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Abstract. We have demonstrated the partly directed reflecterial, whereas this reduction is typicalB0% for magnetic
tion of a slow cesium atomic beam by using the naturatecording media.

magnetic stray field aboveNd-Fe-B surface. From these ex- The natural domain structure in ferromagnets which are

periments we determine the reflectivity and a minimum valueot externally magnetized could provide a simple way to

for the magnetic stray field directly at the surface. achieve both a high surface field strength of the order of
1T and a magnetization period in the micron regime. Mir-

PACS: 03.75.Be; 75.30.Gw; 75.70.Kw rors with these properties are needed for magnetic imaging
schemes with laser-cooled atomic beams in grazing-incidence
geometries.

In atom optics, atom-optical analogs of photonic opti- In the absence of external fields the demagnetized state

cal components such as lenses, beamsplitters, and mirrassthe stable state in large ferromagnetic crystals and for this
are fabricated [1]. There have been two main approachesate the free energy is minimal. The resulting domain struc-
in the construction of atomic mirrors: evanescent lightture is then a consequence of balancing various contributions
waves [2] and spatially varying magnetic fields [3]. Theto the free energy in order to minimize it [14]. For our pur-
first realization of an atomic mirror utilized an evanescenpose the most interesting contribution is the anisotropy en-
light wave [4]. During the last few years magnetic mir- ergy. It arises from the existence of preferred (“easy”) axes
rors which use the Zeeman interaction between an atomiaf magnetization in ferromagnetic crystals. No domains of
magnetic moment and an inhomogeneous magnetic fieldlosure can form in a specimen with very strong magnetic
have become more and more popular. Flat atomic miranisotropy and only one easy axis orientated perpendicu-
rors have been constructed using magnetic recording méar to one of its surfaces exists. Consequently a magnetic
dia [5], macroscopic permanent magnets [6, 7] and microfield leaks out and forms a stray field immediately above
fabricated electromagnetic devices [8]. Hugletsal. also  the surface. The internal and surface domains will then self-
formed curved magnetic mirrors from magnetic recordingorganize in order to minimize the contribution of the mag-
media [9,10]. Recently, the focusing of atoms by usingnetic stray field to the free energy. This results in a domain
a curved magnetic mirror fabricated from video tape hagpattern with alternating magnetization which is in one di-
been demonstrated [11]. Roach et al. also reported th@ension similar to an atomic mirror built from permanent
high but not specular reflectivity of demagnetized audianagnets.
tape [5]. In this paper we describe the surface properties and mag-
All these magnetic mirrors are based on a periodic magretic stray field of a naturally magnetizéiti-Fe-B surface.
netization changing direction with a periodxafThisleadsto  We then use this field to reflect a Zeeman-slowed cesium
an approximately exponentially decaying magnetic flux densatomic beam.
ity above the magnetic surface [12,13]. The decay constant
is 2r/A and the maximum surface field limits the normal
atomic velocity that can be reflected. The construction ofl Surface preparation and characterization
mirrors from magnetic recording media has the advantage
of smaller magnetization periods and smoother equipoterA sintered Nd-Fe-B cuboid with dimensions90 x 30 x
tial planes. The advantage of mirrors fabricated from peri0 mn? was obtained from Magnetfabrik Schramberg [15].
manent magnets is that the magnetic field strength is ahhe cuboid was polished with abrasive paper and a fine
order of magnitude larger. Moreover the suppression of thénish was accomplished using crystal polish powder. Fig-
magnetic field outside the material due to the finite thick-ure 1a shows a difference interference contrast image of
ness of the magnetic material is not relevant for bulk mathe surface, which was used to obtain a general overview.



4 2 size areb—10um. Magnetic domains were observed by using
i e a magnetic force and a polarizing microscope at normal in-
; ,& cidence on the polished surface. Owing to the Kerr effect,
! domains with different direction of magnetization appear as
dark and bright regions [16]. The spontaneous magnetiza-
-+ VO 4 tion Ms of the domains idMs = 1.63 T/ [17]. Figure 1b
= K e | shows the typical dendritic domain structure oNd-Fe-B
P —— surface [18]. Domains in the surface grains are subdivided
50 pm to reduce magnetostatic energy. This is also accomplished
b p T ok &2 by additional small point-like domains inside larger domains,
O 2010 ’,‘ oy ﬁ: which can be clearly seen in Fig. 1b, c. From these images
{ ﬁ ¥ 5 ;} ~ 1 we determine a mean lateral size of the magnetic domains
" _ RS ORI\ of approximatelyl um. A one-dimensional periodic arrange-
' ZOIRY) ment of the domains would result in a decay of the lowest
* -~ 7~ = A J = N L spatial Fourier component of the stray field with a decay
. [ o length of roughly0.2 um. However, due to the stochastic do-

f—j&& {‘:.. excesdNd andB atoms diffuse. Typical values for the grain
ar e

: S main structure it seems feasible that also lower spatial Fourier
bla TN components exist, leading to a slower decay of the stray
— ' field.
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Fig.1. a Difference interference contrast image of the polishédiFe- .
B surface. Bright regions are flat areas andlark regionsare grooves. 2 EXxperiment
b Magnetic domain structure of the squared region in a imaged with a po-

larizing microscope. The axis of easy magnetization is perpendicular to the . . .
surface shownc Same region imaged with a magnetic force microscope.Our beam source (Fig. 2) is a Zeeman-slower which produces

One can clearly see that both techniques show the same domain structura slow and cold cesium atomic beam with a mean longi-
tudinal velocity in the range 35 t@20 nys, a longitudinal
velocity spread of less thahm/s, and a current of about

Approximately80% of the surface is flat, whereas the re-10'°atomg's [19]. The final atomic beam has a diameter

mainder contains cavities. Further polishing did not reducef 3 mmand a transverse velocity width below the Doppler

the portion of the surface covered with cavities becausémit, which corresponds td2.5cmy/s for cesium. All the
sinteredNd-Fe-B is only 97% dense. For a quantitative an- atoms are in th& = 4 substate. An optical polarization stage
alysis we inspected the flat parts of the surface by mearis used to pump all the atoms into the outermost= +4

of atomic force microscopy (SIS Ultra objective). The rmsZeeman state, which has a constant magnetic moment of

roughness of the surface was determined to5Peam on  1pg. For detection, the fluorescence of atoms traversing

a 20x 20um? scale and reduces thnmon a5x5um?  a sheet of resonant laser light is imaged onto an intensified

area. This is to be compared with a rms roughness ofCD camera.

100 nmfor the original unpolished surface. Once polished The setup for the reflection experiment is housed in a sec-

the material has to be kept under vacuum conditions beand vacuum chamber connected to the source chamber. The

cause the effect of corrosion updid-FeB magnets is seri- Nd-Fe-B cuboid is placed on an electrically driven rotation
ous. stage (angular resolution better tha8 mrad which is con-

The sinteredNd-FeB material consists primarily of nected to a translation stage. This translation stage allows
aligned grains of the tetragorfeé; sNd,B phase. These grains us to move the whole assembly perpendicular to the atomic
possess a high magnetic anisotropy with the easy axis beirigeam axis. Two movable apertures were used to align the
normal to the polished surface. The material also containsagnetic surface parallel to the atomic beam axis to better
non-magnetic secondary grain boundary phases into whidhanl.7 mrad
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il slowing and
= I . repumping laser
2 30 mirr(nl'/.

apertures —~ Zeeman-

slower optical detection
polarization ~— o laser
stage rotatable
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Fig. 3. aReflection of cesium atoms with a mean longitudinal velocityp®f/s. The error bars represent only the uncertainty of determining the center
of the atomic beam in the CCD images. Téteaight line (slope 10, offset 02) is the best linear fit to the data pointsDivergence of the reflected atomic
beam. Thestraight linecorresponds to the divergence of the incident atomic bé&agmgrad

Figure 3a shows the mean angle of reflection for grazthat at least a part of the atomic beam undergoes directed
ing angles of incidence of up %°. For each data point the reflection. We attribute the increase in divergence to the
deflected atomic beam was alternately monitored at two difroughness of the magnetic equipotential lines induced by
ferent positions separated by a distance28mm We ob- imperfect domain structures and mechanical surface rough-
served the atomic fluorescence with the CCD camera lookaess.
ing perpendicular to the atomic beam axis and the detection In a second series of measurements we observed the
laser. From a Gaussian fit to the atomic fluorescence we detomic fluorescence with the CCD camera looking in the
termined the center and width of the atomic beam at botlirection of the atomic beam axis. Typical atomic beam pro-
positions. Using the translation stage we removedNke files for the incident and the reflected atom beam are shown
Fe-B cuboid from the atomic beam axis and monitored thdn Fig. 4a. Owing to the larger divergence of the reflected
undeflected atomic beam. All these data points were takelleam the corresponding atomic beam profiles are wider. In
without moving the CCD camera. This enables us to calFig. 4b we compare the number of atoms in the reflected and
culate the angle of reflection independently from the angléncident atomic beam. For small angles of incidence the over-
of incidence. Within the experimental uncertainty, the anglall reflectivity of theNd-Fe-B surface is as high aB00%. It
of incidence equals the angle of reflection. In Fig. 3b wedrops with increasing angle of incidence because more and
compare the divergence of the incident atomic beam witlmore atoms are able to reach the surface within regions of
the divergence of the reflected atomic beam at different ardlewer magnetic potential. Using the known longitudinal vel-
gles of incidence. After the reflection the beam is still wellocity and the maximum angle of incidence, we can estimate
collimated although the divergence has been increased lilge surface field to be approximatély® T. This corresponds
approximately a factor of 25. From this fact we concludeto a value of (65uoMs and is abou75% of the magnetic
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Fig. 4. aAtomic beam profiles of incidentdéshed ling and reflected atomic beamso{id lineg for different angles of incidence. Each profile is an average
over 10 lines Q.6 mm) in the CCD image containing the center of the atomic beam. The profiles are taken in the direction perpendicular to the mirror
surface b Reflectivity of theNd-Fe-B surface for different angles of incidence. Values larger than 1 are due to fluctuations in the atomic current and detection
efficiency. Thesolid symbolshow the nhumber of atoms integrated over the complete atomic beam profilep&@hesymbolsompare the peak value of the
fluorescence intensity in the corresponding beam profiles
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remanence that the fully magnetisid-Fe-B cuboid would
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have. In Fig. 4b we also show the ratio of the peak values forlughes.

the fluorescence intensity of the reflected and incident atomic

beams. This ratio should be unity for fully specular reflec-References
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