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Figure 5 Momentum distributions as a function of the number of modulation periods,
showing the tunnelling oscillation between negative and positive momenta. We note that
the zero-momentum state remains mostly unpopulated, even when the mean momentum
is zero. The colour coding ranges from blue to red for atomic populations ranging from
small to large.

ity is that the tails of the oscillating quantum wave packets may
extend outside the region of regular motion, allowing the atoms to
`leak out' into the classically chaotic region. This possibility is
currently under investigation. The contribution of multiple Floquet
states could lead to complicated multi-frequency oscillations, and
an envelope for the tunnel oscillations appearing as decay, as
observed for some parameters in our simulations. The effects of
spontaneous emission and atom±atom interactions should be
small.
Quantum theory predicts dynamical tunnelling to occur for
various values of the scaled well depth k, the modulation parameter
e and modulation frequency q, and also predicts a strong sensitivity
of the tunnelling period and amplitude on these parameters. For
e  0:23, k  1:75 and q=2p  250 kHz we measured a tunnelling
period of approximately 13 modulation periods. As shown in
Fig. 4b, for e  0:30, k  1:82 and q=2p  222 kHz we ®nd a
tunnelling period of 6 modulation periods with a signi®cantly
longer decay time than in Fig. 4a. We have also experimentally
observed an increase in the tunnelling period when k is decreased
and when all other parameters are held constant. This is the
opposite of what one would expect for spatial barrier tunnelling.
Our observation of dynamical tunnelling of atoms in a modulated standing wave opens the door to further studies in quantum
nonlinear dynamics. By varying the hamiltonian parameters and the
initial conditions, we observe dynamical tunnelling for a variety of
mixed phase space con®gurations. This may be `chaos-assisted
tunnelling', and a tunnelling rate that varies wildly as system
parameters are changed would be a signature of such tunnelling1.
By introducing noise or spontaneous emission in a controlled
manner, we could systematically investigate the role of decoherence
in tunnelling and explore the classical limit of chaotic systems. By
carefully following the evolution of wave packets loaded into the
chaotic region from a Bose±Einstein condensate, we could probe
`quantum chaos' with the unprecedented resolution afforded by
minimum uncertainty wave packets.
During the preparation of this Letter, we learned of an
experiment14 reporting tunnelling of a different motional state in
a similar system.
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Celebrated interference experiments have demonstrated the
wave nature of light1 and electrons2, quantum interference
being the manifestation of wave±particle duality. More recently,
double-path interference experiments have also demonstrated
the quantum-wave nature of beams of neutrons3, atoms4 and
Bose±Einstein condensates5. In condensed matter systems,
double-path quantum interference is observed in the d.c. superconducting quantum interference device6 (d.c. SQUID). Here we
report a double-path quantum interference experiment involving a liquid: super¯uid 3He. Using a geometry analogous to the
superconducting d.c. SQUID, we control a quantum phase shift
by using the rotation of the Earth, and ®nd the classic interference pattern with periodicity determined by the 3He quantum
of circulation.
Our basic interferometer topology is shown in Fig. 1a. Schematically, the device is a circular loop of radius R which includes two
super¯uid 3He Josephson weak links7,8. These weak links each
consist of a 65 ´ 65 array of 100-nm apertures etched in a 60-nmthick silicon nitride membrane. Similar arrays have previously been
shown to be characterized by a current±phase relation given9 by the
Josephson formula:
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Here I is the mass current ¯owing through the array, f is the
quantum phase difference across the array, and Ic is the critical
current characterizing the array.
The interferometer is predicted to behave as a single weak link
with an effective critical current, I pc (see Methods). If the inter-
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ferometer is rotated at angular velocity Q, I pc is modulated by an
interference term10


2Q×A
2
I pc  2I c cos p
k3

interferometer should evolve according to the equation13:
© 2

qj 

I = Ic*sin Φ
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As described in Fig. 1 legend, the de¯ection of the ¯exible
membrane reveals both the pressure across the interferometer and
the mass current through it. We have developed a feedback method
that permits us to drive the system at constant pressure by applying
a time-varying voltage to the membrane. We select a pressure for
which the Josephson frequency lies near 270 Hz, a spectral region
away from parasitic acoustic noise lines in the displacement
transducer.
Figure 2 shows a Fourier transform of the mass current through
the interferometer that results from the constant-pressure drive
being applied for about 6 seconds. A sharp peak at 273 Hz is
clearly visible. This corresponds to the Josephson oscillation. This

It

Φ

3

where r is the density of the liquid and P is the pressure differential
across the ends of the device. So if the interferometer behaves as a
single Josephson weak link, a static pressure P0 applied across the
interferometer will cause the quantum phase to increase linearly
in time, leading to mass current oscillations at a Josephson
frequency8:

where A is the area vector of the loop and k3 [ h= 2m3  is the 3He
quantum of circulation. Thus the effective critical current is predicted to be modulated with a period determined by the rotation
¯ux through the interferometer, analogous to the manner in which
magnetic ¯ux modulates the critical current of a d.c. SQUID.
The interference occurs because the phase of the super¯uid
wavefunction receives equal and opposite shifts in the two arms
of the interferometer. The phase shift arising from the rotation ¯ux
is identical in form to that in other neutral-matter quantum
rotation interferometers3,11, as well as in the optical Sagnac
interferometer12 if the photon effective mass is taken to be ~q=c2 .
The goal of our experiment is to demonstrate two ideas. (1) That
the super¯uid interferometer is indeed characterized as a single
weak link with a well de®ned critical current I pc , and (2) that by
changing the orientation of the plane of the loop with respect to the
Earth's rotation vector, the current I pc can be modulated according to
the interference term in equation (2). I pc should exhibit periodicity
of 2Q×A=k3 .
A geometrically more accurate sketch of our interferometer
is shown in Fig. 1b. The quantum phase difference across the
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Figure 1 Two views of our super¯uid quantum interferometer. a, Schematic diagram of
the basic interferometer loop. As shown in the Methods section, the total current through
the two sides of the loop (It) is predicted to depend on the total phase difference across the
loop, ©, as given by equation (1) with Ic replaced by I pc (given by equation (2)). b, The
interferometer geometry used in this experiment. Although the two weak links are moved
closer together, the topology is unchanged and I pc is still given by equation (2). The
nominal `loop' area, A, is ,6 cm2, and the tube cross-sectional diameter is ,0.3 cm.
Pressure differences can be applied to the ¯exible metallized membrane (and hence
across the two weak links) by applying voltages between it and the adjacent rigid
electrode. The membrane is coated with a superconducting ®lm. The sense coil contains a
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trapped persistent current which is partially shunted into the input coil of a d.c. SQUID if
the membrane moves26. Knowledge of the de¯ection of the membrane, x(t ), reveals the
pressure head across the interferometer. The rate of change of the de¯ection reveals the
mass current through the interferometer. The noise in the displacement sensor is
2 3 10 2 15 m Hz 2 1=2 . We use a feedback system that applies a voltage to the electrode
such that the pressure across the interferometer is ®xed at some predetermined value,
typically near 1.5 mPa. Temperature is monitored with two thermometers, one using
platinum nuclear magnetic resonance and a second using lanthanum cerium magnesium
nitrate (LCMN). The experiment is performed at zero ambient pressure.

© 2001 Macmillan Magazines Ltd

NATURE | VOL 412 | 5 JULY 2001 | www.nature.com

letters to nature
frequency agrees with equation (4) to within the systematic uncertainty (,10%) in the electrostatically derived calibration of the
pressure scale. We have determined that the oscillation frequency
scales linearly with P0 at least up to 1 kHz, and that there is no
higher-harmonic signal detectable with the present signal-to-noise
ratio. This implies that the overall current±phase relation is sinelike, and that the two separated arrays are phase coherent. The area
under the Josephson oscillation peak in Fig. 2 is proportional to I pc ,
the critical current for the interferometer.
This oscillation signal results from the quantum coherence
among all the apertures in each array, as well as between both
arrays. Thus, not only are both weak links themselves coherent, but
the ,1022 atoms within the torus are also quantum phase coherent
with them. This demonstrates the ®rst point, that the interferometer
behaves as a single Josephson weak link with a well de®ned critical
current, I pc .
Furthermore, weak-link arrays have previously been shown14 to
exhibit a characteristic rigid-pendulum oscillationpmode
whose

small-amplitude frequency qp is proportional to I c . We have
observed
pthis normal mode motion in our interferometer and ®nd
qp ~ I pc , again con®rming that the device behaves as a single weak
link characterized by equations (1) and (3).
The second goal of our experiment is to see if phase gradients,
generated by absolute rotation of the loop, create an interference
pattern to modulate I pc , as predicted in equation (2). We chose the
loop area A to be 6 cm2 so that the rotation of the Earth, QE , can itself
lead to several periods of the modulation pattern. The plane of the
loop is verticalÐthat is, the vector A points horizontally in the
laboratory. Thus we can vary the rotation ¯ux in the loop, QE ×A,
by reorienting the interferometer about a vertical axis in the
laboratory frame. This reorientation technique was used previously
in super¯uid 4He to show that rotation ¯ux could vary the phaseslip critical velocity in an aperture15,16. Other experiments employed

reorientation of a super¯uid 3He loop to change the frequency in a
nonlinear Helmholtz oscillator17,18 containing a single Josephson
weak link.
Figure 3 shows the result of our reorientation experiment. We
plot the normalized measured current magnitude I pc as a function
of 2Q×A=k3 . The data reveal the double-path quantum interference pattern. The solid curve is the interference pattern
expected from equation (2). The periodicity of the observed interference pattern is found to be as predicted: 2Q×A=k3 , within the
experimental precision (which is limited by knowledge of the loop
area).
The interference pattern predicted by equation (2) and shown in
Fig. 3 is the central feature of this experiment. The device displays a
remarkable phenomenon: two-path quantum interference in a
liquid. The pattern shows that the interferometer is indeed the
super¯uid equivalent of a d.c. SQUID.
It is natural to ask if the super¯uid quantum interference device
could be developed into a sensitive rotation sensor19±21, perhaps to
perform meaningful geodesy measurements or experiments on
general relativity. Following the analysis22 of superconducting d.c.
SQUIDs, the intrinsic noise in this type of device arises from
Nyquist noise in the various dissipative processes associated with
the weak links themselves23. The potential intrinsic sensitivity can
only be reached if other extrinsic noise sourcesÐsuch as temperature drifts, environmental noise and electronic SQUID readout
noiseÐare reduced by orders of magnitude from the values in the
present experiment.
We have demonstrated a double-path super¯uid interferometer
which is the analogue of a d.c. SQUID. The entire interferometer
exhibits dynamic behaviour (Josephson oscillations and pendulum
motion) similar to that of a single weak link. Owing to quantum
interference, the effective critical current is modulated by rotation
¯ux through the enclosed area. Our double-path interference
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Figure 2 The spectrum of the mass current during a 2-s interval of the data stream from
the SQUID position transducer. A typical data stream is 6 s long, limited by the magnitude
of the voltage we can apply to the diaphragm. Due to imperfect pressure regulation, the
Josephson peak drifts slightly during the 6-s data stream. So we break the transient into
2-s intervals, and use a fast Fourier transform (FFT) routine to produce a ®gure like
that above for each interval. The peak is due to Josephson oscillations at 273 Hz. We
compute a number proportional to the area under the peak (shaded in the ®gure). At a
®xed orientation we record multiple data streams (typically 17), and average the
resultant areas. This average is taken as the measure of I pc , the critical current of the
interferometer.
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Figure 3 The interference pattern of a super¯uid quantum interference gyroscope. The
®gure shows a plot of the effective critical current I pc as a function of 2Q×A=k3 , where
k3 is the quantum of circulation (see equation (2)). The error bars, which are the standard
error of typically 100 FFTs, are smaller than the size of the plotted points. The temperature
was approximately 0.8Tc, where Tc is the critical temperature of the super¯uid. We
have applied a temperature correction (no greater than 4%) to account for systematic
errors from small temperature drifts recorded by the LCMN during the course of the
measurement. The rotation ¯ux was varied by reorienting the normal to the loop's plane
through an angle of 6p/2 with respect to the east±west direction. Then the rotation
¯ux Q×A is equal to E A cosvL sin£, where £ is the direction of A with respect to
an east±west line, and vL < 388 is the latitude of Berkeley. The solid line is a plot of
equation (2).
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experiment advances the close analogy between the macroscopic
quantum physics of superconductivity and super¯uidity. Both
systems exhibit persistent currents, quantized circulation (¯uid
and magnetic), sinf weak links and now, double-path quantum
interference.
M

Methods

To derive equation (2) we follow a heuristic method similar to that which Feynman24
applied to the analogous superconducting case. Consider the interferometer in Fig. 1a to
be rotating at angular velocity . The total external current passing through the
interferometer may be written as:

 

f 2 f2
f  f2
sin 1
5
I t  I c sinf1  I c sinf2  2I c cos 1
2
2
We assume that the ¯uid in the torus is characterized at every point by a quantum phase
factor which is macroscopically coherent. The rotation of the torus entrains the super¯ow
which is then almost that of a solid body, ns  R. Around a closed path in the
interferometer, as indicated by the dotted line in Fig. 1, the phase can change only in
multiples of 2p.
r=f×dl  2pn 

#

b
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The limit points, a±d, in the integrals are shown in Fig. 1a. In equation (6) we have used
the concept25 that the phase gradient is proportional to super¯uid velocity,
=f  2ms ns =~. Equation (6) may be solved for f1 2 f2, which, when inserted into
equation (5) gives
I t  I pc sin©

7

where © [ f1  f2 =2 is the phase difference across the ends of the interferometer. We see
that the rotating interferometer behaves as a single Josephson weak link, whose maximum
current is given by the quantum interference term:


2Q×A
8
I pc  2I c cos p
k3
Here k3 [ ~= 2m3  is the quantum of circulation, A is the interferometer area vector,
normal to the plane, and we have included a scalar product describing the more general
case when the rotation axis is not parallel to A.
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It has generally been believed that, within the context of the
Bardeen±Cooper±Schrieffer (BCS) theory of superconductivity,
the conduction electrons in a metal cannot be both ferromagnetically ordered and superconducting1,2. Even when the superconductivity has been interpreted as arising from magnetic
mediation of the paired electrons, it was thought that the superconducting state occurs in the paramagnetic phase3,4. Here we
report the observation of superconductivity in the ferromagnetically ordered phase of the d-electron compound ZrZn2. The
speci®c heat anomaly associated with the superconducting transition in this material appears to be absent, and the superconducting
state is very sensitive to defects, occurring only in very pure
samples. Under hydrostatic pressure superconductivity and
ferromagnetism disappear at the same pressure, so the ferromagnetic state appears to be a prerequisite for superconductivity. When
combined with the recent observation of superconductivity in
UGe2 (ref. 4), our results suggest that metallic ferromagnets may
universally become superconducting when the magnetization is
small.
The compound ZrZn2 was ®rst investigated by Matthias and
Bozorth5 in the 1950s, who discovered that it was ferromagnetic
despite being made from nonmagnetic, superconducting constituents. ZrZn2 crystallizes in the C15 cubic Laves structure, as shown in
Ê The Zr atoms
the inset of Fig. 1, with lattice constant a  7:393 A.
form a tetrahedrally coordinated diamond structure and the magnetic properties of the compound derive from the Zr 4d orbitals,
which have a signi®cant direct overlap6. Ferromagnetism develops
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