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namely a fall of about 1.0 p.p.m. in capacitance over the temperature
range used. The agreement between the two sets of data, taken in
separate runs a few months apart, shows that the capacitor behaves
reproducibly at a level of one in 10 over a long time period.

Knowing the background capacitance, we can investigate the
effect of the quantum exclusion. The measured change in capaci-
tance for a 0.1% “He in *He solution with the background sub-
tracted is shown in Fig. 2 inset. The main graph in Fig. 2 shows the
data converted to *He filling factor in the pores, defined as the ratio
of *He concentration in the pores to total He concentration in the
solution—that is, complete penetration of *He into the pores
corresponds to a filling factor of unity. The conversion requires
no adjustable parameters as we know all the volumes in the cell.
Figure 2 shows that the filling factor in the pores has increased by 0.2
over our temperature range. The effect of the quantum exclusion
with the gradual expulsion of *He from the confined region as the
temperature falls is quite clear. Had we been able to work at a lower
temperature and with a concentration approaching the ideal situa-
tion of Fig. 1, we should have been able to span a temperature range
where the filling factor changed from near zero to unity—that is,
from complete exclusion to complete penetration.

We can compare the observed “He penetration with a calculation
made on the basis of a simple single-particle model. Although Vycor
glass has a complicated structure, for a zeroth-order model we
assume the pores to constitute an array of uniform quantum wires
with a square cross-section of width a and with the known total
volume. The *He density of states is then given by the combination
of transverse standing-wave states in the square cross-section and
the free longitudinal motion. This gives a density of states as a
function of energy e made up of a number of (e — ¢,) ~ /* terms in
which ¢, = (n* + P)E,/2 with E, = h*/4m*a’, and where n and [ are
the positive integer quantum numbers defining the transverse state.
(The two lowest such terms are those shown in Fig. 1.)

This calculation has just one adjustable parameter, the confine-
ment energy E, or equivalently the channel width a. We note that a
here is the width open to *He quasiparticles; this is the bare Vycor
channel width minus ~1 nm to allow for the two atomic layers of
solid “He adsorbed on the wall. The density of states so derived may
be directly compared with the experiment because there are no
other unknowns. We assume that the states are filled with the Fermi
Dirac distribution, and compute the chemical potential needed to
ensure that the correct total number of *He quasiparticles occupies
the cell. The three curves in Fig. 2 show the filling factor calculated
in this way on the assumption that a = 7, 10, 12 nm, that is, that
E, =5, 7.5, 15mK. Given the simplicity of the assumptions, the
agreement between the observed filling factor and the quantum
exclusion calculation for a = 10nm is good over the whole tem-
perature range.

This agreement confirms that there is indeed a change in the
quantum confinement of *He quasiparticles in narrow channels as a
function of temperature. This is, to our knowledge, the first
confinement experiment to be performed in helium; with more
refined techniques we expect to gain access to a whole range of
mesoscopic behaviour which has no analogue in electronic systems.
For example, the equivalent of the metal/insulator transition near
the critical point is complicated in the charged system by the
Coulombic repulsion between the electrons. It would also be
interesting to study more dilute solutions and/or narrower channels
where Er could be adjusted to be much smaller than the confine-
ment energy, as with low enough temperatures we would see the
complete transition from exclusion to penetration. Finally, we could
add an energy ~*=10mK to the confinement energy by applying a
high magnetic field, making the quantum exclusion from the
channels dependent on the quasiparticle spin. This would greatly
enhance the effect for the antiparallel spin, and suggests that a
porous membrane in a high magnetic field might provide a *He
polarization filter”. O
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An important feature of the high-transition-temperature (high-
T.) copper oxide superconductors is the magnetism that results
from the spins associated with the incomplete outer electronic
shells (3d°) of the copper ions. Fluctuations of these spins give rise
to magnetic excitations of the material, and might mediate the
electron pairing that leads to superconductivity. If the mechanism
for high-T. superconductivity is the same for all copper oxide
systems, their spin fluctuations should be universal. But so far,
the opposite has seemed to be the case: neutron scattering data
reveal clear differences between the spin fluctuations for two
major classes of high-T, materials, La,_,Sr,CuO, (refs 1-3) and
YBa,Cu;0;_, (refs 4-6), whose respective building blocks are
CuO, layers and bilayers. Here we report two-dimensional neu-
tron-scattering imaging of YBa,Cu;O¢s, which reveals that the
low-frequency magnetic excitations are virtually identical to
those of similarly doped La,_,Sr,CuO,. Thus, the high-tempera-
ture (T. < 92K) superconductivity of the former materials may
be related to spatially coherent low-frequency spin excitations
that were previously thought to be unique to the lower-T, (<40 K)
single-layer La,_,Sr,CuO, family.

The most celebrated common feature of copper oxide magnetism
is that the undoped parent compounds are insulating antiferro-
magnets, characterized by a simple doubling of the crystallographic
unit cells in the CuO, planes. Neutron scattering, which measures
the Fourier transform (in space and time) of the spin—spin
correlation function, long ago imaged the doubling”® that manifests
itself in diffraction peaks at the wavevectors (1/2, 1/2). To label
wavevectors in two-dimensional reciprocal space (Fig. 1a), we use
reciprocal lattice units such that (1,0) and (0,1) are along the
nearest-neighbour copper—oxygen—copper paths and are the loca-
tions of the lowest-order diffraction peaks from the nuclei in the
nearly square CuO, planes. Upon chemical doping to induce
metallic and superconducting behaviours, the elastic diffraction
peaks, due to static magnetic order, disappear. Both antiferromag-
netic and superconducting compositions show strong inelastic
scattering derived from magnetic fluctuations. For superconducting
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La,_,Sr,CuQOy, (214), the low-frequency inelastic scattering peaks are
not at (1/2, 1/2), but at a quartet of nearby incommensurate
wavevectors (indicated in Fig. la). As a function of frequency, no
particularly sharp features have been identified. Chemical doping
can be achieved by substitution of Sr, Ba or Ca for La or by
intercalation of excess oxygen. The details of the scattering depend
only on the unbound charge introduced by the dopants, and not on
the method for introducing the charge’. For YBa,Cu;0,-, (123),
which so far has only been doped by excess oxygen, the inelastic
scattering was thought to be dominated by broader maxima still
centred at (1/2, 1/2). Furthermore, when frequency is scanned, the
scattering displays a sharp resonance whose position varies with T,
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Figure 1 Reciprocal lattice diagram and neutron-scattering results. a, Two-
dimensional reciprocal space for the CuO, planes in the cuprates. The cross
marks the (1/2, 1/2) point at which magnetic Bragg scattering appears in the
parent insulating compounds; the quartet of circles indicates the locus of
magnetic intensity maxima in the superconductors measured in reciprocal lattice
units (r.l.u.). b, Image of the 34 meV resonance at 13K for YBa,Cu3Og. The crystal
and neutron-scattering instrument are three-dimensional, so that we are
observing a two-dimensional cut through reciprocal space, with the out-of-
plane wavevector component integrated from («/d)(1 —0.5) to (w/d)(1+ 0.5)
where d = 3.342 A, the interlayer spacing. The colour bar gives intensities in the
absolute units of mbarnsr'meV™" FU.™. ¢, Image at the resonance frequency on
warming to 65K. e, f, Images of the subresonance (24 meV) scattering at 13 and
65K, respectively; d, image that is the convolution of a four-fold symmetric, noise-
free model function, similar to those used previously™ on incommensurate spin
fluctuations in (214) and the response function of the instrument. The energy
probed increases on moving diagonally (from bottom left) across the images, with
the incommensurate peaks in e appearing at 22 and 26 meV. The counting times
required to collect the images were 12, 16, 114, 63h for images b, ¢, e, f,
respectively, with the proton current of 170 pA. The scattering was placed on an
absolute scale using the elastic incoherent scattering from a vanadium standard
under the same experimental conditions (see refs 16, 17, for example).
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(refs 10, 11). Dai et al. have recently shown that for YBa,Cu;04
(T. = 62.7K), the situation is more complex'”. Even though there
is a sharp resonance centred at 34 meV and peaking at (1/2, 1/2),
the lower-frequency spin fluctuations actually peak away from
(1/2, 1/2). Because of experimental limitations, Dai et al.'> were
unable to determine either the precise displacements of the peaks
from (1/2, 1/2) or the absolute amplitudes characterizing the
fluctuations. A breakthrough in experimental technology, namely
the two-dimensional position-sensitive detection of scattered
neutrons in the High Energy Transfer time-of-flight neutron spec-
trometer at ISIS, the most powerful pulsed spallation neutron
source, has now allowed us to image the fluctuations in the same
25.6-g sample. The outcome is a quantitative resolution of the issues
left unresolved by Dai et al.'* which permits direct comparison with
(214) materials.

To our knowledge, these data are the first maps of the magnetic
scattering ever produced in the two-dimensional reciprocal space
for the CuO,; planes in (123). As the experiments are time-con-
suming (Fig. 1 legend), we chose two measuring frequencies. The
first is 34 = 2 meV, where the resonance for this particular doping
level occurs. Figure 1b and c illustrates the outcome at 13 Kand 65K
(T, + 2.3K). In agreement with previous measurements'>"", which
were one-dimensional cuts through this map, there is a broad peak
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Figure 2 Data obtained from cuts through the two-dimensional images in Fig. 1.
a, Data obtained along (0,1) through the low-temperature resonance maximum at
(1/2,1/2) and 34 meV. b-d, Data obtained from cuts through the low-temperature
incommensurate pattern. The coloured lines in Fig. 1a show the direction of the
cuts. b-d, Data from cuts taken b, vertically through the corners ofthe square, and
¢, along the square edge; d, background. Solid lines are derived similarly from the
modelimage in Fig.1d. Horizontal bars represent the full-width at half-maximum of
the experimental resolution function.
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Table 1 Comparison of parameters derived from neutron scattering data

Compound Ref. X T (K) Energy (meV) 5(rlu.) ko (A7) ¥'(w) (ngeV' Cu™)
La,CuOy4 16 0 295 20 0 1.56*+05
YBa,Cus0s. 17 0 295 24 0 18204
La19Srp1CuO, 14 01 8 8 0.21 =0.02 0.038 + 0.005

YBa,Cu30g6 01 13 24 0.21 +0.02 0.041 + 0.005 25+05
La1gsSr014CUO, 13,16 014 35 15 0.24 = 0.004 0.052 + 0.002 4+1
YBa,Cu30s 01 13 34 0 95+2

X is the hole doping expressed in the units of electrons per planar Cu atom, § the incommensurability parameter in reciprocal lattice units, &, the half-width at half-maximum of the
incommensurate peaks which reflects the inverse correlation length (related to but not equal to «(w) in ref. 13), and x"(w) the wavevector-integrated susceptibility. Reference 14 defines s as a

factor of 2 smaller. The wavevector-integrated susceptibility is expressed per planar Cu.

centred at (1/2, 1/2) which, although it is already present at T,
grows substantially on cooling into the superconducting state.

Figure le and f shows the dramatically different patterns obtained
at 24.5 * 2.5meV: frame e reveals that the scattering at 13K
essentially disappears at (1/2, 1/2) and acquires maxima at the
four positions displaced by (0, =6/2) and (*6/2, 0) from (1/2,
1/2)—the orientation of the pattern is clearly the same as for (214);
frame f shows a measurement at 65K that demonstrates that the
pattern is broader at the higher temperature. In Fig. 2 we plot cuts
through the maps along the lines shown in Fig. 1a. What emerges
again is that the 24-meV low-temperature scattering can be visua-
lized as a square box with subsidiary maxima at the corners and
relatively little scattering at the commensurate position (1/2, 1/2).
The intensities are given as absolute scattering cross-sections and
the solid lines are from a global fit to the same model used
previously to analyse (214) neutron-scattering results”. A slight
modification of the formalism was included which allows for an
anisotropic peak shape and results in a better fit. Figure 1d shows
how the fitting function appears in the two-dimensional reciprocal
space for the CuO, planes.

Scattering identified as stemming from the lattice vibrations
(phonons) with energies near 20 meV is visible in the lower left
part of the pattern in Fig. 1f. Some phonon scattering is also
apparent at low temperatures, but it does not alter the shape of
the pattern from the magnetic scattering. The present experiment is
unique not only for its use of two-dimensional position-sensitive
detection, but also because of its small phonon background. In
particular, the evacuated and obstruction-free flight paths of the
instrument permitted data collection at low scattering angles,
resulting in low neutron momentum transfer, Q. Minimizing Q is
the most efficient way to minimize phonon and multiphonon
scattering, whose power varies as Q” and QY respectively.
Although earlier experiments have looked near wavevectors such
as (1/2, 3/2)—equivalent to (1/2, 1/2)—the actual net neutron
momentum transfer has generally been ~2.73 A™, whereas here
Q=~147A7"

Table 1 lists parameters not only for our (123) sample at the two
energy values probed, but also for (214) crystals examined pre-
viously. Parameters determined from the scattering patterns are the
peak positions 6, the inverse coherence length «, given by the width
of the features in the pattern, and the wavevector-integrated spectral
weight x"(w). Several conclusions emerge from Table 1, the most
important being that the wavevectors for the incommensurate
fluctuations in Fig. 1 are indistinguishable from those for similarly
doped* single-layer (214) materials"". In addition, the coherence
lengths of the incommensurate excitations are similar for similar
doping levels and energy transfers scaled by T. in the (214) and
(123) materials. Furthermore, the integrated intensities of the
incommensurate peaks, when measured at the same scaled energies,
are also comparable'®. They are also not far from the integrated spin
wave intensities, measured at the same energies for the undoped
antiferromagnetic parent compounds”. In contrast, the resonance
in (123) is substantially more intense than the spin waves. A final
point of resemblance between the spin fluctuations in (123) and
(214) is that cooling into the superconducting phase appears to
narrow the incommensurate peaks, and thus increases the magnetic
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coherence. In our experiment, this effect is most clearly manifested
by the poorer definition of the low-intensity ‘hole’ around (1/2, 1/2)
at 65K (Fig. 1f) compared with at 13 K (Fig. le); in previous work
on slightly differently doped (214), it made itself apparent in better
defined, enhanced incommensurate peaks'®.

We have discovered that for the same hole doping, the low-
frequency, subresonance, magnetic fluctuations in (123)Og¢¢ are
remarkably similar to those in superconducting (214). Not only are
their wavevectors and coherence lengths essentially the same, but
their spectral weights are comparable. Furthermore, the fluctua-
tions in both compounds share the phenomenon of increased
coherence in the superconducting phase. The consequences for
our understanding of the copper oxide superconductors are clear—
the magnetic fluctuations at low frequencies are beginning to
achieve the same universality across widely different materials
with different values of T, which characterizes many of their
macroscopic properties. As for the bulk characteristics, the control-
ling factor seems only to be the hole density. Thus all electronic
structure, and other detailed effects not connected with CuO, planes
with a particular carrier density, appears to drop out at low
frequencies, even for short-wavelength spin fluctuations. This
represents a huge simplification of the high-T. problem and was
not obvious from previous magnetic resonance, magnetic suscept-
ibility, and neutron data. O
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