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denoting transitions from the upper to the lower atomic state. This total spontaneous
emission can be decomposed, without changing equation (7), into parts C, = C, =
/@0~ and C, = \/(1 — 2&)[' 0", which stand for spontaneous emission in the
direction of the detector, in the opposite direction (towards the mirror), and in the
remaining solid angle, respectively. The action of the mirror is now described by replacing
C, and G, in equation (7) by the coherent sum

Ch=Ci+e™C=VOr(l+e™)g (8)

with laser frequency w}, and ¢ denoting the effective fraction of the total fluorescence
which can be brought to interference, including the contrast reduction by atomic
motion, by g, and by wavefront distortions. Equation (8) models precisely the situation
where the decay that the detector observes is the superposition of the two possible
directions, one being delayed by 7. An OBE calculation with this modified dissipation
predicts a variation of the total fluorescence with the ion—mirror distance at a level
determined by @. This is inhibited and enhanced spontaneous emission; it can also be
regarded as resulting from reabsorption or stimulated emission induced by the back-
reflected photons.

In the two-ion case, the two indistinguishable processes which interfere are emission by
one jon towards the detector and emission by the other ion towards the mirror. Using the
same tools as above, we model the situation by adding coherently the two decay processes
C,; and Gy, (and vice versa) where now a and b label the ions and 1 and 2 label the
directions of emission. The two new decay operators are given by

Cy=Cy+e™Cp; Cyu=0Cy+e ©

When these are introduced into equation (7) (now p is the two-atom density matrix), then
a term (0] 0, + 07 0, )cos(w 7)p appears in the OBEs, which describes simultaneous
emission by one ion and absorption by the other and which is modulated with the distance
between the ions via the mirror. This shows that in fact reabsorption (and its inhibition) of
the emitted photons goes along with the observed interference. A slightly different
viewpoint is that, depending on the phase factor e, either the symmetric or the
antisymmetric two-atom wave function is preferentially populated, which leads to
enhanced or suppressed collective spontaneous emission, respectively. This is subradiance
and superradiance as originally described by Dicke".
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Although Bose—Einstein condensates'™ of ultracold atoms have
been experimentally realizable for several years, their formation
and manipulation still impose considerable technical challenges.
An all-optical technique* that enables faster production of Bose—
Einstein condensates was recently reported. Here we demonstrate
that the formation of a condensate can be greatly simplified using
a microscopic magnetic trap on a chip’. We achieve Bose—Einstein
condensation inside the single vapour cell of a magneto-optical
trap in as little as 700 ms—more than a factor of ten faster than
typical experiments, and a factor of three faster than the all-
optical technique*. A coherent matter wave is emitted normal to
the chip surface when the trapped atoms are released into free fall;
alternatively, we couple the condensate into an ‘atomic conveyor
belt’’, which is used to transport the condensed cloud non-
destructively over a macroscopic distance parallel to the chip
surface. The possibility of manipulating laser-like coherent matter
waves with such an integrated atom-optical system holds promise
for applications in interferometry, holography, microscopy, atom
lithography and quantum information processing’.

Some of the advantages of microscopic magnetic traps on a chip
have been pointed out before. Modest electric currents can produce
large magnetic field gradients and curvatures in close proximity to a
planar arrangement of wires®. In an experiment which was realized
simultaneously with the results reported here, microfabricated
parallel conductors were used in a last stage of evaporative cooling
to achieve Bose—Einstein condensation (BEC)®. Lithographic fab-
rication techniques now make it possible to integrate even complex
systems of many microscopic traps, waveguides'®', and other
atom-optical devices'>™"* on a single ‘atom chip’.

The use of such microtraps for BEC appears, in hindsight, only
natural, as quantum-mechanical phenomena tend to be more
readily observable on a smaller scale. A tight trap permits fast
adiabatic changes of the confining potential, and it becomes easy to
magnetically compress a trapped atom cloud so that elastic collision
times of the order of milliseconds are reached even with just a few
million trapped atoms. The resulting fast thermalization makes it
possible to drastically shorten the time for radio-frequency-assisted
evaporative cooling'. It is also advantageous that a tight magnetic
confinement positions the atom cloud near the centre of the
magnetic trap, despite the pull of gravity, so that a rather uniform
evaporation is achieved throughout the evaporation process. Colli-
sions with background gas atoms become less important during
such a fast cooling cycle, so that the previously very stringent
requirements on the vacuum may be greatly relaxed.

Figure 1a shows the chip that is used in our BEC experiments. It
features 50-wm-wide conductors, which reproducibly support
continuous currents in excess of 3A. The chip was fabricated
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using thin-film hybrid technology, a standard microelectronics
process'. Although a variety of fabrication techniques can be
used (several groups have developed custom processes'™”), a
standard process has the advantage of being available to non-
microtechnology laboratories.

In our chip traps, the trapping potential is produced by super-
posing the field of the lithographic conductors with a homo-
geneous, external bias field B,. A Ioffe—Pritchard potential (non-
zero field in the minimum, and quadratic dependence close to this
minimum) is created using the ‘Z’-shaped conductor shown in
yellow in Fig. 1a; the central part of this conductor has a length of
1.95 mm. Figure 1b shows the magnetic potentials created by this
wire with a current of I, =2 A for two different values of the
external bias field, B, = B.e, + B e, (where e, and e, are unit
vectors): (B, =0, B,=8G) and (B, =1.9G, B, =55G), corre-
sponding to the two extreme values used in the experiment. With
increasing bias field, the trap centre moves closer to the surface,
from z, = 445 pm to z, = 70 pwm. The potentials vary quadratically
with the distance from the trap centre for very small distances. In the
main part of the trap, the transverse dependence can be approxi-
mately characterized by the gradient of the wire field at z, This
gradient rises by a factor of 37—from 200 G cm™ to 7,300 G cm™ —
for the two potentials in the figure. The central part of the long-
itudinal potential, on the other hand, changes very little while its
steep walls grow higher with trap compression.

The chip that creates these potentials is mounted face down in a
glass cell of inner dimensions 30 X 30 X 110 mmy; this cell is part of
a simple vacuum system pumped by a 251s™" ion pump and a small
titanium sublimator (Fig. 2). The magnetic trap lifetime is up
to 5s, which indicates a background pressure in the 107 mbar

X (mm)

Figure 1 The chip and the magnetic potentials that it creates. a, Layout of the lithographic
gold wires on the substrate. The inset shows the relevant part of the conductor pattern. f,
h, lur and hy create the various magnetic potentials for trapping (see b) and transport, as
described in the main text, / is used only during trap loading (intermediate MOT step?).
b, Potentials created by a wire current /, = 2 A for two different values of the external
bias field, (B, = 0, B, = 8 G) (dashed lines) and (B, = 1.9 G, B, = 55G) (solid lines).

NATURE | VOL 413 |4 OCTOBER 2001 | www.nature.com

%4 © 2001 Macmillan Magazines Ltd

letters to nature

range. Thermal rubidium vapour is produced from a rubidium
dispenser””. We operate it at low, constant, current, so that the
rubidium partial pressure remains low and reduces the magnetic
trap lifetime by less than 20%. During the magneto-optical trap
(MOT) loading phase, a 30-W halogen reflector bulb is switched on
to temporarily increase the rubidium pressure by light-induced
desorption®. The MOT loaded in this way contains about 5 X 10°
atoms of *Rb after a loading time of 3—7s.

Trap loading is a crucial step in realizing a magnetic microtrap.
We use the mirror-MOT technique developed in our group and
described in detail in refs 5 and 14. This variant of the well-known
MOT provides a sample of laser-cooled atoms at a distance of less
than 1 mm from the substrate surface, and enables in situ transfer
into the magnetic microtrap without requiring an intermediate,
macroscopic magnetic trap. In this way we typically load 3 X 10°
atoms into the magnetic trap after optical pumping into the F = 2,
my = 2 ground state.

The initial magnetic trapping potential is shown in dashed lines
in Fig. 1b. This trap has frequencies », = 28 Hz and »,, = 220 Hz.
The temperature and peak density, measured 200 ms after transfer
from the MOT, are ~45pK and ~5 X 10" cm™, respectively.
Immediately after the transfer, we increase the bias field B, in
300 ms to a final value of 55G, leading to the potential shown in
solid lines in Fig. 1b. Thus, strong compression occurs in the
transverse (3, z) plane, whereas the longitudinal potential undergoes
a comparatively small change. The very anisotropic final potential
has a transverse curvature of 2.4 X 10’ Gecm™? near the centre,
leading to a calculated transverse oscillation frequency of
v,, = 6.2kHz, while the longitudinal frequency is only
v, = 17 Hz. Experimentally, we have used two different techniques
(direct observation of the oscillation and parametric heating) to
measure these frequencies, and found good agreement of calculated
and measured frequencies.

Immediately after compression, we initiate forced evaporative
cooling with a linear radio-frequency sweep from 30 MHz to
8 MHz. This sweep is typically performed in 900 ms, and reduces
the number of atoms to 5 X 10°. From here, we can proceed to BEC
by two different routes, both of which involve an adiabatic change in
the potential. In the first case, the trap is simply decompressed by
reducing By—Ileading to a very elongated condensate centred at the
position C1 in Fig. 1a. In the second approach, the wire currents are

Electrical
feedthrough

To pumps

Rubidium

dispenser
Copper
block
Substrate
(upside down) - |/—) Giass cell

Figure 2 Vacuum system. Because of the efficient evaporation in the chip trap, this very
simple set-up is sufficient to achieve Bose—Einstein condensation (BEC). The substrate is
mounted facing downwards, so that the atom cloud may be released to expand in free fall
(time-of-flight analysis).
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also modified to move the trap centre to position C2, where a more
spherical condensate arises.

We now describe both cases in more detail. In the first case,
the initial radio-frequency ramp is immediately followed by a
second, exponential ramp with 800 ms duration. At the end of
this ramp, ~7 X 10* atoms are left at a temperature of ~6 pK, a
density of 5 X 10" cm™> and a phase space density in the lower 107
range. The external bias field is now reduced to (B, =1.2G,
B, = 40 G) within 150 ms to decompress the trap. This is done to
avoid an excessively high density (which would lead to trap loss by
three-body collisions), and to reduce the heating rate, which was
measured to be 2.7 wKs™' in the compressed trap at B, =55G, and
reduced to 1.1 pKs™' at B, = 40G. (The origin of this heating
is discussed below.) The decompressed trap has frequencies
Vey. = (20,3,900,3,900) Hz. After a final radio-frequency sweep
to ~1.6 MHz in 300ms, a condensate appears. Figure 3 shows
time-of-flight absorption images after a ballistic expansion time of
21 ms. These images were taken for descending values of the final
radio frequency, and show the appearance of the sharp, non-
isotropic peak in the momentum distribution which is a key
signature of BEC. A bimodal distribution is first observed for a
temperature of T = 630 nK, in agreement with the theoretical value
of the transition temperature T. = 670 nK (for 11,000 atoms). The
condensate lifetime is of the order of 500 ms and can be prolonged
to ~1.3 s when the radio-frequency power is left on at a frequency
just above resonance with the condensed atoms. The number of
condensate atoms in a distribution well below the transition
temperature is typically around 3,000.

The high trap frequencies in the compressed traps currently
prevent us from measuring directly the temperature and density
in these traps. Instead, we infer these values from analysing the
cloud after adiabatic decompression, using a bias field B, of 19.4 G
for the elongated trap, and of 16 G for configuration C2. Detection
can then be accomplished by shutting off the wire current, leaving

Figure 3 Time-of-flight absorption images of the atom cloud after 21 ms of free
expansion. (Profile height and false colours are used to encode the optical density of the
cloud.) The images were taken after a final radio-frequency sweep ending at frequencies
vy = v, + 66 kHz, 44 kHz and 15 kHz (from top to bottom), where »; is the resonance
frequency in the centre of the trap. The images show the appearance of the sharp,
non-isotropic peak in the momentum distribution which is a key signature of BEC.
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Figure 4 Axial column density profile near the transition temperature, taken in
configuration C2. The curve is obtained from a two-dimensional best fit to a bimodal
distribution, which corresponds to 1,600 atoms in the condensate and 10,400 atoms in
the thermal component at a temperature of 1.7 pK.

the homogeneous field switched on and tuning the probe laser
frequency to the Zeeman-shifted atomic resonance. If the atom
cloud is cold enough to remain in the quadratic region of the
potential, the temperature in the compressed trap can be calculated
from the relation T' = (v|»,¥}/(»,v,7;))"” T, where »; indicates a
trap frequency along the i-th axis, and »;" designates a value after the
transformation. The temperatures we cite are inferred in this way,
with the exception of the heating rate measurements below, where
all values are given for the detection trap, so that they can be
compared directly.

Owing to its very elongated shape, the condensate in position C1
is well inside the regime of fluctuating phase. Such ‘quasiconden-
sates’ are at present receiving much attention'>*. We also reach the
phase transition in a more spherical configuration by transferring
the cloud to the position marked C2 in Fig. la. This is accom-
plished by ramping the currents and external fields to final values
I, =2A, Iy, =1A, B, =5G and B, =40G. This transforma-
tion takes 250ms, and results in a trap with frequencies
V.. = (300, 3,400, 3,500) Hz—the ratio of transverse and long-
itudinal frequencies is now only 12:1, in contrast to configuration
C1, where it was 200:1. A single additional radio-frequency ramp
with a duration of 500 ms and a final frequency of ~1.0 MHz is
enough to achieve condensation in this trap. The number of

Figure 5 Transport of a BEC on the ‘magnetic conveyor belt’. a, Superposed absorption
images taken at fixed time intervals during transport. The distance between the first and
lastimage is 1.6 mm, the transport time is 100 ms. The line of sight is parallel to the yaxis
(see Fig. 1); the dotted line marks the edge of the substrate. b, Time-of-flight images of
the atom cloud after release at the final position, exhibiting the bimodal structure
characteristic of a BEC. The maximum expansion time (bottom image) is 19.3 ms.
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condensed atoms is typically slightly higher than in configuration
Cl1. A section through a condensed cloud, taken close to the
condensation threshold (Fig. 4), reveals the expected bimodal
structure with a broad gaussian background of thermal atoms and
a sharp peak due to the condensed fraction. When using this
potential, we even observe condensation when both radio-
frequency ramps are shortened and overlapped with the magnetic
field ramp, so that the total evaporation time is as short as 700 ms.

The short evaporation time entails a very fast cycle time of 10 s or
less, including MOT loading and detection. Moreover, it relaxes the
ultrahigh-vacuum requirements that have been one of the main
restrictions of ‘traditional’ BEC experiments, and thus enables us to
use the very simple vacuum system of Fig. 2.

With its trap—substrate distance in the 100-pm range, the
microtrapped condensate approaches a room-temperature surface
much more closely than do usual condensates. Little is known about
condensate—surface interactions at very small distances. Surface-
induced heating of trapped atom clouds has been studied
theoretically’', and is predicted to become important for distances
in the 10-pm range. However, there are many other sources that
could explain our observed heating rate, such as electrical current
noise, mechanical vibrations, and various effects associated with
collisions™. We have measured the heating rate after slowly reducing
both I, and B, by the same factor a, starting from I, = 2A,
B, = 40G. This operation reduces both the transverse and long-
itudinal gradients and curvatures by « while leaving unchanged the
position of the cloud centre. We find that the heating rate decreases
with o, and reduces to 0.5 = 0.3 wWKs™' for o = 0.3. Although this
dependence imposes some restrictions on the nature of the heating
mechanism, further measurements are required to fully understand
and possibly eliminate it.

A decisive advantage of the chip trap lies in the versatility of the
lithographic wire structures. With the wire layout of Fig. 1, many
more complicated potentials could be realized. As a first demon-
stration of these capabilities, we have created a condensate in
configuration C2 and transported it over a distance of 1.6 mm
along the chip surface using a ‘magnetic conveyor belt’®. This is done
by applying periodically modulated currents Iy;; and Iy, with a
relative phase shift of /2. Figure 5a shows the cloud during
transport over two conveyor periods; images were taken separately
and then superposed. Figure 5b shows a series of time-of-flight
images in 2.4-ms intervals after release at the final position: the
expanding cloud shows the bimodal distribution of a BEC even
after transport. This is encouraging for applications such as
trapped-atom interferometry*>** with condensates. Because of this
robustness, the simplicity of the set-up and the possibilities of chip-
based potentials, we expect fruitful results from microchip BEC
experiments in the near future. Ol
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Puzzling aspects of high-transition-temperature (high-T,) super-
conductors include the prevalence of magnetism in the normal
state and the persistence of superconductivity in high magnetic
fields. Superconductivity and magnetism generally are thought to
be incompatible, based on what is known about conventional
superconductors. Recent results', however, indicate that antifer-
romagnetism can appear in the superconducting state of a high-T,
superconductor in the presence of an applied magnetic field.
Magnetic fields penetrate a superconductor in the form of
quantized flux lines, each of which represents a vortex of
supercurrents. Superconductivity is suppressed in the core of the
vortex and it has been suggested that antiferromagnetism might
develop there’. Here we report the results of a high-field nuclear-
magnetic-resonance (NMR) imaging experiment’~ in which we
spatially resolve the electronic structure of near-optimally
doped YBa,Cu;0; 5 inside and outside vortex cores. Outside
the cores, we find strong antiferromagnetic fluctuations, whereas
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