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The behaviour of electron gases in restricted geometries provides
a means to explore the fundamental quantum-mechanical properties of fermion gases at mesoscopic length scales1. But the
existence of Coulomb repulsion between electrons unavoidably
complicates the physics. Quantum gases of neutral fermionsÐ
such as 3He quasiparticles in a dilute solution of 3He in 4He, cooled
to millikelvin temperatures2 Ðtherefore offer a means of probing
regimes completely inaccessible to electronic systems. Here we
demonstrate the quantum exclusion of a 3He fermion gas from a
network of narrow channels, connected to a reservoir of 3He/4He
solution. The effect is expected from simple quantum-mechanical
arguments, which predict that the 3He atoms cannot enter the
channels when their wavelength exceeds Ö2 times the channel
width. By adjusting the temperature of the solution, the energy of
the particles and hence their average wavelength can be controlled.
In this way, we observe temperature-dependent changes in the
penetration of the 3He quasiparticles into the channels. Our
results demonstrate the macroscopic response of an atomic gas
to basic quantum-mechanical restrictions at the mesoscopic level.
Although the 3He gas in dilute 3He/4He solutions might be
expected to show broadly similar behaviour to that of an electron
² Present address: Centre de Recherche sur les TreÁs Basses TempeÂratures, CNRS, BP166, 38042 Grenoble
cedex 9, France.
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gas when similarly con®ned, this Fermi±Dirac quantum ¯uid has a
number of advantages over the usual metallic or semiconducting
systems. The medium can be readily decanted into a container
shaped to provide the requisite restricted geometry and therefore
various solutions can be studied under identical conditions. The
3
He solutions are absolutely clean at millikelvin temperatures and
thus there are no impurity effects. The Fermi parameters of the
3
HeÐFermi energy EF, Fermi temperature TF and Fermi wavelength lF Ðcan be varied over a wide range by adjustment of the 3He
concentration. Finally, unlike in the charged electron gas, the
potential energy determining the bottom of the excitation band is
only a very weak function of the local particle density and there are
no problems of Coulomb repulsion.
The Fermi temperature of a dilute 3He/4He solution of fractional
3
He concentration x varies as x2/3. A 0.1% 3He solution yields a
Fermi energy of around 26 mK with an associated Fermi wavelength
of 8 nm. This is much smaller than would be practicable in
electronic systems, but with helium solutions we can make use of
con®ned geometries on this scale over the temperature range 5±
100 mK which is readily accessible with a dilution refrigerator.
The experiment reported here, the detection of the quantum
exclusion of the 3He gas from a system of narrow channels as the
temperature is reduced, was chosen for two reasons. First, it is
conceptually simple, and second, it has no direct analogue in an
electronic system, as quantum exclusion of an electron gas leads to
a change in the local potential which largely cancels the effect.
Furthermore, a metallic system cannot be probed over a temperature range spanning TF.
The principle of an ideal experiment is illustrated in Fig. 1. A bulk
3
He/4He solution is placed in contact with a network of narrow
cavities with a scale dimension of a. The 3He concentration
p is
adjusted such that the Fermi wavelength is longer than 2a, or
in other words, the con®nement energy (E0, of the order
of h2/4m*a2, where m* is the 3He effective mass) is greater than kTF.
Therefore, at temperatures well below TF, 3He atoms cannot
penetrate into the cavities. However, as the temperature is increased,
at some point the most energetic atoms begin to penetrate. This
starts to occur signi®cantly when EF  2kT exceeds the con®nement energy E0. Therefore, if over the temperature range used the
quantity EF  2kT can be made to span the con®nement energy,
then at the low-temperature end 3He is totally excluded from the
pores but will be able to penetrate into them at the higher
temperatures. We should therefore see an increase in the concentration of 3He in the pores with increasing temperature.
The con®ned geometry is provided by the channels in porous
Vycor glass which have3 a characteristic dimension a of around
7 nm. Given the accepted value2 for the effective mass m* for 3He
quasiparticles as 2.25 times the bare 3He atomic mass, the expected
con®nement energy E0 is 15 mK in temperature units. This is a little
low to implement the ideal experiment, as the lowest reliable
temperature to which we can cool the cell is around 8 mK, meaning
that kT is rather large even at our base temperature. However,
calculations show that even with a 0.1% 3He solution there should
be a signi®cant change of the pore penetration with temperature,
and this concentration was chosen. For more dilute solutions much
of the variation would occur below 8 mK, and also the measurable
effect would be smaller.
We infer the extent of the penetration of 3He into the pores from
the concentration of 3He in the external bulk solution; the bulk
concentration is monitored by a capacitative measurement of the
dielectric constant of the solution. As the changes in dielectric
constant with changes in 3He concentration are small, we must
ensure that the volume of bulk solution in our experimental cell is as
small as possible in comparison with the pore volume. The bulk
volume must accommodate both the capacitor for measuring the
3
He concentration and pads of silver sinter necessary to make
thermal contact to the solution. (The sinter pore size is ,100 nm
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and hence quali®es as ``bulk'' volume.) The pore volume in the
Vycor represents 17% of the total helium volume of the cell. This
®gure is determined from the quantity of helium required to ®ll the
cell along with the known volume of the Vycor glass, and the
knowledge3 that the pores in the Vycor represent 30% of the bulk
Vycor volume. The cell is thermally anchored to the mixing
chamber of a 2 mK dilution refrigerator4.
The principle of the measurement is straightforward. The dilute
solution ®lls the adjacent bulk and con®ned regions. At low
temperatures, the energy of a signi®cant fraction of the 3He atoms
in the solution is lower than the pore con®nement energy, and these
atoms are excluded from the Vycor. The 4He component being
super¯uid can penetrate freely. As the temperature is increased, the

Fermi distribution becomes wider, the fraction of 3He atoms
excluded falls, and thus the degree of penetration into the pores
increases. This leads to a fall in the 3He concentration in the bulk
region which we can monitor. Since the 3He atomic volume is larger
than that of 4He, with falling 3He concentration the number of
helium atoms in the capacitor rises, hence increasing the capacitance.
Thus we should observe the capacitance to increase with increasing
temperature.
To perform the experiment, we monitor the capacitance as a
function of temperature to infer the changes in 3He density in the
Vycor. This procedure requires much care to avoid temperature
gradients which can drive 3He around the cell. We take 8 mK as the
baseline, measure the capacitance and then monitor the change in
capacitance as the temperature is increased. The temperature of the
cell is adjusted by stabilizing the temperature of the mixing chamber
of the dilution refrigerator, achieved by heating the ®nal heat
exchanger. Thermal equilibrium in the cell is typically reached
only some 3 hours after the temperature is changed; thereafter,
the cell must be left for at least a further 3 hours to establish the
appropriate capacitance value. The heating is then stopped and
after a further similar period the 8 mK background value checked.
The practical range is limited by the lowest temperature at which
we can reliably maintain the cell in thermal equilibrium with the
mixing chamber, 8 mK, and the upper limit of 50 mK above which
measurements become dif®cult owing to increasing temperature
instabilities.
As the capacitance changes are so small, we ®rst have to establish
the background variation of the capacitance with temperature. We
can either measure the capacitance of the 3He/4He solution as a
function of temperature with no Vycor in the cell (that is, when
there is no effect on the 3He concentration from any quantum
con®nement), or we can measure the capacitance changes for pure
4
He with the Vycor present. Both methods yield the same result,

8

Figure 1 Schematic view of the experiment. In a, a dilute 3He/4He solution is
contained in a bulk volume in contact with a set of interconnecting `quantum
wires', which in the present case comprise the pores in Vycor glass. Ideally the
Fermi energy of the solution should be adjusted to be below the con®nement
energy of the pores. b and c, schematic views of the densities of states (DOS) and
the disposition of the 3He component in the solution between the two regions as a
function of temperature. In b the temperature is `high', and 3He atoms can
penetrate into the con®ned wires, whereas in c, where the temperature T p T F ,
3

He is excluded from the restricted volume as there are no occupied states above

the con®nement energy E0. The DOS in the quantum wire region is calculated on
the basis of the uniform tube model discussed in the text. As the pores are
randomly connected, the DOS for the pores would be qualitatively similar but
without the large discontinuities shown here. The `bulk' volume contains a
3

capacitor to measure the He concentration. This is a formidable task because

Figure 2 The measured penetration of the 3He. Inset, the change in relative
capacitance with temperature of 0.1% 3He/4He solution as a result of the quantum

the difference in dielectric constant between 3He and 4He is rather small. (The

penetration of 3He atoms into the Vycor with increasing temperature. Main ®gure,

dielectric constant of the solution6,7 is e  1:0572

the same data converted to the change in relative ®lling factor in the pores. The

0:0166x where x is the

fractional 3He concentration.) The expected change in capacitance is of the

curves represent the change in ®lling factor calculated from a simple uniform

order of 1 part in 106, which required us to develop a capacitor with at least 1 part in

`quantum wire' model as described in the text for pore channel widths of 7,10 and

107 stability for satisfactory measurements. The ,10 pF capacitance is measured

12 nm. The absolute ®lling factor changes from about 0.4 to 0.6 for the 10 nm

with an Andeen±Hagerling model 2500 1 kHz automatic capacitance bridge. We

channels over this temperature range. (The upturn in the calculations below 5 mK

monitor the temperature of the cell with a vibrating wire resonator (as described in

arises from the incomplete exclusion at T  0 together with a DOS which falls

ref. 4) in the mixing chamber of the dilution refrigerator.

with increasing energy, see Fig. 1).
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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 107 over a long time period.
Knowing the background capacitance, we can investigate the
effect of the quantum exclusion. The measured change in capacitance for a 0.1% 3He in 4He solution with the background subtracted is shown in Fig. 2 inset. The main graph in Fig. 2 shows the
data converted to 3He ®lling factor in the pores, de®ned as the ratio
of 3He concentration in the pores to total 3He concentration in the
solutionÐthat is, complete penetration of 3He into the pores
corresponds to a ®lling factor of unity. The conversion requires
no adjustable parameters as we know all the volumes in the cell.
Figure 2 shows that the ®lling factor in the pores has increased by 0.2
over our temperature range. The effect of the quantum exclusion
with the gradual expulsion of 3He from the con®ned 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 situation of Fig. 1, we should have been able to span a temperature range
where the ®lling factor changed from near zero to unityÐthat is,
from complete exclusion to complete penetration.
We can compare the observed 3He 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 3He 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 e0  2 1=2 terms in
which e0  n2  l2 E0 =2 with E0  h2 =4m a2 , and where n and l are
the positive integer quantum numbers de®ning the transverse state.
(The two lowest such terms are those shown in Fig. 1.)
This calculation has just one adjustable parameter, the con®nement energy E0, or equivalently the channel width a. We note that a
here is the width open to 3He quasiparticles; this is the bare Vycor
channel width minus ,1 nm to allow for the two atomic layers of
solid 4He 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 ®lled with the Fermi
Dirac distribution, and compute the chemical potential needed to
ensure that the correct total number of 3He quasiparticles occupies
the cell. The three curves in Fig. 2 show the ®lling factor calculated
in this way on the assumption that a  7, 10, 12 nm, that is, that
E0  5, 7.5, 15 mK. Given the simplicity of the assumptions, the
agreement between the observed ®lling factor and the quantum
exclusion calculation for a < 10 nm is good over the whole temperature range.
This agreement con®rms that there is indeed a change in the
quantum con®nement of 3He quasiparticles in narrow channels as a
function of temperature. This is, to our knowledge, the ®rst
con®nement experiment to be performed in helium; with more
re®ned 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 EF could be adjusted to be much smaller than the con®nement energy, as with low enough temperatures we would see the
complete transition from exclusion to penetration. Finally, we could
add an energy ,610 mK to the con®nement energy by applying a
high magnetic ®eld, 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 ®eld might provide a 3He
M
polarization ®lter5.
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An important feature of the high-transition-temperature (highT c ) copper oxide superconductors is the magnetism that results
from the spins associated with the incomplete outer electronic
shells (3d9) 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-Tc superconductivity is the same for all copper oxide
systems, their spin ¯uctuations should be universal. But so far,
the opposite has seemed to be the case: neutron scattering data
reveal clear differences between the spin ¯uctuations for two
major classes of high-Tc materials, La2-xSrxCuO4 (refs 1±3) and
YBa2Cu3O7-x (refs 4±6), whose respective building blocks are
CuO2 layers and bilayers. Here we report two-dimensional neutron-scattering imaging of YBa2Cu3O6.6, which reveals that the
low-frequency magnetic excitations are virtually identical to
those of similarly doped La2-xSrxCuO4. Thus, the high-temperature (T c & 92 K) 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-Tc (,40 K)
single-layer La2-xSrxCuO4 family.
The most celebrated common feature of copper oxide magnetism
is that the undoped parent compounds are insulating antiferromagnets, characterized by a simple doubling of the crystallographic
unit cells in the CuO2 planes. Neutron scattering, which measures
the Fourier transform (in space and time) of the spin±spin
correlation function, long ago imaged the doubling7,8 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 locations of the lowest-order diffraction peaks from the nuclei in the
nearly square CuO2 planes. Upon chemical doping to induce
metallic and superconducting behaviours, the elastic diffraction
peaks, due to static magnetic order, disappear. Both antiferromagnetic and superconducting compositions show strong inelastic
scattering derived from magnetic ¯uctuations. For superconducting
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