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From Magnetic Mirrors to Atom Chips1)

Andrei Sidorov and Peter Hannaford

1.1
Introduction

Following the advent of laser cooling and trapping techniques in the 1980s, a new
exciting area of research, ‘atom chips’, has emerged in which sophisticated micron-
scale structures on planar substrates are produced utilizing the latest technological
developments in lithography and nanofabrication. These complex microstructures
produce tiny magnetic field configurations which can trap, cool, and manipulate
ensembles of ultra-cold atoms in the vicinity of a surface. Scaling down the di-
mensions of atom trapping geometry offers extended possibilities for the produc-
tion and control of Bose–Einstein condensates (BECs). Enormous progress on the
generation of BECs and quantum degenerate Fermi gases, on-chip matter–wave
interferometers, and integrated detectors has been made in the last few years.

In the second section of this article we trace the historical evolution of this new
field, from the first surface-based atom optical elements – magnetic mirrors – to the
present-day micro-fabricated structures on a substrate – atom chips. In Section 1.3
we present the basic principles of magnetic mirrors for cold atoms and describe dif-
ferent types of magnetic mirror. Section 1.4 describes the production of a BEC on
a permanent magnetic film atom chip; the application of this atom chip to probe
the topology of magnetic fields using RF spectroscopy and to study the adiabatic
splitting of a BEC in a double well for sensing asymmetric potentials; and inves-
tigations of the spatially dependent relative phase evolution of a two-component
BEC. Finally, in Section 1.5 we describe a permanent magnetic lattice on an atom
chip for trapping and manipulating multiple arrays of ultra-cold atoms and quan-
tum degenerate gases.

1) We dedicate this article to the memory of our friend and colleague Geoffrey I. Opat.
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4 1 From Magnetic Mirrors to Atom Chips

1.2
Historical Background

In 1983 Opat [1] proposed the idea of using periodic arrays of electric fields on a
planar substrate to reflect beams of polar molecules in a matter–wave interferom-
eter. Almost a decade later the Melbourne group [2] reported the reflection of a
beam of chloromethane (CH3Cl) molecules from the exponentially decaying elec-
tric field above a periodic array of electrodes of alternating polarity.2) Opat and co-
workers [3] then extended these ideas to periodic arrays of magnetic fields to create
a surface-based mirror for reflecting beams of laser-cooled atoms (Figure 1.1a). As
slowly moving atoms in positive (or ‘low-field seeking’) magnetic states approach
the periodic magnetic structure they experience an exponentially increasing mag-
netic field, with decay length a/2π (where a is the period), and for sufficiently large
magnetic fields the atoms are repelled by the structure. A number of schemes [3]
were proposed for producing the periodic magnetic structures, including the use
of arrays of magnets of alternating polarity, periodic magnetic fields ‘recorded’ on
ferromagnetic substrates as in sound recording, and planar arrays of parallel wires
alternately carrying electric current in opposite directions. Methods for fabricating
the surface-based microstructures were suggested including lithographical tech-
niques used in the electronics industry.

The first magnetic mirror for cold atoms was realized in 1995 by Roach et al. [4]
by recording sinusoidal signals onto a magnetic audio-tape and observing the
retroflection of laser-cooled rubidium atoms from the recorded structure. Soon
after, Sidorov et al. [5] in Melbourne reported the retroreflection of cold cesium
atoms from a 2-mm-period planar array of Nd-Fe-B magnets of alternating polarity.
In 1997 the Sussex group demonstrated the focusing and multiple reflection of
cold atoms bouncing on a curved magnetic mirror made from a concave-shaped
floppy disk or video tape [6, 7].

One of the major challenges was to be able to scale the magnetic structures
down to micron-scale periods, in order to produce a hard mirror with very short
decay length and minimal finite-size effects. This problem was basically solved
when it was shown [8] that a grooved periodic magnetic structure produces a
magnetic field distribution that is essentially the same as that above an array of
magnets of alternating polarity. The Melbourne group subsequently demonstrat-
ed the specular reflection of cold atoms from a 1-μm-period magnetic mirror
constructed from micro-fabricated grooved structures coated with perpendicular-
ly magnetized film [9, 10]. The scaling down of the period to 1 μm represented
a significant advance in the miniaturization of surface-based atom optical ele-
ments.

In 1999 the Melbourne [11] and Harvard/Orsay/Gaithersburg [12] groups report-
ed a magnetic mirror for cold atoms constructed from a planar array of current-
carrying conductors lithographically patterned on a silicon wafer or a sapphire sub-

2) The beam of slowly moving polar molecules was produced in a gravity-assisted molecular beam
line experiment (GAMBLE).
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1.2 Historical Background 5

strate. A feature of this type of magnetic mirror is that the magnetic field may be
readily varied, switched or modulated by varying the current in the conductors.
Such magnetic mirrors were the first micro-fabricated surface-based optical ele-
ments for cold atoms and represented a significant step towards the development
of more sophisticated atom chips based on micro-fabricated current-carrying con-
ductors on a substrate [13–15].

In an earlier paper, Weinstein and Libbrecht [16] at CalTech had proposed various
planar current-carrying wire geometries for constructing microscopic electromag-
netic traps for cold atoms including the use of superconducting wire structures.
In 1998 Vuletíc et al. [17] and Fortágh et al. [18] in Munich demonstrated 3D mi-
crotraps for cold atoms based on a combination of electromagnets and permanent
magnets or current-carrying conductors, and Drndic et al. [19] at Harvard reported
the fabrication of micro-electromagnetic traps with geometries proposed in [16].
In 1999 the Munich group [20] reported the use of surface magnetic microtraps
based on a ‘U’-shaped wire quadrupole microtrap and a ‘Z’-shaped wire Ioffe–
Pritchard (IP) microtrap, with non-zero potential minimum to eliminate spin-flip
losses, for the trapping of cold atoms on a substrate. Soon after, other groups [21–
24] demonstrated the guiding of laser-cooled atoms by current-carrying wires, and
Davis [25] proposed the use of permanent magnetic structures as miniature wave-
guides to transport cold atoms on a substrate. In 2000 the Innsbruck group [26]
reported the trapping and guiding of cold atoms using a micro-fabricated circuit
on a substrate, which they called an ‘atom chip’. In the following year the Munich
group [27] demonstrated a magnetic conveyer belt for transporting and merging
cold atoms on an atom chip.

A major breakthrough came at the International Conference on Laser Spec-
troscopy in Snowbird in 2001 when Hänsel et al. [28] from Munich and Ott et al. [29]
from Tübingen simultaneously announced the realization of a Bose–Einstein con-
densate (BEC) of 87Rb atoms in a current-carrying magnetic microtrap on an atom
chip. The use of miniature magnetic microtraps allowed the scaling down of the
electric currents required to produce a BEC and the scaling up of the trap con-
finement and elastic collision rate, thus greatly simplifying and speeding up the
production of a BEC. In 2006 Aubin et al. ([30], Chapter 12) in Toronto realized a
degenerate Fermi gas of 40K atoms on an atom chip by sympathetic cooling with
ultra-cold 87Rb atoms.

One of the next big challenges was to see if it was possible to perform coherence
or interference experiments on ultra-cold atoms trapped on an atom chip at dis-
tances close to the surface (Chapters 4 and 5). In 2004 Treutlein et al. [31] in Munich
reported the coherent manipulation of two hyperfine states of ultra-cold 87Rb atoms
in a current-carrying magnetic microtrap, with coherence times exceeding 1 s. This
opened the way for Ramsey interferometry and miniature atomic clocks on an atom
chip ([32], Chapter 8). However, on-chip interferometry by spatially splitting the
condensate proved to be more challenging owing to difficulties of phase preserva-
tion and control of the condensate. In 2005 the MIT/Harvard groups [33] dynami-
cally split a condensate by deforming a single-well magnetic trap into a double-well
potential, but non-adiabatic evolution in a quartic potential during the splitting
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6 1 From Magnetic Mirrors to Atom Chips

process led to an unpredictable relative phase. A major breakthrough came when
the Heidelberg/Vienna group demonstrated a phase-preserving splitting scheme
based on RF-induced adiabatic potentials ([34], Chapter 7), which allowed accu-
rate control over the splitting process and the observation of reproducible inter-
ference fringes with a deterministic phase. In the same year the Boulder/Harvard
groups [35] achieved splitting, reflection, and recombining of condensate atoms in
a Michelson interferometer using a standing-wave light field in a waveguide on a
chip. In 2007 the MIT/Harvard groups [36] reported the observation of phase co-
herence between two separated BECs on an atom chip for times up to about 200 ms
after splitting the condensate. In 2009 the Munich group [37] demonstrated the co-
herent manipulation of BECs in a state-dependent potential with microwave fields
on an atom chip, allowing the on-chip generation of multi-particle entanglement
and quantum-enhanced metrology with spin-squeezed states [38] (Chapter 8).

Very recently, Deutsch et al. [39] in Paris have reported coherence times as long
as 58 s in a Ramsey interferometer experiment on 87Rb atoms trapped on an atom
chip. The long coherence times are interpreted in terms of a spin self-rephasing
mechanism induced by an identical spin rotation effect that occurs during collisons
in the forward direction between two identical particles [40]

In parallel developments Sinclair et al. [41] in London produced a BEC on a
permanent-magnet atom chip based on periodically magnetized videotape and Hall
et al. [42, 43] in Melbourne produced a BEC in a microtrap on a TbGdFeCo perma-
nent magnetic film atom chip. BECs have since been produced in microtraps on a
Co-Cr-Pt hard disk [44] and on a Fe-Pt magnetic foil atom chip [45]. In 2007 Whit-
lock et al. in Amsterdam [46, 47] constructed a 2D asymmetric magnetic lattice
with periods of 22 and 36 μm in orthogonal directions on a Fe-Pt film atom chip
and the Melbourne group [48, 49] constructed a 1D 10-μm-period magnetic lattice
on a TbGdFeCo film atom chip. Both groups demonstrated the loading of ultra-
cold atoms into multiple sites of the permanent magnetic lattice. Magnetic lattices
can be readily scaled to have a very large number of lattice sites and could form the
basis of storage registers for quantum information processing.

Superconducting wires offer the prospect of an extremely low noise environment
for trapped ultra-cold atoms. In 2006 Nirrengarten et al. ([50] and Chapter 10) in
Paris reported the trapping of ultra-cold atoms on a superconducting atom chip and
the following year Mukai et al. [51] in Tokyo demonstrated the trapping of atoms on
a persistent supercurrent atom chip. In 2008 the Paris group [52] realized a BEC
on a superconducting atom chip and the Tübingen group [53] demonstrated the
Meissner effect using ultra-cold atoms trapped by a superconducting wire on an
atom chip. The development of superconducting atom chips also opens the way to
new fundamental quantum physics experiments such as the coupling of a BEC to
superconducting loops [54].

Comprehensive review articles on magnetic mirrors, microtraps and atom
chips for ultra-cold atoms and quantum degenerate gases have been published
by Hinds and Hughes [55], Folman et al. [13], Reichel [14], and Fortágh and Zim-
mermann [15].
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1.3
Magnetic Mirrors for Cold Atoms

1.3.1
Basic Principles

We first consider an atom with magnetic dipole moment μ moving in an inhomo-
geneous magnetic field B(x , y , z). If the rate of change of the direction of B(x , y , z)
as seen by the moving atom is slow compared with the atom’s Larmor frequency,
then the orientation of μ can adiabatically follow the direction of the magnetic field
and the position-dependent interaction potential Uint(x , y , z) D �μ � B(x , y , z)
exerts a gradient or Stern–Gerlach force on the atom given by Fgrad D r(μ � B)
D �mF gFμBrB(x , y , z), where mF is the magnetic quantum number, gF the
Landé factor, and μB the Bohr magneton. Thus, atoms oriented in positive (or
low-field seeking) magnetic states (mFgF > 0) experience a negative force and
are repelled by an increasing magnetic field, while atoms in negative (or high-
field seeking) magnetic states (mFgF < 0) are attracted by an increasing magnetic
field.

We now consider the inhomogeneous magnetic field produced by a periodic ar-
ray of magnets having alternating perpendicular magnetization M(y , z) D CMz

and �Mz in the y direction with period a (Figure 1.1a). For an infinite array of long,
thick (t � a/2π) magnets of width a/2, the components and the magnitude of the
magnetic field above the array are given by [5]

By (y , z) D B0e�k z
�

sin k y � 1/3e�2k z sin 3k y C . . .
�

,

Bz(y , z) D B0e�k z
�

cos k y � 1/3e�2k z cos 3k y C . . .
�

,

jB(y , z)j D B0e�k z
�

1 � 1/3e�2k z cos 2k y C . . .
�

, (1.1)

where k D 2π/a, and B0 D 8Mz (Gaussian units) is a characteristic surface mag-
netic field. For distances z � a/4π, Eq. (1.1) reduce to�

By (y , z)I Bz(y , z)
� � hB0e�k z sin k y I B0e�k z cos k y

i
, jBj � B0e�k z .

(1.2)

Equation (1.2) indicates that for distances z � a/4π the magnitude of the mag-
netic field is no longer dependent on y and falls off exponentially with distance z,
with decay length k�1 D a/2π, while the direction of the magnetic field for a giv-
en distance z rotates in the y z-plane with period a as y varies (Figure 1.1a). Thus,
an atom in a weak-field seeking magnetic state moving adiabatically towards the
surface will be repelled by the exponentially increasing magnetic field, and if its
magnetic potential energy exceeds the kinetic energy with which it approaches the
surface the atom will be reflected. For a pure single-harmonic potential, Eq. (1.2)
holds for all distances z above the array. For an array of magnets of finite thick-
ness t, B0 in Eq. (1.2) is replaced by Bs D (1 � e�k t)B0 [10, 56]. The distance of
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Figure 1.1 Schematic diagram of (a) a magnetic mirror consisting of perpendicularly magne-
tized elements of alternating polarity, (b) a grooved perpendicularly magnetized microstruc-
ture [10].

closest approach to the surface for an atom of mass M dropped from height h is
z0 � (a/2π) ln(mFgF μBBs/M gh).

For small distances (z < a/4π) above the array, higher-order spatial harmonics
in Eq. (1.1) contribute a corrugation, which have a relative amplitude given to good
approximation by C � 1/3(M gh/mF gF μBB0)2 [56]. Such a corrugation leads to a
diffusive component in the reflected atoms with an angular spread Δθrms �

p
2C .

For a finite array of N magnets the magnetic field produced by the semi-infinite
array of ‘missing’ magnets on the left (right) hand side of the mirror (Figure 1.1a)
creates an effective magnetic field approximately the same as that of a magnet of
width a/4 centered at y D �N a/4 (CN a/4) [5]. Thus, by placing two magnets,
with width a/4 and opposite magnetizations, one at each end of the array, the
magnetic field above a large area of a finite array will mimic the field above an
infinite array.

Typical magnetic fields required to reflect cold atoms dropped from a height h D
20 mm range from 47 G for cesium to 2.5 G for lithium. The reflecting potential for
a magnetic mirror with a characteristic surface field of B0 D 4.2 kG (thick Nd-Fe-B
magnets) is 24 μeV (280 mK).

A magnetic mirror may be turned into a spatial diffraction grating, or a diffrac-
tive beam splitter, for slowly moving atoms by applying a uniform bias field B1z

(or B1y ) [3, 57]. For distances z � a/4π above the array, the components of the
magnetic field are given by expressions similar to Eq. (1.2) but with the addition
of B1z to the right-hand side of the Bz component. The magnitude of the magnetic
field is then given by

jB(y , z)j �
�

B2
1z C 2B1z B0e�k z cos k y C B2

0e�2k z
�1/2

. (1.3)

The second term in Eq. (1.3) is periodic in y, and may act as a spatial diffraction
grating, while the third (mirror) term dies away rapidly compared with the grating
term. This leads to the periodic corrugated pattern in Figure 1.11d.

A magnetic mirror may also be converted into a temporal diffraction grating, or
an ‘acousto-optic modulator’, for cold atoms by vibrating the magnetic structure or
applying an oscillating orthogonal magnetic field [58].
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1.3 Magnetic Mirrors for Cold Atoms 9

1.3.2
Experimental Realization of Magnetic Mirrors

1.3.2.1 Macroscopic Array of Rare-Earth Magnets of Alternating Polarity
To test the basic principles of the magnetic mirror, we first constructed a planar
periodic array of 18 1-mm-wide Nd-Fe-B magnets of alternating polarity, with a
0.5-mm-wide magnet at each end to compensate for end-effects [5]. Hall probe
measurements indicate that the By and Bz components above the array exhibit
a sine and cosine dependence on y, while the magnitude of the magnetic field
shows an exponential dependence on z, given by Eq. (1.2), with a D 2.06 mm and
B0 D 4.2 kG.

Time-of-flight (TOF) absorption measurements for laser-cooled cesium atoms
optically pumped towards the jF D 4, mF D C4i low field-seeking state and
dropped from a height h D 22 mm onto the magnetic mirror exhibit two peaks
(Figure 1.2). The first peak corresponds to atoms falling through the broad probe
beam and the second peak, which was recorded with the probe beam turned on af-
ter the falling atoms had passed, corresponds to atoms reflected from the magnetic
mirror. The relative intensities of the bounce and fall signals indicate a reflectivity
close to 100 %. Similar measurements taken for atoms optically pumped towards
the jF D 4, mF D �4i high field-seeking state exhibit only weak reflection, con-
firming that the observed reflection is magnetic in origin. Studies of the spatial
distribution of the incident and reflected atoms, by recording the transmission of
a broad probe beam in a CCD array, indicate that the reflection is predominantly
specular.

However, in order to produce a ‘hard’ magnetic mirror in which a cloud of atoms
with a spread of velocities are all reflected from approximately the same plane, mag-

Figure 1.2 Time-of-flight absorption mea-
surement showing the reflection of a beam
of laser-cooled cesium atoms normally inci-
dent on a magnetic mirror constructed from

a planar array of Nd-Fe-B magnets of alter-
nating polarity. The probe beam was turned
on before (dotted line) and after (solid line)
reflection from the mirror [5].
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10 1 From Magnetic Mirrors to Atom Chips

netic structures with much smaller periods, preferably on the scale of a micron, are
required.

1.3.2.2 Micro-Fabricated Grooved Magnetic Mirrors
The fabrication of an array of magnets of alternating polarity with periods down
to 1 μm presents a considerable technical challenge. Model calculations (e.g., Fig-
ure 1.10c) show that a grooved perpendicularly magnetized structure (Figure 1.1b)
produces a magnetic field distribution the same as that above an array of mag-
nets of alternating polarity (Figure 1.1a), but with the characteristic surface field B0

reduced by a factor of two [10]. Thus, the grooves behave as missing magnets of
opposite polarity to that of the tiny magnets in the protrusions. Grooved magnetic
structures may be readily fabricated with micron-scale periods and with excellent
surface topology using micro-fabrication techniques such as electron-beam litho-
graphy, photolithography, or reactive ion etching.

We have found that by using perpendicularly magnetized films, such as Co80Cr20

or Tb6Gd10Fe80Co4, deposited on a grooved non-magnetic substrate, it is possible
to fabricate high-quality magnetic structures with periods down to 1 μm [9, 10, 59].
Magnetic force microscopy (MFM) scans of the magnetic microstructures show
that the variation of Bz with y is approximately sinusoidal, even at distances very
close (z � 0.05 μm) to the surface. The sinusoidal shape at small distances is
attributed to rounding of the top edges of the groove walls, which reduces the con-
tribution of higher order spatial harmonics (Eq. (1.1)). The magnitude of the Bz

component is found to decrease exponentially with distance z, with decay length
a/2π. For grooved microstructures coated with ferromagnetic Co80Cr20 film [9, 10],
the MFM scans show evidence of domain structure in the regions above the pro-
trusions, with a size � 0.5 μm, while at distances greater than 0.5 μm the mag-
netic inhomogeneities have decayed away, consistent with a domain size of about
0.5 μm. Hysteresis loop measurements for the Co80Cr20 films exhibit a rhombo-
hedral shape with a coercivity of about 1 kOe and a remanent magnetization of
�25 % of the saturation magnetization (typical of Co80Cr20), indicating that not
all the domains remain oriented after the magnetizing process. The saturation
magnetization for Co80Cr20 is � 5 kG; so for grooved microstructures with a D
1 μm and t D 0.2 μm the characteristic surface field is estimated to be Bs �
280 G.

TOF absorption measurements for laser-cooled atoms dropped from a height
h D 18 mm onto 15� 15 mm2 Co80Cr20 magnetic microstructures show strong re-
flection signals similar to Figure 1.2. For Cs jF D 4, mF D C4i atoms incident on
an a D 1 μm microstructure the distance of closest approach is z0 � 0.3 μm. Mea-
surements of the spatial distribution of the atom cloud at different times before
and after reflection yield a value for the angular spread introduced by the reflection
from the grooved mirror of Δθrms D (16 ˙ 20) mrad. To reduce the uncertainties
further would require reducing the initial transverse velocity of the atoms, for ex-
ample, by collimating the atom cloud or by reducing the temperature in the x y
plane, or by extending the spatial distribution measurements out to much longer
times after the first reflection.
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The quality of the grooved magnetic microstructures could be improved, for ex-
ample, by using ferrimagnetic Tb6Gd10Fe80Co4 films [59] instead of the Co80Cr20

film. MFM images taken for Tb6Gd10Fe80Co4 films show excellent magnetic ho-
mogeneity, with no evidence of domain structure. Such films have a magnetization
4πMr � 2.8 kG, which for an a D 1 μm, t D 0.2 μm magnetic microstructure
gives a characteristic surface field Bs � 640 G. Our calculations indicate that for
the above parameters and using a small bias field to compensate end-effects and
stray magnetic fields it should be possible to reduce corrugations so that the angu-
lar spread Δθrms < 1 mrad. This type of grooved magnetic microstructure appears
to be the most promising approach to date for producing high-quality magnetic
mirrors with micron-scale periods.

Although it is possible to fabricate grooved magnetic mirrors with periods small-
er than 1 μm the incident atoms will then start to approach so close to the surface
that van der Waals forces and the Casimir–Polder force become significant [13],
(Chapters 4 and 5).

1.3.2.3 Micro-Fabricated Array of Current-Carrying Conductors
Magnetic mirrors based on periodic arrays of current-carrying conductors have a
number of features. Each element in the series array carries the same current and
hence produces the same magnetic flux, allowing the production of very flat mir-
rors, and the ability to control the current allows the magnetic field to be varied,
switched, or modulated.

For an infinite array of narrow wire conductors alternately carrying equal cur-
rents I in opposite directions, the components and the magnitude of the magnetic
field above the array are given by expressions similar to Eq. (1.1), but with a char-
acteristic surface field B 0

0 D 8πI/a and a geometrical coefficient of unity instead
of ‘1/3’ in the second-order term [11]. For a finite array of wires, the magnetic field
distribution above the array may approximate the infinite case by adding two com-
pensating wires each carrying half the normal current to the ends of the array at
half the normal spacing [11].

To demonstrate the principle of such a mirror we constructed an a D 330 μm
planar array of 42 parallel gold conductors with two compensating wires on the
ends (Figure 1.3) prepared on a silicon wafer by UV photolithography and electro-
plating techniques [11]. The gold conductors were 60 μm wide, 10 μm thick, and
8 mm long.

TOF absorption signals recorded for jF D 4, mF D C4i cesium atoms dropped
from a height h D 20 mm onto the current-carrying wire mirror when activated
with 3 A, 12-ms current pulses to coincide with the arrival of the falling atoms
indicate a reflectivity close to 100 %. When the duration of the current pulse is
reduced to much less than the spread of arrival times of the atoms, the TOF signal
sharpens significantly due to ‘velocity filtering’ in the vertical direction. Studies
of the dependence of the reflection signal on current through the wires show a
reflection threshold at 0.45 A, followed by three steeply rising regions which are
identified as representing the sequential reflection of atoms in the mF D C4 (and
C3), C2 andC1 magnetic states.
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12 1 From Magnetic Mirrors to Atom Chips

Figure 1.3 Photograph of the current-carrying wire mirror, consisting of a 330-μm-period array
of 42 parallel gold wires and two compensating wires on the end [11].

Studies of the spatial distribution of the reflected atoms indicate that at the pulse
current of 3 A, which corresponds to a characteristic surface field of B 0

0 D 230 G,
and without activating the compensating end-wires the reflection is predominantly
specular (Δθrms � 20 mrad), while at 1 A, corresponding to B 0

0 D 77 G, the reflec-
tion is much more diffuse (Δθrms � 120 mrad) as a result of atoms approaching
close to the surface where corrugations due to higher order spatial harmonics be-
come significant.

We estimate that it should be possible to reduce the period of the mirror by at
least an order of magnitude, thereby producing a ‘harder’ mirror and also a flat-
ter mirror by reducing corrugations due to end-effects. Model calculations for an
a D 30-μm mirror with 10-μm square wires carrying 3 A and with no compen-
sating end-wires indicate a relative corrugation C � 0.003 for h D 20 mm, giving
Δθrms � 4 mrad.

1.3.2.4 Magneto-Optical Recording of Magnetic Microstructures
Certain TbGdFeCo compositions, such as Tb15Fe79Co6, exhibit a relatively low
Curie temperature, allowing magnetic structures to be written with a focussed
laser beam in the presence of an external magnetic field. Such magneto-optical
recording offers the prospect of writing fine and also complex structures.

By mounting a pre-magnetized Tb15Fe79Co6 film on an optical diffraction rul-
ing engine and using a tightly focused diode laser beam in the presence of an
external magnetic field oriented in the opposite direction to the film magnetiza-
tion, magnetic microstructures have been written with linewidths down to about
1 μm and periods down to a � 2 μm [56]. The films are 0.18 μm thick and have
a Curie temperature of about 220 ıC, a room temperature coercivity of 1.1 kOe, a
remanent (perpendicular) magnetization 4πMr � 2.4 kG, and an estimated B0 �
100�200 G (for a D 2 μm). MFM images taken close to the surface of the ruled
structure indicate that the magnetization of the ruled lines is quite uniform; how-
ever the unruled regions exhibit striped domain patterns due to some break-up of
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the pre-magnetized regions during the recording process [56]. At larger distances
(� 0.5 μm) from the surface the magnetic field gradient due to the striped domain
patterns is found to have decayed away and the MFM scans become approximately
sinusoidal in the y direction, with an exponential fall off with distance z, with decay
length a/2π.

TOF absorption measurements of laser-cooled cesium atoms dropped from a
height h D 25 mm onto recorded magnetic structures exhibit strong reflection sig-
nals, and spatial distribution measurements of the reflected atoms indicate that the
reflection is predominantly specular. It should be possible to improve the specular-
ity by further optimization of the magneto-optical recording process and composi-
tion of the alloy.

1.4
The Magnetic Film Atom Chip

1.4.1
Background

Advances in photolithography and micro-fabrication techniques have led to the
development of miniature surface-based current-carrying elements for the pro-
duction of BECs and the precise manipulation of ultra-cold atoms, allowing the
construction and integration of networks of microtraps, waveguides, and inter-
ferometers on the surface of a substrate [13–15, 55]. Miniaturization and scaling
down the dimensions of atom traps allow the use of moderate electric currents
in order to produce large magnetic field gradients and curvatures and hence a
very tight confinement of atomic waves. These microstructures greatly increase
elastic collision rates and allow condensates to be produced in just a few seconds
of evaporative cooling.

Permanent magnetic materials may also be used to produce magnetic field con-
figurations that can trap, guide, and precisely manipulate neutral atoms [10, 25, 60].
In a ferromagnetic material the magnetic domains generate magnetic fields which
are equivalent to the fields produced by effective surface current loops flowing per-
pendicular to the magnetization vector around the domain edges. In a uniformly
magnetized film with perpendicular anisotropy all the domains are aligned in the
same direction and within the bulk the currents of neighboring domains cancel.
At the same time a net effective current flows around the perimeter of the film
with a magnitude given by the product of the magnetization and the film thickness
(Ieff D Mr� t). Using established micro-fabrication techniques such as photolitho-
graphy, vapor deposition, or laser ablation, arbitrary shapes of magnetic film can
be fabricated. As examples, a straight edge of a magnet in combination with a
uniform external magnetic field will generate a 2D quadrupole potential [10] and a
Z-shaped edge of a perpendicularly magnetized film will produce an IP magnetic
trap [61]. The use of integrated materials (magnetic films, microwires, and electric
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14 1 From Magnetic Mirrors to Atom Chips

field elements [62]) provides flexibility and extends the capability of integrated
atom optics devices.

Various technical limitations can affect applications of current microcircuits on
atom chips [13–15]. Large current densities are required to produce large magnetic
field gradients and this can lead to excessive heat generation, microwires pealing
off, and broken circuits. Current noise from power supplies increases heating rates
and limits the condensate lifetime. Johnson thermal noise radiated by a micro-wire
conductor leads to spin-flips which affect the BEC lifetime [63]. Permanent magnet-
ic microstructures can replace current microcircuits on atom chips and overcome
many of these problems.

Typical permanent magnetic films have a relatively large resistance and a thick-
ness less than 1 μm which suppress radiated thermal magnetic noise. It is expected
that permanent magnetic films will produce ultra-stable magnetic potentials and
low heating rates. Magnetic films with perpendicular anisotropy, which are used in
new-generation hard disk media, provide additional stability of the magnetic field
and allow finer magnetic microstructures.

1.4.2
BEC on a Magnetic Film Atom Chip

Permanent magnetic microstructures can produce quadrupole magnetic potentials
and with the use of external bias fields can allow adjustment of the position and
tightness of the trap. However, the capture volume of the traps is small and the
number of cold atoms trapped is not sufficient for efficient evaporative cooling. In
order to improve the efficiency of atom capture we combine the permanent mag-
netic film with current-carrying wires using a two-layer structure (Figure 1.4) [43].

An H-shape plus two end-wire structure was machined in a 0.5-mm-thick silver
plate and glued to a ceramic plate to form the bottom layer. The wires have a width
of 1 mm and can carry a continuous current of 30 A with an associated temperature
rise of no more than 40 ıC. The H-shape structure can be arranged for both U and
Z-shape currents for quadrupole and IP potentials, respectively.

The top layer of the chip is formed by two 300-μm-thick glass slides (40�23 mm2)
glued to the silver structure. High magnetic field gradients require a large effec-
tive surface current of the magnetic film and hence large values of the magnetiza-
tion Mr and/or thickness t. We choose to use ferrimagnetic Tb6Gd10Fe80Co4 films
which exhibit strong perpendicular magnetic anisotropy, an almost square hystere-
sis loop with a remanent magnetization 4πMr D 2.8 kG, a coercivity 4πHc D
4 kOe, and a Curie temperature TC � 300 ıC. The composition of the alloy is cho-
sen to be a compromise between the desire to have large magnetization, high coer-
civity, and high Curie temperature. One of the slides is coated with a 0.9-μm-thick
Tb6Gd10Fe80Co4 film (effective current 0.2 A). A long polished edge (Figure 1.4a)
together with a bias field generates a quadrupole radial potential. Parallel currents
in the two end-wires (separation 9 mm) provide axial confinement and conversion
to a 3D IP trap. Both slides are finally coated with a 100-nm-thick gold film.



�

�

Jakob Reichel and Vladan Vuletíc: Atom Chips — Chap. reichel7552c01 — 2010/12/2 — page 15 — le-tex

�

�

�

�

�

�

1.4 The Magnetic Film Atom Chip 15

Figure 1.4 Schematic diagram (a) and photo (b) of the magnetic film atom chip [42].

We use a four-beam mirror magneto-optical trap (MMOT) [20] with a quadru-
pole magnetic field (10 G/cm) provided by two coils located outside the UHV cham-
ber. Two of the laser beams are incident at 45ı and are reflected by the gold coating
of the chip. They are complemented by two counter-propagating horizontal beams.
The volume of the trap is determined by the 35 mm diameter of the laser beams,
and the center of the MMOT is located � 5 mm below the chip surface. The trap-
ping laser is detuned 18 MHz below the F D 2! F D 3 cycling transition in 87Rb
and has an intensity of 8 mW/cm2. The repumping laser is combined with the four
trapping beams and tuned to the F D 1! F D 2 transition.

The experimental cycle typically lasts 40 s and begins with the application of 6.5 A
current through a dispenser (Figure 1.4b) producing 87Rb atoms. About 5 � 108

atoms are collected in the MMOT in 10 s. We turn off the current through the
dispenser and allow another 25 s for the UHV vacuum to recover (to typically 2 �
10�11 Torr) before transferring the trapped atoms to the chip-based potentials. The
current through the external quadrupole coils is ramped down, the current through
the U-wire is ramped up to 8 A and the bias magnetic field raised to 7.3 G. This
procedure loads the rubidium atoms into the U-wire MMOT centered at 1.6 mm
from the chip. A 2-ms far-detuned (�56 MHz) cooling stage allows the temperature
of the atoms to be reduced from 140 to 40 μK. The trapping light and the U-wire
current are switched off and a 200-ms σC-polarized pulse tuned to the transition
F D 2 ! F D 2 optically pumps the atoms into the weak field-seeking state
jF D 2, mF D 2i in the presence of a bias field. A total of 4 � 107 atoms are loaded
into the mode-matched IP trap when a current of 21.5 A is applied to the Z-shaped
wire and the bias magnetic field is simultaneously increased to 13 G. The magnetic
trap is further compressed by ramping the Z-wire current up to 31 A and the bias
field up to 40 G. The compressed trap is located 550 μm from the film surface; the
radial and axial trap frequencies are 530 and 18 Hz, respectively, and the estimated
elastic collision rate is 160/s.

Evaporative cooling to the BEC transition proceeds in two stages. Firstly, RF cur-
rent is applied to the two end-wires (Figure 1.4a) and its frequency is logarithmi-
cally ramped down in 9 s to 1.15 MHz. The number of trapped atoms decreases to
2�106 while the temperature is reduced to around 3 μK. The atoms are then loaded
into the magnetic film trap by removing the current in the Z-wire and increasing
the bias field to 47 G. Radial confinement of the trap is provided by the edge of
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Figure 1.5 Measurements of the heating rate in a magnetic film microtrap located 210 μm from
the surface [64].

the permanent magnetic field of the film and axial confinement is provided by two
end-currents generated by an ultra-stable power supply. The frequency of a second
RF field is ramped for 2 s from 1.5 down to 0.73 MHz. At the end of the evaporative
cooling a BEC of typically 105 atoms is formed 100 μm from the surface. In order
to minimize the effect of the permanent magnetic field from the film in a TOF
expansion of the cloud we move the atoms to 1 mm from the film before releasing
them.

The heating rate of an ultra-cold atomic cloud captured in the magnetic film trap
210 μm from the film (radial frequency 120 Hz) was measured by TOF temperature
measurements after various hold times (Figure 1.5). The observed heating rate of
3.2 nK/s [64] is remarkably low, and is to be compared with the heating rate of
atoms in the Z-wire trap of 270 nK/s. The low heating rate is a promising feature
of the magnetic film atom chip.

1.4.3
Spatially Resolved RF Spectroscopy to Probe Magnetic Film Topology

Studies with atom chips based on current-carrying conductors have revealed that
ultra-cold atomic clouds can exhibit fragmentation along the axial direction, which
is related to the roughness of the wire surface and edges and to internal granular
structure of the conductor [65]. This roughness leads to small deviations in the cur-
rent path and correspondingly to a spatially varying axial magnetic field component
which corrugates the trapping potential.

We have studied quantitatively the fragmentation of ultra-cold 87Rb atoms on the
magnetic film atom chip using a combination of spatially resolved imaging and
RF spectroscopy of the atoms [66]. An atomic cloud was evaporatively cooled in the
Z-wire IP trap down to 5 μK, loaded into the magnetic film trap at four different
distances z0 D 57, 67, 87, and 115 μm from the film and allowed to expand axially
5 mm by decreasing the end-currents to 0.5 A. The narrow energy distribution of
the ultra-cold trapped atoms is greatly affected by small variations of the trapping
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1.4 The Magnetic Film Atom Chip 17

Figure 1.6 Absorption images of the atomic density in the elongated magnetic film trap located
67 μm below the film at different values of the cut-off frequency νf : (a) 1238 kHz, (b) 890 kHz,
(c) 766 kHz, (d) 695 kHz [66].

potential, and the spatial distribution of the atoms reveals small corrugations in
the potential [67]. A RF field is applied in a direction perpendicular to the quan-
tization magnetic field and its frequency is swept from 2 MHz down to a cut-off
frequency ν f ranging from 1.4 to 0.5 MHz. The atoms in the high energy tail of
the distribution are resonant with the RF field and are outcoupled to untrapped
states leaving a truncated Boltzmann distribution. The bias field is turned off after
the sweep, allowing the atoms to accelerate away from the film. The longitudinal
distribution is unperturbed during the 1 ms expansion and is optically imaged with
a spatial resolution of 5 μm. Variations in the axial extension of the cloud become
noticeable when νf is reduced below 1.3 MHz (Figure 1.6a). Reducing the cut-off
frequency further results in well-separated clumps of atoms which accumulate in
the lowest potential wells (Figure 1.6d).

For a quantitative analysis of the experimental data we use an expression for
the atomic density of a truncated Boltzmann distribution [66, 68] integrated over
coordinates y and z

n(x , �) D n0(x )
h
erf
�p

�
�
� 2

p
�/πe��(1C 2�/3)

i
, (1.4)

where the truncation parameter � is a function of the coordinate x, the cut-off
frequency νf, the temperature T, and the value of the magnetic field jBx (x )C B0j
at the bottom of the trap:

�(x , νf) D
�
mF hνf � mF gFμB jBx (x )C B0j

�
/ kB T . (1.5)

For each distance z0 from the film a set of RF spectroscopy measurements is
taken and the local value of the magnetic field at the coordinate x is extracted.
The r ms amplitude increases with distance z0 (measured in μm) according to the
approximate power-law (Figure 1.7)

Bx ,rms D 1.32 � 104 � z�1.85
0 [μT] . (1.6)



�

�

Jakob Reichel and Vladan Vuletíc: Atom Chips — Chap. reichel7552c01 — 2010/12/2 — page 18 — le-tex

�

�

�

�

�

�

18 1 From Magnetic Mirrors to Atom Chips

(a)

10

1

0.1

10080604020

B
x,
rm
s, 

μT

B
x,
rm
s 
, n

or
m

. u
ni

ts

Height z, µm
–20 –100 0 100 200

0.0

0.2

0.4

0.6

0.8

1.0

(b)
Distance y, µm

Figure 1.7 (a) Dependence of the magnetic-
field roughness Bx ,rms on height z. The solid
line was obtained using Eq. (1.5). (b) De-
pendence of the normalized field roughness

predicted by the model (Eq. (1.7)) on the
transverse coordinate y for heights 10 μm
(solid), 50 μm (dotted), and 100 μm (dashed
line) [66].

Stylus profilometer measurements indicate that the r ms roughness of the pol-
ished edge of the slide is around 10 nm over a 400-μm scale. The associated devi-
ations of the effective current path cannot explain (i) the large r ms values of the
corrugated axial magnetic field and (ii) the observed z�1.85

0 dependence. When the
cloud is positioned z0 D 50 μm below the magnetic surface substantial fragmen-
tation is observed. However, when it is positioned 50 μm below the non-magnetic
gold surface the density distribution exhibits a rather smooth profile. These obser-
vations indicate that the random component of the magnetic field originates from
the bulk of the magnetic film as a result of inhomogeneous magnetization and not
from variations of the film edge.

We have developed a model [66] to study how the variations in the film mag-
netization generate a random magnetic field. For white-noise fluctuations in the
magnetization the r ms amplitude of the magnetic noise is

Bx ,rms D
r

3
π

μ0 t d0ΔM
16z2

r
1C 15

8
α � 5

4
α3 C 3

8
α5 , (1.7)

where α D y/
p

y 2 C z2, t is the film thickness, d0 is the characteristic feature size
of the domains, and ΔM is the r ms value of the magnetization variations. Below
the edge of the film (y D 0) the model predicts that the random magnetic field
decays with a z�2

0 dependence which is consistent with the observed z�1.85˙0.3
0 de-

pendence. This is slower than the z�2.5
0 decay of a corrugated field below current-

carrying microwires [69, 70]. The model predicts an even faster decay of the ran-
dom component for y < 0 (Figure 1.7b). Using the experimental r ms values and
a characteristic domain size d0 � 5 μm we estimate the level of inhomogeneity
ΔM/Ms ' 0.3, where Ms is the saturation magnetization of the TbGdFeCo film.
If we assume the inhomogeneity originates from reversal of a small number of
domains and assume a binomial distribution of the reversal then the mean mag-
netization is about 0.9Ms.

The observed magnetic inhomogeneity in the TbGdFeCo films is attributed to
some deterioration during vacuum bake-out (140 ıC for 4 days) of the magnetic
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1.4 The Magnetic Film Atom Chip 19

film atom chip. It was found that such deterioration can be avoided by maintaining
the temperature below 100 ıC.

1.4.4
Adiabatic Splitting of a BEC for Asymmetric Potential Sensing

The idea of using adiabatic splitting of a BEC for sensing asymmetric potentials is
based on the assumption that during an adiabatic splitting process the fractional
number of atoms in each well of a double-well potential is proportional to the po-
tential difference between the bottoms of the wells as long as the chemical potential
is larger than the barrier height [71]. The situation is similar to two coupled pools
of superfluids which have the same level of fluid and the deeper pool will contain
more fluid than the shallower pool.

Studies of the magnetic field topology in Section 1.4.3 revealed a double-well
structure near the center of the film (x � 0, Figure 1.6c,d) with very similar char-
acteristics for both wells. One of the features of the random nature of the corrugat-
ed magnetic field is that the Fourier components decay exponentially with height
and the short-wavelength components decay much faster than the long-wavelength
components. As a result the barrier between the two wells decreases substantially
when the atomic cloud is moved away from the film and the double-well structure
merges into a single well.

Using various values of the bias field an ultra-cold cloud is positioned at different
heights, and the 1D spatial distribution of the atoms is probed by optical imaging.
The cloud temperature is measured by TOF expansion. The spatial dependence of
the trapping potential is determined from the Boltzmann distribution law V(x ) D
�kBT ln(n(x )) and the double-well parameters (separation and barrier height) are
extracted by fitting the measured potential to a model potential [64]. For a bias field
of 2.6 G the coalescence point is located 175 μm from the film. Increased values of
the bias field move the trap closer to the surface and split it into a double well in the
longitudinal (x) direction. The measurements show that the barrier height can be
adjusted from sub-kHz up to 100 kHz and the well separation can be up to 180 μm.

Accurate knowledge of the double-well potential was used for precise control of
the splitting of the BEC. The splitting process and the associated distribution of
atoms between the two wells are extremely sensitive to the presence of any asym-
metry component Δ between the bottoms of the two wells [71]. In such a case the
number of atoms in the deeper well is greater than in the shallower well and is
determined by the trap frequencies of both wells (by sheer accident these param-
eters defined by the corrugated potential are almost identical) as well as external
magnetic fields or gravity gradients. An asymmetric potential can be either com-
pensated or intentionally introduced by applying a current imbalance between the
end-wires on the chip (Figure 1.4a). A calibration of the applied potential asym-
metry was carried out using RF spectroscopy [71]. Two BECs separated by 170 μm
are initially produced in a symmetric double-well potential with a barrier height of
several kHz. A large current imbalance of 1 A is introduced in the end-wires for a
duration of 500 ms, thereby tilting the wells. A 1-ms RF pulse of variable frequency
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Figure 1.8 Outcoupling of atoms from two condensates in an asymmetric double well as a
function of RF frequency [71].

νf is applied to resonantly outcouple those atoms from either well that are resonant
with the RF field (hνf D μBgFB). Optical imaging of the remaining atoms provides
a measure of the number of outcoupled atoms as a function of νF (Figure 1.8). The
resulting spectra yield an applied magnetic potential gradient of 32 Hz/μm for the
current imbalance of 1 A.

A small condensate of 46 000 atoms is produced in a single well 175 μm from the
film. A calibrated asymmetric potential is then applied via a current imbalance in
the end-wires that is variable between ˙120 mA. The bias magnetic field is slow-
ly increased (over 2 s) between 2.5 and 2.7 G, splitting the condensate axially by
70 μm in the double well located 155 μm from the film. At this position the barrier
height is about 25 % of the chemical potential. At the end of the adiabatic split-
ting the bias field is quickly increased (over 10 ms) to ramp the barrier above the
chemical potential and to preserve the fractional distribution of the atoms. Absorp-
tion imaging determines the fractional number of atoms for various values of the
applied calibrated asymmetry (Figure 1.9). The shot-to-shot noise level of 2.8 % pro-
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Figure 1.9 Measurements of the fractional number difference (circles) in the two wells as a
function of the applied potential asymmetry. Solid line represents a linear fit [71].
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1.4 The Magnetic Film Atom Chip 21

vides a single-shot sensitivity of 17 Hz for the potential well energy imbalance for a
70 μm separation. This method of measuring the fractional distribution of atoms is
suitable for the construction of sensors of gravitational field gradients. The demon-
strated single-shot sensitivity to analogous changes in gravity is δg/g D 2 � 10�4

for a 70 μm separation [71] which corresponds to an 8-nm height difference be-
tween the two wells. At present the demonstrated sensitivity to potential gradients
is well below the sensitivity of free-space atom interferometers [72] but surpass-
es the sensitivity of on-chip BEC interferometers which are currently limited by
relatively short decoherence times.

1.4.5
Spatially Inhomogeneous Phase Evolution of a Two-Component BEC

Accurate knowledge of the phase of matter waves is an important factor in study-
ing BEC coherence, and in potential future applications of BEC interferometers.
We have studied the relative phase evolution of an elongated two-component BEC
composed of the jF D 1, mF D �1i and jF D 2, mF D 1i hyperfine ground states
of 87Rb atoms [73], magnetically trapped on an atom chip [43]. These two states
are particularly attractive for trapped-atom interferometry because the first-order
Zeeman shift between them is canceled at a magnetic field of 3.23 G. To improve
the relative phase detection we developed an imaging technique to simultaneous-
ly measure the column density of each hyperfine state during TOF expansion [73].
Our dual-state detection produces sub-percent uncertainty in the measured relative
population while preserving the spatial mode of each state.

We prepare a condensate in a superposition of the two hyperfine states and in-
terrogate the relative phase evolution using two-photon microwave-radiofrequency
Ramsey interferometry. The inter- and intra-state scattering lengths have slightly
different values and, as a result, the prepared superposition is in a non-equilibrium
state [74], leading to undamped collective oscillations and complex spatial modes
of each component. We focus [73] on the dynamics of the relative phase along the
direction of weak (axial) confinement. The relative phase begins (after the first π/2
pulse) spatially uniform, then becomes inhomogeneous along the axial coordinate,
varying by 1.9π across the condensate after 90 ms of evolution.

The second π/2 pulse converts spatial variations of the relative phase into spatial
variations of the atomic density of each state. The time dependence of the relative
phase is accompanied by interference in space and, as a result, spatial fringes ap-
pear in the absorption images (Figure 1.10) and change with the evolution time.
The spatial dependence of the relative phase leads to inhomogeneous dephasing of
the condensate wavefunction along the axial direction, and we observe a relatively
fast decay of the Ramsey interference fringes (decay time �70 ms). We emphasize
that, under our conditions, inhomogeneity of the relative phase of the condensate
wavefunction is the dominant mechanism for the loss of the Ramsey fringes, rather
than decoherence due to coupling to the environment or quantum phase diffusion.

Our observations of the spatial evolution of the relative phase and the inhomo-
geneous dephasing of the condensate wavefunction are well described by a mean-
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Figure 1.10 Single shot absorption images
of the condensate in the state jF D 2, mF D
C1i taken after 20 ms of free fall and expan-
sion with varying Ramsey interferometry time
(in ms). Application of the second π/2 pulse

locally converts the relative phase into atom
number density and leads to the appearance
of spatial fringes along the z (axial) coordi-
nate [73].

field formalism and supported by numerical solutions [73] of the coupled Gross–
Pitaevskii equations for both components with decay terms corresponding to inter-
and intra-state many-body loss mechanisms.

1.4.6
BEC on Other Permanent-Magnet Atom Chips

A number of permanent-magnet atom chips constructed from different types of
magnetic media have been used for the production of BECs. The group at Imperial
College, London [41] have used 3.5-μm-thick videotape with a sinusoidal pattern of
in-plane magnetization. The pattern has a period of 106 μm and provides a surface
magnetic field of 110 G, and in combination with a bias field of 1 G forms an ar-
ray of waveguides 80 μm from the surface. 87Rb atoms are initially trapped in the
MMOT, loaded into an H-shape IP magnetic trap, further cooled via RF evapora-
tion, and then loaded into the videotape microtrap with trap frequencies of 450 Hz
(radial) and 15 Hz (axial) at a temperature of 10 μK. Further evaporative cooling in
the permanent-magnet microtrap produces a condensate with about 8 � 104 ru-
bidium atoms which is detected via anisotropic TOF expansion in free-flight or in
the appearance of a bimodal distribution in a 1D waveguide expansion. Studies of
axial center-of-mass motion and a breathing mode revealed decaying oscillations
with a damping time of 180 ms which was associated with a slight roughness in
the magnetic potential. The material of the videotape exhibits insulating properties
and should lead to a strong suppression of spin-flips due to thermal Johnson noise.
Measurements of the thermal cloud lifetime demonstrated long lifetimes ranging
from 15 to 35 s at distances of 15 and 40 μm below the surface.

The group at MIT [44] have used a prototype hard-disk medium consisting of a
23-nm-thick Co-Cr-Pt-based oxide layer with perpendicular anisotropy and a 200-
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nm-thick magnetically soft underlayer with a total magnetization of 470 emu/cm3.
A pattern with alternating magnetization of period 100 μm was written on the mag-
netic substrate. Ultra-cold atoms were loaded into a single microtrap in which axial
confinement was accomplished by a Z-shape wire located below the disk. RF evapo-
ration led to the production of 50 000 condensed atoms in the permanent magnetic
microtrap with trap frequencies of 390 Hz (radial) and 9 Hz (axial). Optical imag-
ing revealed a bi-modal distribution with a condensate fraction >80 %. A lifetime of
�30 s was reported for a height 40 μm above the surface. Tight radial confinement
with a frequency of 16 kHz was demonstrated with a smaller period (10 μm) of the
written structure. During 1D expansion of the BEC in a waveguide a break-up of
the atomic cloud was detected at distances closer than 40 μm. This break-up is as-
sociated with perturbations of the axial magnetic confinement due to variations in
the magnetic moments of domains and edge-effects during writing of the periodic
magnetic structure.

The group in Amsterdam [45] have constructed a permanent-magnet atom
chip consisting of in-plane magnetized 40-μm-thick Fe-Pt foil with a machined
F-shaped self-biased IP trap with frequencies of 11 kHz (axial) and 30 Hz (radial) at
180 μm from the surface. The permanent magnetic trap was loaded by transport-
ing atoms from a quadrupole magnetic trap by a combination of external magnetic
fields. RF spectroscopy was employed to analyze the cloud temperature and the
atomic distribution in the trap and to observe the onset of Bose condensation in
situ without expansion from the trap.

1.5
Permanent Magnetic Lattice on a Magnetic Film Atom Chip

1.5.1
Background

Optical lattices have been used extensively to manipulate and control periodic ar-
rays of ultra-cold atoms and quantum degenerate gases [75], for example, in studies
of low-dimensional quantum gases [76, 77], quantum tunneling experiments such
as the superfluid to Mott insulator quantum phase transition [78] and experiments
on BECs in disordered potentials such as Anderson localization [79, 80]. Optical
lattices also have potential application in quantum information processing since
they can provide storage registers for qubits based on neutral atoms [81, 82].

An alternative approach for producing periodic lattices for ultra-cold atoms is
based on periodic arrays of permanent magnetic microstructures on a magnetic
film atom chip [49, 83, 84] using the magnetic micro-structure technology devel-
oped for magnetic mirrors [9, 10]. Simple 1D magnetic lattice structures consisting
of arrays of 2D traps have been proposed [55, 83] and constructed using current-
carrying conductors [85] and video tape [86], though loading of atoms into mul-
tiple lattice sites was not demonstrated. 2D lattices of magnetic microtraps with
non-zero potential minima have been proposed based on crossed arrays of current-
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carrying conductors plus bias fields [87, 88] and on crossed arrays of perpendicular-
ly magnetized grooved films plus bias fields [83]. Other geometries for constructing
2D magnetic lattices have also been proposed, including a single layer of period-
ic arrays of square-shaped magnets with three different thicknesses [83, 84] and
periodic arrays of patterned asymmetric Z-shaped structures [46].

Permanent magnetic lattices have some distinctive characteristics. They have
highly stable, reproducible potentials, low technical noise, and extremely low heat-
ing rates. They can have large barrier heights and large trap curvature, leading to
high trap frequencies. They can be constructed with a wide range of periods, down
to about 1 μm, and can have tailored complex potentials. They can be readily scaled
to have a large number of lattice sites, for example, a 1-μm-period 10 � 10 mm2

2D lattice has 108 sites, which could be very useful as a storage register for quan-
tum information processing. They are static and not dynamic; however they can be
used in conjunction with current-carrying wire traps to load atoms into the lattice.
The atoms need to be prepared in low-field seeking states in order to be trapped,
allowing RF evaporative cooling in situ and the use of RF spectroscopy. Finally, per-
manent magnetic lattices are suitable for integration onto an atom chip and for
devices. Thus, magnetic lattices may be considered to be complementary to opti-
cal lattices, in much the same way as magnetic traps and optical dipole traps are
complementary.

1.5.2
Basic Principles

1.5.2.1 One-Dimensional Magnetic Lattice
We first consider the simple case of a 1D magnetic lattice, similar to the periodic
grooved magnetic mirror described in Section 1.3 but with the addition of bias
fields B1x and B1y (Figure 1.11). For an infinite 1D magnetic array with period a,
film thickness t and perpendicular magnetization, the components of the magnetic
field for distances z � a/4π above the array are given by [83]�

Bx I By I Bz
� D hB1x I B0y e�k z sin k y C B1y I B0ye�k z cos k y

i
, (1.8)

where k D 2π/a, B0y D B0(1� e�k t)ek t and B0 D 4Mz (Gaussian units).
The potential minimum (trap bottom), trap height, barrier heights, and trap fre-

quencies (for a harmonic potential) are given, respectively, by [83]

Bmin D jB1x j , zmin D a
2π

ln
�

B0y

B1y

�
, ΔB y D

�
B2

1x C 4B2
1y

�1/2 � jB1x j ,

ΔB z D
�

B2
1x C B2

1y

�1/2 � jB1x j , ω y D ωz D 2π
a

�
mFgF μB

M jB1x j
�1/2

jB1y j .
(1.9)

All of these quantities may be controlled by the bias fields B1x and B1y .
Figure 1.11c–e shows numerically calculated contour plots of the magnetic fields

for a finite 1D magnetic lattice and the parameters given in the caption. With no
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Figure 1.11 (a, b) 1D periodic array of par-
allel magnets with perpendicular magnetiza-
tion. (c–e) Numerically calculated contour
plots of the magnetic field in the central re-
gion in the y0z plane with (c) no bias fields,

(d) B1y D �15 G, and (e) B1x D �20 G,
B1y D �15 G. 1001 magnets, a D 1 μm,
t D 0.05 μm, lx D 1000.5 μm, and
4πMz D 3.8 kG [83].

bias fields (Figure 1.11c), the magnitude of the magnetic field falls off exponen-
tially with distance z, representing the simple case of a magnetic mirror [9, 10] as
described in Section 1.3.1. With the addition of B1y D �15 G (Figure 1.11d), the
magnetic field develops 2D magnetic traps with zero potential minima; this config-
uration can give rise to spin-flips and is not suitable as a lattice for trapping atoms.
With the addition of B1x D �20 G and B1y D �15 G (Figure 1.11e), the magnetic
field has 2D magnetic traps with non-zero potential minima, where the trap bottom
is given by jB1x j.

1.5.2.2 Two-Dimensional Magnetic Lattice
We now consider a 2D magnetic lattice produced by two crossed periodic arrays of
parallel magnets, thicknesses t1 and t2, separated by a small distance s (< a/2π),
and with bias fields B1x , B1y (Figure 1.12a) [83]. For an infinite symmetrical 2D mag-
netic lattice, the trap minimum, trap height, barrier heights, and trap frequencies
(for a harmonic potential) are given, respectively, by

Bmin D c1 jB1x j , zmin D a
2π

ln
�

c2B0x

B1x

�
, ΔB x D ΔB y D c4jB1x j ,

ΔB z D c5 jB1x j , ωx D ω y D ωzp
2
D 2π

a

�
mF gFμBc3

M jB1x j
�1/2

jB1x j ,
(1.10)
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Figure 1.12 (a) 2D periodic array consist-
ing of two crossed layers of parallel magnets
with perpendicular magnetization. (b) 3D
plot of the magnetic field. 2 � 1001 magnets,

a D 1 μm, t1 D 0.322 μm, t2 D 0.083 μm,
lx D ly D 1000.5 μm, 4πMz D 3.8 kG, B1x D
�4.08 G, B1y D �6.05 G, B1z D �0.69 G,
νx D ν y D 232 kHz, νz D 329 kHz [83].

with the constraint B1y D c0B1x for a symmetrical lattice. In Eq. (1.10), B0x D
B0(1 � e�k t2)ek(sCt1Ct2) and the c i ’s are dimensionless constants involving only
the geometrical parameters a, s, t1 and t2 of the magnetic arrays, given in [83]. All
of the quantities in Eq. (1.10) may be controlled by the bias field B1x . Figure 1.12b
shows the numerically calculated magnetic field for a finite 2D magnetic lattice and
the parameters given in the caption.

1.5.2.3 Permanent 1D Magnet Lattice for Ultra-Cold Atoms
We have constructed a 1D magnetic lattice with period a D 10 μm and dimensions
10� 10 mm2 of perpendicularly magnetized Tb6Gd10Fe80Co4 magneto-optical film
deposited on a grooved silicon wafer which was microfabricated by reactive ion
etching [49]. The magnetic microstructure is coated with a reflecting gold film for
use in a MMOT and mounted on an atom chip, similar to that described in Sec-
tion 1.4. Beneath the atom chip is a silver plate which was machined to provide a
U-wire for a quadrupole trap and 5-mm-long and 30-mm-long Z-wires for IP traps,
which are required for loading the permanent magnetic lattice. The atom chip is
mounted in the UHV chamber with the permanent magnetic microstructure fac-
ing down.

About 108 87Rb atoms are cooled and trapped in the MMOT and transferred
to a compressed MOT produced by the U-current plus a bias field B1x D 7 G.
The atoms are further cooled through polarization gradient cooling and optically
pumped to the jF D 2, mF D C2i low-field seeking state. The 5 mm-long Z-wire
trap is then turned on, the wire current slowly ramped up to 35 A, and the bias field
is simultaneously ramped up to B1x D 40 G. In this way about 5 � 107 atoms at a
temperature of about 200 μK are transferred to the Z-wire trap. After waiting for the
trapped atoms to thermalize, the atoms are RF evaporatively cooled to about 0.4 μK
to create a BEC in the Z-wire trap about 250 μm below the chip surface where the
magnetic field from the permanent magnetic microstructure is negligible. The y-
bias field is then ramped up to B1y D 30 G with B1x D 15 G (trap bottom) to create
a 1D magnetic lattice of 2D traps which overlaps the atom cloud. The barrier height
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(i)

(ii)

(a) (b)

Figure 1.13 (a) Absorption image of atoms re-
leased from the magnetic lattice after (i) 4 ms
and (ii) 16 ms time of flight. The broken struc-
ture in (i) is due to non-uniform reflection of
the imaging beam from the grooved structure;

(b) Number of atoms remaining in the mag-
netic lattice as a function of hold time. The
solid line represents an exponential fit to the
data points with a decay time of 0.45 s [49].

is typically 1.2 mK. About 45 % of the atoms are then transferred adiabatically from
the Z-wire trap into the magnetic lattice.

After loading about 5 � 105 87Rb atoms at 15 μK from the 5-mm-long Z wire
trap into the 10 � 10 mm2 magnetic lattice, absorption images taken after 14 ms
TOF indicate that atoms are trapped in about 150 of the 1000 lattice sites at an
estimated 4 μm from the chip surface (Figure 1.13a). It should be possible to trap
in most of the 1000 lattice sites by loading from the 30-mm-long Z wire trap. By
releasing the atoms from the magnetic lattice (by switching off B1y ), the lifetime
of the trapped atoms is found to be 0.45 s (Figure 1.13b). With our current pixel
image resolution of 9 μm it is not possible to resolve atoms in the individual lattice
sites of the a D 10 μm magnetic lattice.

Using parametric heating, the radial trap frequencies were found to range up to
νrad D 90 kHz. A small amount of axial confinement, νaxial � 1 Hz, is provided
by the magnetic field from the surrounding magnetic film. The temperature of the
trapped atoms in the magnetic lattice was determined by RF spectroscopy to be
greater than 150 μK, which is much higher than the temperature, �6 μK, deter-
mined from TOF expansion, due to adiabatic compression in the tightly confining
magnetic microtraps. We note that the magnetic lattice microtraps are currently
highly elongated (νrad/νaxial � 5 � 104), so that the trapped clouds resemble a
1D Bose gas, in which thermalization and hence evaporative cooling is extreme-
ly inefficient [77]. In a recent series of experiments [89], we have implemented
controllable axial confinement by means of a Z-wire current and have optically
pumped the F D 2, mF D C2 atoms into the F D 1, mF D �1 weak-field seek-
ing state in order to reduce three-body recombination losses. With an aspect ratio
νrad/νaxial � 40, we have been able to load � 5 � 105 atoms into 10 μm-period
magnetic lattice and, after evaporative cooling, to reach temperatures of about 2 μK
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with a trap lifetime of�10 s. This should allow us to reach quantum degeneracy in
the individual magnetic lattice sites and to generate multiply arrays of condensates.

In order to perform quantum tunneling experiments in the magnetic lattice it
will be necessary to reduce the lattice period down to a � 2�4 μm.

1.5.2.4 Other Permanent Magnetic Lattices
The group in Amsterdam [47] have recently realized a 2D array of microtraps above
multiple Z-shaped patterns microfabricated in a 300-nm-thick Fe-Pt film (Mr D
670 kA/m). The magnetic lattice of ultra-cold 87Rb F D 2, mF D 1 atoms (periods
22 μm and 36 μm in orthogonal directions) was produced 10 μm above the surface
with very tight confinement (radial and axial frequency 13.4 kHz). Atoms from a
macroscopic Z-wire trap were loaded into more than 500 traps and individual traps
were optically resolved. Three-body recombination losses were used to characterize
the number and temperature of the atoms in the individual traps and show the
onset of BEC in 70 sites. However, the average condensate fraction is less than
0.1 which is attributed to the very tight confinement. Transport of the atoms over
several lattice sites in one direction and back was demonstrated. A focused laser
beam was used to empty one site and move it over several periods. These studies
are promising for building a scalable quantum information processor based on
neutral-atom permanent-magnet chips.

1.6
Summary and Conclusions

After almost two decades since the initial ideas of surface-based magnetic optical
elements for ultra-cold atoms were proposed, the use of atom chips for produc-
ing and manipulating clouds of ultra-cold atoms and quantum degenerate gases
on a substrate has evolved into a very active new area of research. Atom chips al-
low the construction and integration of miniature networks of magnetic micro-
traps, waveguides, and interferometers into a single device. The combination of
permanent magnetic materials with dynamic current-carrying conductors to pro-
duce complex magnetic field configurations offers a promising way of construct-
ing stable low-noise atom chips with micron-scale elements. Such devices have a
wealth of potential future applications as trapped-atom interferometers, sensors
of potential gradients, chip-based atomic clocks, microsensors of magnetic field
topology and storage registers for quantum information processing.
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