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Micro-electromagnets for atom manipulation
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Micro-electromagnets for atom manipulation have been constructed, including magnetic mirrors
(serpentine patterphsind trapgcircular patterns They consist of planar micron-scale Au wires on
sapphire substrates fabricated using lithography and electroplating. At liquid nitrogen or helium
temperatures in vacuum the wires support currents of several amperes with current density
~10% A/lcm? and power dissipation- 10 kW/cn?, and they produce magnetic fields to 0.3 T and
gradients to 19 T/cm. The micro-electromagnet mirror was used to deflect a beam of metastable
helium atoms at grazing angles0.5 mrad. ©1998 American Institute of Physics.
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Recent progress in atom optics was stimulated by adlarge volume and then compress them to a much smaller
vances in laser cooling and microfabrication. Light—atom in-volume®
teractions were used to demonstrate deflection, diffraction, Magnetic fieldsB, gradientsVB|, and curvature¥?B
focusing, and trapping of atoniswhile microfabrication generated from current carrying wires typically scaleBas
techniques were used to construct structures with smalkl/d, |VB|x1/d?, andV2B«I/d®, wherel is the wire cur-
enough periods to diffract thermal atom beamsSimilarly, ~ rent andd is the characteristic size of the system. The maxi-
advances have taken place in the use of magnetic field gramum current is limited by ohmic heating to valulgs,,<d,
dients in novel manipulation schemes such as mirrors, grasuch thatB is independent of size, whil¢VB|«1/d and
ings, traps and lense$.Specifically, mirrors for atoms have V2B 1/d? are size dependent. Thus, micro-electromagnets
been proposédand demonstrated using macroscopic permacan produce the same fields but larger gradients than macro-
nent rare-earth magnetsnicroscopic magnetic tapésand ~ scopic electromagnets, resulting in stronger forces for the
magnetized floppy disksRecently, the use of microscopic confinement of atoms. If we consider a normal wire of width
planar geometries for small scale atomic traps has beew on a planar substrate carrying a currenthe condition to
proposed. remove the ohmic heating via heat conduction through the

In this letter we describe the fabrication, properties andsubstrate give$/w= («AT a4 /p Y2 wherex is the thermal
testing of micro-electromagnets for atom manipulation. Speconductivity of the wire,p is the electrical resistivity, and
cifically, we describe the use of a micro-electromagnet mir-AT . is the maximum allowable temperature difference to
ror to deflect a thermal beam of metastable helium*(He the substrate. For Au at room temperature WM 4
atoms. The micro-electromagnets consist of planar micron=100 K and standard values for and p.tt we havel/w
scale Au wires on sapphire substrates fabricated using phe=1x 10* A/lcm. Cooling can be used to achieve even higher
tolithography and electroplating. Photolithography allows forvalues ofl/w by reducingp and increasing.. We have ex-
the fabrication of complex patterns across large surface are@erimentally investigated Au, Cu, and Ag wires on sapphire
with excellent control to create novel field configurations for substrates. The best results are obtained with Au, for which
atom manipulation. Electroplating permits high currentswe achieved current densities10® A/cm? (see below:
(current density of ~10° Alcm?, power dissipation Superconducting devices made of Nb on Si substrates
~10 kw/cn?) and magnetic fields tB~0.3 T with gradi- were also fabricated to investigate their current-carrying ca-
ents|VB|~10® T/cm. We present mirrorgserpentine pat- pabilities. Current densities up te-2.5x10° Alcm? were
tern) and traps(circular patternsfor atoms. These devices achieved at 4.2 K. The maximum current in superconductors
have several advantages. The magnetic field is tunable, ang limited either by the critical fieldtype I) or by flux pin-
time-dependent potentidfscan be realized. Substrates with ning (type 1.2 Among existing materials, Nb, NbTi, and
excellent surface smoothness are widely available. The effeéibsSn could be used to obtain current densities up to
of any wire irregularities is suppressed by Kirchoff's current10” Alcm?,*? which is still lower than the values we report
law which ensures that the same current flows throughout thér Au.
electromagnet. Micro-traps could be used for studies of small  The interaction of atoms with magnetic fields for atom
numbers of cold atoms confined to regions with dimension®ptics has been studied in detifl The manipulation of neu-
comparable to the de Broglie wavelength. We can fabricatéral atoms using current carrying wires is based on the Zee-
arrays of large numbers of traps, as well as a nested series Bfan interaction between an inhomogeneous magnetic field

traps. Such structures could be used to capture atoms inand the atomic magnetic dipole moment. This interaction
avoids spontaneous emission which occurs in atom—optical

dpresent address: IGEN International, Inc., 16020 Industrial Drive, Gaith—elememS based on Ilght—atom mtera_ctlo_ns. If the mggngtlc

ersburg, MD 20877. moment can follow the local magnetic field, the motion is

YElectronic mail: westervelt@deas.harvard.edu adiabatic and the external field affects only the center of

0003-6951/98/72(22)/2906/3/$15.00 2906 © 1998 American Institute of Physics



Appl. Phys. Lett., Vol. 72, No. 22, 1 June 1998 Drndic et al. 2907

FIG. 1. () Schematic diagram of a serpentine micro-electromagnet mirror
and the magnetic field above &,is the periodw the wire width, anch the ) ) ) )
wire height;(b) and (c) scanning electron microscog8EM) images of Au FIG. 2. SEM images of micro-electromagnets with geqmetrles sugges_ted
mirrors on sapphire substrate®) a=48 um, w=12 um, h=0.3 xm; (c) (see Ref. 9 for trapping atoms. Traps are Au on sapphlre_substrates with
a=12um, w=4.3um, h=0.9um. w=3um andh=1 um: (a) two half loops,(b) three concentric half loops,

(c) two full loops, (d) array of traps.

mass motion. Consequently, the gradient force due to thgenic temperatures in an atomic beam apparatus. The sap-
magnetic field isF=V(u-B)=—grmeugVB, whereug is  phire substrate was tightly clamped to the end of a copper
the Bohr magnetorge is the Landeg factor, andmg is the  cold finger 0.5 m long and 1 cm in diameter, and heat sunk to
magnetic quantum number of the atomic substrate. liquid He in a Precision Cryogenics Dewar. The copper cur-
Figure 1 shows a magnetic mirror for atoms using arent leads were thermally anchored to the cold finger. An
serpentine pattern of current-carrying wires. The magnitudguter copper shield extending from the liquig bath of the
B of the magnetic field decays exponentially in the directionpewar was used to shield the inner cold finger from black-
perpendicular to the mirror plane, with characteristic lengthhody radiation. The position of micro-electromagnets with
k~'=a/2m, wherea is the period[see Fig. 1a)]. At dis-  respect to the beam was controlled by a set of manipulators
tances y>a/2w, the amplitude isB(x,y)=Boe (1  to um-scale precision. The substrate temperaflijewas
+ae %Y cos Xx+...), wherey is the perpendicular dis- monitored with a Si diode thermometer; for liquid He cool-
tance from the mirror surface is the distance along the ing T,=17 K and for liquid N, Ts=96 K. A pulse generator
mirror perpendicular to the wires, argdO<a<1) is a co-  and programmable power supply with output up to 60 V at
efficient determined by the boundary conditidAstigures 20 A was used to energize the devices.

1(b) and Xc) are scanning electron microscope images of  Figure 3a) shows measured current—voltagé—V{)
fabricated micro-electromagnet mirrors. We have made mircurves and computed field® at the surface of the wires
rors with periods @ in Fig. 1(a)] ranging froma=12umto  obtained for a micro-electromagnet mirror. The mirror char-
a=200um, covering areas up to 1 émThe fabrication is  acteristics are areax22 mn?, perioda=48 um, wire width
done in two steps: lithography and electroplating. First, phow=20 xm, and thicknesd1=3 um. Voltage pulses were
tolithography is used to define the wire geometry on a 0.%pplied to the mirror with low duty cycles<(5%) at 300,
mm thick sapphire substrate 2.5 cm in diameter. We evapot(0, and 20 K. As shown, mirror currents uplte 3 A were
rate a 1000-4000 A thick layer of Au on top of a 50 A Cr achieved at 20 K using 1% duty cycle pulses. The surface
adhesion layer. The wire is then electroplated with Au usingfield B was estimated assuming a rectangular wire 3
In contacts and Cu leads to further reduce the resistance«20 xm? with uniform current density. Fot=3 A this

Plating is done using a sodium gold sulfite solution isOH  givesB~0.1 T, sufficient to reflect 300 K thermal atoms at
(3% NaAu(S0O;),, 8% NgSO0;) at 60 C with Pt or Au

anode$* at low currents €1 mA) to obtain smooth sur- 2

faces. Using Faraday’s laiM =KQ, whereM is the depos- 3t @ 1% |lso )

ited massK is the material constantK(=2x 103 g/C for —2 20K |=a% g oz 02
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gold), andQ is the required charge, we estimapeto grow = P w0s = —
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the wires to desired sizes. 1 . 100K ¢ o

Using the same procedure described above, we have fab- o [gfe-~*" 30K | 0 0
i i i i i 20 40 60 0 2 4 6
ricated other wire patterns for atom manipulation. Figures v V] v IV]

2(a), 2(b), and Zc) show scanning electron microscope im-

ages of micro-electromagnet traps as suggested theoreticalyG. 3. (a) Measured -V characteristics and computed fieBisat the wire

by Weinsteinet al® The radii of the circular traps vary from surface for a micro-electromagnet mirror at 300, 100, and 20 K pulsed at

30 to 50,«m with wire widthw=3 xm. We have also fab- '®%_duy cycle as indicated; mirror area>mn?, a=48um, w

. ! . =20um, h=3 um, and inductancé =0.05uH. (b) Measured trap -V

rlcatet_j arrays of traps as shown in F'Qd_)z characteristics and computed fieil at the wire surface at 100 K for dc
Micro-electromagnets were tested in vacuum at cryo-excitation; the device is shown in Fig(a.
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He* beam m=_:)‘ vature of the potentials responsible for the deflectfoRig-
(a) — ure 4c) shows how the angular separation betweenrthe
ey T ==*1 peaksAd, varies with mirror positiorz (and magnetic
field) for fixed currentl =1.38 A. The dashed line, a numeri-
L, (c) cal calculation ofA # which assumes an exponentially decay-
ing field, compares well with the measured data. The mag-
. — netic field above the mirror was calibrated using an
e additional constant offset field, added perpendicular to the
. direction of the mirror field. Fitting the splitting as a function
of the offset field gives the value for the field at the surface
50 70 90 110 of the mirrorBy=5.3+0.9 mT/A, which agrees with simple
z (um) Biot—Savart calculations.

detector

—exp.
---theory
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FIG. 4. () Schematic diagram of the experimental setup used to defléct He The authors thank Frans Spaepen. Steve Peil. Joe Tien
atoms with a micro-electromagnet mirrdr=1.6 m,d=1 cm. (b) The spa- paepen, ! !

tial distribution of deflected atoms after interacting with the mirror field at David Osier, and Steve Shepard for help in fabrication. This
I=1.04 A and =0. Solid line is the raw experimental data; dashed line is awork was supported by National Science Foundatid8F)
numerical calculation which assumes an exponentially decaying field. Grant No. DMR-94-00396 and NSF Grant No. PHY-
Angular splittingA ¢ of He* atoms as a function of the atom-mirror separa- %312572. MD acknowledges support from the Clare Booth

tion z. Dots are experimental measurements; dashed line is a numeric. . .

calculation. Represjmaﬁve error bars are shown. Tuce Fellowship, KSJ from the AT&T/Lucent Technologies
Ph.D. Fellowship, and JHT from the Fannie and John Hertz
Foundation.
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