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Abstract. We report the results from a series of experiments in which ferromagnetic thin films were used
as atom mirrors for laser-cooled rubidium atoms released from a magneto-optical trap. The thin films
were made of cobalt and lanthanum calcium manganite (LCMO) with thicknesses between 20 and 300 nm.
The magnetic domains in these thin films have a periodic structure where the spatial period is of the
order of the thickness of the film, and the field decays exponentially above the film over a length scale
comparable to the domain size. Thus, the neutral atoms reflect off these films from distances comparable
to the thickness of the film, resulting in modification of the reflectivity due to the competition between the
repulsive magnetic force and the attractive short-range forces such as van der Waals and Casimir forces.
The smoothness of the atom mirror is also modified due to the proximity of the magnetic domains. The
reflectivity is sensitive to the domain structure and size, which can be modified in LCMO by applying
a modest external magnetic field. In this paper, we discuss the evaluation of the thin films as magnetic
mirrors for atom optics, and the measurement of the van der Waals force with an accuracy of about 15%,
using cobalt thin films. We also discuss some preliminary results on the temperature-dependent reflectivity
for atoms near the ferromagnetic transition at 250 K in the LCMO film, and on the domain dynamics and
relaxation.

PACS. 03.75.Be Atom and neutron optics – 32.80.Pj Optical cooling of atoms; trapping – 34.50.Dy
Interactions of atoms and molecules with surfaces; photon and electron emission; neutralisation of ions –
75.70.-i Magnetic properties of thin films, surfaces, and interfaces

1 Introduction

Laser-cooled neutral atoms and Bose-Einstein condensates
have emerged as convenient and sophisticated tools for a
multitude of experiments and measurements pertaining to
fundamental physics as well as applications. Developments
in laser cooling and trapping, atom optics and atom in-
terferometry have made atomic samples and beams highly
versatile and flexible, surpassing the role of light in some
areas, as probes and tools for precision experiments. The
development of various atom-optical elements is an inte-
gral part of this progress.

In this paper, we focus on reflective mirrors for cold
atoms based on ferromagnetic thin films, and discuss the
measurements undertaken to evaluate magnetic thin films
as atom mirrors for atom optics, and the experiments
that exploit their novel properties for measurement of the
van der Waals force on atoms in their ground state near
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a conducting surface [1]. Since the properties of ferromag-
netic thin films made of various materials are of particular
interest to condensed-matter physics, we also discuss some
preliminary results on using atom-optics techniques to ob-
tain information on the ferromagnetic transition, micro-
scopic domain dynamics, and domain relaxation to equi-
librium [2].

An atom mirror is the most basic component for atom
optics, and much effort has been spent during the past
two decades to develop and improve atom mirrors for
reflecting cold atoms. Atom mirrors have been realised
by creating repulsive interaction potentials either through
electric-dipole coupling with a blue detuned evanescent
wave [3–5] or magnetic-dipole coupling with an exponen-
tially attenuated magnetic field created above a surface
with an alternating magnetic pattern [6,7]. Both types of
atom mirror have been used as basic tools for the precision
measurement of atom-surface interaction [1,8]. Magnetic
atom mirrors have some advantages over the evanescent-
wave atom mirrors due to the absence of any perturbation
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from spontaneous emission, and due to their passive sta-
bility. In addition, surface engineering can be performed
with great flexibility, in various shapes over large areas,
unlike cases in which an evanescent optical field is used.

The magnetic atom mirror for cold atoms was first pro-
posed by Opat et al. [6], and employed a periodic magnetic
structure. The magnitude of the magnetic field above a pe-
riodic magnetic structure decreases exponentially, with a
decay constant related to the magnetisation periodicity.
An atom in a magnetic field of magnitude B has a mag-
netic dipole interaction energy U = −µζB, where µζ is
the projection of its magnetic moment onto the field di-
rection. In the case of experiments with slow atoms, the
magnetic moment of the atoms follows the field direction
adiabatically. In the regime of adiabaticity and the linear
Zeeman effect (when the field is less than about 300 G),
85Rb atoms in the positive mF gF states are repelled by
the quantised Stern-Gerlach force (−∇U) arising from
the strong gradient of the magnetic field above the sur-
face. Magnetic atom mirrors have been realised by making
the magnetisation alternate in sign on an audio tape [9],
floppy disk [10], video tape [11], using array of perma-
nent magnets [12], array of current carrying wires [13],
cobalt single crystal [14] and fabricated magnetic micro-
structures [15,16]. These mirrors are mostly used in mod-
ern atom optics where high reflectivity and smoothness
are desired.

In this article, we report on several experiments that
employ a new kind of magnetic atom mirror made of mag-
netic thin films [1,2]. Ferromagnetic thin films have nat-
urally periodic patterns of alternating magnetisation, in
the form of stripes of magnetic domains, with periodicity
on the order of the thickness of the film. Even though
these domains are not parallel and straight over large
length scales, their alternating nature over small scales
makes them physically resemble the periodic magnetisa-
tion pattern present in structured artificial magnetic atom
mirrors. The magnetic field decays exponentially over the
surface of the film, with a decay length comparable to
the thickness of the film. Therefore, good reflectivity for
cold atoms with a magnetic moment is expected when
relatively thick films are used as mirrors, in which case
the attractive atom-surface force is negligible. For thin
films, with thicknesses of about 100 nm or less, the clos-
est approach of the atoms to the surface before reflection
is also about 100 nm or less, and the atom-surface force
becomes appreciable. The surface field of such a thin film
is about 2 kG and the gradient is sufficient to compete
with the attractive atom-surface interaction to reflect a
significant fraction of the atoms. Due to the proximity
to the magnetic domains, the field and thus the mirror
are highly corrugated, which increases the divergence of
the reflection, although such mirrors are suitable for the
precision measurement of atom-surface interactions such
the Casimir-Polder and the van der Waals force. We dis-
cuss two kinds of thin films (cobalt and La0.7Ca0.3MnO3

(LCMO)) that are used as magnetic atom mirrors. When
the film thickness is larger than 200 nm or so, the mirror
reflectivity is close to 100%, but the divergence is about
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Fig. 1. Schematic of the MOT setup. The thin film used as
the atom mirror is mounted 17 mm below the MOT centre on
a cold finger cooled by liquid nitrogen.

20 times greater than that measured with the smoothest
magnetic atom mirrors. As the thickness of the film de-
creases, the reflectivity is reduced due to the attractive
van der Waals force, and this allows a relatively precise
measurement of the atom-surface interaction potentials
that are dependent on spin. We have thus measured the
van der Waals force with a precision of 15%, and the mea-
sured value of the C3 coefficient agrees well with recent
theoretical estimates [2].

We have studied the reflectivity of cold atoms from
LCMO thin films because of their interesting magnetic
properties. LCMO thin films are of great interest in
condensed-matter research, especially in the context of
their magneto-resistive properties. Apart from a ferro-
magnetic transition at a temperature easily accessible
with even thermoelectric coolers, LCMO has a relatively
small coercive field, making its domain pattern and dy-
namics sensitive to external fields that can be easily ap-
plied in cold-atom experiments. Furthermore, thin films
of good quality can easily be made with large areas, and
their properties are well characterised. These experiments
were performed using thin films mounted on a cold fin-
ger (cooled by liquid nitrogen) inside a vacuum chamber.
We report some preliminary results on the observation
of the temperature-dependent magnetic phase transition,
relaxation, and dynamics of the magnetic domains in the
LCMO thin film.

2 Experimental details

2.1 The cold-atom source

We use a magneto-optical trap (MOT) as our cold-atom
source. The MOT setup is described in detail in refer-
ence [2]. A schematic of our MOT setup is shown in Fig-
ure 1. The MOT was formed in an SS octagonal chamber
equipped with glass viewports and evacuated to less than
5 × 10−10 torr. Rubidium atoms (85Rb) were loaded into
the MOT from a vapour at a background pressure less
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Fig. 2. Schematic of the atomic-reflection experiment.

than 1 × 10−9 torr for about 10 seconds in order to ob-
tain a cold atomic cloud of up to 107 atoms. A quadrupole
field of gradient 6 G/cm for the MOT was generated by
a pair of coils in an anti-Helmholtz configuration, located
close to the chamber. Two external cavity diode lasers
(Toptica DL100) with spectral width less than 1 MHz, and
working at 780 nm, were used for the MOT. The cooling-
laser frequency was locked at 13 MHz red-detuned to the
5S1/2 Fg = 3 −→ 5P3/2 Fe = 4 transition. The re-pump
laser was locked to the 5S1/2 Fg = 2 −→ 5 P3/2 Fe = 3
transition. The cooling and re-pump beams were expanded
to a Gaussian width of 10 mm, and the power in each cool-
ing beam was about 5 mW. After loading the MOT for
about 10 seconds, the cooling-beam frequency was red-
detuned by 50 MHz from the cooling transition, and the
intensity was reduced using the acousto-optic modulator
to further cool the atoms in the optical molasses. The
quadrupole field was kept switched off during the molasses
phase, and the residual fields were cancelled by using three
pairs of large Helmholtz coils around the chamber. With
about 15 ms of molasses phase, the atoms were cooled to
a temperature of about 10 µK.

2.2 Atomic-reflection experiment

A schematic of the experimental setup along with the es-
sential electronics is shown in Figure 2. Cold atoms at
a temperature of about 10 µK (r.m.s. velocity of about
3 cm/s) were released onto the thin film atom mirror kept
17 mm below the cloud, by switching off the MOT laser
beams. During the release, the re-pump beam was left
on to ensure that all of the atoms remained in the Fg = 3
state. The r.m.s. size of the slowly expanding atomic cloud
becomes about 3 mm at the surface of the mirror, which
has dimensions of 1 cm × 1 cm. Thus, about 99% of the
atoms in the cloud interact with the thin-film atom mir-
ror. Experiments were performed with unpolarised atoms
as well as with spin-polarised atoms. To achieve spin-
polarisation, the atoms were optically pumped into the
Fg = 3, mF = 3 (Fg = 3, mF = −3) state by irradiat-
ing a retro-reflected σ+ (σ−) laser beam resonant to the
5S1/2 Fg = 3 −→ 5P3/2 Fe = 3 transition in a constant
bias field of about 1 G in the laser beam propagation di-
rection, before the atoms interacted with the mirror.

Fig. 3. Time-of-flight signal of atoms prepared in the Fg = 3,
mF = +3 state bouncing from the cobalt thin film of thickness
180 nm. The absorption peak observed at about 60 ms is due
to the atoms falling through the probe, and the peak observed
at about 80 ms is due to the atoms passing through the probe
after reflection from the mirror. A weak absorption peak is
observed at about 170 ms, and is due to the reflected atoms
falling through the probe beam again.

The atoms were detected by a weak probe laser beam
(about 2 µW), resonant to the 5S1/2 Fg = 3 −→
5P3/2 Fe = 4 transition, and kept between the MOT
centre and the mirror. The probe beam had a horizon-
tal profile with uniform intensity over a rectangular area
of 20 mm × 0.5 mm. This was retro-reflected and sent to
a photo-diode using a polarising-cube beam splitter and
a quarter-wave plate to detect the absorption. The fre-
quency of the probe beam was modulated by modulating
the current to the laser at 15 kHz. The absorption of the
probe intensity was detected by a photo-diode and a low-
noise amplifier feeding into a lock-in amplifier, with its
reference derived from the laser current modulation. We
have achieved a sensitivity for detecting a few hundred
atoms in the probe beam using this phase-sensitive tech-
nique [17]. The reflection of cold atoms from the mirror
was monitored by observing the time-of-flight (TOF) sig-
nal. A typical TOF signal observed in the atomic-reflection
experiment is shown in Figure 3.

3 Cobalt thin-film atom mirror

Cobalt thin films possess stripe-like domain patterns, with
out-of-plane magnetisation [18]. The domain pattern of a
cobalt thin film of thickness 180 nm, as determined by
magnetic-force microscopy (MFM), is shown in Figure 4.
The magnetic field above the surface of the cobalt thin
film can be calculated by approximating the domain pat-
tern by parallel stripes of magnetisation, alternating in
sign. The magnetic field above an array of magnets with
magnetisation alternating in sign and infinite thickness is
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Fig. 4. Magnetic-force microscopy (MFM) image of a cobalt
thin film of thickness 180 nm. The scanned area is about
10 µm × 10 µm. The domain periodicity is about 282 nm.

discussed in reference [16] and is given by

Bx(x, y) − iBy(x, y) = B0 ln
[
1 + e−2π(y−ix)/a

1 − e−2π(y−ix)/a

]
, (1)

where the x-axis is in the direction of magnetic periodicity
and the y-axis is perpendicular to the mirror surface. B0

is the magnetic field at the mirror surface and a/2 is the
width of a magnet in the array. The magnitude of the
magnetic field at the centre of a magnet is then

B(y) = B0 tan−1
[
e−2πy/a

]
. (2)

Equation (2) can be derived by considering only the first
Fourier component of the field pattern of the periodic ar-
ray of magnets. For the magnetic atom mirror, the higher
Fourier components decay much faster [7] than the first
Fourier component, and hence can be neglected. So, equa-
tion (2) is a good approximation for calculating the mag-
nitude of the magnetic field above any point on the mirror.

The magnitude of the magnetic field above the cobalt
thin film can be determined from equation (2) with the
finite-thickness correction, which can be included as de-
scribed in reference [7]. The magnitude of the magnetic
field at a distance y above the cobalt thin film can be
approximated by

B(y)=B0

(
tan−1

[
e−2πy/λ(d)

]
−tan−1

[
e−2π(y+d)/λ(d)

])
,

(3)
where λ/2 is the width of a domain and d is the thick-
ness of the film. The surface field of cobalt is expected
to be a few kG, and hence the quadratic Zeeman effect
becomes important very close to the surface. For a high
magnetic field, the magnetic interaction potential for al-
kali atoms in various magnetic sub-levels can be calcu-
lated using the Breit-Rabi formula [19]. The magnetic in-
teraction potential above the cobalt thin film of thickness
45 nm for 85Rb atoms in various magnetic states of the
ground state Fg = 3 is shown in Figure 5. Atoms in a

Fig. 5. The potential experienced by the atoms in the different
Zeeman states due to their interaction with the magnetic field
above a cobalt thin film of thickness 45 nm. The dotted line is
the kinetic energy of the atoms at the mirror surface.

magnetic state with kinetic energies less than the corre-
sponding barrier height are reflected back from the atom
mirror. As shown in Figure 5, the magnetic interaction
potentials for atoms in states other than the mF = −3,
−2 states are reflective. However, for a higher surface field,
the magnetic potential for atoms in the mF = −2 state
can also be reflective, although the potential for the atoms
in the mF = −3 state is always attractive.

In the experiment, cobalt thin films of four different
thicknesses — 180 nm, 90 nm, 45 nm, and 20 nm —
were used as atom mirrors. The films were prepared on
silicon substrates by dc magnetron sputtering. The sur-
face topography was determined from atomic-force mi-
croscopy, and the local roughness was found to be less than
1 nm. The saturation magnetic field was estimated to be
larger than 1 kG by measuring the B-H curves in a super-
conducting quantum interference device (SQUID) magne-
tometer. The domain patterns of the films were observed
by magnetic-force microscopy (MFM), and the films were
found to possess stripe-like domain patterns with out-of-
plane magnetisation, as shown in Figure 4. The fluctuation
in the domain periodicity is about 14%, as measured from
the MFM image. The thickness was calibrated by growing
the films on partially covered silicon substrates, and the
resulting step was measured in a DEKTAK profilometer.

The reflection of atoms from the cobalt thin-film atom
mirror was observed as described in Section 2. The TOF
signal of the cold atoms (prepared in the Fg = 3, mF = +3
state) bouncing from a cobalt thin film of thickness 180 nm
is shown in Figure 3. Reflection of the unpolarised atoms
from the mirror is also observed, and the reflectivity is
lower than in the case of spin-polarised atoms. The re-
flection of atoms prepared in the Fg = 3, mF = −3
state is less than 5% (instead of zero), indicating a small
amount of spin-flipping near the mirror. This could also
indicate a slight imperfection in spin-polarisation. The
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Fig. 6. Spatial profiles of the (a) incident and (b) reflected
atomic clouds. Circles show the experimental data while the
solid lines are the Gaussian fittings.

characterisation of the cobalt thin-film atom mirror is pre-
sented in the following section.

3.1 Corrugation of cobalt thin-film atom mirror

The magnetic equipotential surfaces close to the surface
of the cobalt thin-film atom mirror may be rough close to
its surface due to the presence of the higher harmonics in
the periodic pattern of the magnetisation. The presence of
the components of the bias field in the periodicity direc-
tion can enhance the effective corrugation and roughness.
The corrugation of a magnetic atom mirror is discussed
in detail in reference [7]. The roughness in the magnetic
equipotential surface of the magnetic atom mirror results
in non-specular reflection of the atoms from the mirror.
The deviation of the reflection angle from that for specu-
lar reflection can be expressed as [7]

θC =
∆vx

v0
, (4)

where ∆vx is the change in the velocity parallel to the mir-
ror surface and v0 is the average vertical impact velocity
of the atoms at the mirror.

For the magnetic thin-film atom mirror, the corruga-
tion was determined by comparing the horizontal spatial
profiles of the atomic cloud before and after reflection.
Each spatial profile was measured by stepping a 1 mm di-
ameter probe beam sequentially across the mirror in the
horizontal direction at 7 mm above the mirror surface.
The spatial profiles of the incident and reflected atomic
clouds are shown in Figure 6. The x-scale in the upper
graph is magnified by about 2.5 times compared to that
in the lower graph. The change in the horizontal velocity

(∆vx) is calculated as (σexp − σspec)/t, where σexp is the
observed Gaussian radius of the reflected cloud, σspec is
the Gaussian radius of the cloud for the specular reflec-
tion, and t is the time of propagation after reflection. σexp

for the reflected cloud in Figure 6 is 3.5 mm. The prop-
agation time is determined from the TOF signal, which
is about 13 ms. σspec can be calculated from the formula

σspec =
√

σ2
0 + kBT

M t21, where σ0 is the Gaussian radius of
the initial atomic cloud and t1 is the total time of propaga-
tion. In our experiment, for the atomic cloud at a temper-
ature around 10 µK, σspec is 2.5 mm. From these data, the
deviation of the reflection angle from the specular reflec-
tion was estimated to be 128 mrad. This is about 20 times
more than that measured with the smoothest atom mir-
rors developed from magnetic video tapes [11]. A large
amount of corrugation is expected in the case of a mag-
netic thin-film atom mirror, since the atoms approach very
close to the surface.

3.2 Inelastic reflection of cold atoms

It can be seen from the experimental data that some atoms
of the cold atomic cloud reflect inelastically. This inelas-
ticity is demonstrated from the TOF signals observed by
keeping the probe beam at different heights from the mir-
ror’s surface. As the height of the probe beam from the
mirror’s surface increases, the ratio of the absorption sig-
nals from the reflected and falling atoms decreases, as
shown in Figure 7. In addition, the width of the absorption
signal from the reflected atoms increases with increasing
probe height from the film’s surface, as shown in Figure 8
for the case of atoms reflecting from the cobalt thin film
of thickness 180 nm. The use of a probe beam with a
Gaussian width smaller than the cloud size could cause a
similar observation. However, in our experiment, the probe
beam has a constant intensity profile in the horizontal di-
rection and is much wider than the reflected cloud size.

The observations in Figures 7 and 8 could be due to
the large corrugation of the cobalt thin-film atom mir-
ror. In the case of non-specular elastic reflection, atoms
gain extra momentum in the horizontal direction after re-
flection. Since the atoms move through a static potential,
the momentum of the reflected atoms in the direction of
gravity is transferred in the horizontal direction due to en-
ergy conservation. Thus, in our experiment, non-specular
elastic reflection could mimic inelastic reflection. However,
the loss of momentum in the direction of gravity due to
the corrugation is estimated to be an order of magnitude
smaller than the momentum loss estimated from the mea-
sured inelasticity. Under our experimental conditions, and
when considering the small correction due to the non-
specular reflection of the atoms, the reflectivity should
remain constant for the different probe heights above the
mirror surface if the reflection of the cold atomic cloud
is purely elastic, even with the corrugation present in the
mirror. In addition, the widths of the reflected peak and
the falling peak should remain the same after correcting
for thermal expansion and for any heating effect due to
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Fig. 7. Ratio of the absorption signals from reflected and
falling atoms in the case of (a) spin-polarised, (b) unpolarised
atoms reflecting from the thin films of different thickness. The
x-axis denotes the time difference between the peaks, which is
related to the height of the probe from the film’s surface.

Fig. 8. Width of the absorption signals from the falling and
reflected atoms in the case of (a) unpolarised and (b) spin-
polarised atoms reflecting from a 180 nm thick film.

the interaction of the spin-polarised atoms with the probe
light. However, the observed data point to some genuine
inelastic reflection, and the number of atoms steadily de-
creases as the probe height is increased.

The observed inelasticity in the reflection can be mod-
elled qualitatively by considering the spin-flipping of the
atoms. The adiabatic condition for slowly moving neutral
atoms in a magnetic field is discussed in reference [20],
and for the magnetic thin-film atom mirror it can be ex-
pressed as

2π

λ
vy

( |B(y)|
|B(y) + BG|

)
� ωl, (5)

where vy is the velocity of the atoms, BG is the bias field,
ωl is the Larmor frequency of the atom, B(y) is the mag-
netic field above the film’s surface, and λ is the periodicity
of the magnetic domains. For the cobalt thin films used
in our experiment, λ ≈ 100 nm, and the adiabatic con-
dition is not satisfied in some parts of the atomic trajec-
tory where spin-flipping may occur. After reflection, atoms
moving away from the magnetic mirror can flip to the
lower mF states and experience a lower potential. Thus,
the atoms lose some of their kinetic energy. So, when the
atoms are prepared in the mF = +3 state, the atoms will
flip to the lower mF states and lose their kinetic energy
on average and hence will slow down and reach a lesser
height. As a result, the width of the reflected peak of the
TOF signal increases and the peak height decreases with
increasing probe height from the film’s surface. It is ob-
served that inelasticity in the case of unpolarised atoms
is less than in the case of spin-polarised atoms. Since the
atoms are distributed amongst all the Zeeman states in
the case of unpolarised atoms, flipping to both higher and
lower mF states is possible, which is not the case for spin-
polarised atoms. Hence, the average kinetic energy loss
would be less in the case of unpolarised atoms.

3.3 Reflectivity of cobalt thin-film atom mirrors
of different thickness

The thickness dependence of the reflectivity of cold atoms
from the cobalt thin-film atom mirror was measured in
our experiment, and the data were used to determine the
coefficient of the van der Waals interaction potential of ru-
bidium atoms near a cobalt surface. Due to the inelasticity
in the reflection, determination of the reflectivity from the
TOF signal, keeping the probe at a particular height from
the mirror’s surface, would underestimate the reflectivity.
The true reflectivity can be determined by measuring the
fraction of reflected atoms just above the film’s surface,
immediately after the bounce. TOF signals were observed
at different probe heights from the mirror’s surface in or-
der to determine the variation of the ratio of the peak
heights, and this is shown in Figure 7 for the spin-polarised
and unpolarised atoms reflected from thin films of different
thickness. Then, the ratio of the peak heights was extrap-
olated close to the film’s surface in order to obtain the
true reflectivity. The extrapolation towards the film’s sur-
face was done by fitting the straight lines to the observed
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Table 1. Reflectivity of the spin-polarised cold atoms from
cobalt thin films.

Film thickness (nm) Reflectivity (%) Error (%)

180 100 0.5

90 94.6 3.2

45 79.6 2

20 48.7 1.6

Table 2. Reflectivity of the unpolarised cold atoms from cobalt
thin films (note: for the 90 nm film, we have only one data for
the ratio of the absorption signals from the reflected and falling
atoms for the probe beam at a height of 6 mm from the film’s
surface. In this case, interpolation using the data corresponding
to the 45 nm and 180 nm thin films was also used to determine
the reflectivity for the 90 nm thin film).

Film thickness (nm) Reflectivity (%) Error (%)

180 59 0.8

90 45.5 2.5

45 39.7 1

20 13.8 1.3

experimental data. The errors in the reflectivity were de-
termined from the statistical errors in the extrapolations.
The reflectivity and the errors estimated for the reflection
of spin-polarised and unpolarised atoms from cobalt thin
films of different thicknesses are given in Tables 1 and 2
respectively.

4 Measurement of the van der Waals force

4.1 The effective interaction potential

Cobalt thin films have a characteristic stripe-like domain
structure, which was predicted by Kittel [21], and the do-
main periodicity (λ) changes with the thickness of the
film (d) and obeys the law λ ∝ √

d [21]. The stripe-like
domain pattern has been observed in single-crystal cobalt
thin films grown by molecular beam epitaxy (MBE) [18].
The thin films used as atom mirrors in our experiment
were prepared by dc magnetron sputtering. The domain
pattern for a 180 nm thick film, observed using magnetic
force microscopy (MFM), is shown in Figure 4. The do-
main patterns of these films are very similar to those in
films prepared by MBE, except that the spread in the
periodicity parameter is slightly larger. The domain pe-
riodicity is determined from the MFM image and the
mean domain periodicity of the 180 nm thick film is about
282 nm, which is the same as the domain periodicity ob-
served in the case of the MBE-grown cobalt thin films [18]
to within 5%. Therefore, the observed domain periodicity
as a function of thickness for the MBE-grown cobalt thin
films (as given in Ref. [18]) has been used to calculate
the magnetic field above the present cobalt thin films of
different thicknesses.

Fig. 9. The effective potential experienced by the atoms in
different Zeeman sub-levels, including the van der Waals inter-
action with the magnetic interaction potential energy above a
45 nm thick film. The dotted line is the kinetic energy of the
atoms at the mirror’s surface.

In the case of thin-film atom mirrors of relatively small
thickness, the closest approach of the atom is less than
100 nm. At this distance from the surface, the atom-
surface attractive interaction becomes comparable to the
repulsive magnetic potential. Retardation effects are rela-
tively small at this distance. The effective potential is the
sum of the repulsive magnetic interaction potential and
the attractive van der Waals potential (C3/z3), which is
shown in Figure 9. Close to the surface, the van der Waals
attraction dominates over the magnetic repulsion, which
results in a barrier peak in the intermediate range. Atoms
in a magnetic state with kinetic energy less than the corre-
sponding barrier peak are reflected from the mirror. With
reference to Figure 9, atoms in the states mF = 3, 2, 1 are
reflected from the mirror. By comparing with Figure 5, one
can see that the presence of the van der Waals interaction
potential dramatically modifies the reflectivity, because of
the competition with the magnetic repulsion, which is ex-
ploited in this experiment. The range of the magnetic in-
teraction potential changes with the thickness of the film,
and hence the thickness of the thin film is used as a vari-
able parameter in order to measure the van der Waals
coefficient.

4.2 Determination of the van der Waals coefficient

The measured data for the reflectivity of unpolarised
cold atoms from the cobalt thin films of four different
thicknesses are summarised in Table 2. This is used to
determine the van der Waals coefficient by performing
least-squares fitting with the numerically computed re-
flectivity as a function of thickness of the thin films. The
van der Waals coefficient (C3) and surface field (B0) are
taken to be the free parameters in the least-squares fitting.
The cold atoms dropped from the optical molasses have
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Fig. 10. Reflectivity of the unpolarised cold atoms as a func-
tion of thickness of cobalt thin films. Circles represent the ex-
perimental observations, while the solid line is the computed
reflectivity using the van der Waals coefficient and the surface
field determined from least-squares fitting.

a well-defined mean kinetic energy at the mirror’s sur-
face, and the spread in kinetic energy of the atoms due to
the temperature of the cloud is less than 1% of the mean
kinetic energy. Atoms in Zeeman sub-levels with kinetic
energy less than the corresponding barrier peak of the ef-
fective potential are reflected back from the mirror. The
reflectivity is calculated by assuming a uniform distribu-
tion of the atoms in all Zeeman sub-levels, since the atoms
were released from the optical molasses without spin po-
larisation [22]. Since there are finite number of Zeeman
sub-levels, reflectivity as a function of the thickness of the
film is a multi-step (quantised) function. Including a small
variance in the local surface field on the order of 10%
makes the steps in the reflectivity function smooth. The
fitted curve is shown in Figure 10 along with the experi-
mental data. The best-fit values are 1.75× 10−48 Jm3 for
the van der Waals coefficient, and 1.28 kG for the sur-
face field. The measured value agrees well with the recent
theoretical calculation of C3 after including the finite con-
ductivity of cobalt [2,23,24]. The χ2 distribution of the
fitting in the parameter space is shown in Figure 11. The
closed contours of the χ2 distribution shows the stability
of the fitting.

The data obtained for the spin-polarised atoms were
compared with their computed reflectivity using the same
values of C3 and B0 as determined from the reflectivity
data obtained for the unpolarised atoms. Atoms, spin-
polarised in the state (Fg = 3, mF = +3) should have
experienced 100% reflection from all of the thin films used
in our experiment, since the barrier heights of the effec-
tive potentials corresponding to the mF = +3 state are
more than the kinetic energy of the atoms for all of the
thin films, as shown in Figure 12. However, a reduction
in the reflectivity is observed in the experiment, as the
thickness of the film is reduced, which is attributed to
the spin-flip of the atoms from the mF = +3 state to the
other Zeeman states when they approach the mirror’s sur-
face. At the time of reflection from the mirror surface, the

Fig. 11. χ2 distribution of the fitting.

Fig. 12. The effective potential experienced by the atoms in
the Fg = 3, mF = +3 state above the four thin films used in
our experiment. The dotted line represents the kinetic energy
of the atoms at the mirror’s surface.

atoms are distributed over the different Zeeman states due
to spin-flipping, although they are initially prepared in the
mF = +3 state. In order to compare the computed reflec-
tivity from the model against the reflectivity of the spin-
polarised atoms observed in the experiment, the change in
the distribution of these spin-polarised atoms approaching
the mirror’s surface is approximately determined by con-
sidering the following observations. The effective potential
for the 20 nm thin film is shown in Figure 13, and the re-
flectivity of the spin-polarised atoms from the 20 nm thin
film is about 50%. Therefore, we estimate that about 50%
of the atoms suffer spin-flip as they approach the 20 nm
thin film. This is consistent with the entire data set if we
take into account the fact that the probability of flipping
to a nearer Zeeman state is higher. The reflectivity thus
computed is used to compare with the experimentally ob-
served reflectivity from all of the films [2]. The comparison
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Fig. 13. The effective potential experienced by the atoms in
different Zeeman sub-levels, including the van der Waals inter-
action with the magnetic interaction potential energy, above a
20 nm thick film. The dotted line represents the kinetic energy
of the atoms at the mirror’s surface.

Fig. 14. Reflectivity of the spin-polarised cold atoms as a func-
tion of thickness of the cobalt thin film. Circles represents the
experimental observations, while the solid line is the computed
reflectivity using the van der Waals coefficient and the surface
field, determined from the least-squares fitting.

is shown in Figure 14, and it can be seen that the model
matches the data well.

4.3 Error on the van der Waals coefficient

The error in the van der Waals coefficient was determined
by performing a Monte Carlo simulation. The statistical
uncertainty determined from the repeated measurements
was taken as the error in the reflectivity. The errors in the
film thickness were determined from DEKTAK profilome-
ter measurements. Random numbers with a Gaussian dis-
tribution around the mean value of the experimental data
were generated by taking these errors as the Gaussian half-
widths. The least-squares fitting was performed with the

Fig. 15. Distribution of the coefficient of the van der Waals
potential (C3) and the surface field (B0), determined from the
Monte Carlo simulation. The error on (C3) is 15% and on (B0)
is 12%.

points generated from the Monte Carlo simulation in or-
der to obtain the distributions of the parameters. The his-
tograms representing the distributions of the parameters
are shown in Figure 15. The 1σ estimate on the width of
the distribution of the coefficient of the van der Waals
potential is 15%, and that of the surface field is 12%,
and these determine the uncertainties in the parameters.
Including the 14% fluctuation in the domain periodicity
doesn’t appreciably change the best-fit values or the error
of the van der Waals coefficient. However, the steps in the
reflectivity function become less steep.

5 LCMO thin-film atom mirror

Lanthanum Calcium Manganite (LCMO) thin films ex-
hibit a paramagnetic-to-ferromagnetic phase transition at
about 250 K. The LCMO film grown on (001)-oriented
single crystalline LaAlO3 (LAO) substrate has a stripe-
like domain pattern with out-of-plane magnetisation [25].
The surface field is on the order of a few kG [26]. The
film has a coercive field on the order of 600 G when the
magnetic field is applied parallel to the film’s surface [26].
Hence, the reflectivity of the cold atoms from the LCMO
thin-film atom mirror would be sensitive to a small applied
magnetic field.

The LCMO thin films used in our experiment were
grown on a LAO substrate in the (100) plane, using
pulsed-laser deposition. The thickness of the film was
120 nm, as measured by a profilometer. The local rough-
ness of the surface is about 30 nm, which was determined
from atomic-force microscopy. The coercive field for the
(100) film is known to be relatively lower, and is about
200 G in our case, as measured in a SQUID magnetome-
ter. The film was mounted on a cold finger, which was
cooled to 80 K using direct contact with liquid nitrogen
in a small reservoir. The temperature of the film was mea-
sured using a calibrated platinum sensor kept in good
thermal contact with the cold finger in close proximity
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Fig. 16. Reflectivity of the spin-polarised cold atoms from
the LCMO thin film as a function of temperature. The mag-
netisation measurement using the SQUID magnetometer as a
function of temperature is shown in the inset.

to the substrate. Due to the small coercive field, the re-
flectivity of the cold atoms from this film is sensitive to
a small external magnetic field, which can easily be ap-
plied in our laser-cooling setup. This film possesses a do-
main pattern of in-plane magnetisation that is composed
of several grains with sizes on the order of 500 nm [27].
The magnetic field above such a film is difficult to calcu-
late due to the complexity of the domain structure, but
a steeply falling field gradient is expected above the sur-
face. The high surface field and the strong gradient of the
magnetic field above the surface make it a good candidate
for the atom mirror. Since the reflectivity of cold atoms
from the (100) film is expected to be sensitive to small
external magnetic fields, studies on the domain dynamics
and domain relaxation are possible. Our method offers a
unique measurement of certain properties of these films
that are of interest in condensed-matter physics, and this
was the motivation for conducting the atomic-reflection
experiment with LCMO films.

5.1 Magnetic phase transition of LCMO

The magnetic phase transition was observed by measur-
ing the reflectivity of cold atoms from the LCMO thin-film
atom mirror at different temperatures. The spin-polarised
cold atoms were dropped on the film from a height of
17 mm and the TOF signals of the atoms bouncing from
the mirror were observed at different temperatures. The
ratio of the absorption signals during reflection and fall
gives a direct measurement of the reflectivity at different
temperatures. The temperature dependence of the reflec-
tivity is shown in Figure 16 and clearly shows the magnetic
phase transition at 250 K. This may be compared with the
magnetisation of the film measured in the SQUID magne-
tometer at different temperatures in the presence of a mag-
netic field of 1000 G, applied parallel to the surface. The

Fig. 17. Change in the reflectivity of cold atoms with time
after magnetising the film in the direction parallel to the plane.

behaviour of the phase transition in both cases is similar,
but the reflectivity curve saturates faster than the curve
measured using the SQUID magnetometer.

5.2 Domain relaxation

The domain relaxation in the LCMO thin film was studied
in our atomic-reflection experiment. A magnetic field of
about 200 Gauss was applied parallel to the surface of the
LCMO thin film for a few minutes. After switching off the
applied magnetic field, the spin-polarised cold atoms were
dropped several times in order to observe the reflection of
the atoms from the film over a time scale of 300 minutes,
so as to track the domain relaxation. The change in the
reflectivity with time is shown in Figure 17, and the ob-
served increase of reflectivity is linked to a slow change in
the domain characteristics. The reflectivity as a function
of domain relaxation can be modelled by considering the
competition between the attractive atom-surface interac-
tion and the change in the range of the repulsive magnetic
interaction due to the relaxation of the domains. However,
the complexity of the domain pattern of the LCMO thin
film makes it difficult to model the change in the range of
the repulsive magnetic interaction potential. Nevertheless,
it seems reasonable to suggest, based on the experimental
data shown in Figure 17, that the change in reflectivity
is related to the relaxation of the domains and perhaps
to a growth in their size, while retaining a quasi-periodic
structure. If that is the case, the mean distance from which
the atoms are reflected increases, and the attractive atom-
surface interaction decreases, resulting in the reflectivity
slowly increasing with time. Another possibility that does
not involve the competition from the attractive force is
the emergence of the quasi-periodic structure from a rel-
atively smooth, large domain — then the gradient of the
magnetic potential becomes steeper in time, and the re-
flectivity increases correspondingly. The long relaxation
time is perhaps surprising, and should be treated as ten-
tative, since the general behavior of relaxation is found to
be sample-dependent and not reliably reproducible. Such



A.K. Mohapatra et al.: Experiments on the reflection of cold atoms from magnetic thin films 297

Fig. 18. (a) Reflectivity as a function of magnetic field ap-
plied parallel to the film’s surface, and (b) the corresponding
hysteresis measurement in the SQUID magnetometer.

measurements are not available from condensed-matter
experiments for a direct comparison.

5.3 Hysteresis measurement

Detailed measurements were undertaken to study the
magnetic hysteresis of the thin film. A magnetic field was
applied in steps of 10 G up to 200 G in one direction par-
allel to the plane of the film’s surface. For each reading,
the field was switched off and the reflectivity was mea-
sured within a few seconds. After reaching the value of
200 G (limited by the maximum current in the external
coils, and the need to keep the vacuum chamber relatively
non-magnetised for performing optical molasses), the field
was reversed and the measurement was performed as when
taking a typical hysteresis measurement, albeit at a very
slow rate. The reflectivity as a function of the applied
field is shown in Figure 18, where the direction of the field
is also shown. The corresponding hysteresis measurement
taken using the SQUID magnetometer is also shown in
Figure 18. We do expect a reduction in the reflectivity
as the field is increased, if the domains align together,
merge, and grow large enough to reduce the gradient of
the repulsive magnetic potential. Note that the SQUID
magnetometer measures the magnetic moment as a func-
tion of the applied field, whereas atom reflectivity is in-
dicative of the value of the gradient of the magnetic field
above the surface of the film. The gradient decreases as
the domains align together to form very large single do-
mains, even though the magnetisation along the applied
field increases. The hysteresis in this process explains the
slow rise of the reflectivity as the field is reversed. The be-
haviour in the field range (−10 to 10 G) is surprising, with
no corresponding behaviour in the SQUID-magnetometer
measurement. A jump in the reflectivity is observed, and

Fig. 19. (a) Reflectivity as a function of magnetic field, when
the applied field is initially in the opposite direction to that in
Figure 18, and (b) the corresponding hysteresis measurement
in the SQUID magnetometer.

then the reflectivity remains more or less constant. It is
as if a sudden, catastrophic change has taken place in the
magnetic domain structure, causing the gradient of the
magnetic field above the surface to increase sharply, re-
flecting most of the atoms. Note that the reflectivity af-
ter the jump is about 50% higher than the equilibrium
value that we started with. An interesting possibility is
the sudden break-up of the large domains into smaller
quasi-periodic ones. This has to be spontaneous rather
than field-driven, because the sudden change was observed
when the applied field was close to zero.

A similar measurement was performed on the same
film, with the initial direction of the field opposite to that
of the previous measurement. The reflectivity as a func-
tion of the applied field for this measurement is shown
in Figure 19. The corresponding hysteresis measurement
in the SQUID magnetometer is also shown in the figure.
There is a large asymmetry observed between this data
and the data obtained with the initial direction of the
field applied opposite, as in the previous measurement.
Much less asymmetry is observed when the measurements
are taken using the SQUID magnetometer, even though
the hysteresis curves are not identical. However, there are
features seen in the reflectivity experiment that are not
revealed in the SQUID measurement. Some of these fea-
tures may depend on the history of the film, preparation
method, etc., and more experiments are required before
definite and general conclusions on the physics of domain
structures can be drawn. From these preliminary results,
it is clear that study of the magnetic behaviour of the
thin films at a microscopic level is possible in measure-
ments using ultra-cold atoms, opening up new possibilities
in the study of thin-film magnetic surfaces. At present,
such studies might seem tedious compared to the con-
ventional measurements. However, since the cold atoms
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probe an area corresponding to only a few domains at the
100-nanometer scale, these measurements are unique and
can be important in specific cases.

6 Conclusion

We have studied the reflection of cold atoms from a new
type of atom mirror made of ferromagnetic thin films of
cobalt and LCMO. The cobalt thin-film atom mirrors have
high reflectivity when the thickness of the film is larger
than about 200 nanometers, but they are not as smooth as
the ones made from magnetic videotapes etc., because the
atoms approach very close to the surface of the thin film
before they are reflected. However, this kind of mirror is
well-suited for precision measurement of the atom-surface
interaction. The reflectivity of the atoms depends on the
thickness of the thin films. By measuring the reflectivity
of the cold atoms from cobalt thin films of different thick-
nesses, the van der Waals force on a rubidium atom in its
ground state near a conducting surface is determined with
an uncertainty of 15%. The magnetic phase transition, as
well as several interesting features of the domain relax-
ation and dynamics in the LCMO thin film, are observed
in the atomic-reflection experiments, pointing to the pos-
sibility of new microscopic measurements of interest to
condensed-matter studies.
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