu- sent the former state of weak disorder where there is a coex-
tion and more ordered crystal now reveals the fIat—toppediStence of moderately _suppressed superconductivity with
correlations in Fig. 4, indicative of the incommensurateOnly short-range magnetic order. Systgms where a phase has
structure of the 4, 7) peak, to be described elsewhdte. been found below a well-defined transition temperature, and

Otherwise the measured spin response is similar to that c‘)r'lt; h?cr)?].ahseflzrrzhlgDI:/;/tEreealf);)(t:ﬁgr%,i g‘%kgrtz?:;tlgsml Otrrle_lra;:]ere
Chouet al The overdamped spin-wave motfeicurves in mg nétic order while more strongly suppressing su gerco%-
Fig. 4 convolved with the instrumental resolution gives a 9 gly supp g sup

reasonable description of the data. The presence of lo v\guctivity. We are therefore closer to the clean system referred
energy spin correlations is not consistent with a fully devel-t0 :)tysKoggsgltea:.hat ortho-1l YBCO- lies in the phase dia-
oped spin gap. This makes it unlikely that a new phase has IS possi B lies | P '

been entered in which the discrete symmetry of the Ising—likeqram at an oxygen doplng_ where thellow—energy Spin sus-
DDW order parameter has been broken. ceptibility, being a sub critical fluctuation of the antiferro-

magnetic quantum critical point, is strongly suppressed by

the growth of orbital current fluctuations. However, there is
IV DISCUSSION no occurrence of a stgtic DDW order at a sharp temperature

accompanied by a spin gap. Our results Xer0.5 are con-

In disordered YBCO the spin fluctuations in YBCO with sistent with the work of Shiranet al,** Chouet al,?* and
oxygen concentrations between 6.4 and 6.5 weaken witRegnaultet al** who showed that as increases the low-
hole doping away from the antiferromagnetic phase and sucenergy weight ofy”(w) is suppressed but not eliminated.
denly drop in strength whexreaches 0.5, concomitant with Taken in conjunction with the evidence at other hole dop-
the growth of the orthorhombic and oxygen chainings, we believe there is no sharp transition to a gapped state,
structure?*3* For ordered ortho-1l withx=0.5, we find the but rather a crossover with increasimgto a state where
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low-energy spin fluctuations carry little weight but could co- wave states. We cannot exclude an orbital current state that
exist with the fluctuations of a different symmetry. This ideadoes not break the symmetry of the fQuplanes. Spin fluc-
received support in the recent work of Le¢ al,*> who  tuations do exist nearr, =), but they are dynamic and are
proposed that the pseudogap state is not characterized byf@eund to extend in the normal phase to low energies
phase transition but by a crossover to a state with stron¢g~6 meV). Instead of the predictibnthat the spin-
fluctuations between orbital currents addvave supercon- fluctuation spectrum “remains fully gapped and has no low-
ductivity. energy structure of any kind,” we find that the low-energy
response is suppressed but not eliminated. Our results do not
V. CONCLUSION exclude the possibility that the superconductivity in under-
doped YBCO coexists with dynamic orbital currents, an idea

Static antiferromagnetic long-range correlations thatnat received recent theoretical supgBrt.
would produce a peak atr(,7r) are absent in YBCgs in its

ortho-I structure at a level that represents our magnetic mo-
ment ;ensitivity of 0.008g. This is more than an order of ' ACKNOWLEDGMENTS
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