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In this work FePt hard magnetic films were prepared with a thickness of 250 and 500 nm for making atom
chips. We choose FePt because it has high magnetocrystalline anisotropy as well as high saturation
magnetization. The FePt films were deposited at room temperature and at 350°C using Molecular Beam
Epitaxy on a Si substrate. After post annealing, the samples have high in-plane and out-of-plane coercivity
(H, = 8.0 kOe and 8.34 kOe, respectively) and remanent magnetization (M/M_ = 0.90, 0.93, respectively).
Whereas the samples deposited at room temperature have many cracks on the surface, the samples depos-
ited at 350 °C are free of cracks and their surfaces are mirror-like. The magnetized sample keeps the mag-
netization after baking in vacuum at 170 °C for 24 hours. A calculation shows that such samples can be
used to trap cold atoms after lithographic patterning.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Atom chips are planar microstructures that generate magnetic fields in which laser-
cooled atoms can be trapped. Nowadays most of the atom chip designs are using current carrying wires
to produce the minimum of the magnetic field [1, 2]. If the laser-cooled atoms are in low-field-seeking
states, they can be trapped by the minimum of the magnetic field. Hard magnetic films have great poten-
tial [3, 4] as atom chips and have several advantages over current-carrying wires: more stable magnetic
stray field, larger field gradient, no ohmic heating, and absence of current noise. Also some interesting
patterns are topologically impossible with current-carrying wires.

This application of hard magnetic film poses specific requirements: the thickness of the magnetic
layer should be at least 200 nm in order to produce enough stray field; the magnetic moments should be
completely in-plane or out-of plane and have high coercivity; the surface should be mirror-like to reflect
lasers for cooling down the atoms. Finally the film should also be homogeneous, stable and bakeable.

FePt has been studied extensively both in bulk [5, 6] and thin film [7-11] form since it combines high
magneto-crystalline anisotropy with high M_ [12] and corrosion resistance. The FePt phase diagram
shows a disordered face-centered cubic (fcc) structure at high temperature, which is magnetically soft. At
lower temperatures, the Fe and Pt order in an atomic multilayer structure. This face-centered tetragonal
(fct or L1,) phase has very high magneto-crystalline anisotropy and coercivity.

It has been shown [13] that annealing of the soft fcc material produces nanocrystallites of the fct
phase that are exchange coupled to the soft phase, resulting in a material with the optimum properties
desired here.

2  Experimental The 250 nm and 500 nm Fes(Pts, films were co-evaporated by Molecular Beam
Epitaxy (MBE) from Fe and Pt targets on a Si (111) substrate at room temperature and 350 °C. The sam-
ples were post-annealed in vacuum at different temperatures in order to get hard magnetic properties.
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The phase composition was examined with XRD and the surface was checked with SEM and optical
microscopy. The magnetic properties were measured with SQUID magnetometry.

3 Results and discussion

3.1 FePt films grown at room temperature  Figure 1 shows the XRD patterns of FePt films depo-
sited at room temperature before and after annealing. From this figure one can see there are only fcc
reflections from the as-deposited sample, indicative of a disordered fcc phase. After annealing the disor-
dered fcc phase transformed to the ordered fct phase.
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SQUID measurements show that the as-deposited sample is magnetically soft with high saturation
magnetization. The coercivity H, and M, are 80 Oe and 1.16x10° A/m, respectively. The best hard mag-
netic properties were obtained after annealing at 750 °C for 5 minutes, giving a coercive field H, = 8.0
kOe and a remanent magnetization ratio of M/M_ = 0.90.

Observation of the sample with SEM and optical microscope shows that there are a lot of cracks in
the as-deposited layers. It indicates the stress in the magnetic layer is very high and couldn’t be released
during deposition. The stress comes from either the difference of the lattice parameters of Si and FePt or
the disordered fcc phase itself. The force in the FePt layer accumulates during growth until cracks appear
at a critical point.

Although the magnetic properties of these samples could satisfy the requirements of atom chips after
annealing, they were not suitable to make atom chips because of those cracks. In order to release the
stress during deposition we tried growth at higher temperatures.

3.2 FePt films grown at 350 °C  Figure
2 shows the XRD patterns of the sample
made at 350 °C before and after annealing.
It shows that the peaks of the as-deposited
film are broadened. This indicates that some
intermediate cubic structure, L1,-type cubic
crystal structure, was formed [5]. This struc
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ture can be also called ordered fcc phase, in which there is some atomic ordering but not strong enough
to form tetragonal phase. After annealing the ordered fct phase was formed. SEM and optical microscope
show that the surface of these films is free of micro-cracks.

The annealing temperature dependence of M /M, and H, for both in and out-of plane is shown in
Fig. 3. From this figure one can see that the as-deposited sample is magnetically hard, which is in good
agreement with the ordered fcc phase observed in the XRD results. This is also in agreement with the
investigation that 350 °C substrate temperature is the starting point for formation of fct phase [14]. With
increasing annealing temperature, for the in-plane magnetization loops, M/M, and H, peak at 500 °C. For
the out-of-plane magnetization loops, M /M reached a maximum at 450 °C but H, at 500 °C.
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On increasing the annealing temperature, more and more ordered fct phase is formed. If the grain size
of the remaining fcc phase is below the critical size, the fct and fcc phase will be exchange-coupled and
forms the so-called nanocomposite magnet [15] which have both high H, and M. When the annealing
temperature is higher than 550 °C, M,/M; and H, decrease significantly. This may be due to the growth
rate of the grains being higher than the nucleation rate at high temperature, which results in an increase
of the grain size of both fcc and fct phases. If the grain size of the fcc phase becomes larger than the
critical size, fct and fcc phase will be de-coupled. Depending on the T,y,ear, the hysteresis loop shows the
presence of a few percent of a soft phase, which is magnetically de-coupled from the hard phase. The
best results are shown in the inset of figure 3 (Tannea = 450 °C ). Since it is impossible to re-magnetize
the atom chip after putting it into the ultra-high vacuum trapping system, the atom chip has to keep its
magnetization during baking the vacuum system. The measurements show that the magnetized sample
still keeps 95% of the remanent magnetization after baking at 170 °C for 24 hours.

4 Conclusion FePt films with 250 and 500 nm thickness were prepared with MBE. Deposition at
350 °C can release stress in the magnetic layer and samples with mirror-like surface were obtained. After
annealing the fct and fcc phase in the FePt film were exchange-coupled so that we can get high H, and
M,/M; (H, = 8.0 kOe, M,/M; = 0.90 for in-plane magnetization and H, = 8.34 kOe, M,/M; =0.93 for out-
of-plane magnetization). Because M,/M; is more critical than H, for atom chips, we choose 500 °C for in-
plane magnetization and 450 °C for out-of-plane magnetization as the final annealing temperature. The
film deposited at 350 °C can be used in making atom chips and it will be patterned in the very near future.
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