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Atomic Micromanipulation with Magnetic Surface Traps
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We describe manipulation of neutral atoms using the magnetic field of microfabricated current-
carrying conductors. It is shown how this method can be used to achieve adiabatic magnetic transport
from one reservoir to another. In the first experimental realization of a microfabricated magnetic
neutral-atom trap, efficient loading is achieved with a novel mirror-magneto-optic trap. A cloud of
rubidium atoms is stored and compressed using the magnetic field of a “U”-shaped wire carrying a
current of 2A. An evaporation mechanism is demonstrated which removes hot atoms from the trap by
collisions with the substrate surface.

PACS numbers: 32.80.Pj, 03.67.Lx, 03.75.—b, 39.90.+d

With the ground-breaking recent advances in the prepaiere for the first time, new possibilities open up that go
ration of cold degenerate atomic ensembles [1], there ibeyond the mere production of steeper traps. Indeed, this
now a need for devices that can manipulate the atomiapproach enables the realization of new devices for atomic
de Broglie waves in quantized states of external potenmicromanipulation, such as the adiabatic “motor” which
tials in a controlled manner. This is true for atomic en-we describe. Moreover, the substrate enables higher
sembles as well as for individual atoms. For instancecurrent densities due to efficient heat removal, and also
a single-mode matter waveguide would decisively engives rise to new physical effects such as the surface-
large the applicability of the coherent matter waves thatnduced evaporation mechanism which we demonstrate.
are produced by atom lasers [2]. In cavity QED with The trapping field used in our experiment results from
cold atoms [3,4], the use of trapped atoms will lead to asuperposing the field of a single wire with an external
new level of control over the atom-field interaction. Thebias field By (Fig. 1). This configuration, which has
microscopic manipulation of atoms may also permit thepreviously been used in our laboratory to trap atoms
realization of novel quantum gates, similar to those prowith a free-standing wire [10], results in a line of zero
posed for atoms in optical lattices [5]. In all thesefield parallel to the wire at a distancg = 52 BLO. In
cases, the confining potential must be extremely steeghe vicinity of this minimum, the field modulus varies
to achieve a large mode spacing and a small groundapproximately linearly with a gradient that is equal to
state size. Strong coupling of a trapped rubidium atomhat of the wire alone. In this way, a two-dimensional
to the evanescent wave of a microsphere resonator, feuadrupole potential is obtained which has a steepness of

example, would require a ground-state extension NOTY B (1) = 27 By ot the trap center [12]. The trap depth
mal to the sphere on the order af27 ~ 124 nm [6]. g given by the ﬁnagnitude of the bias fiefkg.
To achieve al/e ground-state diameter of this sizé = 14 gptain a three-dimensional trap, a wire of length
in a harmon_ic magnetic potential, a field curvature of; is pent at both ends so that it forms either a “U”
55.7 KT/en is reqUIr_ed. . . _or a “Z" (Fig. 2). The stretches of wire parallel to
Proposed magnetic microtraps and waveguides whlcp contribute a field component along which is not
replace the customary macroscopic field coils by a pla”at'iompensated by the bias fiele, thereby closing the
system of current-carrying conductors [7,8] or by 8yap at its ends. They also determine the type of the
magnetized surface [9] hold promise for many newpiential minimum. Inthe “U” case, their contributions

applications in this context. It has been pointed outoance| at the origin and a quadrupole trap is formed
[7] that, when a magnetic potential is created by a

system of wires with characteristic siaeand carrying

a current/, the trapping field gradient and curvature, r J
respectively, scale ak/s> and//s* whens is decreased. r

Such “wire traps” can therefore provide very tightly + —
confining potentials with much less power dissipation N —

than “traditional” traps using macroscopic coils. First
steps in this direction were taken with the realization of - _

tral-atom traps [10] and guides [11] that use thin freeF_IG. 1. Principle of the magnetic microtrap. A homogeneous
neutre . P d g > ’ bias fieldB, is superposed on the field of a microscopic current-
standing wires. When microfabricated conductors on &arrying wire. The resulting field has a minimum along the
substrate surface are used for trapping, as demonstratedte axis.
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FIG. 2. Wire layout for a (a) quadrupole and (b) loffe-
Pritchard trap. Magnetic potentials generated by these arrange-
ments for [ = 250 umand I = 2 A. Thebiasfield along y is
By = 54 G (dashed lines) and 162 G (solid lines). The poten-
tials shown in the figure were obtained by simple Biot-Savart
type calculations, including a wire width of 50 wm.

[Fig. 2(a)]. In the “Z" configuration, the contributions
add, and the trap is of the loffe-Pritchard type [Fig. 2(b)].
With our current microfabrication process (see below),
we have obtained sustainable currents of more than
2A through wires of approximately 2cm length with a
rectangular cross section 3 to 4 um high and 50 um
wide. With this current and a bias field strength of 162 G,
atransverse field gradient of 5.6 T/cm is obtained in the
“U” configuration. Inthe“Z” configuration with a length
[ = 250 um, the transverse curvature is 57.4 kT/cm 2,
leading to alevel spacing (in the harmonic approximation)
of 30.4 kHz for 8’ Rb atoms in the F = 2, m = 2 ground
state, and to a ground-state size of 123 nm (1/e diameter).
This is small enough to provide efficient coupling of a
trapped atom to the evanescent field of a microsphere
resonator and also implies the Lamb-Dicke regime with
respect to the rubium D, line.

Starting from these basic configurations, more complex
potentials can be constructed, such as the atomic motor
which is shown in Fig. 3. In this device, the loffe-
Pritchard-type potential of Fig. 2 is modulated by the
currents of the two undulating wires labeled I,,, and I5.
In thisway, a chain of separated minimais obtained which
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FIG. 3. (a layout for the “atomic motor.”
a constant field By =3G ¢ + 16G ¢, and the fol-
lowing currents: Ip=15A, I;; =08 Acosp, Iy, =
0.8 Asing, Iy; = —0.17 A +0.15 Acosg, Iy, =—025A +
0.18 Asing. The coordinate ¢ follows the path of transverse
(x-y plane) minimum for each value of the longitudina x

coordinate.

can be moved aong the x axis by varying the currents
Iyp and Ip,. The redlization shown in Fig. 3 has two
additional, stationary trapping minima, P, and P,, which
are generated by the currents Iy, and Iy,. When phase-
shifted alternating currents are applied as specified in the
figure caption, moving minima separate off the “source”
trap P, and travel continuously to the right where they
unite with the “destination” trap P,. This process can
be used to replenish the reservoir P,. To illustrate this
mechanism, Fig. 3(b) shows four phases of the time-
varying potential. In this example, the field curvature in
the minima is on the order of 1 T/cm ? along its weakest
axis—which is the direction of transport—and more
than a factor of 20 larger in the plane orthogona to it.
Note that the potential minima are nonzero for all times,
which isimportant to avoid Majorana losses. Phase-space
density can be increased if evaporative cooling occurs
during the transport. Furthermore, the same device could
be used to position individua atoms inside an optical
cavity. Note also that the distance between P, and P, can
be increased, so that atoms can be transported over truly
macroscopic distances while remaining tightly confined.

Given such prospects, it is understandable that consid-
erable effort is being put into the development of elec-
tromagnetic microtraps [10,11,13]. Although, however,
microfabricated electromagnetic mirrors have been
demonstrated [13,14], severa major experimental ob-
stacles prevented the redization of a microfabricated
atom trap up until now. In particular, loading of the
microtrap from a magneto-optic trap (MOT) is hindered
by the microtrap’s small volume and by the proximity
of the substrate, which is incompatible with the laser
beam arrangement of a standard six-beam MOT. Our
solution introduces the mirror-MOT, a modified version
of the magneto-optical trap which works in proximity of a
reflecting surface.

The mirror-MOT [Fig. 4(8)] is avariant of the standard
magneto-optical trap which cools and traps atoms close
to asurface. Unlike other surface MOTs [15,16], it does
not require a transparent material, but rather makes use
of a mirror surface. It uses only four instead of the
usual six laser beams, two of which are reflected off the
mirror surface, with the polarizations and magnetic field
orientation shown in Fig. 4(@). In this way, the usua

C))
M
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FIG. 4. (@) Schematic of the mirror-MOT. M: mirror,

01, 0>: quadrupole coils. (b) Setup of the experiment. W:
microfabricated wire, By, B>: bias cails, P: probe beam. (MOT
beams and coils not shown.)

3399



VOLUME 83, NUMBER 17

PHYSICAL REVIEW LETTERS

25 OCTOBER 1999

MOT geometry is realized in the half space delimited by
the substrate. The MOT typically contains5 X 10° atoms
if the distance from the surface is larger than 1 mm.
For smaller distances, the decay time constant decreases,
leading to a smaller steady-state number of trapped atoms.
We therefore load the trap far from the surface and then
shift it by displacing the quadrupole center.

Our substrates are manufactured using thin-film hybrid
technology. This standard procedure from microel ectron-
ics packaging combines photolithography and electroplat-
ing and is well adapted to high current densities. (A very
similar process has been described in [13].) The most
frequently used materials are aluminum oxide for the sub-
strate and gold for the conductors. Other substrate materi-
als such as sapphire or diamond and other metals are also
available. The electroplating resultsin awire thickness of
3to 6 um; the minimum wire width is of the same order.

Our first demonstration of an integrated microtrap uses
a quadrupole potential of the type of Fig. 2(a). It employs
a U-shaped gold wire which is realized as a simple hybrid
circuit on an aluminum-oxide ceramic substrate. The
wire has a rectangular cross section 300 um wide and
3.8 um high, and has alength / of 1.5mm. To combine
it with the mirror-MOT, the substrate was coated with
a sputtered silver layer (200 nm thickness) on top of an
isolating photoresist (thickness on the order of 1 um).
The geometry of the experiment is shown in Fig. 4(b).
The substrate is mounted upside down on a copper block
hanging in aUHYV glass cell, whichis pumped by a25 1/s
ion pump to a pressure in the lower 10~° mbar range.
Outside the cell, a pair of coils generates the bias field.

A typical experiment is carried out as follows: During
4 s, ¥’Rb atoms are collected from the background vapor
in the mirror-MOT using the external quadrupole coils.
After loading, the cold atom cloud is shifted from itsinitial
position at z ~ —2.2 mm (below the substrate) to z ~
—1.1 mm by imbalancing the currents in the quadrupole
coils. Next, the quadrupole field of the MOT cails is
switched off and replaced by the magnetic field of the
microtrap, using a wire current / = 2 A and a bias field
Bo = 1.8 Gaongy. Theatomsremain magneto-optically
trapped because the quadrupol e field axes of the MOT coils
coincide with those of the microtrap. Inthisway, the MOT
is shifted to the exact location of the microtrap, making the
aignment of the quadrupole coils uncritical. The cloud
is subsequently compressed and shifted by reducing the
wire current, increasing the trapping laser detuning, and
lowering the intensity of the repumping light, then cooled
in optical molasses and optically pumped to the 55, F =
2,mp = 2 state. This sequence results in an dliptica
cloud at z ~ —0.3 mm, containing on average 4 X 10°
atoms at atemperature of 30 K. At thispoint, al lasers
are shut off and the magnetic microtrap is switched on with
1 =2AandBO=QG.

Figure 5 shows an absorption image of the atom cloud
after 100 ms of magnetic trapping, taken 200 us after
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FIG. 5. Absorption image after 100 ms of magnetic trapping
in the potential created by a U-shaped wire of 300 uwm width
carrying a current / = 2 A and a bias field By = 9 G. The
image was taken 200 us after the magnetic trap was switched
off. The position of the substrate surface is indicated by the
dashed line.

the trap was switched off. The horizontal and vertical
cuts through the center of the cloud clearly show the
non-Gaussian shape of the density distribution, which
is due to the particular form of the microtrap potential
[cf. Fig. 2(@)]. The number of atoms N, as determined
by integration over the absorption image, is N, = 2.3 X
10%. Indeed, transfer efficiencies of about 50% are
typical in this experiment. We have recorded N,; as a
function of the trapping time ¢ by repeating the cycle
for trapping times up to 2s and find that N,(¢) is well
fitted by a simple exponentia decay function with a decay
time constant that varies between 700 ms and 1200 ms,
depending on the Rb background pressure.

When the bias field By is increased while the wire
current 7 is kept constant, the transverse gradient at
the trap center increases with By while the trap center
moves closer to the surface. Figure 6 shows the position
of the trap center as a function of By for a constant
wire current of 7 = 2 A. The sguares are experimental
values obtained from absorption images. The solid line
is the theoretical position of the magnetic field minimum
obtained from a Biot-Savart calculation of the wire and
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FIG. 6. Distance between the cloud center and the surface as
afunction of the bias field strength By. The wire current is kept
constant a I = 2 A. Circles are experimental values obtained
from absorption images; the solid line is the calculated position
of the potential minimum for a wire of 300 wm width. For
comparison, the dashed line gives the theoretical position for
an infinitely thin wire.
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FIG. 7. Surface-induced evaporation. (a) Temperature of
remaining atoms after shifting the cloud towards the surface
by increasing B, up to B..x, then shifting it back to a constant
measurement position. (b) Number of atoms remaining in the
trap after the shifting sequence.

bias field, including the finite width of the wire. For
comparison, the dashed line indicates the position for an
infinitely thin wire.

We have used this precise control of the trap position
to selectively remove hot atoms from the trap. While
the wire current is kept constant at 1.6 A, the bias field
is ramped up to a fina value B,x within 100ms. The
trap is shifted back 2ms later, within another 100ms, to
a distance of z = 300 um from the surface (I = 2 A,
By = 9 G), where the trap parameters can be measured
as a function of B,x under identical conditions. Atoms
with an energy in the z direction in excess of the potential
a the surface, uB,, are removed from the trap by
collisions with the surface. Elastic collisions between
the remaining atoms subsequently reduce the temperature
adong all trap axes [17]. Figure 7(a) shows how the
final temperatures in the x and z directions decrease
for increasing Bi.x. The decrease in the number of
remaining atoms [Fig. 7(b)] is only partly due to the
surface-induced evaporation. In the quadrupole trap, the
compression of the trap also results in an increased loss
rate due to Magorana spin flips, which is particularly
pronounced in our trap because the gradient along the
x direction decreases for large Bn.x, resulting in a line
of nearly vanishing magnetic field. Nevertheless, phase-
space density increased in this experiment by more than
a factor of 2. No attempt was made to optimize this
gain factor; surface-induced evaporation will be studied in
more detail in a future surface trap of the loffe-Pritchard
type (cf. Fig. 2), where Majorana |osses are suppressed.

We are currently testing substrates with more complex
conductor structures and wire widths down to 20 pm. It
should be noted that the trap-surface distance in these
potentials is on the order of 20 um from the surface,

more than an order of magnitude above the distance at
which interaction with the surface is expected to cause
any measurable heating of the trapped atoms [18]. Traps
with level spacings above the single-photon recoil energy,
implementation of the atomic motor, and atom-optical
devices such as beam splitters are feasible with these
substrates.
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