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Quantum Point Contacts for Neutral Atoms

J. H. Thywissen,* R.M. Westervelt,† and M. Prentiss
Department of Physics, Harvard University, Cambridge, Massachusetts 02138

(Received 19 July 1999)
We show that the conductance of atoms through a tightly confining waveguide constriction is

quantized in units of l2
dB!p, where ldB is the de Broglie wavelength of the incident atoms. Such a

constriction forms the atom analog of an electron quantum point contact and is an example of quantum
transport of neutral atoms in an aperiodic system. We present a practical constriction geometry that can
be realized using a microfabricated magnetic waveguide, and discuss how a pair of such constrictions
can be used to study the quantum statistics of weakly interacting gases in small traps.

PACS numbers: 03.75.–b, 05.60.Gg, 32.80.Pj, 73.40.Cg

Quantum transport, in which the center-of-mass motion
of particles is dominated by quantum mechanical effects,
has been observed in both electron and neutral-atom
systems. Pioneering experiments demonstrated quantum
transport in periodic structures. For example, Bloch
oscillations and Wannier-Stark ladders were observed in
the conduction of electrons through superlattices [1] with
an applied electric field, as well as in the transport of
neutral atoms through accelerating optical lattices [2,3].
Further work with neutral atoms in optical lattices has
utilized their slower time scales (kHz instead of THz) and
longer coherence lengths to observe a clear signature of
dynamical Bloch band suppression [4], an effect originally
predicted for but not yet observed in electron transport [5].
Quantum transport also occurs in aperiodic systems.

For example, a quantum point contact (QPC) is a single
constriction through which the conductance is always an
integer multiple of some base conductance. The quan-
tization of electron conductance in multiples of 2e2!h,
where e is the charge of the electron and h is Planck’s
constant, is observed through channels whose width is
comparable to the Fermi wavelength lF . Experimental
realizations of a QPC include a sharp metallic tip con-
tacting a surface [6] and an electrostatic constriction in a
two-dimensional electron gas [7,8]. Electron QPC’s have
length-to-width ratios less than 10 because phase-coherent
transport requires that channels must be shorter than the
mean-free path between scattering events, !mfp . Geomet-
ric constraints are the limiting factor in the accuracy of
quantization in an electron QPC [9].
In this Letter, we present an experimentally realizable

system that forms a QPC for neutral atoms—a constriction
whose ground state width b0 is comparable to ldB!2p,
where ldB is the de Broglie wavelength of the atoms. The
“conductance,” as defined below, through a QPC for atoms
is quantized in integer multiples of l2

dB!p. The absence
of frozen-in disorder, the low rate of interatomic scattering
(!mfp " 1 m), and the availability of nearly monochro-
matic matter waves with de Broglie wavelengths ldB "
50 nm [10,11] offer the possibility of conductance quan-
tization through a cylindrical constriction with a length-

to-width ratio of "105. This new regime is interesting
because deleterious effects such as reflection and inter-
mode nonadiabatic transitions are minimized [12], allow-
ing for accuracy of conductance quantization limited only
by finite-temperature effects. Furthermore, the observa-
tion of conductance quantization at new energy and length
scales is of inherent interest.
If a QPC for neutral atoms were realized, it would

provide excellent opportunities for exploring the physics
of small ensembles of weakly interacting gases. For
instance, the transmission through a series of two QPC’s
would depend on the energetics of atoms confined in the
trap between the two constrictions. The physics of such a
“quantum dot” for atoms is fundamentally different from
that of electrons, since the Coulombic charging energy
that dominates the energetics of an electron quantum
dot [13] is absent for neutral particles. The quantum
statistics of neutral atoms energetically restricted to sub-
three-dimensional spaces has already aroused theoretical
interest in novel effects such as fermionization [14] and
the formation of a Luttinger liquid [15].
Recently, several waveguides have been proposed

[16–18] whose confinement may be strong enough to
meet the constraint b0 & ldB!2p for longitudinally free
atoms. In this Letter, we will focus on the example of a
surface-mounted four-wire electromagnet waveguide for
atoms [18] (see Fig. 1) which exploits recent advances
in microfabricated atom optics [19,20]. A neutral atom
with a magnetic quantum number m experiences a linear
Zeeman potential U#r$ ! mBgmjB#r$j, where mB is
the Bohr magneton, g is the Landé g factor, and B#r$
is the magnetic field at r. Atoms with gm . 0 are
transversely confined near the minimum in field mag-
nitude shown in Fig. 1; however, they are free to move
in the z direction, parallel to the wires. Nonadiabatic
changes in m near the field minimum can be exponentially
suppressed with a holding field Bh applied in the axial
direction z [21]. Near the guide center, the potential
forms a cylindrically symmetric two-dimensional simple
harmonic oscillator with classical oscillation frequency
v ! %mBgm#2m0I!pS2$2!MBh&1!2, where m0 is the
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Quantum-limited mass flow of liquid 3He

G. Lambert and G. Gervais

Department of Physics, McGill University, 3600 rue Université, Montréal, Qc, Canada

W. J. Mullina!

Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003, USA
!Submitted October 29, 2007"
Fiz. Nizk. Temp. 34, 321–325 !April–May 2008"

We consider theoretically the possibility of observing unusual quantum fluid behavior in liquid
3He and solutions of 3He in 4He systems confined to nanochannels. In the case of pure ballistic
flow at very low temperature the conductance will be quantized in units of 2m2 /h. We show that
these steps should be sensitive to increases in temperature. We also use a random scattering ma-
trix simulation to study flow with diffusive wall scattering. Universal conductance fluctuations
analogous to those seen in electron systems should then be observable. Finally we consider the
possibility of crossover to a one-dimensional system at sufficiently low temperature, where the
system could form a Luttinger liquid. © 2008 American Institute of Physics.
#DOI: 10.1063/1.2908872$

INTRODUCTION

At very low temperatures, the thermal motion of the 3He
atoms in the liquid becomes very small as the de Broglie
wavelength becomes comparable with the distance between
the atoms, so that quantum effects become significant
enough to dictate the macroscopic properties of the liquid. In
a recent paper1 one of us noted that degenerate dilute solu-
tions of 3He in liquid 4He might be cooled by flow through
an array of nanochannels whose diameters are comparable to
the de Broglie wavelength of the channel.

Aligning the Fermi energy of a container of fermions
with the lowest allowed band in the channel would allow
only the hot gases through the channel, thereby cooling the
remaining gas in the container. The presence of such sepa-
rated bands in a channel immediately suggests further pos-
sible unusual behavior. For fluids confined over such small
scales, one may legitimately ask whether or not the physics
of the system, for example, the flow properties, are still the
same as at larger scale, or if perhaps a breakdown of the fluid
mechanics might occur. Indeed, recently Sato et al.2 consid-
ered the feasibility of seeing quantized conductance in dilute
solutions when there was pure ballistic flow. Recent ad-
vances in materials research have opened up the possibilities
of designing and engineering single pores or arrays of pores
with diameters of tens of nanometer in ceramic membranes,3

and down to only %1 nm in tailor-made carbon nanotubes
membranes.4 These materials provide a radial length scale
small enough to quantize the transverse motion of the helium
atoms, so that a realization of quantum-limited ballistic flow
of helium, similar to that observed in the electronic transport
of quantum wires,5 truly seems within experimental reach.

We consider here possible experiments on pure 3He as
well as dilute solutions. We first examine the temperature
dependence of the conductance quantization for pure ballistic
flow. We then investigate the effect of disorder and how wall

scattering in diffusive flow causes the onset of “universal”
conductance fluctuations in the mass flow. In the ultralow-
temperature limit T→0, we also argue that one-dimensional
quantum fluids should cross over to an entirely new exotic
type of quantum matter known theoretically as a Luttinger
liquid.6 Such liquid should possess entirely different flow
properties and excitation spectra owing to its “spin-mass”
separated ground state.7

The study presented here constitutes only a preliminary
analysis to illustrate the richness of flow properties that one
might expect in experiments on helium in nanoscaled cylin-
drical pores. More thorough investigations on the theoretical
and experimental levels are in progress.

QUANTIZED CONDUCTANCE

The de Broglie wavelength !dB gives the scale of the
diameters of the nanochannels necessary for seeing unusual
quantum effects; the Fermi temperature TF tells us what tem-
perature we need for degeneracy. For pure 3He !dB
&0.7 nm, TF&2 K, while for a 1% solution of 3He in liquid
4He, !dB&3 nm and TF&120 mK. Moreover, the interpar-
ticle mean free path is in the micron range because it con-
tains the factor !TF /T"2. In each case a dilution refrigerator is
able to produce adequate degeneracy. The possibility of us-
ing such arrays of channels to see the quantization of the
conductance was considered in Ref. 2. Unfortunately, disper-
sion in the channel size can smooth out the quantization
steps. In the present study we will ignore this problem and
assume that technology will soon provide the feasibility of
detecting flow from a single channel or a very small number
of channels. Initially we will neglect any interparticle scat-
tering and many-body interaction; the only scattering we will
consider is that from the walls.

A natural definition of the mass conductance, analogous
to that used in the case of an electric current, is given by2
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On the Feasibility of Detecting Quantized Conductance
in Neutral Matter
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When an electrochemical potential difference (i.e., a voltage) is applied
across a metal wire whose transverse dimensions are on the order of the
electron’s Fermi wavelength, the conductance G≡ I/!V becomes quantized
in units of 2e2/h. We present calculations that show that when a chemical
potential difference !µ3 is applied across an array of small apertures whose
sizes are comparable to the Fermi wavelength of 3He in a 3He:4He mixture,
the mass conductance G ≡

(
I3

!µ3/m∗
3

)
will be quantized in units of 2m∗2

3 /h

where m∗
3 is the 3He effective mass. We show that the mass conductance will

be quantized for a 0.1% mixture passing through 10 nm diameter pores at
temperatures below 25 mK. The phenomenon should be observable in a filter
material made by nuclear track etching.

KEY WORDS: conductance; Fermi wavelength; quasiparticle; ballistic
transport.

1. INTRODUCTION

Electron transport properties in mesoscopic conductors have been
studied for almost two decades. Various experiments1−6 have shown that
electrical conductance through a narrow constriction can be quantized in
units of 2e2/h. This is interpreted as a consequence of quantized trans-
verse momentum in the channel using the Landaur formulation.7,8

The key ingredients necessary for the observation of quantized con-
ductance are (1) degenerate Fermions, (2) a path whose dimension is com-
parable to the Fermi wavelength, and (3) ballistic transport.

It is natural to ask if these conditions can be met and analogous
phenomena observed in neutral matter, free of electron repulsions. One
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It works...

... with very little interparticle scattering in the reservoirs: mean 
free path much larger than the cloud size 

... with neutral particles: no forces are applied to the atoms

... with closed, microcanonical reservoirs: only elastic processes 
take place in the reservoirs, no dissipative dynamics

Wide control over the reservoirs dynamics
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Conclusions and perspectives

Other transport coefficients: heat conductance, thermopower

Engineering reservoirs: non thermal, coherent, small size

J.P. Brantut et al, Science 342, 713 (2013)

Strongly interacting gases: BEC-BCS crossover
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