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1
1.1

Introduction

Bose-Einstein condensation and atom chips

The development of laser cooling [1, 2, 3, 4] allowed neutral atoms to be cooled
to temperatures reaching 10 µK. Even lower temperatures can be reached by a
subsequent magnetic trapping stage with forced evaporative cooling [5, 6, 7]. These
techniques led to the first realization of Bose-Einstein condensation (BEC) in dilute
atomic Rb and Na gases [8, 9] in 1995. Since then, BEC has been observed in
many atomic systems, including most alkali atoms, metastable He [10, 11], Cs [12],
Yb [13], Cr [14], H [15] and in weakly bound Li [16] and K [17] dimers.
The more recent development of magnetic microtraps for cold atoms opened up
new possibilities in trapping geometries and control of ultracold atomic gases. These
devices are called atom chips [18, 19, 20, 21], in analogy to conventional electronic
chips, because the miniaturization of the devices allows for large scale integration
and manipulation of cold atomic gases.
Miniaturization of the trapping potentials has many benefits, for instance in
infrastructural simplification and increased versatility via large scale integration
of trapping structures. Another major advantage of microtraps is the increase in
magnetic field gradient as compared to conventional coil based magnetic traps, thus
allowing for tighter confinement of the atoms. Tight confinement lowers the time
scales involved in a cold atom experiment. For instance, the increased collision rate
in a tighter trap allows for a faster forced evaporation ramp to BEC, relaxing the
vacuum requirements. This makes atom chips a convenient and simple tool to create
BECs [22, 23].
In most atom chip experiments miniature patterns of current-carrying wires are
integrated on planar substrates to create a magnetic trapping potential for ultracold
atoms [18, 19, 20]. This results in a highly versatile and controllable system to trap
and manipulate cold atoms. The wire structures are typically on the micrometer
scale and operated at current densities of up to ∼ 1011 A/m2 [20]. Atoms can
be trapped as close as a few µm away from the surface with trapping frequencies
exceeding 100 kHz.
Atom chips can also incorporate permanent magnetic materials [24, 25, 26, 27,
28], with significant additional advantages over current-carrying wires alone. Permanent magnetic atom chips do not suffer from current noise which is partly responsible
for trap loss and heating of atoms near conducting surfaces [24].
1
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Atom chips can also be integrated with electrostatic potentials [29] or radio
frequency dressing fields [30, 31, 32, 33, 34, 35] to offer even greater freedom in
trapping and manipulating ultracold atoms. Chapter 3 will give a description of
how the radio frequency dressed potential works. In recent years atom chips have
also been equipped with fibers and high quality optical cavities to allow on-chip
single atom detection and manipulation [36].
Many experiments have been performed on atom chips. For instance, BECs have
been propagated through magnetic waveguides [37, 38, 39], or have been used for
magnetic field microscopy [40], and coherent splitting and interference of BECs has
been achieved on atom chips [32, 41].
A more futuristic direction for atom chips might be in quantum information
processing applications [42]. Trapped single atoms can be used as qubits, with
their internal Zeeman or hyperfine states representing the qubit states |0i and |1i.
Single qubit gates can be implemented by addressing individual qubits with external
fields, while two qubit gates can be realized via controlled collisions [43]. In 87 Rb
it is for example possible to use as logic states |0i and |1i the hyperfine states
|F = 1, mF = −1i and |F = 2, mF = 1i. At a magnetic field of 3.23 G these states
have zero differential Zeeman shift, drastically limiting decoherence due to stray
magnetic fields [44]. Single qubit addressing can be done by a combination of radio
frequency and microwave fields or Raman transitions. The two qubit gate relies on
state dependent manipulation of the trapping potentials. One way of realizing this
is the use of microwave dressing potentials [42].
Atom chips can also play a role in creating low dimensional quantum gases [45,
40, 46, 47]. In low dimensional gases the relevant energy scales of the trapped gas
become lower than the level splitting in one or two of the three trapping axes, causing
the motion in these directions to freeze out.

1.2

Permanent magnetic atom chips

Atom chips based on permanent magnets are an interesting alternative to the more
common wire based chips. Tightly confining trapping potentials can be realized in
a straight-forward way without the technical problems associated with high current
densities. Furthermore, patterned permanent magnetic materials provide greater
design freedom, allowing more complex magnetic potentials to be realized such as
ring-shaped waveguides or large two-dimensional lattices of microtraps [48, 49, 50].
This last geometry is of particular interest for quantum information processing
applications where the lattice can be used as a shift register or quantum memory,
in analogy to previous work on optical lattices [51]. A magnetic lattice can have
advantages over optical lattices. For instance, they provide greater freedom in lattice
spacing, a key point in addressing individual lattice sites. They also allow for radio
frequency evaporative cooling and spectroscopy, which are very powerful tools for
cold atoms.
Typically magnetic films used for permanent magnetic chips can be as thin as
∼ 100 nm, making it possible to use well established patterning techniques to create

1.3 This thesis
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intricate trapping geometries. The magnetic films can have a perpendicular magnetization of 100-700 kA/m. For atoms trapped at a distance of ∼ 10 µm away from
the surface this leads to magnetic field gradients reaching 103 T/m and trapping
frequencies of up to 100 kHz.
One obvious drawback of permanent magnets is the relatively limited degree of
dynamic control available over the associated trapping potentials. As a result, all
existing permanent magnet atom chips rely on additional externally controlled bias
magnetic fields and current-carrying wires to complete the trapping potentials and to
assist in loading atoms into the microtraps. The permanent nature of the trapping
potential also poses a challenge in analysis, which traditionally relies on ballistic
expansion of the atomic cloud. Before more sophisticated permanent magnetic atom
chips are to be realized, these issues have to be addressed.
Both types of atom chips, whether based on permanent magnetic material or
based on current carrying wires, suffer from some specific technical problems with
trapping ultracold atoms close to surfaces. One of these problems is due to Johnson
noise in the metal of the atom chip, causing atom loss [52]. The loss rate depends
both on the thickness of the metal layer and its conductivity [53, 54, 55] but is
typically observed when trapping closer than 20 µm away from the chip surface. In
permanent magnetic atom chips this problem may be addressed by using thin or
poorly conducting films. Another problem arises from potential corrugation caused
by ill-defined trapping structures [37, 56, 57, 58]. This effect typically causes cloud
fragmentation when trapping elongated clouds or clouds in waveguides closer than
∼ 50 µm from the surface. This problem can be tackled by improving the atom chip
production process [59, 60, 61]. The closest distance atoms can be trapped away
from the chip surface may ultimately be limited by the Casimir-Polder potential,
that was shown to cause atom loss when trapping as close as 1 µm away from a
dielectric surface [53].

1.3

This thesis

This thesis explores the possibilities of atom chips based on permanent magnetic
material.
In chapter 2 we will theoretically investigate the occurrence and transport of
magnetic traps. Although the treatment will be general, it will in particular focus on the creation and movement of Ioffe-Pritchard magnetic traps in a magnetic
field derived from permanent magnets, that is, with limited external control. The
transport of magnetic traps is of particular interest in devising loading procedures
for permanent magnetic microtraps. We show that Ioffe-Pritchard magnetic traps
are confined to a two dimensional surface defined by the gradient of the magnetic
field. The Ioffe-Pritchard trap can be moved over this surface by the application of
uniform external fields. The derived mathematical concepts will be applied to some
practical examples of magnetic traps for cold atoms. Among these are our own permanent magnetic atom chips and the so-called Z-shaped wire, which is a commonly
used trapping geometry in atom chip experiments based on current carrying wires.

4
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We will also introduce the design of a two dimensional lattice of magnetic traps that
can be used as a shift register. Such a device is promising for quantum information
processing applications, for instance as a quantum memory.
One particularly promising feature of permanent magnetic traps is the possibility to create ring shaped traps, without symmetry breaking lead wires. In chapter 3
we will propose a new ring shaped trapping structure for trapping ultracold atoms,
based on a combination of permanent magnets and radio frequency dressed potentials [30, 31, 32, 33, 34, 35]. The addition of radio frequency fields leads to a
significant increase in control and versatility. By tuning the polarizations of the
radio frequency dressing fields, the trapping potential can be changed from toroidal
to ring shaped. Tailoring the frequencies results in toroidal and poloidal rotations of
the trapped atoms. The resulting trapping potential can be used for interferometry
or the study of low dimensional quantum gases with periodic boundary conditions.
Chapter 4 will give a description of the experimental apparatus as used in chapter 5, 6 and 8.
Chapter 5 will report on the achievement of Bose-Einstein condensation on a
self biased permanent magnetic atom chip, meaning that the trapping potential
is created fully by permanent magnetic structures, without externally controlled
bias fields. The chapter will in particular focus on the loading procedure, which
is non trivial due to the permanent magnetic trapping field. This also poses a
significant difficulty in the analysis, which traditionally relies on ballistic expansion.
In chapter 5 we demonstrate BEC by ejecting the cloud by magnetic field ramps
and letting it partly expand through the nonuniform permanent magnetic field. In
chapter 6 we will explore the use of radio frequency spectroscopy [62, 63, 64, 65, 66,
58] as a tool for analysis. We will derive a model for the radio frequency spectra
and use it to perform thermometry. Below the transition temperature we also use
radio frequency spectroscopy to demonstrate BEC in-situ.
In chapter 7 we will describe the design and production of a hybrid atom chip,
based on a combination of permanent magnetic films and current carrying wires.
This chip features the magnetic lattice/shift register described in chapter 2 and the
ring shaped trap described in chapter 3. We will give details on the preparation and
characterization of the magnetic material used and the patterning process.
Finally, chapter 8 will describe results on loading the magnetic lattice with ultracold atoms.

2

Topological constraints on
magnetostatic traps

We theoretically investigate properties of magnetostatic traps
for cold atoms that are subject to externally applied uniform
fields. We show that Ioffe-Pritchard traps and other stationary points of B are confined to a two-dimensional curved surface, or manifold M, defined by det(∂Bi /∂xj ) = 0. We describe how stationary points can be moved over the manifold
by applying external uniform fields. The manifold also plays
an important role in the behavior of points of zero field. Field
zeroes occur in two distinct types, in separate regions of space
divided by the manifold. Pairs of zeroes of opposite type can
be created or annihilated on the manifold. Finally, we give
examples of the manifold for cases of practical interest.

This chapter is based on the publication:
R. Gerritsma and R. J. C. Spreeuw
Phys. Rev. A. 74, 043405 (2006)
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2.1

Topological constraints on magnetostatic traps

Introduction

Magnetic trapping of neutral particles has first been achieved for cold neutrons [67]
and has since become a widely used tool in cold-atom physics [68]. More recently,
the flexibility to design complicated magnetic trapping potentials has been boosted
tremendously by the development of atom chips [19, 20, 18]. The field sources are
defined by microfabrication on a planar substrate, taking the form of either currentcarrying wires or patterns in a permanent magnetic film [24, 25, 26].
Magnetostatic traps are defined by magnetic field minima. In this chapter we
investigate the occurrence of field minima from a general perspective [69]. We introduce a novel conceptual tool, a curved surface, or manifold M, to which all
stationary points of B (non-zero minima and saddle points) are confined. We derive
expressions for the movement of stationary points over this manifold, in response to
a change of an external uniform control field. We also show that the same manifold
plays an important role in the creation and merging of field zeroes.
The typical application that we have in mind is a situation where a magnetic field
configuration is fixed by e.g. permanent magnets and control of the field is limited to
the application of uniform external fields. This situation occurs for instance in atom
chip experiments [24, 25, 26, 27, 28], where field gradients can become very large.
Control of the movement of Ioffe-Pritchard (IP) traps [70, 71] is of importance in
loading procedures and in experiments that require dynamical splitting or movement
of atomic clouds. During loading for instance it is important to avoid regions of zero
field, since this will lead to losses due to Majorana spin flips to untrapped states.
It is also important to avoid unwanted splitting of the trap during the transport
and compression of the cloud to the final trap. Furthermore, quantum information
processing applications on an atom chip may require the movement of qubits to
regions where they can be ‘read out’ or manipulated. In this case it is also of
importance to keep track of the individual phase evolutions of the atoms, i.e. to
control the trapping parameters during transport.
Although we investigate here magnetic traps, most of our conclusions also apply
to traps based on electrostatic fields insofar as they rely on the field being rotation
and divergence free. Electrostatic traps can be used to trap molecules with an
electric dipole moment [72, 73, 74].
This chapter is structured as follows. After introducing our notation in Sec. 2.2,
in Sec. 2.3 we derive the expression for the manifold to which stationary points must
be confined. We also show how to create a IP trap in a given point on this manifold.
In Sec. 2.4 we derive an expression for the movement of stationary points along the
manifold, under the influence of an external uniform field. In Sec. 2.5 we investigate
the relationship between the manifold and points of zero field. We show how field
zeroes can be moved and how pairs of zeroes can be created and annihilated on the
manifold. Finally, in Sec. 2.6 we investigate the shape of the manifold for some cases
of experimental interest.

2.2 Notation

2.2
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Notation

Magnetic traps are usually operated in the regime where moving particles experience
a magnetic field that varies slowly compared to the Larmor spin precession frequency.
The spin component parallel to the field is then conserved due to adiabatic following
of the local direction of the magnetic field. The effective potential is proportional
to the modulus of the field: B(r) = |B(r)|. We are interested in stationary points
and trapping frequencies in this potential. For this purpose it is equivalent to use
B 2 (r), since a minimum or saddle point of B is also a minimum or saddle point of
B 2 . We shall use B 2 (r) for convenience and define
U (r) = B 2 (r).

(2.1)

Throughout this chapter we adopt the convention that summation over repeated
indices is implied, e.g. Bi Bi ≡ Bx2 + By2 + Bz2 = B 2 . Points where U is stationary
are defined by ∂i U ≡ ∂U/∂xi = 0 for all i = 1, 2, 3. In order to decide whether a
stationary point is a local minimum or a saddle point, we will need also the second
derivatives. Therefore, let us expand B(r) to second order in the relative coordinates
xi around some point of interest,
1
Bi = ui + gij xj + cijk xj xk + h.o.t.
2

(2.2)

where h.o.t. denotes higher order terms, gij = ∂j Bi is a tensor describing the
gradient of the vector field B(r) and cijk = cikj = ∂j ∂k Bi is a curvature tensor.
Using Maxwell’s equations for static fields in vacuum we can impose some restrictions on the tensor components gij and cijk . From the conditions div B = 0 and
curl B = 0 for static fields in empty space we see that the gradient tensor must be
both traceless and symmetric,
gii = 0

(2.3)

gij = gji

(2.4)

This leaves five independent parameters for gij , which can be interpreted as follows.
In the coordinate frame where gij is diagonal, two independent gradients can be
chosen. Three angles are needed to specify the orientation of the coordinate frame.
Similarly, the curvature tensor cijk must be fully symmetric under permutation
of indices and all its partial traces must vanish:
ciij = ciji = cjii = 0

(2.5)

cijk = cikj = ckji

(2.6)

This leaves seven independent parameters for cijk .
Throughout the chapter we adopt the convention that eigenvalues of a tensor are
written in capital letters and eigenvectors are written in capital bold face letters.
Thus (G1 , G2 , G3 ) are the eigenvectors of gij and (G1 , G2 , G3 ) are the corresponding
eigenvalues.
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Stationary points
The manifold det(gij ) = 0

In order to find the stationary points of U = Bi Bi , we substitute the expansion of
Eq. (2.2) and collect terms up to second order in the coordinates,
U = ui ui + 2ui gij xj + (ui cijk + gij gik )xj xk + h.o.t.

(2.7)

For a stationary point in xi = 0 we set ∂p U = 2ui gip = 0. A trivial solution is that
the field is zero, ui = 0. Note however that this is generally only a stationary point
of U , not of B. For stationary points at nonzero field, such as the minimum in a
Ioffe-Pritchard trap, we must require that gip has an eigenvalue zero, i.e.
det(gij ) = 0.

(2.8)

Furthermore for a stationary point to occur, the field ui must be parallel to the
eigenvector of gip with eigenvalue zero. In the case of a IP trap this direction is
usually called the axial direction. The above condition, Eq. (2.8), expresses the
fact that a IP trap requires a point where the magnetic field locally looks like a
cylindrical quadrupole field, and that the axis of the quadrupole is the trap axis.
Since the gradient is a function of the spatial coordinates, gij = gij (r), the
condition of Eq. (2.8) defines a two-dimensional curved surface which we shall call
the manifold M. The points on the manifold are those points in space where a
stationary point for B can be created by choosing ui along the zero eigenvector of
gij . Some examples of such manifolds in situations of practical interest are shown
in Sec. 2.6.

2.3.2

Absence of field maxima in empty space

If the condition ui gip = 0 is fulfilled, Eq. (2.7) is simplified (up to second order) to:
U = ui ui + tjk xj xk ,

(2.9)

tjk = ui cijk + gij gik .

(2.10)

where we defined
Note that the tensor tjk is symmetric. Its trace is a sum of squares, and therefore
always non-negative:
tkk = gik gik ≥ 0,
(2.11)

where we used the vanishing of partial traces, Eq. (2.5). We note that this gives
the well known result that U cannot have a local maximum in empty space, since
a maximum would imply three negative eigenvalues of t and thus a negative trace.
The absence of maxima in empty space is known as Wing’s theorem [75] and is
here retrieved by a different route. Note that the non-negative trace relies on B
being irrotational and divergence free. Therefore the same conclusion holds for
electrostatic fields in vacuum. On the other hand time-dependent E and B fields
are not irrotational and in fact do allow for a maximum of field magnitude in empty
space [76, 77].

2.3 Stationary points

2.3.3

9

Trapping frequencies

The potential for an atom in a magnetic field is given by:
√
V = m F gF µ B U ,

(2.12)

with mF the magnetic quantum number, gF the Landé factor and µB the Bohr
magneton. If we make a harmonic approximation around the potential minimum
we find that the trap frequencies are given by:
r
m F gF µ B T n
ωn =
,
(2.13)
mu
√
with u = ui ui , with Tn the eigenvalues of tjk and m the mass of the atom. Here
we assume that the eigenvalues Tn ≥ 0.
Combining this expression with Eq. (2.11) we find
ω12 + ω22 + ω32 ∝

1
gik gik .
u

(2.14)

Thus, remarkably, we find that this combination of trap frequencies is independent
of the curvature cijk and depends only on the gradient gij and the uniform field ui .

2.3.4

Where can a IP trap be created?

Having established that stationary points, including IP traps, can only be found on
the manifold M, we now address the question whether a IP trap can be created in
any arbitrary point on the manifold M. For convenience we choose a coordinate
frame that diagonalizes gij , such that the zero eigenvector lies along coordinate
direction ê3 . The gradient tensor then takes a very simple form, with g11 = −g22 = a
as the only nonzero components. Since ui must be chosen along the zero eigenvector,
we write u = u3 ê3 . We can then write the tensor tjk as
 2

a 0 0
(tjk ) =  0 a2 0  + u3 c3jk .
(2.15)
0 0 0
Thus tjk depends on a single parameter u3 that is a multiplier of the symmetric and
traceless tensor c3jk .
We can easily see the qualitative behavior of the eigenvalues of tjk as a function
of u3 . Obviously, for u3 = 0 the eigenvalues are (T1 , T2 , T3 ) = (a2 , a2 , 0). For small
values of u3 we can use perturbation theory to obtain the lowest eigenvalue to first
order, yielding
T3 ≈ u3 c333 .
(2.16)

This shows that T3 can be made either positive or negative by choosing the sign of
u3 . For small values of u3 the other two eigenvalues will remain positive. This means
that for small u3 the stationary point will be either a IP trap or a saddle point with
a Morse index of 1. The Morse index is the number of negative eigenvalues. Note
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that we can only make a IP trap if c333 6= 0. In fact, for the case that c333 = 0 a
counter-example is easily found, i.e. a stationary point that cannot be turned into
a IP.
For large enough positive or negative values of u3 the term u3 c3jk will become
the dominant term. Since c3jk is traceless, it has signature (+, +, −) or (+, −, −).
Therefore for large values of u3 we will always have a saddle point. The sign of u3
will determine whether the Morse index is 1 or 2.
Since for small u3 the eigenvalues of tjk are given by (a2 +u3 c113 , a2 +u3 c223 , u3 c333 ),
we can tune the two non axial trap
p frequencies with u3 but the axial frequency is
fixed by c333 [Eq. (2.13)] as ω3 = mF gF µB c333 /m.

2.4

Moving stationary points

We now investigate how stationary points can be moved over the manifold by changing the uniform field ui . We consider the situation that the spatial dependence of
the magnetic field is defined, e.g., by a configuration of permanent magnets. We can
influence the magnetic field pattern by applying a uniform external field. In terms
of the above quantities, gij and cijk are fixed, ui is our control parameter.

2.4.1

Moving Ioffe-Pritchard traps

The movement of IP traps, which must clearly be constrained to the manifold, is
important in applications that require trapped atoms to move, such as beam splitters
and conveyor belts [78]. We now calculate a displacement tensor djq ≡ ∂xj /∂uq in
a stationary point xj = 0 on the manifold. This tensor describes how the position
of a stationary point moves when the uniform field is changed. To calculate it, we
use the condition for a stationary point, ∂p U = 0, with U as in Eq. (2.7),
∂p U = 2ui gip + 2(ui cijp + gij gip )xj = 0.

(2.17)

Taking the derivative with respect to uq and setting xj = 0, we solve for djq and
find:
djq ≡

∂xj
= −(t−1 )jp gpq
∂uq

(2.18)

where (t−1 )jp denotes the inverse tensor of tjp . In the basis where gpq is diagonal
we see that dj3 = 0, i.e., a small field in the axial direction of a IP trap will not
displace it. Since this means that the eigenvalue D3 is zero, djq is singular. Therefore
djq is a mapping of a three-dimensional vector uq onto a two-dimensional space,
namely the tangential plane to the manifold. It is spanned by the two eigenvectors
(D1 ,D2 ) corresponding to the nonzero eigenvalues. The vector D1 × D2 is normal
to the manifold and is found to be proportional to (c133 , c233 , c333 ), and so does not
in general coincide with the axis of the IP, G3 .
Note that during the movement the radial trap frequencies can be controlled
using a bias field in the axial direction of the IP trap [Eq. (2.13)].

2.5 The manifold and field zeroes

2.5

11

The manifold and field zeroes

The manifold M is not only a powerful concept in the description of stationary
points, it also has significance in the occurrence and movement of field zeroes. Such
points of zero field are also minima of B and can thus serve as atom traps. However,
these so-called quadrupole traps (QT) suffer from higher trap loss rates due to
Majorana spin flips near the region of zero field. The movement of QTs is important
in loading procedures, i.e. to transport atoms into the final IP trap. In this section
we investigate how field zeroes can be moved and what happens when they approach
the manifold.
The manifold is the boundary between two regions of space V + , V − , where
det(gij ) > 0 and < 0 respectively. Since gij is traceless, and det(gij ) is the product
of the eigenvalues, gij must have two negative and one positive eigenvalues in V + .
Similarly, in V − it has one negative and two positive eigenvalues. It is impossible to
move between the two regions V + , V − without one of the eigenvalues going through
zero. This means that the manifold imposes restrictions on the movement of field
minima that have a field zero.

2.5.1

Moving quadrupole traps

Since a quadrupole trap is a zero of the magnetic field, it is straightforward to give a
prescription for how to move it by applying an external field. We call the stationary
field Bstat (r) and the desired trajectory r(t). In order to move the field zero along
the trajectory, all we need to do is to use the external field Bext (t) to cancel the
local magnetic field,
Bext (t) = −Bstat (r(t)).
(2.19)
Like for the movement of stationary points, we can also express the movement
of zeroes in terms of a displacement tensor ∂xj /∂uq , Eq. (2.18). For field zeroes this
tensor takes a very simple form,
djq =

∂xj
= −(g −1 )jq .
∂uq

(2.20)

Thus, generally speaking, field zeroes do not disappear when the uniform field uj is
changed, they simply move through 3D space.
The situation is different when a field zero approaches the manifold between the
regions V + , V − . On the manifold det(gij ) = 0 so that djq does not exist. In fact,
since one of the eigenvalues of gij vanishes, the magnetic confinement along one
direction of the magnetic QT vanishes.

2.5.2

Pairs of zero field

Having established how field zeroes (QTs) and IP traps move, the natural question
arises what happens when a field zero approaches the manifold. We have just noted
that field zeroes can be broadly categorized in two types, according to whether the
signature of the gradient is (+, +, −) or (+, −, −). It turns out that the approach of
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the manifold by a field zero is accompanied by the approach by another field zero,
of the opposite type, from the other side of the manifold.
If a zero is sufficiently close to M, we first assume that we can choose a point
xi = 0 on M such that the position of the zero xi = ξi is in the direction G3 of the
local quadrupole axis. Thus we have ξ1 = ξ2 = 0 and ξ3 6= 0. Furthermore gi3 = 0
on M so that the requirement of zero field in ξi simplifies to
ui + ci33 ξ32 = 0.

(2.21)

This shows immediately that the replacement ξ3 → −ξ3 yields another zero. The
two zeroes are symmetrically placed around the point on M, in the direction of
the G3 axis. The zeroes must be of opposite type, since they are on opposite sides
of M. p
Finally, we note that the solution for ξ3 of the above Eq. (2.21), namely
ξ3 = ± −ui /ci33 for all i = 1, 2, 3, implies that the local field direction ui must be
proportional to ci33 . This is just the normal vector to the manifold as mentioned
above, so the local field ui is normal to the manifold M.
The choice of a point xi = 0 on M such that ξi k G3 is possible unless G3 is
parallel to the manifold. In this special case, where c333 = 0, a zero arriving on the
manifold can transform into a line of zero field, which lies entirely on the manifold.
Such lines of zero require a treatment that goes beyond the second order field expansion. Evidence from numerical examples and some highly symmetric analytical
examples suggests that such lines are closed loops on the manifold. Small perturbing
fields can split this loop into a number of zero pairs, which can be macroscopically
separated.
Finally we can also address the question whether the merging of field zeroes
must necessarily take place on M. We assume that two field zeroes are sufficiently
close so that it is sufficient to expand the field up to second order. We define local
coordinates xi around the first zero and x0i around the other. For the field expansion
we can then write
1
1
(2.22)
gij xj + cijk xj xk = gij0 x0j + c0ijk x0j x0k
2
2
Note that both ui and u0i are zero because we have two field zeros. We introduce the
separation vector ξi and substitute xi = ξi + x0i . Equating terms of equal powers in
x0i we then obtain (gij + gij0 )ξj = 0 and thus det(gij + gij0 ) = 0. Thus, in the second
order field expansion, the midway point between the two zeroes xj and x0j lies on the
manifold. Furthermore, the two field zeroes must be of opposite type. Apparently,
in order for field zeroes of similar type to approach each other the leading term in
the field expansion must be higher than second order.

2.6

Practical Ioffe traps

In this section we consider the shape of the manifold det(gij ) = 0 in some cases of
practical interest.

2.6 Practical Ioffe traps
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Figure 2.1: Manifold corresponding to the standard Ioffe-Pritchard trap, described by the field of
Eq. (2.23). The black bars indicate the orientation of the Ioffe-bars. The orientation of the pinch and
compensation coils are also shown as well as the direction of the currents.

2.6.1

Standard Ioffe-Pritchard trap

The prototypical IP trap [70, 71] consists of four long current carrying wires (“Ioffebars”), for creating a cylindrical quadrupole field, in combination with two pinch
coils creating confinement in the axial direction and a pair of compensation coils to
tune the field at the trap bottom. The field of the IP can be approximated by:


 


−xz
0
x
c

−yz
(2.23)
B =  0  + a  −y  + 
2
1
2
2
2
z − 2 (x + y )
u
0
Where u, a and c are the uniform field, radial gradient and axial curvature, respectively. The manifold produced by this field is shown in Fig. 2.1. It is described by
the equation:
²(x2 − y 2 ) + z(2z 2 + y 2 + x2 − 2²2 ) = 0

(2.24)

Where ² = 2a/c. Note that for ² = 0 this describes the flat surface z = 0. The
hole in the manifold has typical size ². In the point (0, 0, 0) the eigenvectors of
djq point in the x, y, and z directions and so the lowest order displacement of the
IP under influence of an external field is in a direction perpendicular to the axial
direction. The shape shown is only realistic in the region where Eq. (2.23) is a good
approximation of the field.

2.6.2

Z-wire Ioffe trap

A method routinely used in atom chip experiments for creating IP traps involves a
current carrying wire bent in a Z-shape in combination with a uniform bias field [79].
Here, the central wire and bias field produce the cylindrical quadrupole field and
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Figure 2.2: Manifold created by a Z-shaped wire. Since the manifold is given by the gradient its shape
does not depend on the bias field. The current is only a multiplier and is also of no importance for the
shape. The vectors D1 , D2 , G3 and D1 × D2 have been drawn in the point (0,0,1). The vector G3
gives the axial direction of the IP, D1 × D2 is normal to the manifold.

Figure 2.3: The azimuthal angle ϕ of G3 with respect to the x-axis as a function of θ. Note that
directly above the middle of the central wire G3 always lies in the xy-plane. The inset shows the
geometrical meaning of θ.

the curvature and uniform field at the trap bottom are produced by the two feet
of the Z-shape. In Fig. 2.2 the manifold for such a wire is shown together with the
eigenvectors of djq and the IP axis G3 . The vector G3 straight above the middle
of the central wire always lies in the xy-plane. We find that the azimuthal angle ϕ

2.6 Practical Ioffe traps
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Figure 2.4: Array of magnetic material (dark regions). The magnetization is out of plane. The
equivalent edge current forms Z-shapes at every lattice point. In combination with a bias field in the
y-direction IP traps can be created. The shape of the manifold is shown in the inset.

between G3 and the x-axis is given by:
ϕ = − arctan

µ

cos 2θ sec θ
2 + cot2 θ

¶

(2.25)

Here tan θ = 2z/s, where s is the separation between the two wires in the
y-direction and z is the height above the central wire. This result is plotted in
Fig. 2.3. For z = 0, G3 points in the x-direction, in the limit z → ∞ it points in
the y-direction. For a given s, G3 points in the x-direction if we choose z = 12 s.

2.6.3

Array of Ioffe traps

The exact shape of the manifold is of particular importance in arrays of IP traps
that might be used as conveyor belts/shift registers. Such devices are promising for
quantum information processing applications [49]. Atoms sitting at a lattice site
that is connected to another via the manifold can be shifted there using a uniform
external field, while remaining a IP trap. Moreover, the trap frequencies along the
way can be tuned using Eq. (2.13).
To make these ideas more explicit, we discuss an array of IP traps created by
permanent magnetic material in combination with a uniform bias field. In Fig. 2.4
the array of magnetic material is shown. Since its magnetization is out of plane we
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Figure 2.5: Two-dimensional cross-section showing the magnetic potential and the manifold at z =
10µm. The IP traps can be transferred over the manifold. For one IP the route to the neighboring
lattice site is shown. The arrows indicate how the trap axis varies along the way.

can think of the material as having an equivalent current of magnitude M h running
around its edges, where M is the magnetization and h is the height of the material.
This equivalent current forms a Z-shape at every lattice site in the array. We apply
a uniform bias field in the y-direction to create Ioffe traps at all lattice sites.
In this particular design the magnetization is M = 670 kA/m and the height of
the material is h = 300 nm. A bias field of 22.5 G in the y-direction then produces
IP traps at 10 µm from the surface with trap frequencies (23, 23, 6.1) kHz and a
residual field of 5.7 G at the trap bottom.
We are interested in where the individual IP traps can be moved. Therefore
we draw the manifold over a region of the array containing several unit cells. As
can be seen in Fig. 2.4, IP traps are only connected in a diagonal direction from
lower right to upper left. This means that this array can be used as a shift register
only in this direction. The manifold clearly does not allow shifting the IP traps in
the perpendicular direction. One could try to move the traps in the perpendicular
direction as field zeroes (QT). However, we find that this leads to a sequence of
splitting and recombination of zeroes, every time the manifold is crossed. Thus, in
spite of its appearance, this is a 1D shift register.
Finally, for the sake of completeness, we show in Fig. 2.5 how the axial direction
of the Ioffe traps varies over the manifold.

2.6.4

A self biased Ioffe trap

Although the arrays in sections 2.6.3 rely on a bias field to produce Ioffe-Pritchard
traps, it is also possible to design permanent magnetic trapping configurations that
require no bias field to produce a Ioffe-Pritchard trap. In Fig 2.6 a. an example of a
geometry producing a ”self biased” Ioffe-Pritchard trap is shown. The asymmetric

2.6 Practical Ioffe traps
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Figure 2.6: (a) Permanent magnetic structure for producing a Ioffe-Pritchard trap without relying
on bias fields. The magnetization is in plane //y. Figures (b) and (c) show the manifold created
by the structure from two different sides. The location of the self biased Ioffe trap is shown by the
black dot in (c), the arrow indicates a possible loading trajectory and the locations of Ioffe traps during
the transport (going from white to black). This trajectory corresponds to the last part of the loading
trajectory described in chapter 5 (positions V through VIII in Fig. 5.2). The sharp ”wormhole” like
structure in the manifold just above the Ioffe trap is associated with a coalescence point, where all
eigenvalues of the gradient disappear: gij = 0.

design results in a highly non trivial manifold shown in Fig. 2.6. The manifold of
this design is of particular interest in devising a loading procedure for the self biased
IP, where an atomic cloud can be moved over the manifold towards the self biasing
trap.
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One particularly striking feature of the manifold is the occurrence of a sharp
needle like structure near the location of the self biased Ioffe trap. Numerical investigation reveals that this structure is associated with radial splitting and merging
of Ioffe traps. This seems to suggest that it is related to a coalescence point, where
gij = 0. These points have indeed been used to split Ioffe traps [80].

2.7

Conclusion

In conclusion, we have shown that Ioffe-Pritchard traps as well as other stationary
points of B(r) are confined to a two-dimensional curved manifold M defined by
det(gij ) ≡ det(∂Bi /∂xj ) = 0. Furthermore, in any point of M where the local
quadrupole axis is not parallel to M a IP trap or other stationary point can be
created by choosing the magnetic field parallel to this axis, i.e. the eigenvector of g ij
corresponding to eigenvalue zero. We have given an expression for the movement of
stationary points over the manifold, in response to a change of an external uniform
control field.
We have shown that the same manifold plays an important role in the behavior of
field zeroes, and separates regions of space where field zeroes are of an opposite type.
These field zeroes can be moved anywhere in their respective region of space but can
only disappear on the manifold. In this annihilation two field zeroes of opposite type
merge and form a Ioffe-Pritchard trap. Similarly, a IP on the manifold can be made
to split into two field zeroes of opposite type, on opposite sides of the manifold.
The manifold is a new conceptual tool in designing magnetostatic or electrostatic
potentials. Understanding how IP traps can be moved over this manifold is of great
use in experiments that require some level of dynamics such as shift registers for
trapped atoms or double well experiments. The shape of the manifold is important
in loading protocols for permanent magnetic atom chips, defining possible routes for
transferring Ioffe-Pritchard traps.

3

Dynamically controlled toroidal
and ring shaped traps

We present traps with toroidal and ring-shaped topologies,
based on adiabatic potentials for radio frequency dressed Zeeman states in a ring-shaped magnetic quadrupole field. Simple adjustment of the radio frequency fields provides versatile
possibilities for dynamical topology change and controlled potential perturbation. We show how to induce toroidal and
poloidal rotations and demonstrate the feasibility of preparing degenerate quantum gases with reduced dimensionality
and periodic boundary conditions. The large degree of dynamical and even state dependent control is useful for atom
interferometry.

This chapter is based on the publication:
T. Fernholz, R. Gerritsma, P. Krüger and R. J. C. Spreeuw
Phys. Rev. A. 75, 063406 (2007)
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3.1

Dynamically controlled toroidal and ring shaped traps

Introduction

Studying the properties of quantum gases in confining geometries where the dimensionality of the system can be chosen or even be adjusted is at the focus of current
research [81]. The dimensionality of the confined atomic cloud plays a key role for important properties such as long range order [82, 83] and superfluidity [84, 85, 86, 87]
of the gas. This is also true for the topology of the trap, and hence large interest in
multiply connected trapping potentials such as rings has recently emerged.
In first experiments with non-trivial trapping topologies, ultracold and Bose condensed atoms have been demonstrated in ring shaped potentials [88, 89, 90]. Most
of these experiments rely on the production of a ring-shaped magnetic quadrupole
field to trap the atoms. The ring of zero field in the center of this trap causes loss
of atoms due to Majorana spin flips to untrapped states. These leaks have been
plugged using time orbiting ring traps (TORT) [89]. The TORT relies on large,
low frequency external magnetic fields to make the line of field zero orbit the cloud
of atoms such that the internal state can follow the field direction but the atomic
motion cannot. Other solutions include out-of-plane current carrying wires [90] to
produce an axial field around the circle, or stadium-shaped traps reducing the ring
of zero to four points [91]. Also electrostatic fields have been proposed as a possible
solution for a chip-based trap [92]. Typically, for chip-based approaches based on
current carrying wires [93, 94] the symmetry-breaking potential corrugation caused
by lead wires must also be addressed. Permanent magnetic structures are thus extremely well-suited for the creation of ring shaped potentials, solving the problems
of the symmetry breaking lead wires and supplying tight confinement.
In this paper, we show how adiabatic potentials for rf dressed states [30, 31,
32, 33, 34, 35] can be used in this configuration. These traps have recently been
shown to provide long lifetimes, allow for evaporative cooling [95, 96], and have
been used to coherently split matter waves [31, 97]. We show, that an experimental
setup equivalent to a TORT, but using an oscillating field of much lower amplitude
at higher frequencies results in a trap that offers new flexibility. Reaching beyond
simple ring geometries, toroidal surfaces can be formed and smoothly transformed
to a (multiple) ring geometry. One- and two-dimensional quantum gases with periodic boundary conditions are accessible as well as the crossover regimes between
confinement of different dimensionality (3d to 2d and 1d, and 2d to 1d). Moreover,
we show that the trapped gases can be dynamically set into various types of motion
by simple experimental techniques. These include toroidal and poloidal rotations
on torus surfaces, and independently controlled acceleration along circular paths.
Radio frequency dressed potentials are thus a welcome extra control parameter for
permanent magnetic atom chips, reaching beyond the static field control described
in chapter 2.

3.2 Trap design
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Figure 3.1: Schematic view of a quadrupole ring produced by two rectangular rings of uniform magnetization M · ẑ, mean radius R, widths w, distance d, and height h. Additional coordinates are given by
the distance r from the ring of zero field, and the toroidal and poloidal angles θ and ϕ, respectively.

3.2

Trap design

We start from a ring-shaped magnetic quadrupole field, generated by two concentric
rings of magnetized material with out-of-plane magnetization M, see Fig. 3.1. For
small heights h of the magnetic layer, the field sources become equivalent to two
pairs of concentric, counter-propagating, line-like currents I = M h around the edges
of the material. They produce a magnetic quadrupole field with a ring-shaped line of
zero field. We assume that the radii of the rings are large compared to their widths
and separation, R À d, w. In this case, the field in the vicinity of the magnetic rings
can be approximated by a two-dimensional quadrupole
field with field gradient q,
p
1
centered above the mean radius R at height z0 = 2 d(2w + d). Its axes are parallel
and perpendicular to the surface.
Cold atoms in a low-field seeking spin state can be confined in this field, but
will suffer losses due to non-adiabatic spin flip transitions near the line of zero
field. These can be avoided using adiabatic, radio frequency (rf) induced potentials
[30, 33]. Resonant coupling between Zeeman levels leads to a modification of the
dressed state energies, producing local potential minima near positions where the
coupling field is resonant with the atomic Larmor frequency. As it was noted in [32]
and recently discussed in [31] for a cylindrical case, the polarization of the fields must
be taken into account. This important design parameter introduces new possibilities,
on which we put emphasis in this paper.
For an atom with total angular momentum F , the Hamiltonian in a weak magnetic field is given by H(t) = gF µB F̂ · B(t), with the Bohr magneton µB and
the Landé factor gF . The magnetic field consists of a static contribution Bdc
as given by the ring-shaped quadrupole field (Fig. 3.1) plus an rf contribution
Brf (t) = Re[Brf exp(−iωt)].
The quantization axis is given by the direction of the static field which we locally
transform to the direction ê0 : Bdc = B0 ê0 . The vector Brf is complex-valued and
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Figure 3.2: Schematic view of rf induced potentials: (a) the energy splitting between atomic Zeeman
levels depends linearly on position in a magnetic quadrupole field. (b) The energy levels appear shifted
in the rotating frame and exhibit avoided crossings at resonant rf coupling. Note that across B z = 0 the
effective quantum number mF changes sign and is undefined at the field zero. Atoms traversing this
region can undergo transitions to different spin states. For negative Bz or negative gF the resonance
frequency is also negative, inverting the rotational sense of the required coupling field when referenced
to the z-direction.

can be decomposed in a local basis of orthonormal, spherical polarization vectors
(ê0 , ê+ , ê− ), corresponding to π, σ + , and σ − polarizations, respectively: Brf =
β0 ê0 + β+ ê+ + β− ê− . We transform the Hamiltonian to a frame rotating about ê0 at
the rf frequency ω and make the rotating wave approximation (RWA) by neglecting
remaining time-dependent terms. The resulting effective Hamiltonian in the rotating
frame has the eigenvalues:
p
EmF = mF µB gF (B0 − ~ ω/gF µB )2 + |β+ |2 /2.
(3.1)
It is crucial that in the RWA only the σ + field component (relative to the static
field) appears in the effective Hamiltonian.
For a ring-shaped quadrupole field, the resonance condition is met on a toroidal
surface of constant field modulus B0 = q r0 = ~ ω/gF µB . In Fig. 3.2b) the trapping
potential along the z-direction at ρ = R is depicted. Atoms can be trapped at the
avoided crossings between dressed energy levels, which occur on the surface of resonance. The remaining potential on this surface is determined by the rf component
β+ , referenced to the local direction of the static field.
In order to form a trap, β+ must not vanish in any point on the resonant surface.
Such points, like the zeroes in quadrupole magnetic traps, limit the trap lifetime,
and have to be avoided. It is not sufficient to use an rf field that provides field components perpendicular to the static field, as e.g. a rotating field in the x̂, ŷ-plane
fails. But the resonance can be driven by a superposition of a spherical quadrupole
rf field, radially polarized along ρ̂ and a uniform rf field with linear ẑ polarization.
A single pair of coils can generate this axially symmetric field, which in general is elliptically polarized in the ρ̂, ẑ-planes. The coils could be placed symmetrically above
and below the chip surface. Another possibility is to incorporate conducting ring
structures directly below the chip and inducing an rf current in the loop externally.
Denoting the circular components of the rf field by complex amplitudes a and b, it
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(b)

(c)

Figure 3.3: Visualization of the adiabatic trapping potential. On the left, the potential on the resonant
torus for vertically split rings is shown together with a cut parallel to a ρ, z-plane. On the right, ρ, zpotentials are shown for (a) circular rf (b = 0), and elliptical rf (a > b) with (b) ϕ 0 = π/2, and (c)
ϕ0 = π/4.

is expressed in global, cartesian coordinates by:




cos θ
cos θ
a
b
B1 = √  sin θ  + √  sin θ 
2
2
i
−i

(3.2)

In the vicinity of the quadrupole ring the static field direction is
ê0 = (− cos θ cos ϕ, − sin θ cos ϕ, sin ϕ). We construct a right-handed orthonormal
triplet by choosing the direction tangential to the ring, ê1 = (− sin θ, cos θ, 0), and
ê2 = ê0 × ê1 . We define:


− sin θ − i cos θ sin ϕ
1
(ê1 + i ê2 )
√
(3.3)
= √  cos θ − i sin θ sin ϕ  ,
ê+ =
2
2
−i cos ϕ
and obtain the coupling component:

a
b
β+ = ê∗+ · B1 = − e−iϕ + eiϕ .
2
2
The potential on the surface of resonance is given by:
µ p 2
|a| + |b|2 − 2|a||b| cos [2(ϕ − ϕ0 )],
EmF (ϕ) = √
2 2

(3.4)

(3.5)

where 2ϕ0 = arg b − arg a, and µ = mF gF µB .
We assume R À r0 , and thus approximate a and b to be independent of r and
ϕ. A special case is obtained for a circular field, a = 0 or b = 0. The potential,
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Eq. (3.5), then becomes independent of both ϕ and θ, so the trap extends over the
entire toroidal surface, see Fig. 3.3a. This opens up the possibility to trap cold
atoms in a two-dimensional, boundaryless geometry.
More generally, if neither a nor b vanishes, the field is elliptically polarized. In
this case, the potential has minima for two poloidal angles. The trap thus splits
poloidally into two opposite rings, as shown in Fig. 3.3. The orientation of this
splitting is determined by ϕ0 .
For convenience,
we
the local coupling amplitude in the poloidal mini¯
¯ redefine
√
¯
¯
mum as c = |a| − |b| /2 2 and define ² = |b/a|. The trapping frequencies in the
radial and poloidal directions then become:
r
r
r
µ
2
c²
µ
q
,
ωϕ =
,
(3.6)
ωr = √
2
r0
(1 − ²)
m
c m
where m is the mass of an atom.

3.3

Adiabaticity requirements

The condition that the internal atomic state adiabatically follows the external motion is violated at points where the rf field is resonant but the coupling component
β+ is too small. For example, for |a| ≈ |b|, i.e. linear rf polarization, the coupling
will vanish in the two rings. To avoid Landau-Zener transitions, the energy splitting
EmF /mF must be large compared to the trap frequency ωr . We thus demand that
EmF /mF ≥ α ~ ωr , with the factor α À 1 and get the adiabaticity condition:
c3
α 2 ~2 m F
≥
.
q2
µ B gF m

(3.7)

In addition, it is necessary to stay in the RWA validity regime, i.e., the rf frequency must be high compared to the energy splitting. Thus we choose ~ ω ≥
δ EmF /mF with the numerical factor δ > 1. This is equivalent to q r0 ≥ δ c. Both
relations together impose a size restriction ∗ :
q r03 ≥

3.4

α 2 δ 3 ~2 m F
.
µ B gF m

(3.8)

Low-dimensional traps

As a first application we discuss the feasibility to realize two-dimensional traps for
degenerate quantum gases. One requirement to be met is that the thermal motion of
the atoms is limited to the radial ground state, ~ ωr ≥ ζ kB T with ζ > 1. Together
with the adiabaticity condition, the achievable temperature sets lower limits to the
fields:
r
α ζ kB T
α m (ζ kB T )3/2
q≥
,
c≥
·
.
(3.9)
mF
gF µ B ~
gF µ B
∗

This relation separates the setup from a TORT [89]; a continuous transition between the trap
types is impossible.

3.4 Low-dimensional traps
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With ζ T = 1 µK, α = 10, and 87 Rb atoms in the |F, mF i = |2, 2i state, the required
fields are q > 90 T m−1 , which is easily achievable with micro-structured permanent
magnetic material, and c > 30 µT. Neglecting angular momenta, we estimate the
lifetime in the trap by a simple integration of the Landau-Zener spin flip probability
over the radial velocity distribution. For the given numbers we find a negligible loss
rate. For higher temperatures the lifetime strongly decreases and reaches 1 s for
T ≈ 100µK allowing for a final evaporative cooling stage in this trap.
The second requirement is that atomic collisions do not excite radial motion.
This is ensured when the chemical potential g2d n2d ≈ (2 ~)3/2 (π ωr /m)1/2 a N/A is
lower than ~ ωr , where a is the s-wave scattering length.
A unique feature of two dimensional systems is the occurrence of superfluidity
in a low temperature phase without spontaneous symmetry breaking. The underlying microscopic mechanism of the Berezinskii-Kosterlitz-Thouless type is currently
under investigation in harmonically trapped cold atomic clouds [87]. A toroidal trapping geometry as discussed here allows to approximate the homogeneous case more
closely. While a true Bose-Einstein condensate in two dimensions is still possible in
harmonically confined two dimensional gases, this is no longer true if the potential
is homogeneous in both dimensions [83]. In an infinite system, the BerezinskiiKosterlitz-Thouless transition temperature is proportional to the atomic density:
TBKT = (π~2 /2m kB ) N/A [84, 85]. Here we equate the superfluid density ρs and
the total density ρt . The difference between ρs and ρt and recent measurements on
the critical temperature in a harmonically trapped system are discussed in Ref. [98].
To achieve a high enough transition temperature at reasonable atom numbers, the
toroidal surface A ≈ 4π 2 R r0 , must be chosen as small as possible. The minimal
radius r0 depends on the static field gradient q and is given by Eq.(3.8). The radius
R cannot be chosen arbitrarily small as the circular rf amplitude a is limited by
its radial quadrupole component. We find that it is favorable to use lower static
field gradients q. This requires larger r0 (∼ q −1/3 ), but allows for smaller R as it
reduces the required rf amplitude a (∼ q 2/3 ). The limit to this strategy is given
√ by
the decreasing trap frequency ωr . Defining the radial rf gradient p = |a|/( 2 R),
and requiring ~ ωr ≥ ζ kB TBKT , we find the optimum static field gradient:
q=

ζNp
.
16 π α δ mF

(3.10)

With N = 105 87 Rb atoms in the |F, mF i = |2, 2i state, α = 10, δ = ζ = 5, and
p = 1 T m−1 , a transition temperature of TBKT ≈ 215 nK can be achieved at torus
sizes of R ≈ 65 µm and r0 ≈ 1.6 µm with q ≈ 100 T/m, and ω = 2π × 1.1 MHz.
With these parameters, we estimate the chemical potential to be well below the trap
frequency, g2d N/A < ~ ωr . For an accurate description, the finite size of the system
must be taken into account. But as the poloidal circumference is still more than
40 times longer than the healing length of the gas ξ = ~/(2 m g2d n2d )1/2 ≈ 225 nm,
we expect the above parameters to be a good approximation for the crossover to
superfluidity.
For this kind of geometry to be implemented it is essential to compensate gravity
over the vertical extension of the torus 2r0 . The resulting potential variation over
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this scale must be small compared to the chemical potential. In the above example
the gravitational potential difference amounts to ∆Ugr ≈ h × 7 kHz, while the
chemical potential is only g2D n2D ≈ h × 1 kHz. This problem can be solved in
various ways.
It is straightforward to show that an rf field parallel to ê1 , produced by a straight
central wire perpendicular to the plane could be used to cancel the vertical potential
difference. To implement such a solution, however, is technologically demanding.
A simplified approach could be based on a short-circuited coaxial cable mounted
vertically below the chip surface. A second solution is the use of weak electrostatic
fields. We estimate that applying voltages on the order of ≈ 1 V to a micrometer
sized structure at a distance of ≈ 10 µm creates potential gradients comparable
to gravitation [29]. Another solution is to reflect a far detuned laser beam under
grazing incidence off the metallic chip surface. The optical dipole force at the height
of the torus compensates gravity already at moderate laser intensity. The grazing
incidence is required for maximal linearity, because it creates a long wavelength
standing wave pattern above the chip surface. By varying the incident angle, the
optical lattice period can be chosen such that the torus’s height z0 is at the first
or second inflection point of the dipole potential. A feasible example is to reflect a
red detuned laser (λ = 1064 nm) at a grazing angle of 40 mrad off the chip surface
(13.3 nm lattice period, z0 = 10µm). An intensity of I = 920 mW/mm2 suffices
to compensate gravity with a negligible photon scattering rate (≈ 10−3 s−1 ). The
remaining non-linear vertical potential variation amounts to ∆U ≈ h × 200 Hz.
Focusing the laser to a size somewhat bigger than the torus (FWHM w0 ∼ 700µm)
ensures homogeneous illumination (∆Udipole < h×200 Hz) and requires a laser power
of P ∼ 500 mW, which can be reduced using astigmatic focussing. Note that the
given example is adapted to a trap below the chip. Compensation of gravity for
a trap above the chip surface requires a blue detuned laser or a smaller incidence
angle to reach the first inflection point of the dipole potential.
It is possible to reduce the dimensionality further and create one-dimensional
rings. In this case also the poloidal degree of freedom must be frozen, ~ ωϕ À
kB T, g1d n1d . At reasonable rf amplitudes of a, b ≈ 10−4 T, this can be achieved
with the radius r0 chosen in the micron range. It enables studies of superfluidity in
one-dimensional gases [86].
In macroscopic ring geometries it has not yet been possible to create a complete
ring shaped condensate as potential corrugations were larger than the chemical
potential of the atomic cloud [89]. Recently, the corrugations near microscopic
permanent magnetic trapping structures have been studied in detail showing similar
magnitudes [58]. For microscopic traps progress in the fabrication process might be
expected, and the problem is less severe because larger chemical potentials can be
reached with tighter confinement. In addition, the rf dressing of the potential reduces
the corrugations in the effective potential experienced by the atoms, because atoms
are trapped at positions of constant field modulus. A perturbing field therefore
displaces the trap, but the potential minimum is determined by the coupling to
the rf field. The coupling is altered by a tilt of the static field with respect to
the polarization of the rf field. In our case, only the corrugating field component

Toroidal angle θ
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Figure 3.4: Contour plots of the trapping potential in unfolded θ, ϕ-coordinates on the resonant torus
for vertically split, counter-rotating rings. Potentials are shown for arg u = arg v = 0, π/2, π, and
3π/2 (increasing potential from light to dark).

tangential to the toroidal direction ∆Bθ modifies the potential minimum. We find
θ
that for small perturbations the potential corrugation is given by ∆E ≈ µc( ∆B
)=
qr0
µ∆Bθ /δ. Compared to the undressed case, the corrugations are reduced by the
factor δ.

3.5

Controlling atomic motion

As a second application we consider the possibilities for controlling atomic motion
by slowly varying and weakly perturbing the rf fields. As the relative phase of a
and b controls the poloidal angle ϕ0 of the trap minima, a small frequency difference
between the two components can be used to induce rotation of atoms around the
quadrupole center. Such stirring in the poloidal direction can be used to excite
vortex loops that lie inside the toroidal surface.
It is also possible to produce and rotate trap minima in the toroidal direction
by additional fields. Split rings can even be controlled independently from each
other. As an example, we discuss counter-rotating, vertically split rings. After
inducing such a splitting with B1 , the rotations can be introduced using a weaker,
linearly polarized rf field, parallel to the plane of the torus. Decomposed into circular
components, such a field can be written in global coordinates as:
 


1
1
v
u
(3.11)
B2 = √  i  + √  −i 
2
2
0
0
Using Eq.(3.3), the corresponding coupling element in local coordinates is given by:
β+ =

u
v
(1 + sin ϕ) i eiθ − (1 − sin ϕ) i e−iθ
2
2

(3.12)

Due to the direction of the static field Bdc , these components do not couple at either
the top or the bottom of the torus, depending on their sense of rotation. On the
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opposite side, they interfere with the cylindrical field B1 , leading to maxima and
minima along the toroidal angle θ. As the direction of the interference is opposite
for u and v, a linearly polarized field (|u| = |v|) with a frequency different from
that of B1 will induce equal but counter-propagating rotations of the two rings.
Resulting potentials are shown in Fig. 3.4. It is interesting to mention that this
configuration can be used for state dependent control of atomic motion [96], because
the rotational sense of the coupling field depends on the sign of the Landé factor gF .
Due to the symmetry, the field B1 creates a state independent potential for states
with the same modulus |gF |, while the circular components of field B2 swap roles for
opposite signs of gF . We note that the field B2 can also be used to cancel potential
differences due to a tilt in the gravitational field.
The possibility to split the torus into two rings with a dynamically tunable barrier
enables tunnelling (Josephson oscillations) and squid type experiments. Several rf
frequencies can be used to create independently controlled, concentric atom shells,
providing a tool for interferometric analysis, and for the creation of exotic lattices.

3.6

Conclusion

In conclusion, we have presented a class of rf dressed magnetic traps that offer great
flexibility and a high degree of dynamical control. This versatility arises from the
combination of a static ring-shaped quadrupole field with rf fields of suitable polarizations. It enables studies of low-dimensional gases with periodic boundary conditions, creation of vortex loops, persistent currents and solitons. Coherent splitting
of matter-waves [32] together with independent control of atomic motion in split
rings, as well as state dependent control of atomic motion makes this trap type
particularly interesting for rotation sensing [99].

4

Experimental setup

This chapter describes the general experimental apparatus
used for atom cooling and detection. This includes the laser
setup, vacuum system, imaging system and radio frequency
sources as well as the coils used for loading the atom chip.
The chip and chip mount as used in chapter 5 and 6 are also
introduced.
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4.1

Experimental setup

Laser setup

This section describes the laser setup used for the experiments in this thesis. Three
separate lasers are used to create laser light of various frequencies. We discuss the
preparation of these different frequencies and their relevance in the experiment.

4.1.1

Frequency stabilized diode lasers

In our experiments three frequency stabilized diode lasers were used. All these lasers
have grating feedback [100, 101] in Littrow [102] configuration. Of each laser a small
portion of the light is used to obtain a Doppler-free spectroscopy signal in a Rb vapor
cell. A dispersive signal is obtained from the spectroscopy signal by radio frequency
modulation of the laser current [103, 104]. This signal is integrated and passed to
a piezo actuator attached to the feedback grating for frequency stabilization. The
bandwidth of this signal is limited to ∼ 250 Hz to avoid phase inversion in the
feedback loop due to mechanical resonances in the grating-piezo system. For two
of the lasers (the repumper and the probe) the dispersive signal is also fed directly
to the laser current for high frequency feedback up to 10 kHz. Two of the lasers
are used for laser cooling and the third is used for absorption imaging. This section
briefly describes the lasers and their experimental purpose. More information can
be found in [105].

4.1.2

MOT laser

The cooling light in our experiment is supplied by a Sacher Tiger system operating
at the λ = 780.2 nm D2 line of 87 Rb. It is frequency locked to the F = 2 → F’
= (1,3) crossover and tuned 2Γ ∼ 12 MHz below the F = 2 → F’ = 3 resonance
by a double pass acousto-optical modulator (AOM) during the MOT stage. Before
it is passed through an optical fiber to increase the beam quality, it is led through
an electro-optical modulator (EOM) and polarizing cube pair to control the power
in the beam. A mechanical shutter is used to turn the laser power to zero during
magnetic trapping.
The laser produces 400 mW but maximally 40 mW remains after the complete
optical path. In the compressed MOT stage, the cooling light is red detuned by
7 Γ ≈ 42 MHz with the AOM.

4.1.3

Optical pumping beam

Part of the cooling light is led through a single pass AOM to tune it to the F = 2 → F’
= 2 line. This light is used to spin polarize the atoms before they are magnetically
trapped. Only very little power is needed for this: we use ∼ 200 µW. During
the optical pumping a small (∼ 5 G) magnetic field is applied in the propagation
direction of the circularly polarized pumping light to define a quantization axis.
Furthermore, repumping light is applied to repump any atoms that have decayed
into the F = 1 ground state.

4.1 Laser setup
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Figure 4.1: The level scheme of 87 Rb showing the used optical transitions. There is one unpaired
electron in the outmost shell which together with the nuclear spin I = 3/2 gives rise to a hyperfine
splitting of the ground state of 6.8 GHz. The two optical transition lines used in the experiment are
the D1 line, 5S1/2 → 5P1/2 at 795 nm, and the D2 line, 5S1/2 → 5P3/2 at 780.2 nm. The figure also
shows the frequencies at which the various lasers in the experiment are operated. For producing the
MOT (1) and optical pumping light (3) the same laser is used.

4.1.4

Repumper

Because of the hyperfine structure of rubidium, atoms are lost from the cooling cycle
by spontaneous decay into the F = 1 ground state via the far detuned F’ = 2 excited
state. A repump laser is used to pump these atoms back into the F = 2 cooling state.
For this we use a dl-100 Toptica system operating at the λ = 795 nm D1-line. The
laser is frequency locked to the F = 1 → F’ = 2 line. The maximum output power
of the repumper is 20 mW. An EOM cube beam splitter pair is used to decrease the
output power in the compressed MOT stage to ∼ 200 µW. A mechanical shutter is
used to reduce the power to zero during magnetic trapping.

4.1.5

Probe beam

At the end of every experimental cycle an absorption image is taken using resonant or
near resonant light. Our probe laser is a dl-110 Toptica laser system. It is frequency
locked to the F = 2 → F’ = (1,3) crossover in the D2-line at λ = 780.2 nm. An
AOM is used to tune the light to the F = 2 → F’ = 3 transition used for imaging.
The AOM can also be used to tune the probe out of resonance for off-resonant
absorption imaging. Alternatively, the probe can be locked to the F = 2 → F’ =
(2,3) crossover, allowing a total frequency range between 100 MHz blue detuned and
100 MHz red detuned. Detuning of the probe is used for in-trap imaging, where the
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Figure 4.2: (Left) Two permanent magnetic structures are glued onto an aluminium coated mirror.
The two rubidium dispensers can also be seen in the image. (Right) The chip is connected to a chip
mount suspended face down in an anti reflection coated quartz cuvette.

atomic transitions are detuned due to the Zeeman shift. The probing pulse is timed
by the AOM and a mechanical shutter.

4.2

Vacuum system

The vacuum has been described in great detail elsewhere [105] and will only be
briefly discussed here. The main element in the vacuum chamber is the cuvette, an
anti reflection coated quartz cell in which the chip is mounted facing down. The
cuvette itself is mounted at a 45◦ angle with respect to vertical. This allows for
superb optical access. It is attached to a six way cross vacuum chamber. Two arms
of the six way cross are attached to vacuum valves, one to allow for the connection of
a turbo pump, the other to the ion getter pump (Vacion Plus 75 Starcell, 65 L/s) and
titanium sublimation pump (Varian 916-0061 series). This last valve can be closed
when a chip has to be changed, detaching the ion pump and titanium sublimation
pump from the rest of the vacuum system. Titanium was sublimated once every few
months by pulsing the sublimation filaments for a few minutes. The six way cross
is also connected to an ion gauge pressure meter (Varian, UHV-24p).
The vacuum chamber has two lamps built into it connected via feedthroughs,
which are used for baking the system. After constructing the vacuum system it was
baked for a week at ∼ 150 ◦ C. This resulted in a base pressure of ∼ 5 10−11 mbar.
A thermocouple was used to monitor the chip temperature during the bake.

4.3

Chip and chip mount

Our permanent magnetic atom chip consists of two F-shaped structures cut out
of 40 µm thick FePt foil by CNC controlled spark erosion. These structures are
magnetized in plane. The magnetization was measured by squid magnetometery to
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Figure 4.3: Magnetic structures: The short (left) and long (right) F-structures are cut out of 40 µm
thick FePt foil and magnetized in plane. They produce self biased Ioffe-Pritchard traps at ∼ 200 µm
from the surface.

be 430 kA/m. Both structures were designed to produce a self biased Ioffe-Pritchard
trap a few 100 µm from their surface. It was found however that the trap depth of
the short F-structure is limited to 11 G whereas the trap depth of the long F was
∼ 30 G. All experiments were thus carried out on the long F-structure shown in
Fig 4.3. The preparation of the F-structures is described in [26, 106].
The structures are glued onto an aluminium coated mirror used for creating
a mirror MOT. This surface is mounted on a chip mount which is attached by
four posts to a feedthrough carrying groove grabbers. The chip mount is shown
in Fig. 4.2. Four of the connectors in the feedthrough are used for connecting two
rubidium dispensers [107, 108]. By pulsing a 7 A current through this dispenser Rb
will escape from it due to heating. In this way, the rubidium background pressure
can be temporarily increased during the MOT loading stage.

4.4

Coil system

A system of three perpendicular pairs of coils was built around the cuvette to allow
for global magnetic field control near the chip. Each coil has 70 windings of 0.8 mm
diameter copper wire. Properties of the coils are listed in Table 4.1. The power
dissipated in the coils is taken away by water cooling each coil. The coil system is
designed such that it allows for optimal optical access. The rise time to maximal
current is ∼ 1 ms for each coil pair.
The coils are connected to five bipolar power supplies (Kepco, two times BOP2020M and three times BOP36-12M) such that uniform magnetic fields in all directions
can be produced. In addition two of the three coil pairs, having a single power supply
per coil, can be switched to either Helmholtz or anti-Helmholtz configuration.
The middle coil pair (MOT coils) is used to create a quadrupole field with axes
under 45◦ with respect to the chip, for creating a mirror MOT. After the MOT
stage we use it in Helmholtz configuration for applying uniform fields during loading
and during the experiment. The biggest coil pair can only be used in Helmholtz
configuration and thus for applying uniform fields. The smallest pair of coils is the
closest to the cuvette. It is used to apply the small field to define the quantization
axis during optical pumping. These coils also produce the highest gradient of the
coil system (∼ 60 Gcm−1 ) and can be used for creating a quadrupole magnetic trap.
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Figure 4.4: System of three pairs of water cooled coils.

Coil pair R (Ω)
big
2.6
MOT
2.08
small
1.52

L (mH) Max B (G) Max B’ (G/cm)
2.8
114
–
2.09
133
21.6
1.4
240
60.0

Table 4.1: Properties of the three coil pairs. All the numbers are given per pair. The field maxima
represent the case that the relevant power supplies give maximal current. For the MOT and large coils
this current is 12 A, for the small coils it is 20 A. The field maximum is in the Helmholtz configuration,
the gradient maximum is in the anti-Helmholtz configuration. The big coils are only used in Helmholtz
configuration.

4.5

Imaging

Cold atoms were imaged with a Princeton Instruments MicroMAX System CCD
camera (512 × 512 pixels). The absorption laser beam was magnified with a 1 : 1.8
telescope (f1 =8 cm, f2 =14.5 cm). The CCD chip has 13×13 µm pixels. The imaged
pixel size was calibrated by projecting the image of an object of known sizes onto
the CCD camera via reflection of the glass cell and was found to be Dpixel = 7 µm.
Contrary to most experiments performed with atom chips based on current carrying wires, a significant part of our analysis relies on in-situ absorption imaging.
The atoms experience a position dependent Zeeman shift due to the trapping potential. This broadens the total line shape of the cloud. The total atomic density
can be obtained by integrating the full lineshape.
The frequency of the probe laser could be tuned by ∼ 100 MHz above and
below the F=2→ F’=3 transition used for imaging. The probe light was linearly
polarized perpendicular to the residual field of the Ioffe trap. In combination with
the Zeeman shift this gives a cycling transition mF =2 → m0F =3 with line strength
1/2. For reliable atom number measurements the Zeeman shift could be further
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increased by the application of an additional axial field during imaging, thus tuning
the unwanted (non-cycling) mF =2 → m0F =1,2 transitions out of resonance. By
taking absorption images at different probe detunings an optical spectrum can be
taken of the atomic cloud. Integrating this spectrum over the full frequency range
yields the total atomic density.

4.6

Radio frequency sources

The radio frequency source is a 4-channel Direct Digital Synthesizer (DDS) with
10-Bit DACs (Analog devices AD9959). The DDS is driven at a clock frequency of
25 MHz and allows for an output frequency range up to 40 MHz. Single frequencies
and linear rf sweeps can be programmed in 6.5 ms via a Serial I/O port and a 8-bit
buffered digital output board.
The output of the DDS is connected to a 25 W radio frequency amplifier (Amplifier Research, model 25A250A) via a voltage controlled radio frequency attenuator.
The amplifier is connected to a radio frequency coil placed directly above the quartz
cell, ∼ 4 cm away from the chip center. The coil has 5 windings with a diameter of
4 mm. It is magnetically coupled to another coil of 5 windings that is terminated
with a 50 Ω resistor. Together the coils form a 1 : 1 transformer, and the second
coil can be used as a pick up coil to measure the applied radio frequency.
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5

Bose-Einstein condensation on a
permanent magnetic atom chip

We describe a proof-of-principle experiment on a self-biased,
fully permanent magnet atom chip. We study ultracold atoms
and produce a Bose-Einstein condensate (BEC). A crucial
step is to adiabatically transfer the atom cloud to the chip,
while it is held in a Ioffe-Pritchard trap. This is done by applying uniform external fields. The transfer in a Ioffe-Pritchard
trap allows for forced radio frequency evaporative cooling during the loading process. After a final evaporation stage in the
self biased trap, the cloud is ejected from the trap by magnetic field ramps. After some time of non-adiabatic expansion
the BEC transition is observed in the partly expanded cloud.
We infer the transition temperature by observing the in-situ
density distribution.

Parts of chapters 5 and 6 are based on the paper:
T. Fernholz, R. Gerritsma, S. Whitlock, I. Barb and R. J. C. Spreeuw
A self-biased permanent magnet atom chip for Bose-Einstein condensation
Submitted for publication (2007), preprint arXiv:0705.2569
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5.1

Introduction

Miniature patterns of current-carrying wires integrated on planar substrates can be
used to trap and manipulate clouds of ultracold neutral atoms [19, 20, 18, 21]. These
atom chips are relatively simple and versatile tools, readily used to produce BoseEinstein condensates (BEC) [22, 23]. Subsequently a wide-range of experiments
have been performed; for example, BECs can be precisely positioned with atomic
conveyer-belt potentials [22, 39] and phase-coherent splitting and interference of
condensates has been achieved using double-well potentials [32, 97].
Atom chips can also incorporate permanent magnetic materials [24, 25, 26, 27,
28], with significant additional advantages over current-carrying wires alone. Specifically, permanent magnet atom chips do not suffer from current noise which is partly
responsible for trap loss and heating of atoms near conducting surfaces [24]. They
are also well suited for tightly confining trapping potentials without the technical
problems associated with high current densities. Furthermore, patterned permanent magnetic materials provide greater design freedom, allowing complex magnetic
potentials to be realized such as ring-shaped waveguides or large two-dimensional
arrays of microtraps [48, 49, 109].
Up to now most permanent magnetic structures have relied on current carrying
structures for loading and to complete the permanent magnetic trapping potential.
In this chapter we describe the achievement of Bose-Einstein condensation (BEC)
in a self-biased permanent magnet atom chip. By this we mean that the trapping
potential is created entirely by the permanent magnetic structure, without any externally controlled fields. The benefit of self-biased traps is the reduction of technical
current noise in the trapping fields. The presence of the permanent magnetic field is
however also the source of some specific problems. Efficiently loading atoms into the
trap is non-trivial since at the end of the loading procedure all external fields should
be turned off. Analysis is another difficulty, because standard ballistic expansion
techniques are impossible in the permanent magnetic field.
We provide solutions to the difficulties in loading and analysis in the permanent
magnetic field. To load the trap we adiabatically transfer the atoms by applying
a combination of external magnetic fields. The atoms are transferred in a IoffePritchard trap, making it possible to employ forced radio frequency evaporation
during the loading. The final evaporation stage is performed in the self biased permanent magnetic trap with all external fields turned off. The temperature of the
cloud after forced evaporative cooling is inferred from in-situ absorption images. To
observe the BEC transition we eject the cloud from the self-biased trap by rapidly
switching on uniform magnetic fields. After some expansion time an absorption
image is taken, allowing the BEC to be observed as a narrow peak in the partially
expanded cloud. BEC occurred at a temperature of Tc ≈ 1.4 µK with 7000 atoms.
Although the BEC transition is conveniently observed, the non adiabatic character
of the expansion makes temperature measurements unreliable. Instead, we measure
temperature by observing the in trap density distribution as well as in radio frequency spectra, as described in chapter 6. The radio frequency spectra also allow
the transition to BEC to be observed without ballistic expansion.
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Figure 5.1: Permanent magnetic FePt structure for producing a self-biased Ioffe trap 180 µm above
the surface. The structure has a thickness of 40 µm and an in-plane magnetization of 430 kA/m.

5.2

Permanent magnetic chip

Our atom chip consists of a F-shaped permanent magnet structure (Fig. 5.1), designed to produce a self-biased Ioffe-Pritchard microtrap for 87 Rb in the |F =
2, mF = 2i state, 180 µm from the chip surface [26, 106]. It is cut from 40 µm
thick FePt foil by CNC controlled spark erosion and is glued to an aluminium
coated mirror. The magnetization is oriented in-plane along the y-direction and
was measured using SQUID magnetometery as M = 430 kA/m. Assuming a uniform magnetization, we calculate an anisotropic trapping potential with harmonic
trapping frequencies of 2π×11 kHz and 2π×30 Hz in the radial and axial directions
respectively. The calculated magnetic field at the trap minimum (Ioffe-field) is 1 G,
in the x-direction.
Unfortunately, the design aimed at a rather low Ioffe-field to achieve tight radial
confinement. However, it was found experimentally that uncompensated stray fields
such as the earth magnetic field (counter-acting the Ioffe field) in combination with
field corrugation caused by the coarseness of the magnetic structure added field
components in the x-direction on the order of 2 Gauss. These fields modulated the
Ioffe-field such that the potential formed two traps and the atomic cloud split during
loading. While one of these traps was an Ioffe-Pritchard trap, the x-field component
in the second trap was reversed, leading to a closely spaced pair of field zeroes.
Although in principle both traps could be loaded with atoms using additional
field gradients, and rf-evaporation lead to ultra-cold clouds in the Ioffe-Pritchard
trap, we placed a permanent magnet on the optical table (∼ 25 cm below the chip),
adding a homogeneous field of ∼ 4 G in the x-direction. This simplified the loading
procedure and allowed for more precise analysis of the clouds due to higher atom
numbers without changing the permanent character of the self-biased trap.
The trap frequencies were then measured to be 2π×5.2 kHz radially and 2π×128 Hz
axially with a field minimum of 2.7 G. The axial confinement is significantly larger
than expected which again is most likely due to coarseness of either the structure
or the material.
The atom chip is mounted face-down in a quartz-cell vacuum chamber which is
surrounded by three orthogonal coil pairs, which can produce magnetic fields up to
∼ 100 G with any desired polarity. The coils are used to load the atoms to the
self-biased permanent magnet trap but are switched off after the loading process.
The experimental setup is described in detail in chapter 4.
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Figure 5.2: Homogeneous magnetic field components applied during the loading process. Position I
corresponds to the initial coil based quadrupole trap. The magnetic field zero is moved close to the
chip and the anti-Helmholtz coils are subsequently turned off near position II, turning the trap into a
Ioffe trap. This trap is then moved towards the final location, as schematically indicated in Fig. 2.6,
replacing the initial self-biased trap. All fields are turned off at position VIII. The loading procedure
from position II to VIII, during which evaporation takes place, takes ∼ 6 s.

5.3

Loading procedure

In this section we will describe the loading process of the self-biased permanent magnetic trap using external uniform fields. The main innovation here is that the vacant
self-biased trap is not loaded with atoms by, for example, merging it with a filled
magnetic trap, but instead it is replaced by a trap containing atoms. Another important feature is that we transfer the atoms while holding them in a Ioffe-Pritchard
trap during the last part of the loading process, making it possible to perform evaporative cooling during the transfer.
We collect approximately 7 × 107 87 Rb atoms in a mirror magneto-optical trap
(MOT), which are then compressed and optically pumped to the magnetically trappable |F = mF = 2i state. This is done by applying a short ∼ 200 µW circularly
polarized laser pulse on the |F = 2i → |F 0 = 2i transition in the D2 line. A small
magnetic field is applied in the x-direction to define a quantization axis. Repump
light is applied to repump atoms that have fallen to the |F = 1i state.
The cloud is initially trapped 8 mm below the chip surface using the quadrupole
magnetic field produced by one pair of coils operated in anti-Helmholtz configuration. The coils produce a gradient of 60 G/cm along the principal axis of the
quadrupole trap (the x-direction). The temperature of the trapped atoms is measured to be 100 µK by time of flight analysis.
Additional uniform fields can bring the trap closer to the chip. When the atoms
are close enough to the chip, its field gradient is high enough to support the atoms
against gravity (B 0 > 15 G/cm) and the anti-Helmholtz coils can be turned off. At
this point two magnetic field minima exist. A weak trap formed by the chip plus
the uniform external field contains the atoms. A tighter Ioffe trap close to the chip
surface originates from the F-shaped magnet, and is at this point still vacant. The
problem lies in transferring the atoms from the weak trap into the vacant Ioffe trap
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and subsequently turning all external fields off.
A possible scenario for transferring atoms between these two traps would be
to increase a uniform field By to reduce the separation between the two minima,
eventually merging them into a single hexapole trap located ∼ 300 µm above the
chip. This point corresponds to the coalescence point already encountered in section
2.6.4. By subsequently ramping down the By field the hexapole trap will split in two
again, leaving some fraction of atoms in the self-biased trap. In general, however,
we find that the efficiency of this method is critically limited by the higher density
of states in the weak initial trap such that it takes away most of the atoms. The
presence of gravity directed away from the chip surface further reduces the achievable
loading efficiency.
We now present a much better solution to efficiently transfer atoms to the permanent magnetic trap: instead of merging and splitting the two traps, we exchange
them. This is made possible by the vector nature of the magnetic field. We use a
time ordered sequence of uniform magnetic fields in the y and z-directions as shown
in Fig. 5.2. The merging of the two minima is prevented through an additional B z
component of the applied field. The Bz component is then inverted, rotating the
trap minima around the coalescence point. Finally, after ramping the fields off in
reversed order, the atom cloud is left in the self-biased permanent magnetic trap.
Three-dimensional calculations of the magnetic field iso-surfaces during the loading are shown in Figure 5.3. During this transfer the magnetic field gradient of the
filled trap increases from ∼ 60 G/cm to ∼ 6800 G/cm which leads to significant
heating of the atom cloud. Although the two field minima do not merge, they pass
each other separated by a finite potential barrier of ∼ 15 G which allows energetic
atoms to spill over to the decompressing trap. This loss mechanism can take away
up to 80% of the magnetically trapped atoms. It has been possible to load 2 × 106
atoms into the permanent magnet trap.
To analyze the loading procedure, absorption images are taken during the loading. Since the atoms are magnetically trapped they experience a position dependent
Zeeman shift ~δZeeman = (m0F gF0 − mF gF )µB B(r) on the |F = 2i → |F 0 = 3i probe
transition. Depending on the field orientation, σ − , π and σ + transitions will contribute to the spectrum with detunings − 31 µB B(r), 31 µB B(r) and µB B(r), respectively. This translates to atoms being resonant at different positions in the trap.
However, the π and σ − transitions do not form closed transitions and the atoms
will be quickly lost from the cycling transition. Therefore, the spectral information
will be dominated by the σ + transition, |F = 2, mF = 2i → |F 0 = 3, m0F = 3i,
which also has the biggest Clebsch-Gordan coefficient. A lower bound of the total
atomic density is obtained by spectrally integrating the absorption images assuming
7
an average line strength ( 15
), neglecting the loss via the π and σ − transitions.
A series of spectrally integrated absorption images of the trapped cloud during
the loading process is shown in Fig. 5.4. The probe was tuned over the range 060 MHz above resonance and averaged over vertical and horizontal polarizations.
The observed atom distributions compare very well with the calculated field distributions in Fig. 5.3. The cloud temperature inferred from the optical spectrum after
loading into the self-biased trap is approximately 1 mK.
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Figure 5.3: Figures II-VII show calculated contours of magnetic field strength (8, 16 and 24 G contours) during the loading process. The contours correspond to detunings of 11.2, 22.4 and 33.6 MHz
respectively on the |F = 2, mF = 2i → |F 0 = 3, m0F = 3i σ + transition. The figures correspond to
positions on the trajectory from II-VII as indicated in Fig. 5.2. The filled trap on the left is compressed
and moved towards the chip while the empty trap is decompressed and moved away from the chip.

To avoid loss due to the finite trap depth we apply forced radio frequency evaporative cooling during the compression of the trap. Evaporative cooling however
requires a trap with non-zero minimum to prevent Majorana spin flip loss. A main
result in loading the trap is that we found a trajectory that always maintains a
non-zero minimum [109] during the final approach of the atomic cloud. Finding
such a trajectory is non-trivial in the non-symmetric magnetic field of the F-shaped
structure (see e.g. Chapter 2. The trap turns into a Ioffe trap after turning off the
anti-Helmholtz coils at position II in Fig. 5.3 and remains a Ioffe trap during the
rest of the loading process (II-VIII in Fig. 5.3). The loading procedure was further
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Figure 5.4: Absorption images, viewing from the y-direction, taken during loading process without
applying forced radio frequency evaporative cooling. Because the atoms experience a position dependent
Zeeman shift due to the permanent magnetic trapping field, absorption images are taken at different
probe detunings. Every image is the sum of several absorption images taken at probe detunings ranging
from 0 to ∼ 60 MHz. The numbers II-VIII correspond to the fields in Fig. 5.2 and the contour plots in
Fig. 5.3.

optimized by the application of external gradients during the stages II-VIII without
changing the main recipe.
The first evaporative cooling stage consists of a 6 s linear rf ramp from 35 MHz
to 8 MHz, applied during the stages II-VIII in Fig. 5.3. At the end of this 6 s ramp
all fields are turned off and the cloud is trapped solely by the magnetic structure. At
this point the cloud contains approximately 105 atoms at a temperature of 60 µK.
Although the number of atoms is relatively small, the high trap frequencies result in
a mean collision rate of ∼ 200 s−1 . A final rf evaporative cooling stage is performed
with a linear rf sweep over 2.3 s from 8 MHz down to ∼1.9 MHz which lowers the
trap depth from 600 µK to ∼ 10 µK.

5.4

In-situ analysis

After the evaporative cooling stage we perform in-situ absorption imaging to analyze
the atomic cloud. This conveniently gives an estimate of the temperature without
the problems of ballistic expansion in the permanent magnetic field.
The two dimensional atomic column density distribution from the absorption
image is integrated radially to get a linear axial density distribution. For cloud temperatures well above the critical temperature Tc the axial linear density distribution
is given by:
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Figure 5.5: (a) Temperature inferred from the axial density distribution for different final evaporation
frequencies above the trap bottom f − f0 . The vertical error bars are based on 10 % and 20 % errors
due to pixel calibration and lensing effects respectively. The horizontal error is due to the uncertainty
of the location of the trap bottom. We also show the transition temperature as calculated from the
atom number and trap parameters. Below the transition temperature the fit model breaks down. The
dashed line at 120 kHz corresponds to the observed onset of BEC. (b) Atom number for the same range
of final evaporation frequencies.

ρ(x) = N ωx

r

m − mωx2 x2
e 2kT
2πkT

(5.1)

with the axial trap frequency ωx and the total number of atoms N . Since the axial
trap frequency is known, this fit can give both the temperature and the number of
atoms in the cloud.
For temperatures approaching Tc the Bose-Einstein distribution has to be used.
In this regime the axial linear density can be written as:
r
µ
¶
2 x2
2µ−mωx
m (kT )5/2
ρ(x) =
g5/2 e 2kT
(5.2)
2π ωr2 ~3
where g5/2 (x) is the polylog function of base 5/2 and ωr is the radial trap frequency.
The chemical potential µ is fixed by:
Z ∞
ρ(x)dx = N
(5.3)
−∞

The number of atoms is determined by moving the atoms away from the trapping
region to relax the confinement by applying a 25 G magnetic field in the y-direction
and subsequent absorption imaging. The function µ(T ) can be determined numerically and the cloud temperature can be obtained by fitting Eq. (5.2) to the atomic
density.
For cold clouds the radial cloud size can become smaller than the pixel size. The
observed optical density can thus be significantly smaller than the real optical density. For optical densities above ∼ 2 the absorption imaging becomes unreliable. As
the probe always contains some non resonant light, for instance from the frequency
modulation sidebands used for locking it, some light will always pass through the
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Figure 5.6: Left: Ejection followed by expansion of the atomic cloud. At (a) a 45 G //y field is
ramped on in 2 ms to accelerate the atoms away from the chip surface, over the saddle point located
at (b). After a 2 ms ramp to 35 G the field is suddenly switched off (c) and the atoms move away from
the chip. After 3.5 ms the cloud is imaged at (d), showing a partly expanded cloud. Right: Field
ramps applied to eject the cloud (the curve is corrected for the response time of the coils). The ramp
to 45 G takes the atoms towards the saddle point. Because the motion is non adiabatic the atoms start
to oscillate in the trap. Ramping the field back causes the minimum to split in two: One minimum
moves back to the chip, the other moves away from the chip and takes the atoms. The letters (a-d)
correspond to the positions in the left image.

atomic cloud and the apparent optical density levels off at high densities. This
effect causes an overestimate of the cloud width and thus temperature. Two strategies were employed to tackle this problem. First, a 50 G field was applied in the
axial direction to relax the radial trap frequency, increasing the radial cloud size.
Secondly, the probe was blue detuned by 18 MHz to decrease the scattering rate of
the atoms.
Off-resonance imaging can cause lensing effects that can affect the observed cloud
width. These effects are eliminated by accurately putting the cloud in the focus of
the imaging telescope. This is done by taking absorption images over a range of
20 MHz above and below resonance while changing the position of the second lens.
The optimal lens position is found where the observed axial width is most symmetric
around the resonance.
In Fig. 5.5 we show the temperature obtained from the axial density distribution
as a function of final evaporation frequency above the trap bottom f − f0 . We also
show the expected transition temperature, which is calculated from the atom numbers and trap frequencies [110]. At about 1.4 µK the inferred temperature crosses
the expected transition temperature. Below the transition temperature our fitting
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Figure 5.7: Left: Absorption images taken after expansion of the cloud. Figure (I) shows a thermal
cloud, figure (II) a partly condensed cloud and figure (III) a pure condensate containing 1500 atoms.
The lower graphs and insets show an axial and radial cross section through the middle of the cloud with
a two dimensional bimodal fit shown in dashed lines.

model breaks down as bimodal fitting is required. However, the imaging system
does not have the spatial resolution required to resolve the bimodal density distribution. Therefore, the observation of BEC must be done using different techniques.
In the next section we will describe an expansion technique to study the transition
to BEC. In chapter 6 we will introduce radio frequency spectroscopy as a tool both
to perform thermometry and to demonstrate BEC.

5.5

Bose-Einstein condensation

Traditionally, the BEC transition is observed as a narrow, usually anisotropic, peak
appearing in the density distribution of an atomic cloud after ballistic expansion.
Because of the permanent magnetic field, standard ballistic expansion from the
self biased trap is impossible. Other experiments using permanent magnets have
demonstrated BEC by coupling to untrapped Zeeman states by radio frequency
and microwave pulses and subsequent expansion [111], by in-situ imaging of the
cloud [112, 113], by cancelling the permanent magnetic field with external fields
[114], partial axial expansion into a waveguide [24], or by non adiabatic expansion
through the permanent magnetic field by rapidly switching off a bias field used to
complete the trapping potential [25]. Cancelling of the permanent magnetic field
and detection of the BEC by in-situ imaging is impossible in our experiment due
to the high field gradients, making bimodal clouds too small to be resolved by the
imaging system. Instead we use a variation on the scheme used in [25]. In particular,
we rapidly ramp on a bias field to move the atoms away from the chip.
We use a 2 ms ramp to 45 G in the y-direction. Initially the atoms follow the
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Figure 5.8: Atom number and BEC fractions as a function of final evaporation frequency f − f 0 . The
data was obtained by fitting a 2 dimensional bimodal distribution to the atomic density. The thermal
part was fitted with a Gaussian and the condensate fraction with an inverted parabola.

moving field minimum adiabatically but as the confinement goes down the atoms
start to lag behind. When the field reaches 45 G the field minimum merges with a
field minimum coming from the other side of the saddle point. The atoms oscillate
once around the coalescence point and the field is ramped back to 35 G, causing the
minimum to split again and the atoms move away in the retreating minimum. The
ramps transfer the atom cloud 1 mm away from the chip surface. At this position
the magnetic field is suddenly switched off. The atoms are then accelerated by
gravity and the rapidly decaying field of the chip. After 3.5 ms an absorption image
is taken to reveal a partially expanded atom cloud (Fig. 5.7). As the final trap depth
is reduced the atom distribution becomes bimodal with a narrow anisotropic central
peak. We find that the BEC transition occurs at a trap depth of about 11 µK,
with 7000 atoms at a calculated temperature of 1.25 µK, comparing quite well to
the transition temperature inferred from the in-situ density distribution (Fig. 5.5)
of about 1.4 µK. Continued evaporation results in a pure BEC consisting of ∼ 1500
atoms.
By fitting a two dimensional bimodal distribution to the atomic density the
condensate fraction can be obtained. As a simplified model we use a combination
of a Gaussian and a parabola. The observed atom number and condensate fractions
are shown in Fig. 5.8.
We observe strong heating of the ultracold cloud (∼ 6 µK/s) and the lifetime
of the condensate is ∼ 15 ms without a rf shield and ∼ 150 ms with rf shield.
This might be due to collisions with energetic atoms remaining in the trap due to
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incomplete evaporation [115, 116, 117]. The estimated density n(0) ≈ 7 × 1014 cm−3
corresponds to a three body decay rate of ∼ 4 s−1 [116]. It is likely that three body
decay limits the final number of condensate atoms during the last evaporation stage.

5.6

Conclusion

In conclusion, we have demonstrated Bose Einstein condensation on a self biased
permanent magnetic atom chip. We have presented solutions to the problems of
loading and analysis of an atomic cloud on a fully permanent magnetic chip. An
efficient loading procedure has been described. This procedure relies on the adiabatic movement of Ioffe traps using uniform external fields, allowing the application
of forced evaporative cooling during loading. The temperature of the cloud after
evaporative cooling is inferred by observing the in -situ atomic density distribution. Condensation is observed by ejecting the atomic cloud by switching external
magnetic fields. The cloud starts to condense at a trap depth of 11 µK with 7000
atoms at a temperature of ∼ 1.4 µK. Further evaporation results in a nearly pure
condensate containing ∼ 1500 atoms.

6

Radio frequency spectroscopy
on ultracold atomic clouds

In this chapter we explore radio frequency spectroscopy as a
tool to analyze cold atomic clouds trapped in a permanent
magnetic trap. As the permanent nature of the trapping potential makes ballistic expansion impossible, thermometry of
the cold cloud is non trivial. Radio frequency spectroscopy
allows us to both measure the cloud’s temperature and to
observe the BEC transition without ballistic expansion. We
derive a model for the shape of the radio frequency spectrum
and present spectroscopic data obtained from an ultracold
atomic cloud confined in a self-biased permanent magnetic
trap. We demonstrate thermometry based on radio frequency
spectroscopy. The formation of a Bose-Einstein condensate is
observed as a narrow peak appearing in the radio frequency
spectrum.
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6.1

Radio frequency spectroscopy on ultracold atomic clouds

Introduction

The most commonly used diagnostic technique for ultracold atoms is ballistic expansion followed by absorption imaging. This technique is conveniently used to both
measure the temperature of the ultracold cloud and to observe the BEC transition.
In the case of atom chips based on permanent magnetic material free expansion is not
possible due to the permanent character of the magnetization of the chip. Permanent
magnetic atom chip experiments have so far relied on partial expansion through the
non uniform magnetic field to demonstrate Bose-Einstein condensation [24, 25, 27].
In this chapter we explore the use of radio frequency spectroscopy [62, 63, 64,
65, 66, 58] as a tool for analysis on atoms confined in a self biased permanent
magnetic trap. The atoms are cooled to temperatures around the BEC transition
temperature by forced radio frequency evaporative cooling. The cloud is then probed
by a radio frequency pulse after which the remaining atom number is determined by
absorption imaging. We derive a model equation for the loss spectrum for atomic
clouds above the transition temperature T > Tc . Fitting this model to the data
we obtain the temperature of the trapped atoms at various final evaporation radio
frequencies. Comparative measurements are performed by measuring the in-situ
axial density distribution of the cloud, and obtaining the temperature by fitting the
density distribution. The two methods show excellent agreement. Below Tc radio
frequency spectroscopy is used to demonstrate BEC, appearing as a sharp peak in
the loss spectrum.

6.2

Experimental configuration

The loading process has been described in detail in chapter 5 and will be described
only briefly here. Approximately 7×107 87 Rb atoms are collected in a standard mirror magneto-optical trap (MOT). After optical pumping into the |F = 2, m F = 2i
state, the cloud is trapped by the quadrupole magnetic field produced by one pair
of coils operated in anti-Helmholtz configuration. The cloud is adiabatically transferred to the permanent magnetic chip by ramping external magnetic fields while
performing forced evaporative cooling. At the end of the transfer all external magnetic fields are switched off and a cloud containing 105 atoms is trapped in the self
biased permanent magnetic trap with trap frequencies (5.2, 5.2, 0.128) kHz. The
temperature of the cloud is lowered from ∼ 60 µK to a few µK by a final radio
frequency evaporation ramp.
After this the cloud is probed by applying a radio frequency pulse for a duration
of 0.5 ms. Trapped atoms satisfying the resonant condition hf = gF µB B(x, y, z)
may be coupled to untrapped magnetic states and are then immediately lost from
the trap. We measure the number of lost atoms by applying a magnetic field of
25 G in the y direction to push the atoms away from the chip surface and to weaken
the trapping potential. Resonant absorption imaging can then provide an accurate
measure of the number of remaining atoms.
In Fig. 6.1 radio frequency spectra are shown for various final evaporation fre-

6.3 RF spectroscopy model

1

51

a

N = 28000
T = 4.8 ΜK

b

N = 14000
T = 2.2 ΜK

c

N = 7000
T = 1.7 ΜK

0.5

Loss rate @ms-1 D

0
1
0.5
0
1
0.5
0
0

50

100
150
f-f0 @kHzD

200

250

Figure 6.1: Radio frequency spectra taken for various final evaporation frequencies of 370, 170 and
110 kHz above the trap bottom f0 , as indicated by the dotted line (a-c respectively). The model used
to fit the spectra is obtained by numerical integration of the Landau-Zener spin flip probability assuming
Bose-Einstein statistics (solid lines). The calculations consider the anisotropic trap geometry and give
a Rabi frequency of Ω ≈ 2π × 0.8 kHz. The dashed lines indicate the prediction of the potential energy
model according to Eq. (6.20) using the same parameters. To observe spectra of colder clouds however,
the rf power had to be reduced to decrease power broadening. To maintain the same signal to noise
ratio we increased the pulse time for these measurements. Spectra of condensed clouds are shown in
Fig. 6.5.

quencies. Above the condensation temperature Tc we can fit the radio frequency
spectra to a model to obtain the temperature of the cloud, whereas below Tc radio frequency spectroscopy can be used to demonstrate BEC and to measure the
chemical potential µ.

6.3

RF spectroscopy model

In this section we will derive a model for the shape of the rf spectra based on
a Landau-Zener picture. We will consider a two level system (spin 1/2) in an
anisotropic harmonic magnetic trap with trap frequencies ωx = ωy = ωr > ωz .
The potential is given by:
1
1
mωr2 r2 + mωz2 z 2
(6.1)
2
2
and r2 = x2 + y 2 . The situation during the rf pulse is shown in Fig. 6.2. The rf
frequency ωrf is resonant on the ellipsoid U (r, z) = mF ~ωrf , where we introduced
the radio frequency above the trap bottom ωrf = 2π(f − f0 ). The two dressed
U (r, z) = mF µB gF B(r, z) =
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Figure 6.2: Dressed potentials for two Zeeman states |mi and |m0 i during the rf pulse. The dressed
potentials have avoided crossings at points where ~ωrf = gF µB B. The energy splitting at these points
is given by the Rabi frequency ΩRabi . Atoms (shown by the shaded regions) crossing the resonance
have a Landau-Zener probability to be lost from the trap given by Eq. 6.2.

levels |mi and |m0 i are split by the Rabi frequency which is proportional to the rf
amplitude: ~ΩRabi = µB gF Brf , assuming a uniform angle between the rf polarization
and the static magnetic field.
If we assume that the atoms move through the resonant surface at a uniform
speed v⊥ perpendicular to the surface, we can describe the spin flip probability by
the Landau-Zener expression [118, 119].
PLZ = 1 − e

−

vLZ
v⊥

(6.2)

Here we defined the Landau-Zener velocity vLZ as:
vLZ =

2πΩ2Rabi ~mF
|∇U (r, z)|

The incident flux Φ on the resonant surface A is given by:
Z
Z ∞
dA
dv⊥ f (v⊥ ) v⊥
Φ = 2 n3
A

(6.3)

(6.4)

0

Where n3 is the atomic density on the resonant surface and f (v⊥ ) is the perpendicular velocity distribution. We compute the loss rate by including the Landau-Zener
spin flip probability in the integral:
Z
Z ∞
dN
= 2 n3
dA
dv⊥ f (v⊥ ) v⊥ PLZ
(6.5)
dt
A
0
For a cloud well above the condensation temperature (T À Tc ) the velocity
distribution f (v⊥ ) is given by the Maxwell- Boltzmann distribution:
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v2

− 2⊥
1
e vth
(6.6)
f (v⊥ ) = √
πvth
p
Where we introduced the thermal velocity vth = 2kT /m. The density on the
resonant surface n3 is given by:

³ m ´3/2 mF ~ ωrf
e− 2kT
n3 = N ω z
2πkT
The surface of the resonant ellipsoid can be parameterized by:
ωr2

(6.7)

r = R sin θ
z = Z cos θ
Where we defined the semi-major and minor axes of the ellipsoid:
s
2mF ~ωrf
R=
mωr2
s
2mF ~ωrf
Z=
mωz2
The area element can then be written as:
p
dA = 2π R sin θ R2 cos2 θ + Z 2 sin2 θ dθ

(6.8)

(6.9)

(6.10)

The gradient |∇U (r, z)| is given by:
|∇U (r, z)| =

p

q
2~ωrf mF m ωr2 sin2 θ + ωz2 cos2 θ

(6.11)

And the Landau-Zener velocity is thus given by:
vLZ

2π Ω2Rabi ~ mF
p
=p
2~ωrf mF m ωr2 sin2 θ + ωz2 cos2 θ

(6.12)

We first perform the integral over v⊥ :
¶¶
µ
µ 2
Z ∞
1
vth √
vLZ
3,0
(6.13)
2
π − G0,3
| 0, , 1
dv⊥ f (v⊥ ) v⊥ PLZ =
2
π
4vth
2
0
³ 2
´
3,0 vLZ
1
Where G0,3 4v2 | 0, 2 , 1 is a MeijerG function. Next we assume that the Landauth
Zener velocity is much smaller than the thermal velocity vLZ /vth ¿ 1. This limit
corresponds to a weak radio frequency pulse meaning that the Rabi frequency
is much
³ 2 smaller ´than the spectral width: ~ΩRabi ¿ kT . The MeijerG function
3,0 vLZ
G0,3 4v2 | 0, 21 , 1 can be conveniently approximated in this limit:
th
¶
µ 2
√
π vLZ
1
vLZ
3,0
(6.14)
π − G0,3
| 0, , 1 ≈
2
4vth
2
vth
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The remaining integral over θ can now easily be evaluated using Eq.(6.10) and (6.12)
giving:
dN
4π 2 Ω2Rabi
≈ 2 n3
dt
ωr2 ωz

µ

2mF ~
m

¶3/2

√

ωrf

(6.15)

Using Eq.(6.7) we find as our final result:
√
m ~ω
4 π(mF ~)3/2 Ω2Rabi √
1 dN
− FkT rf
ω
=
e
rf
N dt
(kT )3/2

(6.16)

The same radio frequency dependence can be obtained by a purely spatial model,
without any momentum dependence. In this spatial model we assume that the loss
rateR is proportional to 2π Ω2Rabi and the atomic ’spectral’ distribution nωrf , defined
∞
by 0 nωrf dωrf = N :
m ~ω
2N (mF ~)3/2 √
− FkT rf
ω
nωrf = √
e
rf
π(kT )3/2

(6.17)

dN
= 2π Ω2Rabi nωrf
dt

(6.18)

As it can be seen from Eqs. (6.17) and (6.18), the loss rate becomes independent
of the trapping parameters and reflects the potential energy distribution Eq. (6.17).
We arrived at Eq.(6.16) by assuming that the Landau-Zener velocity is much
smaller than the thermal velocity vLZ ¿ vth or:
2

p

2π Ω2Rabi mF ~
p
¿ 1
kT mF ~ωrf ωr2 sin2 θ + ωz2 cos2 θ

(6.19)

At the onset of the spectrum, where ωrf is small, this assumption might be
violated. However, the part of the spectrum where Eq.(6.19) does not hold can be
made arbitrarily small by choosing a low enough Rabi frequency. In practice the Rabi
frequency is limited by experimental considerations such as probing time and signal
to noise ratio. In our experiments Eq.(6.19) was sometimes violated axially (for
θ → 0 and π), with cold clouds and low radio frequencies. We assume however that
the spectrum is dominated by the radial trapping frequencies, for which Eq.(6.19)
always holds.
In Fig. 6.3 we show a spectrum from a cloud well above the transition temperature Tc with emphasis on the onset. This spectrum is fitted with a general model
m ~ω
α − FkT rf
of the form F (ωrf , α, T ) = aωrf
e
, where the amplitude a is a fit parameter.
The fit yields a value of α = 0.5 ± 0.1 in agreement with Eq.(6.16).

6.3.1

The low temperature limit

For temperatures approaching Tc Eq. (6.16) is no longer valid since it is based on
Boltzmann statistics. For Bose Einstein statistics we cannot evaluate the integrals
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Figure 6.3: Spectrum of a thermal cloud putting emphasis on the onset of the loss rate spectrum. The
m ~(ωrf −ω0 )
α − F kT
, here a is an amplitude.
spectrum is fitted with the general model F (ωrf , α, T ) = aωrf
e
The best fit is obtained for α = 0.5 ± 0.1.

leading to Eq. (6.16). Instead we integrate the Landau-Zener probability numerically
to fit the spectra.
We can alternatively assume that Eq. (6.18) also holds for Bose-Einstein statistics
with the correct potential energy distribution (dashed lines in Fig. 6.1). For a noninteracting cloud with T & Tc the resonant spectral distribution is given by:
nωrf = 4

r

√
³ µ−mF ~ωrf ´
m3F k 3 T 3 πωrf
kT
g
3/2 e
~3
ωr2 ωz

(6.20)

Here g3/2 (x) is the polylogarithm function with base 3/2, and µ is the chemical
potential.

6.4

Thermometry

To obtain the cloud temperature
from our data, we fix µ using the measured atom
R
number N by setting nωrf dωrf = N . The results of this calculation are shown in
Fig. 6.1. The solid lines represent the fit by numerical integration of the LandauZener probability and the dashed lines are assuming the potential energy distribution
for Bose-Einstein statistics (Eqs. (6.18) and (6.20)) with the same parameters. The
inferred temperatures using the potential energy distribution deviate by less than
15% from the numerically obtained results.
As a comparative temperature measurement we observe the in trap density distribution as described in chapter 5. In Fig. 6.4 we show the temperatures inferred
from spectra together with the temperature inferred from the axial density distribution of the cloud for various final evaporation radio frequencies. Also shown is
the confidence interval of the temperature based on the axial size. This interval
is estimated from pixel size calibration errors. The plot shows excellent agreement
between the two temperature measurements. In addition, the observed onset of
Bose-Einstein condensation agrees well with the value of Tc inferred from the atom
number and trapping parameters.
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Figure 6.4: Temperature inferred from the axial density distribution (¤) compared to temperature
obtained from rf spectra (N) as a function of final evaporation radio frequency with respect to the trap
bottom. The gray area gives the confidence interval for the temperature inferred from the axial density
distribution, based on estimated errors on the pixel size and lensing errors (see also chapter 5). The
curve for Tc is obtained from the atom number and the trap frequencies, and is corrected for the finite
size of the cloud [110]. The dashed line at 120 kHz corresponds to the observed onset of condensation.

6.5

RF spectra of Bose-Einstein condensation

Although our atom chip is fully permanent magnetic, it still took some effort to suppress time varying magnetic field noise caused by equipment and the environment.
In particular, for performing rf spectroscopy on condensed clouds the magnetic noise
level should be smaller than the chemical potential. The chemical potential for a
pure condensate is estimated to be µ/h ∼ 9 kHz, corresponding to 12 mG, based on
the atom number and the trap frequencies.
A main source of magnetic field noise are the power supplies used for the coils.
This noise source was eliminated by short circuiting the coils at the end of the
loading stage using relays. The power supply used for the rubidium dispenser was
disconnected using relays. The transformers of the power supplies are also a noise
source. This problem was tackled by placing the power supplies far away from the
chip (> 5 m).
Remaining 50 Hz noise on the axial field was cancelled by feeding a phase and
amplitude adjusted current, derived from the mains, to a large coil pair placed
around the experiment. These coils have a diameter of 0.6 m and 8 windings. The
result of the feed forward was checked by monitoring the magnetic field with a
magnetic field probe (Fluxgate). The feed forward signal was checked daily and
required adjustment about twice a week. After adjusting the signal, the field probe
was turned off because it is itself a source of field noise. Together these measures
lower the rms axial field noise from ∼ 30 mG to ∼ 0.5 mG. The residual noise is
mostly uncompensated 100 Hz noise.
To observe the onset of Bose-Einstein condensation we increased the probing
time to 10 ms and decreased the radio frequency amplitude by a factor of 3 to
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Figure 6.5: Spectra of (a) a thermal cloud, (b) a partially condensed cloud and (c) a pure condensate.
The dotted lines indicate the position of the final radio frequency cooling ”knife” with respect to the
trap bottom. The full width of the condensate spectrum is ∼ 5 kHz, corresponding to the chemical
potential µ/mF h. The bimodal fits are based on a heuristic model and are shown only to guide the
eye.

minimize power broadening. The observed spectra below Tc are shown in Fig. 6.5.
Lowering the final radio frequency results in a bimodal spectrum and eventually in
a spectrum of a pure condensate with a width of ∼ 5 kHz. This agrees well with
the chemical potential derived from atom number and trap frequencies of µ/mF h =
4.3 kHz. Each spectrum is averaged 6 times and consists of about 70 data points,
spread non linearly over the spectral range to emphasize the bimodal nature and
condensate peak.
It is interesting to note that condensation is observed in the expanded cloud at
higher evaporation frequencies than in the spectra. We suspect this is because of the
long rf probing time necessary to obtain the desired resolution and signal to noise
ratio. The lifetime of the condensate is ∼ 15 ms, and the cloud will thus heat up
considerably during the radio frequency pulse. It is also possible that the signal to
noise ratio does not allow the observation of small condensate fractions, because it
requires the removal of a substantial fraction of atoms. Combining expansion data
from chapter 5 with radio frequency thermometry we find a transition temperature
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of Tc ∼ 1.6 µK with 7000 atoms.

6.6

Conclusion

In conclusion, radio frequency spectroscopy was used to characterize a cloud of ultracold atoms trapped in a self-biased permanent magnetic atom chip. This method
conveniently solves the problems associated with ballistic expansion in the permanent magnetic field. A model is derived for fitting rf spectra to obtain cloud temperatures above the condensation temperature T > Tc . The fitted temperatures agree
well with temperatures derived from the in trap axial density distribution. Noise
reduction and radio frequency power reduction are crucial to reach the resolution
needed to observe the onset of Bose-Einstein condensation in radio frequency spectra. This results in bimodal spectra and eventually in a spectrum of a nearly pure
condensate. The width of this spectrum is ∼ 5 kHz, corresponding to the chemical
potential of µ/mF h ∼ 4.3 kHz derived from atom number and trapping frequencies.

7

A hybrid atom chip

A hybrid atom chip based on a combination of permanent
magnetic film and current carrying wires is presented. The
deposition, preparation and characterization of a magnetic
FePt film is described as well as the characterization of a magnetic film obtained from Hitachi. These films are compared
for usefulness in our atom chip. The films are patterned using
optical lithography to obtain permanent magnetic chip structures with typical sizes of ∼ 10 µm and a film thickness of
300 nm. The chip hosts several different trapping structures.
The two main structures, a set of concentric rings and a large
array of micro traps, are described in detail. Both structures
rely on current carrying wires for loading. Details are given
on the design and production of these wires.
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7.1

A hybrid atom chip

Introduction

In this chapter the design and construction of a hybrid atom chip is presented that
combines the benefits of current carrying wires with those of permanent magnetic
structures. The addition of current carrying wires results in a significant increase in
versatility as compared to the fully permanent magnetic chip described in chapters 4
and 5. The underlying idea is that current carrying wires can assist in loading
the permanent magnetic chip [24, 25]. They can also play a role as a source of
radio frequency fields, used for instance in forced evaporative cooling [5, 6, 7] or for
additional dynamical control [30, 33, 32].
Besides the addition of current carrying wires there are several other differences
with the fully permanent magnetic chip. First of all, the magnetic material used
here is a vacuum deposited film of a few hundred nanometer thickness. This means
that the stray fields produced by the structures are significantly smaller than those
produced by the 40 µm thick foil. Therefore, the trapping potentials are much
closer to the chip surface (∼ 10 µm), leading to significantly tighter confinement.
Standard patterning techniques for thin films allow for further miniaturization of the
atom chip structures and for large scale integration of many different structures on
a single chip. This opens up the possibility of creating large arrays with more than
104 microtraps per mm2 . Such arrays are of interest for future quantum information
processing applications and simulating solid state systems similar to earlier work
with optical lattices [120].
Another difference with the foil chip is the use of out of plane magnetized material, increasing the variety of possible structures to include ring-shaped traps and
(curving) waveguides. Ring shaped traps are of interest for studying low dimensional
quantum gases in geometries with periodic boundary conditions and for matter wave
interferometry as described in chapter 3.
Both large arrays of traps and ring shaped traps have remained largely unexplored on atom chips because of the difficulties in realizing them with current
carrying wires. The obvious advantage of permanent magnetic films in creating ring
traps is the absence of symmetry-breaking lead-wires. Creating large permanent
magnetic arrays is straightforward, without elaborate wiring.
The route to ever smaller devices in atom chips has been frustrated considerably
by the observation of cloud fragmentation with decreasing distance to the trapping
structures. This was due to corrugation in the trapping potential experienced by
the atoms. This corrugation is believed to be partly due to edge roughness in the
structure layout introduced in the production process [59]. In permanent magnets
graininess and domain structures are also considered sources of potential corrugation
[58]. In this chapter we will also discuss the graininess of the material and surface
and edge roughness for the hybrid atom chip.
This chapter is structured as follows. First, we will describe the production of
the permanent magnetic part of the hybrid chip. Although this chip again relies on
FePt as the magnetic material, the production procedure for the film is completely
different from that of the bulk material used for the foil chip. Section 7.2 will give
a detailed description of the production of this magnetic film. In this section we
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will also introduce a magnetic film obtained from Hitachi and both films will be
characterized. Subsequently section 7.3 will deal with the patterning of the film to
obtain the chip structures. In section 7.4 the two main structures on the chip, a
large array and a set of concentric rings, will be described in detail. In this section
we will also introduce the current carrying wires and discuss their production and
relevance in loading the arrays and rings. We will conclude the chapter by summing
up the properties of the magnetic films and we argue which film is most suitable for
our atom chip. We will also discuss some possible directions for future atom chip
production.

7.2

Permanent magnetic material

To be of use in atom chips, magnetic materials must fulfill a number of requirements.
First of all, the material has to be magnetically hard, with a magnetization substantial enough to produce the fields and gradients needed for magnetic trapping of cold
atoms. Secondly, the coercivity of the material has to be high enough to prevent
any fields needed in the experiment from demagnetizing the film. These two properties are quantified by the coercive field Hc , the remanent magnetization Mr , and
the remanent to saturation magnetization ratio, Mr /Ms . The saturation magnetization Ms is the magnetization reached when the magnetization does not increase
further with applied field, the coercive field Hc is the field needed to demagnetize
the material and the remanent magnetization Mr is the magnetization remaining at
zero applied field returning from the saturating field. Ideally, the coercive field H c
is much larger than any fields applied in the experiment (Hc À 100 G). The ratio
Mr /Ms should be as close to 1 as possible, to prevent demagnetization due to the
time varying magnetic fields used in the experiment.
Other desired properties include chemical inertness to allow patterning and a
high Curie temperature to allow vacuum bake out. Furthermore, the material should
have a uniform magnetization, to avoid problems with potential corrugation [58].
Since some structures on the atom chip (rings) topologically exclude the possibility of
using in-plane magnetization, the material also has to exhibit a large perpendicular
anisotropy constant Ku in order to facilitate out of plane magnetization.

7.2.1

FePt

A material fulfilling all these demands to a large degree is FePt. This material has
received much attention over the last years [121, 122, 123, 124] which is partly due
to its usefulness in perpendicular recording media [125].
FePt can be created in several phases. In the fully disordered Face Centered
Cubic (fcc) phase Fe and Pt atoms randomly occupy lattice sites. This phase is
magnetically soft but has a high saturation magnetization Ms = 1160 kA/m. The
ordered Face Centered Tetragonal phase (fct) consists of layers of Fe and Pt stacked
in the (001) direction. It has lattice parameters a = b = 3.85 Å, c = 3.72 Å. This
phase is magnetically hard with high anisotropy constant Ku = 7.7 MJ/m3 . These
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two phases can coexist to form a nanocomposite magnet [126]. In this configuration
the nanocrystalline magnetically hard fct phase couples to the magnetically soft fcc
phase and aligns it. The nanocomposite magnet thus combines magnetic hardness
with a high saturation magnetization.
After deposition the FePt is usually in a highly disordered partly amorphous
fcc soft magnetic phase. The phase transition to the fct phase can be initiated
by increasing the temperature. In this process the fct phase starts growing at a
number of nucleation sites and grows until the temperature is decreased again. If
the temperature is rapidly decreased before the entire sample is transformed the
result will be a nanocomposite magnet. The number of nucleation sites of fct can
be tuned by varying the annealing temperature. The grain size is determined by
the annealing time but can also be influenced by co-deposited segregants, such as
C, that can act as grain boundaries.
Previous research provided us with 200 nm thick FePt films with Mr /Ms of ∼ 0.93
and Hc ∼ 0.84 T [127, 26]. These films were deposited by Molecular Beam Epitaxy
(MBE). The replacement of the MBE machine by a magnetron sputter deposition
system however required us to re-optimize the deposition and post-annealing procedures.
Next to this effort we acquired a set of films from Hitachi with film thicknesses
between 200 and 400 nm. These films were also produced by magnetron sputtering,
but in this instance the films are grown directly in a textured fct structure, using
specific underlayers to provide the right growth template. The following section
describes the production of this film and the optimization of the annealing process.
Section 7.2.3 will deal with the characterization of the Hitachi film. The magnetic
stability versus temperature and time varying magnetic fields is investigated in section 7.2.4 for both films. We give details on the graininess and the surface roughness
of the material in section 7.2.5. Some of the work presented in this section is described in more detail in [128].

7.2.2

WZI film

FePt films of 200 nm were deposited on 4” silicon wafers of 300 µm thickness by
magnetron sputter deposition using a newly acquired high vacuum system from
AJA. The base pressure of this system is below 10−9 mbar. The system is computer
controlled, allowing reproducible growth of films with sub percent control over composition. Furthermore, the substrate holder is spinned during deposition to improve
the film homogeneity and thickness. The rotating substrate holder can be heated
from the rear using quartz lamps. Earlier work had shown [127] that deposition has
to be done at elevated temperatures to prevent cracks in the surface due to strain.
We used several substrate temperatures in the range ∼ 150 - 300 ◦ C but found
no significant difference in the final result. The composition was varied between
Fe56 Pt44 and Fe50 Pt50 , again without significant effect on the final result.
After deposition the films were annealed in a N2 flushed radiation/convection
oven at different temperatures for 3:00 minutes. The films were then characterized
by squid magnetometery. The results are shown in figure 7.1. The figure shows
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Figure 7.1: Anneal results for the Mr /Ms ratio and the coercive field Hc . The anneal time was 3:00
minutes. The activation temperature for the growth of magnetically hard fct grains is shown to be
T ∼ 350 ◦ C. Above T = 400 ◦ C the material does not become any harder. The maximal Mr /Ms is 0.8
at a coercive field of Hc = 0.95 T. The remanence magnetization is measured to be Mr ∼ 580 kA/m.

an increase in coercivity and Mr /Ms at about 350 ◦ C, followed by a plateau where
Mr /Ms ∼ 0.80 with a coercive field of Hc = 0.95 T. The remanent magnetization
on this plateau is Mr ∼ 580 kA/m.
Annealing for 6:00 and 9:00 minutes did not further increase the coercivity or
Mr /Ms , suggesting that the material is already fully in the fct ordered phase.

7.2.3

Hitachi film

The Hitachi film is created using a different strategy than for the WZI film. In
particular, a seed layer of 20 nm RuAl is used in an attempt to grow the FePt in
the fct phase directly in the (001) direction by depositing at a higher temperature
(T = 400 ◦ C) [129]. No post annealing is thus needed. In order to reduce the
particle size traces of carbon are co-deposited. The result is a textured film with
a preferential crystal stacking direction as is evident from x-ray diffraction spectra
(Fig. 7.3).
Fig. 7.2 shows the measured equivalent current for the Hitachi films of different
thickness. The fitted Mr is 670 kA/m, about 1.16 times bigger than the best result
for the WZI film. The coercive field is the same as for the WZI film and the Mr /Ms
is about 0.93. The saturation magnetization Ms is roughly the same for both films:
Ms ∼ 720 kA/m. We attribute the difference in Mr mainly to the texture of the
Hitachi film. Neither the x-ray spectra for the Hitachi film or for the annealed
WZI film show evidence of an fcc phase. This indicates that both films have a
nanocrystalline fct phase.

7.2.4

Magnetic stability

Both the WZI and the Hitachi film were magnetized and subsequently baked for
3 hours in a 150 ◦ C oven in air. This is a typical temperature for hardening the
epoxy used to attach the chip to the wire structure. The vacuum bake out also
requires temperatures above 100 ◦ C and for even longer times. We found that after
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this 3 hour bake the magnetization of the WZI film had dropped by ∼ 20 %. The
magnetization of the Hitachi film had only dropped by ∼ 3 %.
The films were also tested against demagnetization due to time varying magnetic
fields. An experimental cycle typically produces fields up to 200 G with a periodicity
of about 30 s. The films were magnetized and subsequently mini hysteresis loops
were taken going from -200 to 200 G and back. The measured magnetization did
not show a decrease after about 15 loops for either of the films. The WZI film was
also inserted into the coil system in an experimental cycle for about 45 minutes but
no proof of decrease in magnetization was found.
Depending on the details of the field sweep during the experimental cycle the
remanent magnetization can vary significantly. For the sweep from -200 to 200 G
described above the magnetization differs by about 20 kA/m depending on whether
the field goes to zero from -200 G or from +200 G, for both the WZI and the Hitachi
film. Squid measurements also suggest that the remanent magnetization can vary
slightly after a full mini loop, with a standard deviation of about 3 kA/m.

7.2.5

Material roughness

Both the occurrence of domains and graininess cause magnetization inhomogeneities
in the film and are thus a source of potential corrugation. Also corrugation of the
film surface causes magnetic field roughness.
In Fig. 7.4 an Atomic Force Microscope (AFM) image can be seen of both the
WZI film and the Hitachi film. In the image of the WZI film some dust particles
were removed by replacing the height by the line average. The power spectra of
both samples can be seen in Fig. 7.5. The rms height variation in the Hitachi film
is ∼ 6 nm whereas in the WZI film it is only ∼ 1 nm.
The size of the grains can be estimated from x-ray spectra and SEM images.
From Fig. 7.3 it is clear that the peaks are broader for the WZI film than for the
Hitachi film, indicating that the WZI films have smaller grains. We can use the
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Figure 7.2: (a) Hysteresis curves for the WZI film (¤) and the Hitachi film (N). (b) squid results
for the Hitachi films of various thickness. The equivalent current Ieq = Mr h, where Mr is the remanent magnetization and h is the film thickness, grows linear with film thickness, indicating that
the magnetic properties do not deteriorate with increasing film thickness. The fitted magnetization is
Mr = 670 kA/m.

7.2 Permanent magnetic material

65

Figure 7.3: X-ray spectra of the Hitachi film (a), and the WZI film for both as deposited (b) and after
annealing (c). The spectrum of the annealed film is offset by 3000 counts for clarity. The (001) and
(002) peaks are more prominent for the Hitachi film than for the WZI sample. This might indicate
preferential crystal stacking in this direction for the Hitachi film. The peaks in the Hitachi film are
narrower than for the WZI film, indicating bigger grains. The effect of ordering into the fct phase can
be seen by comparing the spectra (b) and (c). Degenerate peaks in the cubic lattice such as (200) and
(002) are split in the fct phase. The Hitachi film and the annealed WZI film do not show fcc peaks,
indicating a fully transformed film.

Debye-Scherrer equation to estimate the grain size. This yields an average grain
size of ∼ 35 nm for the Hitachi films and ∼ 20 nm for the WZI film. Although there
seems to be some support for this from SEM images, this estimate is likely to be
very rough. There are other effects such as strain and system resolution that can
affect the width of diffraction peaks. Nevertheless it seems that the grains of the
Hitachi film are indeed bigger than those of the WZI films.

7.2.6

Comparison

The results of the film characterization are listed in Table 7.1. The Hitachi film has
a higher Mr and Mr /Ms than the WZI film but the same coercive field Hc . It is
interesting to note that the WZI film is smoother and has smaller grains which is
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Figure 7.4: Atomic Force Microscopy images of the Hitachi film (left) and the WZI film (right). In the
right image some dust particles were taken out of the image by replacing them with the line average
height. Stripes in the scanning direction are taken out for both images. The images are also flattened
to compensate any systematic height variation. The size of the images is 5 µm × 5 µm
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Figure 7.5: Power spectrum of the AFM images shown in Fig. 7.4. The black dots correspond to the
WZI film, the gray dots to the Hitachi film. The rms height variation is ∼ 6 nm for the Hitachi film and
∼ 1 nm for the WZI film. The spectra are obtained by integrating the two dimensional power spectrum
in the vertical direction. The Hitachi spectrum shows white noise with cut off spatial frequency 6 µm −1 .
The slope after the cut off is ∼ -12 dB/octave. The spectrum of the WZI sample drops off at a lower
spatial frequency of ∼ 3 µm−1 , but with a slope of only ∼ -6 dB/octave.

of major importance in preventing problems with potential corrugation. The main
drawback of the WZI film is however its inability to withstand a 3 hour bake out.
This problem has persuaded us to use the Hitachi film for the experiment.
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Property
WZI Hitachi
Mr (kA/m)
580
670
Ms (kA/m)
725
720
Mr /Ms
0.80
0.93
Hc (T)
0.95
0.95
Mr decrease after 3 hour bake at 150 ◦ C 20 %
3%
Estimated grain size (nm)
20
35
Surface roughness (nm)
1
6
Table 7.1: Properties of the WZI and Hitachi films.

7.3

Patterning

The work described in this section was carried out at the Amsterdam NanoCenter
cleanroom facilities.

7.3.1

Optical lithography

Although the typical feature sizes in our chip design are on the tens of micrometer
scale, it is still desirable to control the structure edges on a sub micrometer scale to
avoid problems with potential corrugation due to ill defined trapping structures [59].
Therefore it would be best to use electron beam lithography to pattern our chips,
as has been done before in our group [106]. Electron beam lithography however
has a very limited spatial range due to the long writing time and was found to
be inappropriate for our desired chip size. Instead we use optical lithography for
patterning.
We used a commercially available custom designed Cr mask (Deltamask). This
mask was patterned with a 442 nm HeCd laser with a resolution of ∼ 1 µm. The
illumination was done in a Karl Suss MJB3 Mask Aligner using 365 nm near ultra
violet (UV) light.

7.3.2

Plasma etching

The procedure used is shown in Fig. 7.6. The films were spin coated with ∼ 1 µm
Microposit s1813 optical resist. After this they were illuminated with UV light for
4 s. After developing the samples in Microposit MF319 for one minute, all the resist
on the illuminated parts of the sample is dissolved. Any remaining illuminated resist
was etched away by a low power, two minute, oxygen etch. This also cleans the chip
surface, but hardly affects the non illuminated resist.
The sample was then etched in an argon plasma for about half an hour. The
thickness of the remaining FePt can be roughly monitored by measuring the reflectivity of the material with a laser beam. When the FePt is etched away completely,
revealing the silicon of the chip, the reflectivity drops significantly. The etching
was stopped two minutes after this drop in reflectivity was observed, making sure
the FePt is etched away everywhere on the chip. Etching was done in an Oxford
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Figure 7.6: Schematic of the etching process. The thin FePt film (a) is spin coated with S1813 optical
resist (b). Then the sample is illuminated with UV light (c). After developing the sample (d) and an
O2 pre etch, the uncovered FePt is etched away by an Ar plasma etch (e). The remaining resist is
dissolved in (f).

Plasmalab 80+ ICP dry etching system.
The remaining resist covering the chip structures was then removed with Microposit 1165 Remover heated to ∼ 40 ◦ C. The dissolving time is significantly shortened
by the use of a sonic bath. After this the chip was investigated using optical and
Scanning Electron Microscopy (SEM). Finally, the chip was coated with a 100 nm
layer of gold by sputter deposition to make the surface reflective and was magnetized
in a 5 T field.

7.3.3

Plasma etch redeposition

A drawback in plasma etching is the occurrence of redeposition of etched away
material. This is of particular inconvenience at the edges of the structures, where
large pillars of redeposited material can remain after dissolving the resist. In Fig. 7.7
examples of such pillars are shown. It is not clear what the magnetic properties of
the redeposited material are, since its composition out of Fe, Pt and Si is unknown.
To minimize redeposition the plasma etch was done at the lowest possible Ar
plasma pressure (5 mbar), in order to increase the mean free path of the escaping

Figure 7.7: Redeposited pillars at the edge of the structure. The height of the pillars is typically a few
hundred nanometers. The magnetic properties of the redeposited material are unknown.
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Figure 7.8: Top of the chip mount of the hybrid chip. The wire pattern featuring the ring- and hshaped wire is located directly below the gold coated chip. The chip wires are connected via bendable
wire and 2 mm thick copper wires to a vacuum feedthrough. The chip mount is made almost completely
out of copper and is 27 cm long. The Rb dispenser can also be seen in the picture.

etched away material. Experiments with a wet post etch in strong acid to dissolve
the redeposition pillars gave very poor results and were abandoned.
The redeposition can be a source of magnetic field roughness which will have
a different effect on the various trapping geometries. For the arrays described in
section 7.4.2 we have calculated numerically that the rms variation in residual field
at the trap centers of the lattice positions is between 1 and 5 mG, depending strongly
on the redeposited pillar density and the magnetic properties of the pillars.

7.4

Chip design

The chip has many different structures on it, including arrays, rings and waveguides.
The emphasis is however on the main array and ring system. Both these structures
are supported by a wire structure to facilitate loading of cold atoms. The concentric
rings are also supported by a 10 winding coil for the application of radio frequency
fields.
In this section we will give details on the production and design of the arrays
and rings and their supporting wire structure. First we will describe the production
of the wire pattern and the chip mount. In section 7.4.2 the permanent magnetic
array will be described and section 7.4.3 will deal with the rings.
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a
b
c
d
Figure 7.9: Exploded view of the wire structure and permanent magnetic chip (left). The permanent
magnetic chip (a) is glued to the wire structure (b). The alignment is facilitated by markers on both
the chip and the wire structure. A 10 winding coil (c) is mounted beneath the wire structure. A copper
block, acting as a heat sink and supplying the mechanical attachment to the rest of the chip mount
is glued to the wire pattern. The copper plane in the wire pattern is ∼ 100 µm thick. The wires are
∼ 300 µm wide and highlighted with a lighter color, showing a ring shaped and h-shaped wire that
can be used either in a U- or Z-shaped configuration. The figure on the right shows the fully mounted
version of the wire pattern-chip pair.

7.4.1

Wire pattern

The main purpose of the wire structure is in loading cold atoms into the permanent
magnetic chip traps and performing pre-cooling on the atomic cloud. The wire
pattern consists of two different structures: A ring shaped wire and a h-shaped wire
that can be used both as a U-shaped wire for magneto-optical trapping [79] and as
a Z-shaped wire for creating an initial Ioffe-Pritchard trap.
The wire structure is mounted in the vacuum system on an entirely copper chip
mount shown in Fig. 7.8. Directly underneath the wire pattern a 10 winding coil
is built into the chip mount. This coil can be used for the application of radio
frequency fields. The chip mount also holds a rubidium dispenser.
The wires are placed directly underneath the permanent magnetic chip and are
constructed using standard milling techniques. As the atoms will be trapped exclusively by the permanent magnetic structures after loading, we are not concerned
much with the corrugation of the wire edges due to the milling. In figure 7.10 the
technical details of the wire construction can be seen. The silicon chip with the
permanent magnetic structures is glued onto this wire pattern (see Fig. 7.10). The
wires are 300 µm wide and are milled into a thin (∼ 100 µm) copper plane which is
glued onto a copper block, that serves as a heat sink. The glue used (Epo-tec H77
two component epoxy) has good thermal conductance, but is an electrical insulator.
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Figure 7.10: Chip (right) and wire structure (left) drawing. The U-shaped wire (used to produce a
mirror MOT) can be operated by running current from connector I to II. The Z-shaped wire is operated
from connector I to IV and the ring shaped wire from III to IV. The main array (a) is aligned with the
Z-shaped wire. The main ring system (b) is aligned with the ring shaped wire and coil (not shown).
The chip is 20 × 15 mm in size.

To further avoid short circuits several pieces of 100 µm thick Mylar were placed
strategically between the copper plane and the block. The milling is done with a
CNC controlled mikron upc 600 equipped with a 150 µm linear mill. The height
and width of the wires are optimized experimentally to allow constant 15 A current
operation at a wire temperature of ∼ 75 ◦ C.

7.4.2

Arrays

There are several large arrays on the chip based on two basic designs. The main
array is situated directly above the Z-shaped wire, which can be used to load atoms
into the array and to perform pre-cooling. The shape of the array can be seen in fig.
7.11. A calculation shows that for M = 670 kA/m and h = 300 nm, the addition of a
bias field of 22.5 G produces Ioffe traps 10 µm from the surface with trap frequencies
(23, 23, 6.1) kHz with a residual field at the trap bottom of 5.7 G. The density of
Ioffe traps is 1250/mm2 with a total number of 15 103 in this array. Chapter 8 gives
further details on this structure and describes how ultracold atoms are loaded into
the array.
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Figure 7.11: Scanning electron microscopy images of the main structures on the chip: A large array
of traps (a) and a set of concentric rings (b). Both images are zoomed in versions of a larger system
of traps and concentric rings respectively.

7.4.3

Rings

The chip features two systems of concentric rings. The main ring system is centered
above the chip coil and the ring shaped wire. The coil can be used to apply radio
frequency fields to lift the line of field zero of the ring traps and to manipulate the
atoms as described in Chapter 3. The ring shaped wire can be used to load atoms
into the rings.
Most magnetic rings come in pairs to create confinement without the aid of bias
fields. The field minimum is typically 10 µm away from the chip surface.

7.5

Conclusion

We have described the design and construction of a hybrid atom chip, based on both
permanent magnetic material and current carrying wires. Details on the construction of the wire structure and the chip mount have been given.
A magnetic film was engineered by rapid post annealing a sputtered FePt film
of 200 nm thickness. This film has been characterized together with a film obtained
from Hitachi. The results are listed in table 7.1. The choice for the Hitachi film
is mainly based on its ability to withstand a 150 ◦ C bake out. It is not clear why
the results for the WZI film obtained now differ from those obtained earlier [127,
26] but one reason can be the different annealing method. Both the Hitachi film
and the WZI film seem to be fully transformed into the fct phase. In the Hitachi
film this is because of the elevated deposition temperature. X-ray spectra reveal
that the Hitachi film is textured with high peaks in the (001) direction, indicating
some epitaxial growth. For the WZI film the full transformation can indicate that
annealing has been performed too slowly. The radiation/convection setup is not
well suited for post anneals on the time scale of seconds. Future research is thus
encouraged to look into new annealing techniques as this might increase both Mr
and the magnetic hardness.
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The films have been patterned by optical lithography and were etched in a dry
plasma etcher. The occurrence of redeposition of etched away material can be a
source of magnetic field corrugation. A possible solution to this problem might be
a lift off procedure. For low deposition temperature the material might even be
patterned during the deposition of the film. Further miniaturization will probably
have to rely on electron beam lithography for more precise structure definition.
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8

A lattice of microtraps for
ultracold atoms

We have realized a two dimensional permanent magnetic lattice of Ioffe-Pritchard microtraps for ultracold atoms. The
lattice is formed by a single 300 nm magnetized layer of FePt,
patterned using optical lithography. Our magnetic lattice consists of more than 15000 tightly confining microtraps with a
density of 1250 traps/mm2 . Simple analytical approximations
for the magnetic fields produced by the lattice are used to derive relevant trap parameters. We load ultracold atoms into
at least 30 lattice sites at a distance of approximately 10 µm
from the film surface. The present result is an important first
step towards quantum information processing with neutral
atoms in magnetic lattice potentials.

This chapter is based on the paper:
R. Gerritsma, S. Whitlock, T. Fernholz, H. Schlatter, J. A. Luigjes,
J.-U. Thiele, J. B. Goedkoop and R. J. C. Spreeuw
Accepted for publication in Phys. Rev. A (2007)
preprint arXiv:0706.1170
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8.1

A lattice of microtraps for ultracold atoms

Introduction

Lattice potentials for ultracold neutral atoms and Bose-Einstein condensates have
been used in a series of spectacular experiments. Optical lattices for example have allowed for the observation of the Mott-Insulator to superfluid transition [120], studies
of low dimensional quantum gases [130, 87] and the coherent production of isolated
and long lived cold molecules [131, 132, 133, 134, 135]. In another remarkable experiment large scale quantum entanglement [51] has been achieved in an optical lattice,
pointing the way to future applications in quantum information processing.
Magnetic lattice potentials are a promising alternative to the widely used optical
lattices that rely on intense overlapping laser beams. For instance, magnetic lattices
produced using periodically magnetized films on atom chips provide a high degree
of design flexibility allowing arbitrary trap geometries and lattice spacings [49]. The
potentials are also magnetic state selective and only weak field seeking atoms remain
trapped, allowing for manipulation using radio frequency (rf) fields - a powerful
tool used extensively for forced evaporative cooling and for rf spectroscopy [136].
Furthermore, magnetic lattices provide stable and tight confinement even with large
separation between sites. It should also be possible to incorporate on-chip detection
and manipulation schemes [36] to address individual sites.
Magnetic lattices may be most promising as a scalable quantum system, a crucial
ingredient for quantum information processing [137]. Trapped single atoms can be
used as qubits, with their internal Zeeman or hyperfine states representing the qubit
states |0i and |1i. Superpositions with a long coherence time have already been
demonstrated near a chip surface [42], indicating that the coupling to environmental
fields is weak.
In this chapter we describe the design and loading of a two-dimensional lattice of
magnetic (Ioffe-Pritchard) microtraps for ultracold neutral atoms. The microtraps
are produced near the surface of a patterned FePt film with perpendicular magnetization. Our magnetic lattice design consists of 1250 traps/mm2 . We load a cloud of
ultracold 87 Rb atoms into this lattice, demonstrating that our approach is a feasible
one. The results open up a range of new possibilities for future experiments using
permanent magnetic atom chips.
The chapter is structured as follows. In section 8.2 we present the lattice geometry based on a single layer of magnetized material which in combination with
a uniform bias field produces a two-dimensional array of magnetic microtraps. We
provide relatively simple analytical expressions to approximate the magnetic field
patterns. Section 8.3 gives a short overview of the experimental setup. In section 8.4
we show that ultracold 87 Rb atoms can be transferred to the lattice from a Z-shaped
wire magnetic trap, to occupy more than 30 lattice sites. Finally, in section 8.5 we
discuss some prospects for future experiments and in particular focus on quantum
information processing using atom chips.

8.2 A two-dimensional magnetic lattice potential
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Figure 8.1: Schematic of a magnetic lattice potential for ultracold atoms formed by a single layer of
uniformly magnetized material. The patterned FePt film (light gray) is magnetized out of plane, along
z. A uniform bias field is applied along the y−direction to create an array of Ioffe-Pritchard microtraps.
The perspective view (a) indicates the potential energy above the film surface and the top view (b)
shows the position and orientation of the Ioffe-Pritchard microtraps (red shaded areas); the parameter a
is a natural length scale of the geometry and h is the thickness of the magnetic film. In the experiment
described here a = 20 µm and h = 300 nm.

8.2

A two-dimensional magnetic lattice potential

In this section we describe a permanent magnetic trapping geometry that produces
an array of microtraps with non-zero field minima, that provides tight confinement
to the atoms and can be loaded in a straight-forward way. Our permanent magnetic
lattice design is shown in Fig. 8.1. As the magnetization is out of plane, the structure
can be thought of as having a current of magnitude Ieq = M h running along its
edges. It can thus be recognized that the array is built up of z-shaped equivalent
currents. The addition of a bias field in the y-direction then produces Ioffe traps at
every second lattice site (at every site where the equivalent current has the correct
direction, see also chapter 2).

8.2.1

Magnetization model

The periodic magnetization pattern shown in Fig. 8.1 can be conveniently expressed
as a two-dimensional Fourier series,
Mz = M 0

∞
X

n,m=−∞

Cnm cos((nk1 + mk2 ) · r)

(8.1)

with the coefficients
Cnm =

4 sin( π2 (m − n)) sin( π4 (3m + n))
π2
(m − n)(3m + n)

(8.2)

Here, we choose a coordinate system such that the odd Fourier components
π
(1, −2)
vanish. The reciprocal lattice vectors k1 and k2 are given by (kx , ky ) = 2a
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π
(3, 2) and have length k1 and k2 , respectively. We define r = (x, y) and a
and 2a
is a characteristic length scale of the lattice geometry as shown in Fig. 8.1. As the
magnetization is simply the sum of a number of discrete Fourier components the
magnetic field above the surface can be expressed analytically. For each Fourier
component with wavevector k and for z À h the magnetic scalar potential is given
by:
µ0
(8.3)
φk (r) = Ieq Cnm e−kz cos(k · r).
2
The magnetic field (B = −∇φ(r)) above the film surface can be approximated by
taking m, n={-1,0,1}, leaving two terms:
·
¸
4µ0 Ieq k1 e−k1z
k2 e−k2z
√ sin(k1·r) + √
Bx ≈ √
sin(k2 ·r)
2π 2
5
13
¸
·
k2 e−k2z
8µ0 Ieq k1 e−k1z
√ sin(k1·r) − √ sin(k2 ·r)
By ≈ − √
2π 2
5
3 13
¸
·
4µ0 Ieq
k2 e−k2z
−k1z
Bz ≈ √
cos(k2 ·r)
(8.4)
k1 e
cos(k1·r) +
3
2π 2

This approximation is valid for distances z > k12 ≈ 0.18a. Each field component
consists of two periodic terms with exponential pre-factors which depend on z and
control the respective rate of decay of each Fourier component from the film surface.
For large distances from the film surface the first term with wave vector k 1 dominates
and the field resembles that of a one-dimensional magnetic mirror potential [138].
Closer to the surface the second term involving k2 introduces additional structure
to produce a two-dimensional periodic potential.
Applying a uniform bias magnetic field oriented along the y−direction partly
cancels with the field of the film to create an array of nonzero field minima. The
applied field strength B0y is related to the trap height z0 by,
√
µ
¶
4 2µ0 Ieq k1 e−k1 z0 k2 e−k2 z0
√
B0y =
+ √
(8.5)
π2
5
3 13
while the trap positions in x and y are given by symmetry and are independent
of height:
xmin = pa
ymin = (p − 1) a2 + 2qa

(8.6)

with the indices p, q = ... − 2, −1, 0, 1, 2....
Our particular design has a length scale a = 20 µm, a magnetization of M0 =
670 kA/m and a thickness of h = 300 nm, corresponding to Ieq = 0.2 A. We calculate
that a bias field of B0y = 22.5 G results in cigar-shaped Ioffe-Pritchard traps, with
their long axis predominantly oriented in the x-direction, positioned 10 µm from
the film surface (Fig. 8.2). The trapping frequencies are 23 kHz and 6.1 kHz in the
radial and axial directions respectively and the field strength at the trap minimum
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79

50
B HGL

40
30
20
10
-50

-25
0
x HΜmL

25

-50

-25
0
y HΜmL

25

0

10

20 30
z HΜmL

40

50

Figure 8.2: Magnetic field cross-sections centered on a single lattice site. The solid lines correspond
to an exact numerical calculation of the magnetic field produced by the magnetic lattice geometry. The
dashed lines are the results of the truncated Fourier series model.

is 5.7 G. The barrier heights along the k1 and k2 directions are 0.4 mK and 1.5 mK,
respectively. The trap depth in the z-direction is 1.5 mK. The trapping frequencies
can be increased further by increasing B0y , pushing the atoms closer to the chip
surface. Tighter radial confinement can also be achieved by partly cancelling the
axial field strength. The barrier height between individual lattice sites can be tuned
by varying B0y to change the distance of the traps from the film surface.

8.3

Experimental setup

The atom chip design and production has been described in detail in chapter 7.
Here we give a short overview of the relevant chip structures used in loading the
magnetic lattice.
The completed atom chip consists of the silicon substrate with the patterned
FePt film epoxied to a copper mount which incorporates several wire structures
used to load the microtraps as shown in Fig. 8.3. In particular, the atom chip
includes besides the FePt film, a U-shaped wire, a Z-shaped wire and a small rf coil
(10 turns, diameter 5 mm) used to apply radio frequency fields for forced evaporative
cooling. The chip wires are 300 µm thick, have a height of ∼ 100 µm and are capable
of running up to 15 A continuously without significant heating. The atom chip is
mounted face-down in a glass cell vacuum chamber (base pressure ∼ 10−10 mbar),
surrounded by a system of three orthogonal pairs of water-cooled coils for producing
external fields.

8.4

Loading atoms into the lattice potential

Laser cooled 87 Rb atoms are transferred to the atom chip using techniques familiar
to many atom chip experiments. After an initial cooling stage the atoms can be
transferred to the magnetic lattice potential. The following section describes the
loading process in detail.
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Figure 8.3: Layout of the atom chip, showing the permanent magnetic chip with the lattice and the
wire structure used for loading the lattice. Also shown are magnetic field contour plots during various
stages of the loading process. In (a) the atoms are trapped by the Z-shaped wire with an external bias
field B0y . In (b) the current in the Z-wire is turned down, moving the cloud closer to the surface and
the potential gets corrugated by the lattice. In (c) the current is completely turned off and the atoms
are trapped in the lattice sites. We also show the orientation of the probe beam used to make the
absorption images shown in Fig 8.5.

8.4.1

Magnetic trapping and evaporative cooling

We collect approximately 1 × 108 87 Rb atoms in a mirror magneto-optical trap
(mMOT) 4 mm from the chip surface. This mMOT relies on a quadrupole magnetic
field (0.1 T/m) produced by a pair of external coils overlapped with 4 laser beams
with appropriate polarizations and detuning.
The atoms are transferred closer to the chip by passing 5.5 A through the Ushaped wire, applying a bias field of B0y = 4.4 G, and ramping off the external
quadrupole field. This U-MOT has a field gradient of 20 G/cm. To further cool the
atoms a 4 ms polarization gradient cooling stage is applied by detuning the trap laser
below resonance by 36 MHz and rapidly reducing the U-wire current and bias field by
a factor of three to weaken the field gradient. We found that this stage significantly
improves the loading efficiency into the magnetic trap. To magnetically trap the
atoms a 0.2 ms optical pumping pulse drives the atoms to the |F = 2, mF = +2i
state. Then the U-wire current is reduced to zero, the Z-wire current is increased
to 12 A and the bias field B0y is increased to 14 G to produce an Ioffe-Pritchard
magnetic trap containing 2×107 atoms. We then adiabatically compress the trap by
increasing the Z-wire current to 15 A and by increasing B0y to 40 G. The calculated
radial and axial trap frequencies are 2π × 630 Hz and 2π × 27 Hz respectively and
the mean elastic collision rate is 100 s−1 .

8.4 Loading atoms into the lattice potential
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Forced RF evaporative cooling is applied by a programmable DDS rf synthesizer
via a 2 W rf amplifier to the built-in rf coil. The evaporation stage consists of three
linear rf sweeps: from 15 MHz to 6 MHz in 2.5 s, from 6 MHz to 3 MHz in 1.5 s
and from 3 MHz to the final evaporation frequency of 520 kHz in a further 2 s. To
improve the evaporation efficiency we also compress the Z-wire trap further after
the first sweep by increasing B0y to 50 G which pushes the trap closer to the surface
and increases the radial trap frequency to 2π × 1400 Hz. For a final radio frequency
of 545 kHz the cloud temperature reaches the Bose-Einstein condensation (BEC)
temperature (Tc ≈ 0.5 µK) with approximately 1 × 104 atoms. The BEC transition
is accompanied by the onset of a bimodal density distribution and anisotropy in the
time of flight expansion. Continuing the rf sweep to 520 kHz we produce an almost
pure BEC containing 6000 atoms.

8.4.2

Transfer to the lattice

To load atoms to the lattice we truncate the rf sweep at a final frequency of 800 kHz
to produce a cold thermal cloud of 1.5 × 105 atoms at an estimated temperature
of 3 µK. We load the lattice with a thermal cloud rather than a Bose-Einstein
condensate to ensure each lattice site contains a sufficient number of atoms for
detection and to minimize the influence of heating during loading. We expect that
further rf evaporation could be performed after loading with high efficiency due
to the extremely tight confinement in individual lattice sites. Loading the lattice
is rather straightforward as the magnetic field produced by each lattice site is by
design oriented in the same direction as that produced by the Z-shaped wire. In this
way we can simply reduce the Z-wire current to zero, pushing the trapped atoms
closer to the surface and finally into the lattice potential. The atoms are imaged
using a resonant probe laser aligned along y with a small inclination (∼ 1◦ ) with
respect to the chip surface to produce a reflection image. Reflection imaging allows
us to image atom clouds in close proximity to the chip surface and to determine
the height of the cloud. One disadvantage however is that the absorption signal is
integrated along the y−direction.
In the experiment we reduce the Z-wire current from 15 A to zero over 50 ms
to move the trap closer to the FePt film. For a Z-wire current of 2 A the cloud
expands in the axial direction, moves to approximately 20 µm from the FePt surface
and becomes clearly corrugated by the lattice potential, as is schematically shown in
Fig. 8.3. Further decreasing the Z-wire current to zero transfers all of the atoms to
the magnetic lattice (Figure 8.4). The spacing between lattice sites determined from
an absorption image of the cloud is 20 µm (Figure 8.5), as expected from the lattice
geometry. The overall gaussian density distribution is due to the initial distribution
of atoms in the Z-wire trap and does not expand further once the Z-wire current is
zero. We observe a minimum of 30 occupied lattice sites spanning 600 µm along x
but the true number of occupied sites is expected to be higher. A better estimate
of the number of occupied lattice sites can be obtained by inclining the probe beam
further to resolve the lattice structure along the y−axis. Preliminary results with
this technique suggest that more than 100 sites are occupied. Assuming adiabatic
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Figure 8.4: Absorption images taken during the loading sequence of the magnetic lattice. Initially the
atoms are trapped in the Z-wire trap (lower figure). As the current is turned down the cloud moves
closer to the chip surface and a reflection image appears due to a small inclination of the probe beam.
Finally, the current is turned off completely and the cloud is trapped in the magnetic lattice potential
(top figure).

compression during loading we expect the individual atom clouds to be localized,
each at a temperature of ∼ 100 µK, smaller than the inter-well barrier height and
trap depth (∼ 0.5 mK). We observe a lifetime of more than 1 s for the atoms trapped
in the lattice potential.

8.5

Discussion

Large arrays of magnetic microtraps can serve as a quantum register and a shift
register. Field calculations show that we should be able to shift the traps in the

8.5 Discussion
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Figure 8.5: Absorption image of the loaded array (top) and vertically integrated atom density. The
periodicity of 20 µm due to the array sites can be clearly seen. The contrast may be limited by the
integration along the field of view.

direction perpendicular to k2 by applying uniform external B-fields (as described in
chapter 2) [109, 138, 38].
The present density of lattice sites is 1250 traps/mm2 . In the future we intend
to increase this density. It should be feasible to scale down the linear dimensions
of our structure into the (sub-)micron range and thus increase the trap density by
two or three orders of magnitude. We are presently investigating the possibilities
to drive single and two-qubit gate operations [43]. We plan to directly address
individual sites by a combination of static and radio frequency or microwave fields,
to selectively change the internal state of the atoms. An important parameter for
the optical manipulation of the qubits is the confinement of the atoms on the scale
of the optical wavelength. The present confinement is already sufficiently tight for
the trap ground state to be in the so-called Lamb-Dicke limit, where the photon
recoil energy is less than the vibrational level splitting. Further down-scaling in
size should make the confinement even tighter, and thus decrease the Lamb-Dicke
parameter. We plan to implement evaporative cooling in the lattice to produce
ground state atoms in every lattice site. Together these implementations will be
important first steps towards future quantum information processing applications
on atom chips [139].
To summarize, we described the design and production of a permanent magnetic
array of Ioffe-Pritchard microtraps for cold atoms based on FePt. We have given
analytical expressions for the magnetic field produced by this lattice. We have
loaded more than 30 lattice sites with cold atoms. The loading protocol relies on
current carrying structures beneath the permanent magnetic chip. The lifetime of
the atoms trapped in the lattice exceeds 1 s.

84

A lattice of microtraps for ultracold atoms

References
[1] P. D. Lett, R. N. Watts, C. I. Westbrook, W. D. Phillips, P. L. Gould, and
H. J. Metcalf, “Observation of atoms laser cooled below the Doppler limit,”
Phys. Rev. Lett. 61, 169 (1988).
[2] S. Chu, “The manipulation of neutral particles,” Rev. Mod. Phys. 70, 685
(1998).
[3] C. N. Cohen-Tannoudji, “Manipulating atoms with photons,” Rev. Mod. Phys.
70, 707 (1998).
[4] W. D. Phillips, “Laser cooling and trapping of neutral atoms,” Rev. Mod.
Phys. 70, 721 (1998).
[5] H. Hess, “Evaporative cooling of magnetically trapped and compressed spinpolarized hydrogen,” Phys. Rev. B 34, 3476 (1986).
[6] O. Luiten, M. Reynolds, and J. Walraven, “Kinetic theory of the evaporative
cooling of a trapped gas,” Phys. Rev. A 53, 381 (1996).
[7] W. Ketterle and N. van Druten, “Evaporative cooling of trapped atoms,” Adv.
At. Mol. Opt. Phys. 37, 181 (1996).
[8] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A.
Cornell, “Observation of Bose-Einstein condensation in a dilute atomic vapor,”
Science 269, 198 (1995).
[9] K. Davis, M.-O. Mewes, M. Andrews, N. van Druten, D. Durfee, D. Kurn, and
W. Ketterle, “Bose-Einstein condensation in a gas of sodium atoms,” Phys.
Rev. Lett. 75, 3969 (1995).
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I. Bloch, “State selective production of molecules in optical lattices,” Phys.
Rev. Lett. 93, 073002 (2004).
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Summary
This thesis describes experimental and theoretical results on atom trapping and
manipulation on permanent magnetic atom chips. The focus is in particular on the
realization of Bose-Einstein condensation on a fully permanent magnetic atom chip
and the realization of a large lattice of magnetic microtraps.
Permanent magnetic atom chips have potential benefits over atom chips using
electromagnets, as they allow for technical noise reduction and greater design freedom. The permanent magnetic field is however also the source of some particular
experimental challenges in loading and detection. We give a detailed description of
how these challenges were overcome. We also describe the production of the next
generation atom chip, hosting two trapping geometries that are ideal for permanent
magnets: large arrays of traps and ring shaped waveguides. Large arrays of microtraps are promising candidates for quantum information processing applications
with neutral atoms, where the array would serve as a qubit register. In the last
chapter we give initial results on the loading of a cloud of ultra cold atoms into a
large array of magnetic traps.
In chapter 2 we give a detailed description of how magnetic traps can be created
and transported on a permanent magnetic atom chip. The results of this chapter are
of particular interest for devising loading protocols and for designing experiments
that require some degree of dynamical control, such as for conveyor belt potentials.
In chapter 3 we propose a trapping geometry that is particularly convenient to
create with permanent magnets: a ring shaped wave guide. It is shown that the
addition of radio frequency dressing fields results in a highly versatile atom trap. By
tuning the frequency and polarization of the dressing fields rotations of the atoms
around the ring can be induced, making this trap an interesting system for studying
matter-wave interferometry. Alternatively, the atoms can be confined on the surface
of a torus, creating a two dimensional gas with periodic boundary conditions. Radio
frequency dressing fields thus supply a very useful additional control to permanent
magnetic traps.
We introduce the experimental setup in chapter 4. In chapter 5 we report on
Bose-Einstein condensation on a permanent magnetic atom chip. We in particular
focus on the loading process, which relies on the transport of magnetic traps via
externally applied fields, and on analysis in the permanent magnetic field. BEC
is observed after partial expansion of the cloud induced by rapid field ramps. In
chapter 6 we explore the use of radio frequency spectroscopy to study the ultracold
cloud. We derive a model for the spectra and use it to perform thermometry. BEC
is observed as a narrow peak appearing in the radio frequency loss spectrum.
Chapter 7 describes the design and production of the second generation atom
chip, based on a combination of current carrying wires and permanent magnetic
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films. This chip hosts two main experiments: the large two dimensional array introduced in chapter 2 and the ring shaped trap from chapter 3. In chapter 8 we
describe in detail how a cloud of ultracold atoms is loaded into the array.

Samenvatting
Dit proefschrift beschrijft hoe koude atomen gevangen en gemanipuleerd kunnen
worden op een permanent-magnetische atoomchip. De aandacht gaat vooral uit
naar het produceren van een Bose-Einstein condensaat op een volledig permanentmagnetische atoomchip. Het permanent aanwezige magnetische veld zorgt voor een
aantal problemen bij het laden en bij het detecteren van atomen. In dit proefschrift
beschrijven we hoe deze problemen overwonnen zijn. We beschrijven ook het ontwerp en de productie van de volgende generatie atoomchips, waarop een tweetal
val-geometrieën zijn opgenomen die ideaal zijn voor permanente magneten: grote
roosters van magneetvallen en ringvormige vallen. In het laatste hoofdstuk beschrijven we hoe atomen in een groot rooster van vallen geladen worden.
In hoofdstuk 2 wordt theoretisch onderzocht hoe magneetvallen gemaakt en getransporteerd kunnen worden op een permanent-magnetische atoomchip. De resultaten van dit hoofdstuk zijn van belang voor het ontwerpen van laadprocedures voor
permanent-magnetische atoomchips en voor experimenten die afhankelijke zijn van
dynamische externe velden, zoals in schuifregisters.
In hoofdstuk 3 onderzoeken we een valgeometrie die bijzonder geschikt is om te
maken met permanente magneten: een ringvormige val. In combinatie met zogenaamde radiofrequentie ’dressed potentials’ levert deze structuur een zeer gevarieerde
atoom val op. Door de frequentie van de radiofrequente velden te variëren kunnen
atomen rond de ring geroteerd worden. De ringval kan ook getransformeerd worden
tot een 2-dimensionale val, waarbij de atomen gevangen zitten op het oppervlak van
een torus.
In hoofdstuk 4 wordt de experimentele opstelling beschreven. In hoofdstuk 5
wordt beschreven hoe we een Bose-Einstein condensaat (BEC) hebben gemaakt op
een permanent magnetische chip. De laadprocedure en de detectie van de atomen
staan centraal in dit hoofdstuk. In hoofdstuk 6 onderzoeken we hoe radiofrequentie
spectroscopie kan worden gebruikt om de temperatuur van een wolk atomen te
bepalen. We laten ook zien dat deze techniek gebruikt kan worden om de overgang
naar BEC te zien.
Hoofdstuk 7 beschrijft het ontwerp en de productie van de volgende generatie
atoomchip, die zowel gebruik maakt van stroomvoerende draden als dunne magnetische films. De twee belangrijkste val geometrieën op deze chip zijn de eerder
theoretisch onderzochte ringen en grote roosters. Hoofdstuk 8 geeft de eerste experimentele resultaten weer van deze nieuwe chip.
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Dynamically controlled toroidal and ring-shaped magnetic traps
Phys. Rev. A 75, 063406 (2007)
R. Gerritsma and R. J. C. Spreeuw,
Topological constraints on magnetostatic traps
Phys. Rev. A 74, 043405 (2006)
I. Barb, R. Gerritsma, Y.T. Xing, J. B. Goedkoop, and R. J. C. Spreeuw,
Creating Ioffe-Pritchard micro-traps from permanent magnetic film with in-plane
magnetization,
Eur. Phys. J. D 35, 75-79 (2005)
Y.T. Xing, A. Eljaouhari, I. Barb, R. Gerritsma, R. J. C. Spreeuw,
and J. B. Goedkoop,
Hard magnetic FePt films for atom chips,
Phys. Stat. Sol. (c) 1, 3702-3705 (2004)

103

