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Potential roughness has been reported to severely impair experiments in magnetic microtraps. We show that

these obstacles can be overcome as we measure disorder potentials that are reduced by two orders of magnitude
near lithographically patterned high-quality gold layers on semiconductor atom chip substrates. The spectrum
of the remaining field variations exhibits a favorable scaling. A detailed analysis of the magnetic field rough-
ness of a 100-um-wide wire shows that these potentials stem from minute variations of the current flow caused
by local properties of the wire rather than merely from rough edges. A technique for further reduction of
potential roughness by several orders of magnitude based on time-orbiting magnetic fields is outlined.
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INTRODUCTION

Trapping and manipulating cold neutral atoms in mi-
crotraps near surfaces of atom chips is a promising approach
toward a full quantum control of matter waves on small
scales [1]. In a number of experiments, a large variety of
potential configurations have been realized using combina-
tions of current-carrying wires [2-8], electric [9], optical
[10], and radio-frequency (rf) [11,12] fields. The tight con-
finement on atom chips allows for easy formation of Bose-
Einstein condensates (BECs) [13-16]. Even coherent ma-
nipulation of matter waves in momentum [17,18] and
position space [11,12,19] has been demonstrated.

To realize the full potential and versatility of microtraps,
it is desirable to tailor potentials at a scale of 1 wm or below,
for example to establish appreciable coupling between atoms
located at neighboring sites of a trap array [20]. Since high
spatial frequencies in electric and magnetic fields are expo-
nentially damped (e, where k is the spatial frequency and
d the distance from the field source) when receding from the
source of the fields, short distances to the surface of the chip
are essential for achieving high-resolution complex poten-
tials. While the fabrication of structure sizes below 1 wum is
not problematic, unintended potential roughness has been re-
ported to severely alter the trapping at surface distances d
<100 pm, resulting in a longitudinal fragmentation of (ther-
mal) clouds, near both current-carrying [21-24] and perma-
nent magnetic structures [25-28]. In the case of electromag-
nets, such large potential roughness has been observed in
traps created by macroscopic wires and atom chips fabricated
by electroplating techniques [29-31]. It has prevented the
creation of tightly confined one dimensional (ID) quasi
BECs on atom chips.

Here we show that, by employing an appropriate atom
chip fabrication technique [32], experiments are no longer
subject to such limitations [53]. The potential roughness near
the chip surface is sufficiently small to allow for the prepa-
ration of continuous extremely elongated (aspect ratio
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>1000) 1D quasi-BECs (Fig. 1). These samples are in turn
used to characterize the remaining disorder potentials with
high sensitivity. In fact, this high field sensitivity of ultracold
atoms has allowed initiation of the development of an atom-
surface microscope [33,34].

I. EXPERIMENTAL SETUP

Our experimental apparatus is described in detail in
[35,36]. The heart of our setup is a hybrid macroscopic-
microscopic atom chip assembly [35]. It holds the macro-
scopic wire structures used to precool and capture the atoms
in the primary phase of the experiment as well as the micro-
structures needed for cooling the sample to quantum degen-
eracy. A rich toolbox for the manipulation of cold atomic
clouds and Bose-Einstein condensates is integrated onto the
atom chip using appropriately designed wire structures [1].

The microstructures on the atom chip are fabricated on a
700 pum-thick silicon substrate using optical lithography and
gold evaporation [32]. The process is optimized for tall wire
structures (>1 wm) to increase the maximally sustainable

FIG. 1. In situ absorption images of atom clouds positioned at a
chip-surface distance of ~5 um above a current-carrying wire
(cross section 3.1 X 10 wm?). Parts of the images do not fully rep-
resent the atom density distribution since the imaging light beam
was obstructed by bonding wires (hatched regions). (a) Thermal
atoms show no fragmentation. (b) BECs display a much higher
sensitivity and residual disorder potentials cause a fragmentation of
the cloud. (c) A longitudinal displacement of the BEC by tuning the
trapping potential shows that the disorder potential is stable in
position.
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FIG. 2. Distance d of the BEC from the (mirror) chip surface as
a function of wire current (3.1X 100 um? wire). Atoms near the
surface produce a double image when illuminated by an inclined
imaging beam as shown in the insets (a)—(c). The imaging beam
together with the chip surface produces a fringe pattern that makes
distance measurements less reliable for certain surface distances
(b). For clouds closer than ~5 wum from the surface, the two images
merge (d). To determine d also in these cases we use an extrapola-
tion according to a best fit (solid line) with the exact bias field
strength as the only fitting parameter. The fitting model takes the
finite size of the wire into account.

current. The height of the wires used in the experiments de-
scribed here was enhanced by repeating the lithographic pro-
cess. The resulting total wire heights are 3.1 um. Typical
current densities in our experiments exceed 2 X 107 A/cm?
without the risk of wire destruction.

The experimental procedure starts with typically 10% Rb
atoms accumulated in a mirror magneto-optical trap. The at-
oms are subsequently transferred to a purely magnetic trap
and cooled to ~5 uK by radio-frequency (rf) evaporation.
This sample of =10° atoms is then loaded to the selected
chip trap and location, where a second stage of rf evaporative
cooling creates either a BEC or a thermal cloud just above
the critical condensation temperature.

All information about the ultracold thermal or Bose-
condensed atomic sample is extracted from resonant absorp-
tion imaging, performed on the F=2— F’=3 transition. The
atomic clouds are studied either in sifu or after potential free
time-of-flight expansion. They are imaged onto a charge-
coupled device camera using standard precision acromats.
The imaging has a diffraction-limited resolution of ~3 um,
and allows us to study quasi BECs with a linear density
nip>1 atom/um. For n;p>10 atoms/um the imaging is
atom-shot-noise limited.

In order to determine the cloud’s distance from the sur-
face, d, we slightly incline the imaging beam with respect to
the chip mirror surface by ~25 mrad. For sufficiently small
d (<100 wm) this leads to a duplicated absorption image
[16,37] (Fig. 2). In situ height measurements of trapped
atomic clouds can be used to calibrate our magnetic fields.
As our imaging resolution does not allow us to measure d for
very close surface approaches (d<<5 um), we use the cali-
brated values of the bias fields together with the measured
wire currents to infer d in these cases. At the tight confine-
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FIG. 3. Scanning electron microscope images of the chip wire
surface (left) and edges (right). The grain sizes of less than 100 nm
determine both the surface and edge roughness.

ment of our atom chip traps (from w, =27X3 kHz up to
w, >27X 10 kHz) the modification of the height due to
atom-surface interactions can be neglected.

II. MEASUREMENT OF POTENTIAL ROUGHNESS

When we prepare an ultracold atomic ensemble very close
to the current-carrying atom chip wires we observe the fol-
lowing: With thermal atoms we always (down to d~2 um
and cloud temperatures of less than 1 uK) measure a smooth
longitudinal density profile, inside the trap [Fig. 1(a)] and in
the time-of-flight images, independent of the wire used to
form the trap and the position of the atomic cloud. This is in
stark contrast to previous findings [21-24].

From averaging many pictures with ultracold thermal at-
oms [T~ 1 uK like the one shown in Fig. 1(a)] we can infer
that the rms magnetic field roughness must be AB/B<107*
for the 10-um-wide wire. This limit applied to any wire
studied on this chip.

When the atoms condense to a BEC, the measurement
sensitivity is greatly enhanced [33,34]. Even at the level of
this sensitivity, density variations of the elongated condensed
cloud become discernable only for distances below d
<30 wm [Figs. 2(a) and 2(c)]. The potentials are so smooth
that we can create continuous 1D quasi-BECs (u
<0.5hw,) of up to >1 mm length at down to d~35 um
surface distance and trapping frequencies of up to w, ~2
X 10 kHz.

We attribute the dramatic reduction of the disorder poten-
tials to our atom chip fabrication method. We obtain chips
with very smooth wire structures by adapting a standard mi-
crochip fabrication process to the production of our atom
chips [32,38]. Masks written by electron beam lithography
are used to structure a several micrometer thick, high-quality
gold layer on a semiconductor wafer using a lift-off proce-
dure. The result is a smooth gold mirror with precise gaps
defining the current path in the wire (Fig. 3).

We have probed the residual potential roughness for vari-
ous trapping geometries based on a 100-um- and several
10-um-wide wires at atom-surface distances down to 3 wm
and transverse confinement of between w, =27 X 1 kHz and
o >2mX 10 kHz. For the quantitative analysis presented
here, we take traps with a transverse confinement of
~2m X 3 kHz, extract longitudinal density profiles n;p from
the in situ absorption images, and calibrate them with the
absolute atom number derived from time-of-flight images
taken under equal experimental conditions. A comparison be-
tween the longitudinal density profiles of the trapped and the

063621-2



POTENTIAL ROUGHNESS NEAR LITHOGRAPHICALLY ...

released cloud after time-of-flight expansion shows that no
detectable expansion occurs in the longitudinal direction.
The density profile n;p(z) can be converted into a map of
the spatial profile of the longitudinal potential energy varia-
tions V(z). For a pure 1D quasi-BEC the relevant energy
scale is given by the chemical potential. The longitudinal
potential can be calculated from the 1D density profile by

—_—
Vo+ V(z) == hoeV1 + 4ag,nip(z), (1)

where a,.,, is the s-wave scattering length (5.2 nm for ®’Rb)
and V, is an arbitrary offset [34,39].

The above expression requires the 1D quasi-BEC to be in
an equilibrium state. This may not be the case in our experi-
ment over the entire length of the BEC (~1 mm). A varia-
tion of u on large longitudinal length scales >200 wm can
be maintained longer than the lifetime of the BEC if strong
potential barriers separate the different fragments of the con-
densate (see also [40]). Therefore the longitudinal potential
can only be accurately reconstructed if the condensate is con-
tinuous over the entire length of the trap. We ensure that this
condition is satisfied by monitoring the n,p(z) profile and the
reconstructed longitudinal potential variations throughout the
lifetime of the condensate.

We have verified the size, the basic shape of our poten-
tials, and their magnetic origin by radio-frequency spectros-
copy of the trapped atoms. After production of the conden-
sate, we apply a homogeneous rf field at a frequency v close
to that corresponding to the lowest energy in the trap v,. The
frequency v defines the maximum chemical potential u of
the entire condensate. As v is lowered, the condensate starts
to be depleted, the rf “cuts” into the BEC. Inhomogeneous u
of the cloud would then show as variations in the density
profiles as a function of v. This method of determining the
potential curve suffers from the fact that it depends on the
absolute value of the field. Consequently, it is very sensitive
to the exact value of the trap bottom and cannot be used for
full quantitative measurements. To achieve the same resolu-
tion for local small magnetic changes as in the BEC micro-
scope [33,34], a stability of the trap bottom of better than
10 uG would be required.

From the images shown in Figs. 1(b) and 1(c) we find a
rms magnetic field roughness of AB/B~7X 107> for the
10-um-wide wire at 5 um height. This value is typical of the
majority of the wires studied, even though in some rare cases
we found large defects where the BEC preferentially accu-
mulates.

The analysis in the following is exclusively based on ab-
sorption images of continuous 1D quasi BECs. Figure 4
shows a full map of disorder potentials as a function of dis-
tance from the surface of a 10 um-wide wire.

III. ORIGIN OF POTENTIAL ROUGHNESS

The previously observed potential roughness [21-24] has
been attributed to inhomogeneous magnetic field compo-
nents AB in the direction parallel to the current-carrying
wire creating the trapping field B,. Such field components
can be caused by variations in the current flow direction in
the chip wires. Strongly confining trapping and guiding po-
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FIG. 4. (Color online) Disorder potential profiles for various
heights over a 10-um-wide wire surface. For comparison with pre-
viously published data, the units are given in uK/A and not in the
universal AB/B. Longitudinal profiles of the disorder potential for
selected & (given in um in the legend). Each curve has been shifted
by 10 uK/A; the dotted lines represent the corresponding zero-
potential level.

tentials on atom chips are formed by the subtraction of two
magnetic fields, the field of a current-carrying wire and a
(homogeneous) bias field (side guide configuration [41]).
The remaining field at the potential minimum is determined
by the angle between wire field and bias field. A small
change of the current direction may thus result in a signifi-
cant change in the trapping potential.

We have investigated the origin of the potential roughness
by varying the cloud’s global position along the longitudinal
trapping axis (parallel to the trapping wire). We find that the
local potential structure is very robust with respect to such a
change [Figs. 1(b) and 1(c)]. This confirms that microscopic
static properties of the trapping wire cause the condensate
fragmentation.

To assess whether also this dramatically reduced potential
roughness is magnetic in origin we have varied the wire cur-
rent while adapting the bias field so that the BECs were
trapped at fixed distances from the wire (Fig. 5). The recon-
structed potential variations scale linearly with the current /
in the wire down to the sensitivity limit of our measure-
ments: AB/B~ 3 X 107°. Consequently, we can exclude any
current-independent sources of disorder potentials such as
electrostatic patch effects [42] at the scale of <107!3 eV for
d>5 pm and conclude that the observed small potential
variation stems from irregular current flow in the wire.

IV. EDGE ROUGHNESS VS LOCAL PROPERTIES
OF THE WIRE

It has been suggested that current flow changes could be
derived from fabrication inhomogeneities, surface roughness
[43,44], and residual roughness of the wire borders [45]. The
model of Wang et al. [45] provides a full quantitative expla-
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FIG. 5. (Color online) Longitudinal potential profiles measured
with BECs at a constant distance of d=10 um from the surface of
the 100-um-broad wire. The different traces were measured at dif-
ferent currents and are normalized to the corresponding trapping
fields. The bias field (10, 20, and 30 G; black dotted, solid green,
and dashed red lines, respectively) was adapted in order to keep d
constant. The inset shows a histogram of the deviations of the
curves. The width of the distribution (o~ 8 X 107°) is similar to the
shot-to-shot variations of different realizations of the same experi-
ment with equal wire currents.

nation of the much larger potentials found near electroplated
gold wires [24] based solely on wire edge roughness.

In order to study the source of the irregular current flow in
our experiments we have performed two sets of measure-
ments. First, we measure the variation of the potential rough-
ness at the center of various wires with height. Here data
from a 100-um-wide wire are most relevant because a dis-
tinction between edge and local sources of irregular current
flow is possible only for d=<w. In a second experiment we
measure the full potential landscape at 10 um height above
the same 100-um-wide wire over its full width.

The main observation is that the scaling of the amplitude
and the frequency spectrum of the disorder potentials with
height d for wire widths between 10 and 100 um are very
similar. For d<<50 um, this should not be the case if the
roughness of the wire edge were the dominating cause as
suggested in [45]. For the 100-um-wide wire, Fig. 6 shows
potential spectral densities (PSDs) of the disorder potential at
four different spatial frequencies k. Over the whole range of
heights d over which we observe potential roughness, the
PSD scales for all frequency components more strongly with
d than expected from the edge roughness model [45]. This
rules out that the observed potential roughness is dominated
by edge roughness.

Our observation is confirmed by measurements of the po-
tential landscape over the whole width of the 100-um-wide
wire. We have performed these measurements by scanning
the position of the condensate across the wire by appropri-
ately adjusting the magnitude and direction of the external
bias field. The reconstructed potential map contains informa-
tion on possible additional effects caused by rough wire
edges (Fig. 7). Even though the absolute value of the poten-
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FIG. 6. (Color online) Spectral power density of the potential
roughness near the 100-um-wide gold wire for four spatial frequen-
cies, measured at a transverse confinement of w, ~2m X3 kHz.
The open symbols correspond to data where the detected signal is
limited by the chemical potential u of the BEC. For these data
points the complete depth of the potential cannot be measured, and
they were omitted in the analysis. The solid lines are best fits ac-
cording to a local fluctuating current path model; the dashed lines
show best fits to the model outlined in [45]. For both models the
only fitting parameter is the strength of the current path fluctuation
at the corresponding spatial frequency k.

tial roughness PSD varies by many orders of magnitude as a
function of spatial frequency, the roughness at each indi-
vidual frequency is nearly constant over the whole wire
width. With the exception of a single isolated spatial fre-
quency, no significant increase near the wire edges is found.

Both observations clearly show that local current path de-
viations are dominant. These can be caused by inhomoge-
neous conductivity or top surface roughness [43,44]. A
simple model taking local sources of current path deviations
into account is a current flowing along a narrow irregular
path below the atoms. We test this model by fitting the ex-
pected variation of the field roughness with d to the mea-
sured PSD. Here the spectrum of the current variation is left
as a free fitting parameter. The model agrees reasonably with
the data and reproduces the height dependence of the mea-
sured PSD over the entire investigated spectrum (k
>1/200 um™"). The local current flow fluctuation spectrum
that results from the best fit scales as ~1/k>.

In a more detailed model, the potential roughness is con-
nected to the the 2D current flow in the wire. The complete
measurement of the z component of the magnetic field over
the whole wire allows us to reconstruct the y component of
the 2D current density [33,34]. Figure 8 shows a comparison
of the height dependence of the measured power spectral
density of the relative magnetic field fluctuations in the cen-
ter of the 100 wm wire, with the PSD calculated from the
current density reconstructed from the measurements at
10 um height. For the comparison between calculation and
experiment we added a 3 nT white noise to the reconstructed
magnetic field to account for the actual magnetic field mea-
surement noise as determined experimentally (Fig. 5). The
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FIG. 7. (Color online) Potential roughness measurements
10 um above the the 100-um-wide gold wire. Top: False color
potential map recontructed from many 1D quasi-BEC images. Bot-
tom: Change of the spectral power density of the potential rough-
ness over the width of the 100-um-wide wire for four spatial fre-
quencies. For most of the frequencies the distribution is flat, except
for k=1/40 wm, where an increase is apparent when the wire edge
is approached. We interpret this as caused by specific local defects
in the edge.
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FIG. 8. (Color online) Height dependence of the potential
roughness in the center of the 100-um-wide gold wire are com-
pared to the potential roughness calculated from the current recon-
structed from the measurement of the magnetic field at 10 um
above the the 100 um wire. The potential power spectral density
calculated from the reconstructed current and a 2o band is com-
pared to the measured data. The 20 band is estimated from the 3 nT
magnetic field resolution for a single-shot single-point measurement
with 3.5 um spatial resolution.
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calculated noise floor of the measurement is then also con-
sistent with the measured noise floor in the evaluated PSD.
To illustrate the statistical uncertainty in the measured PSD
we calculated 20 bands, which are indicated by the dash-
dotted lines.

We find remarkably good agreement over the whole
height range, even at heights below 10 um. This good agree-
ment below 10 um can be attributed to the particularly
smooth potential at small length scale, as already indicated
by the simple local current flow model, which is consistent
with @~ 1/k? scaling of the irregular current flow. Such scal-
ing favors small length scales where the magnetic field
roughness is smaller than our highly sensitive detection
threshold.

To reach a more detailed understanding of the local cur-
rent flow deviations we have found, microscopically well-
characterized wires will have to be fabricated and tested. A
distinction between surface roughness and bulk effects re-
quires measurements in a regime where the distance between
atoms and wire surface is comparable to or smaller than the
wire height. To study effects of surface roughness one would
need to measure the top and bottom surfaces of the wire with
better than 1 nm precision over the whole measurement
range of 100X 1000 um?.

V. COMPARISON TO OTHER ATOM CHIPS

We now compare our results to the potential roughness
measured for other chips in different experiments. The most
direct comparison can be done with the Orsay experiment
[24,44] where detailed measurements are available for d
>35 pwm. Our data set extends to a surface distance of d
~35 wum; at higher distances the roughness becomes smaller
than our detection threshold, even in the case of highly sen-
sitive 1D quasi-BEC probes. At a surface distance of d
=10 um, we find the rms AB/B=3X 1073 (<107) for spa-
tial frequencies k>1/200 um=' (k>1/50 um™). At d
>35 um, where disorder potentials near electroplated wires
have been measured, we find AB/B<3 X 107°. This corre-
sponds to a reduction by at least two orders of magnitude
compared to [24,44].

The most detailed analysis of the Orsay data is given by
the evaluation of the power spectral density of the AB/B
roughness in [44]. Figure 9 shows a direct comparison be-
tween a similar analysis of our data and [44]. The measure-
ments on our chip at 25 um show a 3—4 orders of magnitude
smaller power in the roughness fluctuation spectrum, in good
agreement with the above observation.

In Fig. 10 we show a quantitative comparison between
measurements we have made for various wires and data
taken from the Orsay group and from other published experi-
ments. In some cases, only potential profiles of the rms
roughness of the potential are given and we had to infer the
relevant quantity AB/B from these data in order to make the
comparison meaningful.

VI. FURTHER REDUCTION
OF POTENTIAL ROUGHNESS

The remaining potential roughness can be further reduced
by a time-averaging method. Kraft e al. [46] proposed to
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FIG. 9. (Color online) Comparison of the analysis of our
2003/04 data [53] presented in this work with the most detailed
analysis of a different atom chip: the experiments at Orsay [44].

reduce the potential roughness by oscillating the wire cur-
rent, and thereby averaging the unwanted longitudinal field
components. This requires a special chip design since the
bias field forming the trap also has to oscillate exactly in
phase to maintain the transverse confinement. This idea was
recently successfully implemented by Trebbia et al. [47].

Here we propose a different method to reduce the poten-
tial roughness by applying a technique based on time-
orbiting potentials (TOPs) [48], and an orthogonal rotating rf
field.

Without loss of generality we align the long axis of the
trap (guide), and with it the current in the chip wire and the
Ioffe field B,, along the z direction. The potential roughness
then stems from small magnetic field variations AB, which
result in a change of the potential V=u(B;+AB,) at the trap
center.

To this trapping field we add an orthogonal TOP field
rotating in the x-y plane,

Brop(?) = by(é, cos wt + &, sin wt), (2)

where w is chosen so small that the adiabatic approximation
is still valid for the spin but where it is large compared to the
trap frequency w,. Under these conditions the effective po-
tential is given by the time average of the instantaneous mag-
netic potential V=(u-B(z)),, where { ), denotes the time av-
erage over a period of the trapping frequency [48].

Adding a small static perturbation 6B=(db,, db,,ob,) to
the TOP field leads to an effective potential

V={(p- (Brop(t) + 6B)),
= (N (8b, + by o8 1) + (b, + by sin wr) + 8b%),

oo )]

In a side guide configuration, the standard building block
of atom chip traps, the two in-plane components éb, and b,
are always zero at the minimum of the guide, and only the
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FIG. 10. (Color online) Comparison of all atom chip potential
roughness measurements available to us. Most of the data are taken
from the figures in the published literature and available Ph.D. the-
ses. The color codes correspond different experimental groups, as
indicated in the legend. Filled symbols denote rms values, data
displayed as open symbols correspond to the peak-to-valley maxi-
mum height of the roughness. Sussex: data from a gold-coated wire
[23]. Orsay: O, show the data from an electroplated wire [24,44],
more recent data from an evaporated gold chip shown as V (peak to
valley). Tiibingen: data from electroplated wires [50]. Melbourne:
data from a permanent magnet atom chip [28]. MIT: data from
electroplated wires [15]. Heidelberg (2003/04 data [53]): data from
the 100 um wire shown as O; data from the 10 um wire shown as
¢ [36]. Later data from different other evaporated gold chip wires
are shown as follows: The highest ever observed roughness in our
atom chips: a 10 um wire from ¢ [51]: Recent data from three
different wires used in [52] *. The lines show the limits of maximal
roughness allowed to be able to reach the one-dimensional regime
of u<hw, for different wire widths.

longitudinal field b, has to be considered. In our case b,
=B;+AB,. The effect of the potential roughness AB_ can now
be minimized by reducing the Ioffe field B; to zero (possible
as a TOP trap can operate without a constant offset field),
leaving only AB, as the perturbation. In this case (B;=0) the
potential roughness is reduced by a factor AB_/b.

For typical parameters achievable on our atom chips (b
~1 G and AB,~1 mG) the corrugations in a TOP trap are
reduced by a factor of 1000 as compared to a loffe-Pritchard
trap. The resulting potential roughness would correspond to
~1 Hz. In addition, the longitudinal confinement of the trap
will be reduced. This situation is ideally suited for studies of
strongly correlated 1D systems approaching the Tonks-
Girardeau limit [49].

As an example, we compare a typical potential with re-
sidual roughness taken from our experiments with the
smoothed potential that would be achieved by subtracting the
static Toffe field and replacing it by an oscillating TOP field
(Fig. 11).

CONCLUSION

To conclude, we have created single continuous 1D quasi-
BECs on atom chips. We have used these 1D quasi-BECs to
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FIG. 11. (Color online) Reduction of the potential roughness on
applying an oscillating rf near field. Left: Trap potential with origi-
nal roughness. Right: Effective potential created by subtracting the
loffe offset field and adding a rf field with 0.1 (1) G amplitude.

investigate the potential roughness near our lithographically
fabricated current-carrying wires. The residual roughness has
to be attributed to local properties of the wires resulting in

PHYSICAL REVIEW A 76, 063621 (2007)

irregular current flow at the scale of angular deviations from
the nominal path of less than 10~* rad. The measured poten-
tial roughness is two orders of magnitude smaller than pre-
viously observed in other atom chip experiments. The strong
scaling of the magnetic field fluctuations with spatial fre-
quency (~1/k%) indicates a dominance of large-scale inho-
mogeneities. The smallness of the high-frequency fluctua-
tions opens up the way to micrometer-scale quantum
manipulation on atom chips. Utilizing time-orbiting poten-
tials promises to reduce the potential roughness by yet an-
other three orders of magnitude.
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