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Role of wire imperfections in micromagnetic traps for atoms
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We present a quantitative study of roughness in the magnitude of the magnetic field produced by a current
carrying microwire, i.e., in the trapping potential for paramagnetic atoms. We show that this potential rough-
ness arises from deviations in the wire current flow due to geometric fluctuations of the edges of the wire: a
measurement of the potential using cold trapped atoms agrees with the potential computed from the measure-
ment of the wire edge roughness by a scanning electron microscope.
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The use of micro or even nanofabricated electrical devices The wires we use are produced using standard microelec-
to trap and manipulate cold atoms has attracted substantigbnic techniques. A silicon wafer is first covered by a
interest, especially since the demonstration of Bose-Einstein00 nm silicon dioxide layer. Next, layers of titanium
condensation using such structufés2]. Compact and ro- (20 nm and gold(200 nn) are evaporated. The wire pattern
bust systems for producing BEC's, single mode waveguidegs imprinted on a Gum thick photoresist using optical lithog-
and possibly atom interferometers can now be envisagedaphy. Gold is electroplated between the resist walls using
The small size of the trapping elements, usually currentthe first gold layer as an electrode. After removing the pho-
carrying wires producing magnetic traps, and the proximitytoresist and the first gold and titanium layers, we obtain elec-
of the atoms to these elementgpically tens of microns  troplated wires of thicknesg,=4.5 um with a rectangular
means that many complex and rapidly varying potentials cafransverse profilésee Fig. 1 A planarizing dielectric layer
be designed3]. This approach has some disadvantages how(BCB, a benzocyclobutene-based polyimir deposited to
ever. On the one hand it has been shown that atoms aver the central region of the Ch|p On top of the BCB, a
sensitive to the magnetic fields generated by thermally fluc200 nm gold layer is evaporated to be used as an optical
tuating currents in a metal when they are very clf3e7].  mirror for light at 780 nm. The distance between the center
On the other hand, a time independent fragmentation of &f the wire and the mirror layer has been measured to be
cold atomic cloud has been observed when atoms are4(1) pm.
brought close to a current carrying microwi48,10. The magnetic trap is produced by a currénflowing

This fragmentation has been shown to be due to a potefnrough a Z-shaped microwifd 3] together with an external
tial roughness arising from distortions of the current flow inyniform magnetic fieldB, (along they axis; see Fig. Lpar-
the wire[9,11]. It has also been demonstrated experimentallyy|ie| to the chip surface and perpendicular to the central part
that the effect of these distortions decreases with increasingf the wire. The central part of the Z-wire is 30m wide and
distance from the wir¢10,11. In an attempt to account for 2800um long. Cold 8Rb atoms, collected in a surface
the observations, a theoretical suggestion has been made trﬂﬁégneto—optical trap, are loaded into the magnetic trap after
deformations, more specifically meanders, of the Wit8]. =2 m=2) hyperfine state. The trap is then compressed so
In this paper we show that for at least one realization of gnat efficient forced evaporative cooling can be applied. Fi-
microfabricated magnetic trap, using electroplating of gold.na)ly, the trap is decompressed. Final values afidB, vary
this suggestion is substantially correct. We have measureglom 200 mA to 300 mA and from 3 G to 14 G, respec-
the longitudinal density variation of a fragmented thermaltive|y, so that the height of the magnetic trap above the wire

cloud of atoms trapped above a wire, and inferred the rOUgPanges from 3%um to 170um. An external longitudinal
magnetic potential. We have also made scanning electron

microscope images of the same wire and measured the pro-

. . . Au (200 nm)
file of the wire edges over the region explored by the atoms.

The magnetic potential as a function of position deduced AuBCB =~ 14 ym
from the edge measurements is in good quantitative agree- Si- 50 pm

ment with that inferred from the atomic density. We suspect
that this result is not unique to our sample or fabrication

process and we emphasize the quantitative criterion for the
necessary wire quality to be used for atom manipulation.

Si02 (200 nm)

FIG. 1. (a) Z-wire used to produce the magnetic trép) Cross
section of the wire in théxy) plane. The wire is covered with a
*Permanent address: Universitat Hannover, D 30167 Hannovefayer of BCB polymer, and a thin gold layer acting as a mirror. The
Germany. origin of the coordinate system is taken at the center of the wire.
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magnetic field of a few G aligned alormjis added to limit VT

the strength of the transverse confinement and to avoid spin 35 = = ——=s o 176pm
flip losses induced by technical noise. For these parameters, 30 b o= ==a ==~ 1074m
the trap is highly elongated along tkeaxis. The transverse ~ o5t o i

oscillation frequency is typicallyw, /(27)=3.5 kHz and < S T e PP e A 80pm
120 Hz for traps at 33im and 170um from the wire, re- \M:} W e I <--]69um
spectively. ~ 15F P Asaum

The potential roughness is deduced from measurements of = 10 =~ = . 1%

the longitudinal density distribution of cold trapped atoms. L e e N S " ~46pm
The atomic density is probed using absorption imaging after 0 ke B Y A 33um
the atoms have been released from the final trap by switching 5 YA s

off the current in the Z-wirgswitching time smaller than
100 us). The probe beam is reflected by the chip at 45°
allowing us to have two images of the cloud on the same
picture. From Images taken just aﬁ(@OC_),us_) SW'tCh'n_g off FIG. 2. Rough potentials normalized to the current in the
the Z-wire current we infer the longitudinal densityz) 7 shaped wire for different heights from the wire. Solid lines: po-
= [Jdxdyrix,y,z). We also deduce the height of the atomsientials measured using cold atomic clouds. Dashed lines: potentials
above the mirror layer from the distance between the twqalculated from the measured geometric roughness of the edges of
images. The temperature of the atoms is determined by meghe wire. The different curves have been shifted byt6/A from
suring the expansion of the cloud in the transverse directiomach other.
after longer times of flight{l to 5 ms.

To infer the longitudinal potential experienced by the at-
oms, we assume the potential is given by

-800 -600 -400 -200 0 200 400 600 800
2 (pm)

In the following, we present the data analysis which en-
ables us to extract the longitudinal potential roughness. In
order to have a large statistical sample and to gain access to
(1) low spatial frequencies, one must measure the potential
roughness over a large fraction of the central wire. In our
experiment, however, the longitudinal confinement produced

. S : he lonaitudinal s di by the arms of the Z-wire itself is too strong to enable the
this separability assumption, the longitudinal potential is di-p5mic cloud to spread over the full extent of the central

rectly obtained from the measured longitudinal density of &0 T4 circumvent this difficulty, we add an adjustable lon-
cloud at thermal equmbru_Jm_ using the_ _B_oltzmann law gitudinal gradient oB, which shifts the atomic cloud along
Vo(2) ==k T In[n(2)]. To maximize the sensitivity to the lon- 0 contral wire. We then measure the potential above differ-
gitudinal potential variations, we choose a temperature of th@; 7ones of the central wire. We typically use four different
same order as the variatio(ib=0.4 uK for traps at 170um  gnatia| zones which overlap each other by about 260 We
from the wire andT =~2.2 uK for traps at 33um from the  then reconstruct the potential over the total explored region
wire). The separability assumption has been checked experly, g piracting gradients from the potentials obtained in the
mentally by deducing a-dependent oscillation frequency giferent zones. Those gradients are chosen in order to mini-
from the rms width of the transverse atomic density at dif-,i-e the difference between the potentials in the regions
ferent positions. At 33un_ frqm the wire, there is no evi- \wvhere they overlap.
dence of a varying oscillation frequency. At a height of \ye are interested in those potential variations which differ
170 um above the chip, over a longitudinal extent of from the smooth confining potential due to the arms of the
450 um, we deduce a variation of the transverse oscillationyire We thus subtract the expected confining potential of an
frequency of about 13%. In this case, the assumption Ofjeq| wire from the reconstructed potential. To find the ex-
separability introduces an error of @ in the deduced ,ecieqd potential, we model the arms of the Z by two infini-
potential. R tesimally thin, semi-infinite wires of width 250m, sepa-
The potential experienced by the atom&/isup|B|. Toa  rated by a distancé and assume a uniform current
very good approximation, the magnetic field at the minimumdistribution. We fit each reconstructed potential to the sum of
of Vharmis along thez axis (for our parameters, the deviation the result of the model and a gradient, using the gradlent,
from the z axis is computed to be always smaller thanand the distanch above the wire as fitting parameters. The
1 mrag so that the longitudinal potential is given My (z)  fitted values ofl differ by a few percent from the nominal
=upB,(2). For a perfect Z-wire, the longitudinal potential is value 2.8 mm, while we finth=13(1) um+d whered is the
solely due to the arms of the wire and has a smooth shapelistance from the mirror as measured in the trap images. This
However, we observe a rough potential which is a signatureesult is consistent with the measureddrh thickness of the
for the presence of an additional spatially fluctuating longi-BCB layer.
tudinal magnetic field. A spatially fluctuating transverse The potential which remains after the above subtraction
magnetic field of similar amplitude would give rise to trans- procedure is plotted for different heights in Fig. 2. For a
verse displacement of the potential which is undetectabléixed trap heighth (fixed ratio 1/B;), we have checked
with our imaging resolution and small enough to leave ourthat the potential is proportional to the current in the wire;
analysis unchanged. therefore we normalize all measurements to the wire current.

V(lei Z) = VZ(Z) + Vharm(va) )

where Vy,n(X,y) is a transverse harmonic potential. Under
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FIG. 3. Potential spectral density,=1/(2712)[” (V(2)V,z (©) k (um™)
+u))ekidu at 33 um from the wire(fat lines and at 80um from
the wire (thin lines. Solid lines: potential measured using cold  FIG. 4. Imperfections of the edges of the wire. In the SEM
atomic clouds; the inset shows the curves on a linear scale. Dashé@age of the wire taken from the side), one can see that the edge
lines: potentials calculated from the measured geometric fluctuadeviation functionf is roughly independent of. (c) Spectral den-
tions of the edges of the wire. These estimations of the spectrdity of f extracted from SEM images taken from the top aghin
density are made with the Welch algorithja] using windows half
the size of the total explored regi¢h.6 mm fluctuations are small enough to make the current density

distortion linear inf,,z, wheref g are the fluctuations of

The most obvious observation is that the amplitude ofthe left and right edge of the wire respectively. The current
the roughness decreases as one gets further away from tHensity is in theyz plane and, because the rough potential is
wire. The spectral density of the potential roughness igproportional to the longitudinal magnetic field, we are only
shown in Fig. 3 for two different heights above the wire. Weinterested in ityy componentj,. Because of symmetry, only
observe that the spectrum gets narrower as the distandge part ofj,(z,y) which is even iny contributes tdB, in the
from the wire increase@ee inset in Fig. B8 This is expected xz plane. Thus, only the symmetric compondiit1/2(f,
since fluctuations of wavelength much smaller than thetfg) is considered. The Fourier compondiitk) of f* in-
height above the wire are averaged to zero. At high waveluces a transverse current dengit?]
vectors (k>0.07um™ at 33um and k>0.04um™ at
80 pm) the spectrum exhibits pIat_eaus_ which we interpret as j;(k,y) =ikf*(k) ) 2)
instrumental noise. We expect this noise level to depend on WoUo costtk\Wy/2)

our experimental parameters such as temperature, CUeRE e gistances from the wire we consi@d8 to 176um)
and atomic density. Qualitatively, smaller atom-wire dis- e much larger than the thickness of the wikg4.5 um
tances, which are analyzed with higher temperatures shou e will in the following assume an infinitely flat wire. To

result in higher plateaus. This is consistent with the Observaéfficiently compute the longitudinal magnetic field produced

tion. . . by these current distortions, we use the expansion on the

In the foIIo_wmg we evaluate th_e rough p(_)tentlal due 10 odified Bessel functions of second kikgl(kx), which is
edge fluctuatlons of the central wire. For thl_s purpose, th?/alid for x>Wp/2. This expansion is, in thez plane,
edges of the wire are imaged using a scanning electron mi-
croscopg SEM), after removal of the BCB layer by reactive B,(k,x) = - E K[ Con(K) + Consa(K) TK ope1(KX), (3)
ion etching. Figure @) indicates that the functiof, which n=0
gives the deviation of the position of the wire edge from theWhere
mean positiony==W,/2, is roughly independent of. We
make the approximation th&tdepends only oa. We deduce o [ .
f from SEM images taken from above the wiisee Fig. Can(K) =(=1) ;Uof Lan(ky)jy(k,y)dy, (4)
4(b)]. To resolvef, whose rms amplitude is only 02m, we 0
use fields of view as small as tm. The functionf is |, being the modified Bessel function of the first kind. For
reconstructed over the entire length of the central wire usingmall wave numberk such thakW,< 1, one expects the,
many images having about }8n overlaps. As shown in coefficients to decrease rapidly with Indeed, forkr<1,
Fig. 4(c), several length scales appear in the spectrum. Therg(kr) = (kr)"/(2"n!). In our data analysis, onlig wave vec-
are small fluctuations of correlation length of about 100 nmtors smaller than 0.0&Zm™ are considered for which
and, more importantly, fluctuations of a larger wavelengthkw,/2< 0.8 so we expect the, coefficients to decrease rap-
(60 to 1000um). idly with n. In the calculations, only the terms up me=20

The geometric fluctuations of the edges of the wire induceare used.
a distortion of the current flow which produces a longitudinal  Equations(2), (4), and(3) then allow us to compute the
magnetic field roughness responsible for a potential roughfluctuating potential from the measured functibrin Fig. 3,
ness. To compute the current density in the wire, we assumge plot the spectral density of the potential roughness calcu-
a uniform resistivity inside the wire. We also assume thatlated fromf for two different heights above the wif83 and

I coshky)
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80 um) and compare it with those obtained from the poten- Furthermore, wire edge fluctuations put a lower limit on
tial measured with the atoms. For both heights, and for wavene possibility of down-scaling atom chips. For a given fab-
vectors small enough so that the measurements made wititation technology the wire edge fluctuations are expected
the atoms are not limited by experimental noise, the twqqg pe independent of the wire widW,. Thus assuming a
curves are in good agreement. As we have measured the hite nojise spectrum, the normalized potential roughness

function on the whole region explored by the atoms, we ca - 2 : ; ;
compute directly the expected potential roughness. In Fig. g\/rmsll varies as 1W ” for fixed ratio h/Wo, h being the

this calculated potential roughness is compared with théﬂlstance to the wirg12]. In order to redyce the potential
roughness measured with the atoms for different height{2Ughness, one must pay careful attention to edge fluctua-
above the wire. Remarkably the potential computed from thdions when choosing a fabrication process. For example, we
wire edges and the one deduced from the atomic distribuare currently investigating electron beam lithography fol-
tions have not only consistent spectra but present well corrdowed by gold evaporation. Preliminary measurements indi-
lated profiles. We thus conclude that the potential roughnessate a reduction of the spectral density of the wire edge fluc-
is due to the geometric fluctuations of the edges of the wiretuations by at least two orders of magnitude for wave vectors
The good agreement between the curves also validates thenging from 0.1um™ to 10 um™. This should allow us to
assumption of uniform conductivity inside the wire used toreduce the spectral density of the potential roughness by the
compute the current distortion flow. same factor unless a new as yet unobserved phenomenon
In conclusion, we have shown that the potential roughnesguch as bulk inhomogeneity sets a new limit on atom chip
we observe can be attributed to the geometric fluctuations Qjown-scaling[15].
the wire edges. Fluctuations at low wave vectors, responsible
for most of the potential roughness, correspond to wire edge We thank C. Henkel and H. Nguyen for helpful discus-
fluctuations of very small amplitude compared to their cor-sions. This work was supported by the FIST-2001-38863,
relation length. We emphasize that a quantitative evaluatioMRTN-CT-2003-50503%, by DGA (03.34.033, and by the
of these wire roughness components demands dedicatédench Ministry of Research (Action Concertée
measurement methods. “Nanosciences-Nanotechnologigs”
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