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Persistent Supercurrent Atom Chip
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Rubidium-87 atoms are trapped in an Ioffe-Pritchard potential generated with a persistent supercurrent
that flows in a loop circuit patterned on a sapphire surface. The superconducting circuit is a closed loop
made of a 100 uwm wide molecular-beam epitaxy-grown MgB, stripe carrying a supercurrent of 2.5 A. To
control the supercurrent in the stripe, an on-chip thermal switch operated by a focused argon-ion laser is
developed. The switch operates as an on/off switch of the supercurrent or as a device to set the current to a
specific value with the aid of an external magnetic field. The current can be set even without an external

source if the change is in the decreasing direction.
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An atom chip is a device to manipulate atoms near a
solid surface with inhomogeneous magnetic fields gener-
ated by current-carrying conductors constructed on a sur-
face. It has been used to trap and guide atoms [1-3], to
create quantum degenerate states of atomic gases [4—7],
and to make atom interferometers [§—10]. A merit of using
micromagnetic structures is a strong trapping confinement
that is achievable with a relatively small current. The
shorter the distance between the potential minimum and
the conductor, the larger the potential gradient gets, and
atoms are more easily trapped or guided in a single spatial
mode. However, a shorter atom-surface distance causes a
faster decoherence. It has been reported that, when atoms
are trapped with normal current at room temperature, in-
homogeneous structures of wires for current, technical
noise of the current source, as well as Johnson and rf noise
by thermal fluctuations cause a large disturbance in the
vicinity of a solid surface [11-15]. For these reasons, an
atom chip with a smaller disturbance from the surface is
strongly desired for high-quality on-chip applications such
as guided atom interferometers or quantum information
processing devices.

Recently, the trapping of Rb atoms on a chip by using a
supercurrent instead of a normal current was reported
[16,17]. Since the resistance of a superconductor is zero,
there should be no thermally driven noise. Furthermore, the
cryogenic temperature will help to reduce thermal noise
and improve the background pressure, which contributes to
the reduction of loss of atoms from the trap. In former
experiments, however, the superconducting circuit was
connected to the external current source that was operated
at room temperature. We report in this Letter the first
demonstration of a magnetic atom trap that is generated
by a persistent current on a closed superconducting circuit.
The closed current without an external power source
should improve the stability of the trap. Although we still

0031-9007/07/98(26)/260407(4)

260407-1

PACS numbers: 03.75.Be, 32.80.Pj, 39.25.+k, 73.23.Ra

use a bias magnetic field, it is possible to remove external
sources for magnetic fields entirely by appropriate wiring
configuration [18]. In addition, it should be noted that the
persistent current loop is a macroscopic quantum system.
Since the atom-chip trap can hold various kinds of macro-
scopic quantum systems of atoms including Bose-Einstein
condensates, our system provides an unique opportunity to
study the physics of coupled macroscopic quantum sys-
tems of widely different origin. To manipulate atoms with
closed supercurrent circuits, it is necessary to control cur-
rents on the chip. For this purpose, we developed a laser-
driven thermal switch [19] to control the supercurrent.
The experiment was done with a two chamber vacuum
system (Fig. 1) to keep small background pressure in the
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FIG. 1. The two chamber vacuum system. The atoms are first
trapped and precooled in the first chamber made of a glass cell.
The atoms are then loaded to the magnetic quadrupole trap and
transported from the glass cell to the chip chamber by moving
the quadrupole trap that is mounted on a motorized linear stage.
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atom-chip region. The first chamber is a glass cell, where
8Rb atoms in the 5251/2 |F = 1) and |F = 2) state are
trapped in a conventional six beam magneto-optical trap
(MOT) and cooled further by polarization-gradient cooling
[20]. Atoms are then optically pumped to the |F =
2, myp = +2) state and are trapped in the quadrupole mag-
netic trap (QMT) that uses the same anti-Helmholtz coils
as the MOT. The trapped atoms are transported to the
second chamber by moving the coils for the magnetic
trap. The first chamber is evacuated with an ion getter
pump to 5 X 10719 torr. The second chamber is pumped
with another ion getter pump together with a Ti-
sublimation pump to 1 X 107! torr. The two chambers
are connected with a gate valve and a narrow tube (¢ =
10 X 60 mm) for differential pumping. The second cham-
ber, which we call the chip chamber, contains an atom chip
that is mounted on the bottom of a cold finger attached to a
liquid helium pot that can be cooled to 2.5 K by pumping
helium vapor. The cryogenic system has a 2 W cooling
power, and the base temperature is usually kept at 4.2 K.
The chip is shielded from blackbody radiation by a gold-
coated copper shield at 15 K. The radiation shield has five
openings: one for the transfer of atoms and the other four
that are equipped with antireflection-coated glass windows
(¢ = 20 mm) for optical access.

After the atomic cloud is transferred to the chip cham-
ber, it is adiabatically moved upwards by applying an
additional magnetic field pointing in the vertical direction
(z axis). When the center of the QMT is within the capture
range of the chip potential, the quadrupole and the z-bias
field are turned off, and a magnetic field parallel to the y
axis is gradually applied. Then the atomic cloud is recap-
tured in an loffe-Pritchard—type trap generated by the y
bias and the persistent supercurrent.

The persistent supercurrent chip was made from a
1.6 pm-thick magnesium diboride (MgB,) film that was
grown by molecular-beam epitaxy (MBE) on a sapphire
substrate (10 X 10 X 0.5 mm). The transition temperature
of MgB, is T, = 35 K, and the critical current density at
4.2 K is about J, = 107 A/cm?. The top of the MgB, thin
film was coated with a thin gold layer to prevent radiation
heating. The circuit pattern on the chip was produced by
removing the unnecessary part of the MgB, thin film by ion
milling. The chip pattern is shown in Fig. 2. The circuit
consists of two square loops. The inner loop is 100 um
wide and forms a closed circuit. It has a Z-shaped part at a
corner for trapping atoms and an appendix at the diagonal
corner which is used for the thermal switching. The outer
open loop is 200 um wide and was made to apply radio
frequency for evaporative cooling. The current running
through the Z-shaped part and an uniform bias magnetic
field along the y direction form an loffe-Pritchard magnetic
potential. The total area enclosed by the inner loop circuit
is § = 6.80 X 107! cm?.

The temperature of the atom chip was kept at 42 K
during the experiment. The persistent supercurrent /, was
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FIG. 2 (color online). The chip pattern of the persistent super-
current atom chip made from a 1.6 um-thick MBE-grown MgB,
film. The inner loop (A-a: width = 100 um) is used for a
persistent current driving. The outer loop (B-b: width =
200 pum) is designed to apply radio frequency for evaporative
cooling. Atoms are moved to the area marked by T for trapping
and to Q for the distorted QMT measurement. The laser is
illuminated on the appendix of the inner loop, or the area marked
by L, when the dynamics of the thermal switch is studied.

induced into the loop circuit by the following method.
First, an argon-ion laser was focused on the tip of the
appendix to heat it locally and to open the superconducting
loop. Second, a magnetic field B, perpendicular to the
loop circuit was applied. Then the argon-ion laser was
turned off, and the superconducting loop was closed.
Finally, B, was turned off, and the persistent supercurrent
started running through the loop circuit. The magnitude of
the supercurrent I, was controlled by B .

The pattern and density of the atomic cloud were deter-
mined from the absorption images taken by the laser on
resonance. Its temperature was estimated from the size of
the image and the calculated magnetic field distribution.
The typical numbers of atoms in the MOT and the magnetic
trap before and after the transfer were 1 X 10°, 5 X 108,
and 1 X 103, respectively. In the process of loading atoms
from MOT to the magnetic trap, the temperature increased
from 80 to 200 K. Before we tried to trap atoms in the
chip potential, we checked whether the persistent super-
current had been correctly induced by the thermal switch-
ing. The atoms in the QMT were moved below the
y-directed part of the loop (the ellipse marked by Q in
Fig. 2) and the absorption image was taken along the y axis
[Fig. 3(a)]. In this image, the field gradient of the QMT was
5.0 x 1073 T/cm, and the magnetic field that was used to
induce the supercurrent was B; = 1.0 X 1073 T. The
atomic cloud in the QMT shows clearly the distortion of
the QMT potential caused by the persistent supercurrent on
the chip. The potential shape of the magnetic trap gener-
ated by the QMT and the straight current on the chip were
calculated at various current intensities. Figure 3(b) shows
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FIG. 3 (color online). (a) Pattern and density of the atoms in
the QMT that are perturbed by the magnetic field induced by the
persistent supercurrent on the chip (the field of view is 4 X
4 mm). (b) Calculated magnetic field potential with a 5.0 X
1073 T/cm quadrupole field and / » = 2.4 A. The position of
I, is indicated with an arrow. (c) Pattern and density of the atoms
in the chip trap (the field of view is 2 X 2 mm). The top edge of
the figure is the position of the chip surface. (d) Calculated
magnetic potential with I, = 2.5 A and B, = 1.5 X 1073 T.

equipotential curves which reproduce the atomic density
pattern of the figure on the left. By comparing these
images, we estimated that the persistent supercurrent was
approximately 7, = 2.4 A.

To trap atoms in the persistent supercurrent chip poten-
tial, the atomic cloud was moved below the z-shaped part
of the closed loop (the ellipse marked by T in Fig. 2) and
transferred to the chip potential. Figure 3(c) shows the
image of atoms trapped in the chip potential after the
QMT was switched off. Figure 3(d) is the form of the
magnetic field with 7, = 2.5 A that fits best with the
atomic pattern of the figure on the left. The typical number
of trapped atoms, the density, and the temperature 100 ms
after the transfer were 6 X 10°, 1 X 10! cm~3, and
200 wK, respectively. The trapped atomic cloud was moni-
tored up to 15 s after the trapping time. During the initial
1 s, the atomic number decreased by 30%, and the tem-
perature dropped to 100 K, probably due to the evapora-
tive cooling. After that, the atomic number stayed constant
to 15 s within the accuracy of =10%, meaning that the
trapping lifetime exceeded 80 s. This value is consistent if
the major loss mechanism was the collision with the back-
ground gas.

To test the dynamics of the thermal switch, we did the
following experiments. When the laser is switched on, the
temperature of the superconducting stripe starts to in-
crease, and at some time the current I, flowing through
the circuit becomes equal to the critical current I,.(T). At

this point, the supercurrent should break. However, since
the inductance of the circuit is small (L = 27 nH), the
released power from the loop current is too small to com-
pletely break the superconductivity. Therefore, the super-
current /,, continues to flow, keeping its magnitude to
I.(T). (See the inset in Fig. 4.) When the temperature
reached T, the supercurrent became zero. This suggests
that we can set 1, to any value below the initial magnitude
only by adjusting the duration time of the laser pulse. We
illuminated the appendix of the inner loop by the laser and
estimated the current left over in the loop from the image of
trapped atoms. Figure 4 shows the 7, persisted after the
injection of the switching pulse (0.7 W) as a function of
duration time A7. The result shows that I, was kept
constant in the initial 10 ms, decreased gradually during
10 = A7 = 20 ms, and became zero at around 20 ms. In
this experiment, atoms were introduced after the heating
and cooling cycle was completed. They were trapped after
the cycle, and I, was calibrated from the position and
pattern of the trapped atoms by the same method used in
the trapping experiment of Figs. 3(c) and 3(d).

We repeated the above experiment at various laser
powers and measured the time delay 7, from the onset of
the laser illumination to the termination of /,, as a function
of the laser power p (Fig. 5). The t,(p) fitted well to an
empirical function

@
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with the values @ = 6.5 X 1073 J, 8 =0.27 W, and y =
0.47 X 1073 s. By considering the limiting case, one may
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FIG. 4. Plot of persistent current [, left over after illuminating
the switching laser pulse (0.7 W) as a function of the pulse
duration time A7. The inset shows the trajectory of [ p(T) in the
switching process. During the initial rise of the temperature, 7, is
constant until it reaches I,.(T) (the arrow from A to B). While T
rises further, I, adiabatically follows I,.(T) (the arrow from B to
C). When the laser is switched off, the persistent current / » is
preserved, and T returns to the original value (the arrow from C
to D).
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FIG. 5. Plot of the delay time 7, from the onset of the laser
illumination to the termination of persistent current as a function
of the laser power p deposited on the atom chip. The solid
squares represent the experimental data when the switching laser
is illuminated in the appendix of the inner loop. The solid curve
is the fitting by the empirical function 7,(p) = ;%5 + vy, with
a=65X10737, B=027W, and v =0.47 X 1073 5. The
dotted curve is the experimental result when the superconduc-
tivity was broken by illuminating the outer loop at L in Fig. 2.

interpret that « is the minimum laser energy deposited in
the chip to break the supercurrent, and S is the minimum
power of a continuous laser required to keep the heated part
of the circuit above T.. The constant y is caused by the
delay of the mechanical shutter, which is used for the laser
switching, from the timing signal. Note that the minimum
laser power required to switch the current is nearly 1 order
of magnitude smaller than the cooling capacity of our
cryogenic system and that many switches can be installed
on a chip. When the chip surface is heated, the heat
conduction expands the heated area much beyond the
size of the supercurrent stripe. This area is estimated
from . Assuming the energy from the laser is deposited
spherically, a = (7/3)c, > AT, where c,, is the heat ca-
pacity per volume of Al,O3 at T, and r is the radius of the
sphere. In this expression, we took into account that c,
changes approximately proportional to 7°. Inserting
c,(T,)=02JK 'cm™3 [21], we obtain r=~ 1 mm.
Therefore, if two thermal switches are to be installed,
they must be separated by at least 2 mm.

The thermal switch can be operated, in principle, at any
point of the circuit. We measured also the switching char-
acteristics of the outer loop by illuminating the laser at the
point that is marked by L in Fig. 2. The termination of
supercurrent was determined by the onset of a finite resist-
ance between the B and b terminals. The result is shown by
dotted curve in Fig. 5. The parameter « = 15.4 X 1073 Jis
approximately 2.5 times larger than the case of the switch-

ing at the appendix. This, we believe, is due to the wider
width of the outer loop conductor. The laser power required
to switch should scale up with the width of the super-
conducting stripe. Several other methods are possible to
reduce the laser power requirement. Grooves on both sides
of the conductive stripe reduce the thermal conductivity.
Deposition of absorptive material on the stripe and a laser
with longer wavelength will heat more efficiently and
localize the heating of the chip.

In conclusion, we have trapped atoms with a magnetic
potential generated by a persistent supercurrent. The per-
sistent supercurrent was controlled with an on-chip thermal
switch driven by a laser with the characteristic control time
of approximately 10 ms. This technique will contribute to
the demonstration of high-quality on-chip applications and
new macroscopic quantum systems.
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