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A novel neutron scattering technique has been utilized to discover one-dimensional fluctuations with
a very sharply defined modulation period ©6.65 A along the b(a) direction in YBaCu;Og.os.
The fluctuations are found to be absent in the reduced oxygen compoungC¥EBgs. The
wave vector of the fluctuations is consistent with accepted valuekpffor the Cu-O chains.
[S0031-9007(96)00623-0]

PACS numbers: 74.72.Bk, 61.12.Ex

YBa,Cw;O;-5 (YBCO) is probably the most widely wave vectork, is contained in the scattering plane of in-
studied of the high temperature superconductors. Howterest. The incoming neutron wave veckris fixed in
ever, in this Letter, we present measurements which shovength by the neutron monochromating crystal, bytcan
the existence of one-dimensional fluctuations that havéake any length, thus integrating over the excitations in the
not been observed previously by scattering measuremenpéane. The momentum transf@ is given byk; — k.
performed on YBCO. The observed periodicity is essenA scan is performed so th&t; is always perpendicular to
tially identical with the value given foRkr derived from the b* direction and thus contained within the scattering
band calculations [1,2] for the Cu-O chains so it is likely plane from the one-dimensional structure. The drawing
that the fluctuations are connected with the Fermi surfacehowsk ; placed along:*, but any direction in the plane
for the one-dimensional chains. The geometry of the scatwould be satisfactory. Of course, because of the twinning,
tering is also that expected from the chains.

Most of the studies on YBCO have concentrated on thea) o) §o
CuG, planes which are thought to be the source of the /
superconductivity. However, the one-dimensional Cu-O /
chains have interesting physical properties. The chains
in YBCO are especially important as they may play a -
fundamental role in the superconductivity. Indeed, far- T b*(a*)
infared spectrometry has recently detected a superfluid
component in the Cu-O chains [3]. An understanding &) (0.k.0)
of the electronic properties of YBCO may therefore be AN A

. (h,0,0) N
complicated by the fact that many measurements cannot AN

distinguish between the planes or the chains. K /
The one-dimensional fluctuations were observed in an /
experiment that was designed to study the scattering from
the one-dimensional chains. The distinguishing featureb) SCATTERING

. : ; > . "(b”
of the scattering from a one-dimensional object is that it = %’;ﬁ%’ggﬁms
occurs in planes in reciprocal space, and we have used
this feature to isolate the one-dimensional scattering. The &

chains in YBCO are located along thedirection in the
crystal so that the scattering planes are perpendicular to
theb direction which in this crystal is parallel #o* in the
reciprocal lattice. Large YBCO crystals are now available, —>- 7 deg be(a)
but these crystals are highly twinned and contain impurity O’jeg
phases. Since the crystals are twinngd;annot be distin-

guished fromb* in the scattering measurements, making . ] . ) .
FIG. 1. (@) The scattering diagram used to achieve integration

the measurements even more difficult as only half the toi-n pianes perpendicular th*. (b) The scan directions used in

tal Chgln scattgrlng |_ntenS|ty IS gene_rally a}vallable. Thethe measurements. Two sets of planes result from the twinned
experiment to investigate the one-dimensional Scatterlngrystaj_ These planes cross on th& scan which is in the

is set up as shown in Fig. 1 so that the outgoing neutrofi, 1, 0] direction.
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a” for essentially half the crystal lies along the scan direc-

tion as well, but the plane of scattering distinguishes the YBa,Cu,0, ..
one-dimensional structure. 0 DEG TILT
The one-dimensional scattering is too weak to be easily AT T=293 K

observed in a standard triple-axis configuration, but the
preferential integration in the plane greatly increases its
visibility. This type of experimental setup has been
used previously to study lower dimensional effects [4].
However, in the case of YBCO a vital addition to the
technique is needed. This addition involves the use of
pyrolitic graphite (PG) filters to essentially eliminate the
elastic scattering that occurs whdry and k; become
equal in length. If this is not eliminated the scattering
pattern is dominated by intense elastic scattering from
impurity phases in the sample. It is known that the
transmission of the standard PG filters normally used
to suppress higher order scattering is small for energies
near 60 and 18 meV. Detailed measurements of the
transmission of the filters used showed the transmission
to be a minimum at 59.93 and 18.78 meV so the incident
energy E, was chosen to be one of these energies and 1618 2 2224 1618 2 2224
two PG filters were placed in the scattered beam for (h) (h)
a total thickness of about 10 cm. The only scatteringFIG. 2. (a) The result of a scan alohg or along the0® line.
recorded passes through the PG filters which reduce®) An expanded version of the scan while (c) is the result
the elastc scatteing by abou  orders of magritude foftiaked Aeng 1" shector e [0 L) Siperatice or,
the Eo of 59.93 meV and ab(.)Ut 4 orders of magnlt_udethe largerQ reflections. Solid lines are guides to the eye.
for 18.17 meV. The scattering that passes the filters
depends on the PG transmission which has peaks and
valleys at a number of energies, but is high over most ongle or momentum transfgp as expected given that
the whole band below about 15 meV. The experimenthe measurement samples an integral over the phonon
thus is arranged to do a partial energy integration ofcattering which has a cross section that increases with
S(Q,w). The energy distribution measured depends). Superposed on the general scattering are peaks
on the filter transmission, the spectrometer resolutionwhich occur at the position of the Bragg peaks and small
function, the thermal factor, and the cross section. If aradditional peaks or satellites found around the Bragg
energy independent cross section is assumed, most of tipeaks. The satellites are largest around the strong peak at
scattering would occur over a wide energy band betwee(R) that comes from Bragg scattering not rejected by the
about 10 and 55 meV with the weight centered aroundilter. Figure 2(b) shows an enlarged region of the scan.
35 meV for the measurement with dfy of 59.93 meV. The satellites are found near 1.75 and 2.25 in reciprocal
Most of the scattering would result from excitations lattice units. Higher resolution measurements discussed
between 3 and 15 meV for thg, of 18.17 meV. below give a more accurate position for the satellites.
A particularly careful study of the lattice constants of A number of crystals were studied and the same pattern
YBCO as a function of oxygen content has recently beemvas found. The data shown were obtained with a 45 g
completed [5] so that an accurate value of the oxygerrystal with a mosaic spread df4° (FWHM) for the
content of the samples used could be determined fron2, 2, 0) reflection. The crystals used in the experiments
the lattice parameters. The data shown were obtainedeed to have a reasonably good mosaic spread since a
with crystals with room temperature lattice parametersonsiderable momentum space integration is performed.
of 3.8188, 3.8856, and 11.6920 A for a, b, andc. The The next series of experiments was performed to confirm
oxygen content for these lattice parameters correspondbat the scattering really was found in planes. Various inte-
to the nearly ideally doped concentration of 6.93. Wegration directions were tried, and the scattering was found
will first discuss the measurements made with/&nof  to remain ifk ; was in the scattering plane perpendicular to
59.93 meV. The measurements were performed on thk*(a*) and vanished as the direction kf deviated from
triple-axis spectrometers at the High-Flux Isotope Reactothe plane. In addition, a number of scans were done at
at Oak Ridge National Laboratory. Figure 2(a) shows theangles to théb*(a*) or[1, 0, 0] direction, sampling direc-
result of an integrating measurement at 293 K in whichtions between thél, 0, 0] and[1, 1, 0] directions. It is
the scan direction is alon*(a*). The momentum scale observed from Fig. 1(b) that such scans pass through the
for the scan is inb* reciprocal lattice units. The scan scattering planes at different positions, providing confir-
shows a generally increasing count rate with increasingnation of the planar nature of the scattering. In this case,
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k is aligned along:* so that the integration always takes observed at the satellite positions found for the 6.93
place in the plane. sample. Figure 3(c) shows an expanded version of the
Figure 2(c) shows a scan taken7atfrom the b* direc- 45° scan for the 6.93 sample in which we see the Bragg
tion as shown in Fig. 1(b). The scdle) is the component scattering and the satellite near 1.25. Figure 3(d) shows
of the scan alond* since that is the only direction of im- the same scan for the 6.15 sample showing the Bragg
portance for the one-dimensional scattering. We see hesgattering and the magnetic scattering at 1.5. No extra
only the satellite peaks near 1.75 and 2.25 as the scan doegensity is observed at the satellite position near 1.25.
not cross a Bragg reflection. Scans were taken at a num- All the measurements shown to this point were made
ber of other angles with similar results. Figure 3(a) showsat 293 K. Upon cooling, the satellite intensity diminishes
a scan along a directiots® from b* or along the [110] di- and narrows slightly. This is consistent with the scat-
rection. This scan was taken with a 95 g crystal that had gring resulting from a sum over the intermediate energy
mosaic spread of.7° (FWHM) for the (2, 2, 0) reflection.  phonons. No obvious change in the satellite intensity was
Again we see the Bragg reflections, and a satellite nowbserved at the superconducting transition.
becomes visible near 1.25 on the projected scale since the Additional measurements were made using an incident
actualQ is larger than for th@° scan. The satellite near energy of 18.17 meV. For this case, a Si monochromator
1.75 is also observable as it is in the scans at other anglewas used to eliminate second order scattering from
Note now that planes from the two twin directions crossthe monochromator. The crystal used in the 18Ey7
in the45° scan so that the full plane intensity is available.measurements weighed 103 g and had a mosaic spread
To further confirm that we are observing scatteringof 1.3° for the (2, 2, 0) reflection. The rejection of
from the chains, measurements were made with the 95 the primary beam by the filters is not as good as
sample with oxygen removed so that the O content idor 59.93 meV, and the momentum range is restricted.
6.15. Figure 3(b) shows thé5° scan for this sample. However, higher resolution is achieved, and the energy
We now see the scattering clearly from the magnetidransfer is limited to 18.17 meV at a maximum at low
fluctuations at 0.5 and 1.5 on the projected scale whictkemperatures. The top of Fig. 4 shows measurements
represents the square lattider, ) point where the made in a7° scan as shown in Fig. 1. We see that
magnetic fluctuations are expected. The Bragg peakihe satellite peak narrows and becomes smaller as the
are also observable in the scan, but no scattering i®mperature is reduced. The higher resolution permits a
more accurate value for the satellite position, and least
2 . ’ ‘ . squares fitting results in a value ©f767 = 0.003 along
YBa Cu O b* at 15 K and gives a modulation d6.65 A. We note
45 DzEasni_"grs ] the satellite is very well defined in momentum at low
T =203 K temperatures with a width a0.01 = 0.002)b* at 15 K,
which is consistent with the peak being resolution limited.
Since the experiment involves an energy integration,
we do not know the exact energy distribution of the scat-
tering. The two experiments, however, set two energy
12 scales for the scattering. For the 59.93 meV experiment
the satellite intensity was found to be only very weakly

2.8 -

24

YBa_Cu O i
28 | 2 3 615 § dependent on temperature (about a 10% reduction be-
24 | 45TD=E29;"|'(T 1 tween 293 and 100 K) thus setting an energy scale in the
30 to 40 meV region if we assume the standard phonon
2r T temperature dependence of the cross section. The data
16 L acquired for ank, of 18.17 meV are more accurate, and

we find the satellite intensity drops about a factor of 2 be-
Y s ' : tween 293 and 15 K, thus setting an energy scale on the
order of 10 meV. Again the 18.17 data showed no notice-
able change at the superconducting transition. We have
also made measurements on the satellite peak that oc-
curs neaf.75b* and find its intensity to be about 5 times
weaker than thd.767b* satellite. The satellite intensity
R ETEET thus scales apprpximately the same@sas is expected
(h) (h) for a phonon excitation.
e We have simulated the experiment using a shell model
\'/:vlrﬁléB(b) (g%g\wi,c?t?ea?;rg;hg:ar?Irfg(r:tlt%rc]efgrltgeaii%gr?gmg&eto calculate the phonon positions and structure factors.
The scale shown is the distance along th& direction tI'hr:_z shell model gives an excellent account'of the existing
projected on theb* direction. (c), (d) Expanded versions of optical and neutron data for the phonons in YBCO. For
(a) and (b). the Ey of 59.93 meV we have performed two calculations
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4000 . ; . : . : . — 1650 of the peaks shown at the top of Fig. 4. The last panel
shows the result of the simulation. It is unlikely that the
sharp satellites observed stem from the standard lattice
phonons. The measurements also show the satellites
missing for the lower oxygen content material. No
1450 satellite intensity can be observed with standard elastic
scattering, although a small intensity could be missed in
the large elastic background. The measurements are thus
1350 consistent with the existence of a dynamic charge density
wave. The experiments show that the frequency range of
the fluctuations appears to extend at least over the energy
range from 10 to 30 meV. The temperature dependence
rules out a large density of low energy excitations.
Scanning tunneling microscopy (STM) measurements
[6,7] performed on YBCO find a modulation &8 = 1 A
along the length of the Cu-O chains which is noticeably
0 s 178 197 17 178 176 177 17a shorter than our periodicity of6.65 A. Nevertheless, it
(h) (h) seems very likely that the STM and neutron experiments
Calculaﬁon' ror Calculatic:n for‘ — ' are ob'serving' the same effect. Perhap; thg samples
50 - £ of 59.93 meV E of 18.17 meV 1160 have slightly different oxygen contents or differ in some
’ ’ 4 140 other way. Our measurements show that the modulation
1 120 is dynamic in nature and extremely well localized in
/ 100 momentum space. They also show it to be a bulk effect
not limited to the surface.
Since the Cu-O chains are one dimensional, the Fermi
I , , , _ e surface(kr) is expected to be a well-defined flat sheet, and
16 1.8 2 22 24 175 176 177 1.78 thus2kr effects are likely to be visible in the lattice dy-
(n (h) namics and the magnetic excitations from the Cu spins.
FIG. 4. The top four graphs show measured results obtaineEe_”_‘nI Su'tface calculations show that the chain bands hy'
with an E, of 18.17 meV taken along th@° direction. The bridize with other bands to some extent, and the chains
scale shown is the distance along tfie scan projected on have been shown to be unstable towards some degree of
the b* axis. Several scans were averaged to obtain th‘buckling [1,2]. Even so, the Fermi surface appears to re-

errors shown. The lines are least squares fits to a Gaussiafain flat over much of the zone and is not expected to be
distribution on a sloping background. The round points on

the 293 K plot are measurements along & trajectory (see  Strongly affected by chain buckling. Band structure calcu-
Fig. 1) for which the peak moves out of the scan range andations show thakkr effects are expected to display a pe-
thus serves as a measure of the background scattering. Thidicity of about16 A [1,2], which, within the uncertainty
lower graphs are the model simulations of the scans using gf the calculations, agrees exactly with the periodicity we
shell model. have observed. It would seem likely that the measured
fluctuations are directly related to the chain Fermi surface,
to approximate the transmission of the filter. For thealthough it is not clear that the band calculations would
first, the filter transmission is set as 100% for energiesesult in Fermi surface so extremely well localized in
below 15 meV and zero elsewhere. For the second, themomentum space. Since the Cu chain atoms have spins,
filter transmission was 100% below 15 meV and 10%magnetic excitations from the chains should be visible.
below 59 meV. The results are shown at the bottonExperiments are under way to study these excitations.
of Fig. 4 for the 7° scan at 293 K to compare with  We are grateful to W. E. Pickett, P. W. Anderson, A.J.
Fig. 1. We note there is structure in the calculations, and/illis, and O. K. Andersen for helpful discussions. This
indeed a peak occurs at about 1.8(i). The structure research was supported in part by U.S. DOE under Con-
is broader than the satellite near this position and ndract No. DE-AC05-960R22464 with Lockheed Martin
peak occurs at 2.2%k). Nevertheless, it is clear that Energy Research, Inc.
the normal phonon spectra can give peaks in the energy

integrating scans. It is important to perform experiments [1] W.E. Pickettet al.. Phys. Rev. B42, 8764 (1990).

ﬁt a gumber of r;psmor:]s In I’eCIpfl'Oﬁal space, as I\:Ne[Z] W. E. Pickettet al., Science255, 46 (1992).
ave done, to confirm the nature of the scattering. Of[3] D.N. Bansovet al., Phys. Rev. Lett74, 598 (1995).

the 18.17 meV measurements the simulation was dongy] r. J. Birgeneatet al., Phys. Rev. B3, 1736 (1971).
assuming a filter transmission of 100% below 15 meV. [5] B. C. Chakoumakost al. (to be published).

The7° scan was used again, this time for 100 K. There is [6] H.L. Edwardset al., Phys. Rev. Lett73, 1154 (1994).
no structure found that is sharp on the scale of the width[7] H.L. Edwardset al., Phys. Rev. Lett75, 1387 (1995).
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