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Abstract

We describe the design and fabrication of novel all-magnetic atom chips for use in ultracold atom trapping. The considerations leading

to the choice of nanocrystalline exchange coupled FePt as best material are discussed. Using stray field calculations, we designed patterns

that function as magnetic atom traps. These patterns were realized by spark erosion of FePt foil and e-beam lithography of FePt film.

A mirror magneto-optical trap (MMOT) was obtained using the stray field of the foil chip.

r 2007 Elsevier B.V. All rights reserved.

PACS: 75.75.þa; 74.78.Na; 39.25.þk; 03.75.Be; 39.25.þk
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1. Introduction

The rapidly proceeding development of techniques to
manipulate the motion of ultracold atoms has recently led
to the invention of so-called atom chips. An atom chip is a
planar structure that produces a designer magnetic field
pattern in the vacuum above the structure. The magnetic
field minima are used to confine atoms carrying a magnetic
dipole moment m. The confining force results from the
magnetic dipole interaction ð�m � BÞ. An endless variety of
structures can be created, including atomic wave guides,
interferometers, arrays of atom traps for quantum infor-
mation processing and atomic conveyor belts [1,2]. Atom
chips are now emerging as an extremely powerful and
versatile tool [1,3], and even seem to provide a simpler
method to achieve Bose–Einstein condensation (BEC)
- see front matter r 2007 Elsevier B.V. All rights reserved.
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[4–6]. Furthermore, atom chips allow one to reduce the
time scale of trapping experiments, which could imply that
the vacuum requirements can be relaxed [7].
So far, atom chips use planar patterns of current-

carrying wires to generate the magnetic fields. Here we
investigate a promising alternative based on hard magnetic
materials patterned by micromachining or lithographic
techniques [8–11].
The use of hard magnetic films has many potential

advantages. Firstly, since no lead wires are required,
magnetic structures offer a great design flexibility, allowing
for more intricate patterns including structures that are
topologically impossible with current-carrying wires. Sec-
ondly, there is no resistive power dissipation, current noise
from power supplies nor stray field from lead wires.
Thirdly, the conductivity of magnetic materials can be
orders of magnitude lower than Cu or Au. This could help
to overcome the lifetime reduction due to coupling of the
cold atom cloud to random thermal currents in the chip
structure [12–14]. Finally, we calculate that magnetic field
gradients of �20 kT=m should be achievable, considerably
higher than the highest values that have been achieved with
current conductors.
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Magnetic chips can be designed with the magnetization
either in-plane or out-of-plane. In thin film geometries, in-
plane magnetization is easier to realize as the shape
anisotropy of a film favors in-plane magnetization. Out-
of-plane geometries require films with high perpendicular
magnetocrystalline anisotropies in order to overcome the
shape anisotropy. Although harder to realize, out-of-plane
magnetization is more interesting because it offers the
possibility to build geometries such as axially symmetric
ring-shaped traps.

In magnetic chips the magnetic field pattern can only be
manipulated by applying fields generated by external
electromagnets, and in this respect current-carrying chips
offer more flexibility. However, hybrid chips, combining
the best parts of the two techniques, are technologically
possible and will be used in future.

Currently, we are exploring the possibilities of planar
magnetic structures for the confinement and manipulation
of cold atoms in all-magnetic atom chips [15]. In this paper,
we discuss aspects of the fabrication of such chips. In
particular, we discuss the material requirements that led us
to the choice of FePt as most suitable material. We give
details on the fabrication of two FePt-based atom trap
designs of, respectively, sub-millimeter and sub-micron
dimensions. The first design consists of a pattern cut out of
a 40mm thick FePt foil using spark erosion. The stray field
of this structure allowed the operation of a millimeter-size
magneto-optical trap for Rb atoms, thus showing the
suitability of FePt as a material.

The second design is an array of micron-sized magnetic
traps patterned in a 250 nm thick FePt film on Si using
e-beam lithography techniques. We describe details on the
FePt film optimization where we show that our nanocrys-
talline material is suitable for both in-plane and out-of-
plane designs. In this paper we describe a design for an in-
plane magnetic shift register and the patterning process
required for the production of this design.

2. Selection of the hard magnetic material

In permanent magnetic atom chips the cold atoms are
statically trapped in the stray field generated by permanent
magnetic structures which, when properly designed, do not
require external fields. The stray field determines the depth
of the available atom traps which should be on the order
of 0.1–1mT.

The first material requirement is obviously a high
magnetization in order to effectively generate the strong
field gradients. However, each magnetic material tends to
break up in domains exactly in order to reduce the stray
field that it produces. This demagnetization problem is
compounded by the external fields used for loading the
atoms into the traps. A second requirement is therefore
that the material has a high coercivity.

Since the most exciting prospect for atom chips is the
possibility to integrate many microscopic atom optical
devices on a single chip, the material should be suitable for
preparation as a film. Clearly, the magnetic fields produced
by such a thin film structure scales with its thickness. In
order to produce a large enough stray field at a distance
of a few mm from the surface with a few micron line width,
the material thickness should be in the range of 100 nm
to 1mm.
In addition, the material should be corrosion resistant in

order to allow micromachining or lithographic patterning.
In order to avoid uncontrolled spatial variations of the
stray field, the material must also be highly homogeneous,
which puts severe constraints on these manufacturing
processes. Finally, the traps are operated in ultrahigh
vacuum, which means that the magnetization should
survive a 24 h bake out at 150 �C.
The combination of high magnetization and high

anisotropy limits the range of materials naturally to the
strongest room temperature permanent magnets which are
Nd2Fe14B, Co5Sm and FePt alloys (see e.g. Ref. [16]).
Among these, the hard magnets Co5Sm and Nd2Fe14B
have excellent magnetic properties, but are difficult to grow
as thin films. Moreover, Nd2Fe14B is unstable at bake-out
temperatures. The other candidates are the CoPt and FePt
systems, where the latter has the higher magnetization and
was therefore selected as the best material. FePt has been
studied extensively both in bulk [17,18] and thin film
[19–23] form since it combines high magneto-crystalline
anisotropy with high saturation magnetization Ms [16] and
has excellent stability and corrosion resistance. FePt has a
disordered face-centered cubic (FCC) structure at high
temperature, which has a very high Ms but is magnetically
soft. The low temperature equilibrium structure on the
other hand is face-centered tetragonal (fct or L10), in which
the Fe and Pt order in an atomic multilayered structure
with stacking in the [1 1 1] direction. This phase has a lower
Ms but very high magneto-crystalline anisotropy and
coercivity. It has been shown that annealing of either the
FCC phase obtained from the melt [24] or as-deposited thin
films produces nanocrystalline composites of the two
phases in which the nanocrystallites of the hard fct phase
orient the surrounding soft phase by exchange coupling.
This results in a material which combines high magnetiza-
tion with isotropic hard magnetic behavior.

3. Fabrication of an atom chip based on FePt foil

As the first step towards thin film chips we created a trap
from FePt foil produced by bulk metallurgic techniques
[24]. This method is suitable for traps with millimeter
dimensions. A Fe0.6Pt0.4 alloy was made by arc-melting in a
purified Ar atmosphere. The melt was cast into a water-
cooled copper mould to get cylindrical samples with a
diameter of 1.5mm. These were sealed into evacuated
quartz tubes and homogenized at 1300 �C for 3 h after
which they were quenched into ice water without breaking
the quartz tube to produce fct grains in an FCC matrix.
Subsequently, the samples were annealed for 16min at
580 �C in order to obtain the nano-composite FePt.
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Fig. 1. Magnetization loops of a 40mm foil of nanocrystalline FePt with

in-plane magnetization, before and after baking, (a) and (b), at 170 �C for

24 h.
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Fig. 2. (a) Foil atom chip. (b) Photograph of two FePt structures with

slightly different dimensions glued on an aluminum mirror. (c) y–z and (d)

x–z plots of the calculated magnetic stray field for the lower structure in

(b). Shown are contours of equal magnitude of magnetic field B (i.e.

equipotential lines), with a spacing of 6G between the contours, in planes

containing the trap minimum. The chip surface is at z ¼ 0:2mm.
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A bar of this material was rolled into a 100 mm thick foil
and then mechanically polished to 40mm thickness. Fig. 1a
shows the in-plane magnetization loop of this material
measured with SQUID. From this figure one can see that
the ratio of remanent to saturation magnetization Mr=Ms

is about 0.8, the reduction being due to canting of
magnetization in grains which have their magnetic
anisotropy directions away from the field direction. The
coercivity is about 0.2 T, large compared to the external
field that is applied to manipulate the atoms (10mT). Since
saturation requires at least 3 T it is impossible to magnetize
in situ. It is therefore crucial that the material maintains
its magnetization during the 150 �C vacuum bake-out.
As Fig. 1b shows, the magnetization of a saturated sample
that was baked at 170 �C for 24 h decreased less than 5%.

CNC controlled spark erosion using a 50mm wire was
used to produce elongated F-like patterns (Fig. 2a). After
cutting, the damaged surface layer of the outer edges of the
F-shape sample was removed by mechanical polishing.
Two such samples were mounted on an aluminum mirror
using UHV compatible glue, as shown in Fig. 2. Finally,
the samples were magnetized in a 3T field oriented along
the stem of the F (y-direction) before they were put into the
vacuum chamber. The two arms of this F structure form
in-plane dipole magnets in the y,z-plane with the field in the
short direction, which combined produce a zero field line
above the gap between them. The stray field from the stem
of the F has a component in the x-direction which serves to
offset this minimum in order to avoid Majorana spin flips
[25–28].
The structure was designed as one piece to obtain

sufficient mechanical precision. The smallest size of the gap
between the two hands of the big F shape is determined by
the diameter of the wire that we used to cut the sample. In
the optimization we only used one gap size and tuned the
shape and the dimensions of the pattern according to the
gap size and the thickness of the foil.
The calculated stray field in the y, z and x, z planes of the

F pattern of Fig. 2a are shown in Figs. 2c and d. The figure
shows contour lines of equal magnitude of the magnetic
field B ¼ jBj, which effectively acts as the potential energy
for cold atoms, UðrÞ / BðrÞ. This identification of B field
modulus with potential energy assumes that the magnetic
spin precession frequency (Larmor frequency) is large
enough so that the spin of a moving atom will adiabatically
follow the local direction of the magnetic field. The
projection of the spin on the magnetic field is then a
constant of the motion. This approximation is usually
excellent except in the vicinity of zeroes in the field. Near
the (nonzero) minimum of the field, we can approximate
the potential as a harmonic potential, UðrÞ ¼

P
1
2

mo2
i x2

i .
Using for m the mass of 87Rb, this approximation yields
harmonic trapping frequencies oi=2p of 51Hz and 6.8 kHz,
in the longitudinal and transverse directions, respectively.
The trap depth is about 11G, determined by the lowest
saddle point that can be reached from the bottom by an
ascending path. Unfortunately, the trap depth is not
immediately apparent from the contour plots Fig. 2c and
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Fig. 4. Magnetic properties of the 250 nm FePt film. (a) The hysteresis

loop after a 450 �C anneal for 3min. (b) Mr/Ms and (c) coercivity of the

film as a function of temperature.
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d. The contours have been drawn in the yz and xz

coordinate planes containing the trap bottom. The saddle
point that determines the trap depth is not in one of these
planes and can only be found using a search procedure in
three dimensions.

The upper F pattern in Fig. 2b has calculated trapping
frequencies of 34Hz and 11 kHz and a trap depth of 33G.
More details about the trap design were published in a
separate publication [15].

Fig. 3 shows the fluorescence from a cloud of �2� 106

cold Rb atoms trapped under this foil in a so-called mirror
magneto-optic trap (MMOT), using a combination of a
quadrupole magnetic field and four laser beams. It should
be noted that in this case the quadrupole field is achieved
by adding a 2G external field that cancels the field of the F
structure at a distance of 2mm from the surface. This
creates a point of zero magnetic field, with a gradient of
�15G=cm. The MMOT merely uses the decaying magnetic
stray field far from the structure. True magnetic trapping
has also been achieved with this structure, as described in
Ref. [15].

4. Atom chip based on lithographically patterned FePt films

Our second sample is based on a FePt film deposited on
Si. The thickest films that can be grown with vacuum
deposition and that can be structured using lithographic
techniques are in the micron range, implying scale
reduction of a factor 40 or more with respect to the design
discussed above. Here we used 250 nm Fe50Pt50 films, co-
evaporated by Molecular Beam Epitaxy (MBE) from Fe
and Pt targets on rotating Si substrates at 350 �C. Details
on the material optimization [29] are summarized as
follows. The as-deposited samples have a strongly dis-
ordered structure, in which both FCC and fct phase are
present according to X-ray diffraction. This film is post-
annealed to obtain the proper characteristics. Fig. 4 shows
the magnetic properties of the thick film as a function of
annealing temperature. From this figure one can see that
the best magnetic properties (optimum Mr=Ms) are:
Ms ¼ 0:93T, Mr/Ms ¼ 0:93, m0Hc ¼ 0:83T for out-of-
plane magnetization (Tanneal ¼ 450 �C) and Mr=Ms ¼

0:90, m0Hc ¼ 1T for in-plane magnetization (Tanneal ¼

500 �C). These loops show that the magnetic properties of
these films are comparable to the bulk material. A very
Fig. 3. Fluorescence image of a cloud of cold 87Rb atoms under the

mirror. Mirror magneto-optical trap, using the stray field of the structure,

at about 2mm below the lower ‘‘F’’ shown in Fig. 2b.
desirable aspect of these results is that these films can be
used both for in-plane and for out-of-plane chip designs. In
the remainder of this section we will describe the
production of an in-plane design on the basis of this film
material.
The films were patterned with e-beam lithography, using

a hard photoresist (SU-8). This negative resist was chosen
to save writing time, while its chemical inertness enabled us
to explore both chemical etching as Ar plasma etching. The
latter method, using an Oxford Plasmalab 80 Plus reactive
ion etching system produced less line edge roughness and is
used here.
The patterning process consists of the following steps:

first the surface is roughened using Ar plasma pre-etching
in order to increase the adhesion of the SU-8 on the FePt
surface. After spin-coating and pre-bake a 340 nm thick
SU-8 photoresist layer was obtained. The desired pattern
was written in this resist using a JEOL 6460 SEM equipped
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with a Raith Quantum pattern generator. After writing the
resist is post-baked, developed to remove the non-exposed
resist and hard-baked in order to harden the remaining
resist layer.

The resist structure is subsequently transferred to the
FePt layer by Ar plasma etching with an Oxford Plasmalab
80 Plus reactive ion etching system. The samples were
etched for 7min in order to slightly over-etch the FePt
layer to get very clear patterns. Fig. 5a shows a typical
FePt pattern and the cross section of one strip revealing a
slope of the FePt edge of about 45�, with a roughness of
about 50 nm, which is of the order of the nanocrystalline
grain size.

The etching rates of the SU-8 and FePt are almost the
same (40 nm/min) but the photoresist layer is thicker than
FePt, and the inset shows that there is still a photoresist
layer left on top of the FePt layer. It is straight forward to
adjust the initial resist thickness in order to reduce this
layer. Furthermore, since the final chip is coated with a thin
Au film to obtain a highly reflecting surface, the thin
photoresist layer has little effect.

According to the simulation, with no externally applied
bias the longitudinal and transverse trapping frequencies
Fig. 5. (a) Patterned 250nm FePt film on Si substrate. The inset shows the

cross section of one strip of the pattern, as well as the edge roughness. The

upper layer consists of SU-8 photoresist. (b) Array of strips on a single

chip.
for the array of Fig. 5a are 691Hz and 35 kHz, respectively.
The trap depth is about 2.7G. The structure shown here
will produce traps only with in-plane magnetization. For
out-of-plane magnetized samples the design must be
changed accordingly. Fig. 5b shows an array of identical
patterns on one chip, illustrating another advantage of
hard magnetic atom chips: many patterns can be made on
one chip. The sample shown here will be field tested after it
has been covered with an Au layer to make a mirror.

5. Discussion

The success of the foil-based MMOT as well as the
magnetic trap shows that the principle of trapping using
permanent magnetic materials is feasible. Further reduc-
tion of the dimensions with this technique is impossible and
the future development will center on the thin film
technology. The thin film design presented here will be
tested in the near future. It should be noted that this design
can still be improved on several points. An important issue
is related to the smoothness of the structures. Fragmenta-
tion of trapped atom clouds close to a current-carrying
wire has recently been attributed to edge roughness of the
wires and/or defects inside the wire [30,31]. It is to be
expected that the requirements on the edge roughness of
our magnetic film patterns will be similar. The edge
roughness in Fig. 5 is on the order of 50 nm, which is a
few percent of the width of the strip. This is much better
than some of the first generation of current-carrying wire
atom chips, and only slightly worse than state-of-the-art
wire chips. We expect reduction of the resist layer will
further reduce the roughness. An interesting alternative to
lithographic patterning is to write the patterns using
magneto-optic recording techniques [32] instead of litho-
graphy. This would in principle double the field gradients
and make the patterning process reversible. Yet another
possibility that we will investigate is the use of electro-
deposition on lithographically masked ultrathin conduct-
ing substrates [33]. Finally, a promising extension of our
work in the future would be to create atom chips using a
combination of magnetic materials and other elements,
such as current-carrying wires or electrodes for creating
electrostatic potentials.

6. Summary

We have used the magnetic properties of FePt foils and
thick films to produce atom chips to trap ultra-cold atoms.
FePt patterns were fabricated from 40mm foil using spark-
erosion and from 250 nm film using e-beam lithographic
patterning. The patterns generated in the FePt film have an
edge roughness of about 50 nm. The foil chips were
successfully used to trap cold Rb atoms, both as a mirror
magneto-optic trap and as a magnetic trap. It is expected
that the atom chip based on the hard magnetic material will
have certain advantages over chips based on current-
carrying wires, such as the absence of perturbing lead
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wires, current noise, thermal noise, and power dissipation.
For the two foil chips the calculated longitudinal and
transverse trapping frequencies are (51Hz, 6.8 kHz) for the
first sample and (34Hz, 11 kHz) for the second. For the
film chip these frequencies are (690Hz, 35 kHz) and
(300Hz, 36 kHz). We demonstrated that hundreds of traps
can be concentrated per mm2 of chip area, with still room
for further optimization. This makes the film chip a
promising system for quantum information processing.
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