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Long-Range Order in Electronic Transport through Disordered Metal Films
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Ultracold atom magnetic field microscopy enables the probing of current flow patterns in planar
structures with unprecedented sensitivity. In polycrystalline metal (gold) films we observe long-
range correlations forming organized patterns oriented at ±45◦ relative to the mean current flow,
even at room temperature and at length scales orders of magnitude larger than the diffusion length
or the grain size. The preference to form patterns at these angles is a direct consequence of universal
scattering properties at defects. The observed amplitude of the current direction fluctuations scales
inversely to that expected from the relative thickness variations, the grain size and the defect
concentration, all determined independently by standard methods. This indicates that ultracold
atom magnetometry enables new insight into the interplay between disorder and transport.

Thin metal films are the classic environment for study-
ing the effect of geometric constraints [1, 2] and crystal
defects [3, 4] on the transport of electrons. In a perfectly
straight long wire that is free from structural defects, a
direct current (DC) strictly follows the wire direction and
creates a magnetic field in the plane perpendicular to the
wire. An obstacle may locally change the direction of the
current and consequently locally rotate the magnetic field
close to the wire by an angle β in a plane parallel to the
plane of the thin film wire.

Ultracold atom magnetometry [5, 6] on atom chips
[7, 8, 9] allows for the sensitive probing of this angle
β (and its spatial variation) with µrad (µm) resolution.
Compared to scanning probes having a µm scale spa-
tial resolution and 10−5T sensitivity, or superconducting
quantum interference devices (SQUIDs) having 10−13T
sensitivity but a resolution of tens of µm, ultracold atom
magnetometry has both high sensitivity (10−10T) and
high resolution (several µm) [6]. In addition, ultracold
atoms enable high resolution over a large length scale
(mm) in a single shot. This enables the simultaneous
observations of microscopic and macroscopic phenomena,
as described in this work.

Using cold atoms just above the transition to Bose-
Einstein Condensation (BEC), we apply ultracold atom
magnetometry to study the current deflection in three
different precision-fabricated polycrystalline gold wires
with a rectangular cross section of 200µm width and dif-
ferent thicknesses and crystalline grain sizes, as summa-
rized in Table I [10]. Choosing the wire length along
x, its width along y and thickness along z, Fig. 1
shows the maps of the angular variations β(x, y, z0) =
δBx(x, y, z0)/By of the magnetic field created by a cur-
rent of 180 mA flowing along the wire, measured at
z0 =3.5µm above its center (far from the edges).

Even though at ambient temperature scattering by lat-
tice vibrations (phonons) quickly diffuses the electronic
motion, long-range correlations (tens of µm) in the cur-
rent flow patterns can be seen. This is surprising as
effects of static defects are usually observed only on a
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FIG. 1: (top) Magnetic field angle fluctuations β[mrad] above
three (A-C) different polycrystalline gold films described in
Table I. These fluctuations are due to variations in the di-
rection of the current flow and are thus sensitive to δJy . The
appearance of ±45◦ patterns is clearly observable, and reflects
a correlated scattering of the electrons. (bottom) Quantifica-
tion of the angular pattern by the normalized angular power
spectral density p(θ)/max(p). The red bars indicate the er-
ror.

length-scale of several nanometers [11, 12]. We observe
clear patterns of elongated regions of maximal current
flow deviations β inclined by about ±45◦ to the mean
current flow direction. This angular preference is present
in all the measurements, independent of wire thickness
or grain size. This preference can be quantified by the
normalized angular power spectra p(θ) =

∫

dkk|β(k, θ)|2
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wire A B C

thickness H (µm) 2.08 0.28 0.28

grain size (nm) 60-80 30-50 150-170

resistivity at 296K (µΩ·cm) 2.73 3.1 2.77

resistivity at 4.2K (µΩ·cm) 0.094 0.316 0.351

atom temperature (nK) 286± 15 173± 2 92± 7

measurement height (µm) 3.5±0.4 3.4±0.3 3.7±0.4

δzrms
+ (AFM) (nm) 9.4 3.5 3.1

δzrms
+ (WLI) (nm) 1.31 0.42 0.48

δzrms
+ /H (WLI) (×10−3) 0.629 1.500 1.714

βrms (mrad) 0.168 0.0715 0.0388

βpp (mrad) 0.4 0.2 0.1

λβ (µm) 77 46 48

TABLE I: Properties of the wires under investigation. All
measurements were done on the chip used for the cold atom
experiment except for the low temperature resistivity which
was measured on a duplicate chip made with an identical
(simultaneous) fabrication process. (AFM: Atomic force mi-
croscope; WLI: ZYGO white light interferometer)

of the magnetic field patterns, where k is the wavevector
of the Fourier transform of the measured β(x, y) (Fig. 1).
We observe significant difference in the magnitude

and spectral composition of the magnetic field variations
above wires with different thicknesses. Table 1 summa-
rizes the main observations and wire properties. The
magnitude of β scales contrary to the surface corruga-
tions when compared to the thickness; the thinner films
(H = 280 nm) have the largest relative thickness vari-
ations but show the smallest current directional varia-
tions. Moreover, the thin wire with the large grains
(grain size 150-170 nm) shows the smallest variations
(βrms = 39µrad), much too small to be explained by the
measured top surface roughness δzrms

+ /H = 1.7×10−3 of
the gold film.
The observed magnetic field variations caused by the

current direction variations are orders of magnitude
smaller than the ones reported in studies of ’fragmenta-
tion’ of cold atom clouds on atom chips (for a review see
[9]). These previously reported fragmentation measure-
ments can be fully explained by corrugations in the wire
edges [13, 14]. In the present study the effects caused
by the wire edge roughness are strongly suppressed by
the much improved fabrication [10, 15], and the flat wide
wire geometry where the ratio between the distance to
the wire surface and to the wire edge is very high [16].
In order to analyze the underlying mechanism for the

current direction deviations we consider a thin film (con-
ductivity σ0) in the x − y plane with a regular current
J0x̂ = σ0E

(0), where the electric field E
(0) is in the x̂

direction. We consider the effect of small fluctuations in
the conductivity δσ(x) on the current flow.
The current flow around a circular defect (Fig. 2A,B)

generates a dipole field with a transverse component

E
(1)
y ∝ sin 2θ, causing the current field to be repelled
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FIG. 2: (A) Current scattering by circularly symmetric (disk)
local conductivity variations δσ < 0. (B) The transverse (ŷ)
component of the current is proportional to sin 2θ. (C) Direc-
tion change of a current flow due to a conductivity step defect
inclined by an angle θ relative to the current flow direction
x̂. The conductivity is σ0 everywhere except in the shaded
area, where it is σ0+ δσ (δσ > 0 in this example). Again, the
electron scattering amplitude is proportional to sin 2θ.

from (for δσ < 0) or attracted to (for δσ > 0) the defect
and a 45◦ pattern in the transverse current flow forms.
A second illustration is a conductivity step (δσ) in-

clined by an angle θ to the current flow direction (Fig.
2C). The resulting current density fluctuation is:

δJ = J0
δσ

σ0
(sin2 θx̂− cos θ sin θŷ). (1)

The transverse current component Jy is again propor-
tional to sin 2θ, which is maximal for conductivity steps
inclined by θ = ±45◦.
In a metal film, we expect to find a random pattern

of conductivity fluctuations δσ(x). It can be constructed
from a random spatial distribution of the above basic el-
ements: microscopic circular defects or macroscopic con-
ductivity steps of different angles.
For a general quantitative analysis we expand an ar-

bitrary distribution δσ(x) in a Fourier series of plane
waves of the form δσ(x) = δσk sin(k · x + φ), where
k = (kx, ky) = k(cos θk, sin θk) and φ is an arbitrary
phase. Each plane wave contributes to the current fluc-
tuation angle α = δJy/J0 according to Eq. 1, giving
α(k) ≈ − sin 2θk(δσk/2σ0), and resulting in the observed
45◦ pattern.
The resulting magnetic field angle fluctuations at

height z above the wire is directly related to the current
fluctuations by

β(k, z) ≈ e−kzα(k) ≈ −
1

2
e−kz δσk

σ0
sin 2θk, (2)

which exhibits the same angular dependence. The expo-
nential term e−kz represents a resolution limit, such that
the effect of current changes on a length scale smaller
than 2πz are suppressed in the spectrum of the magnetic
field fluctuations. Starting from random conductivity
fluctuations with a non-white spatial frequency distri-
bution the angular dependence sin 2θ will emerge, giving
rise to the observed ±45◦ preference. We have simulated
such random models and the observable β forms very
similar 2D maps as in Fig. 1.



3

0.05 0.1 0.2 0.5 1 2
0.001

0.002

0.005

0.01

0.02

0.05

0.1

0.2

k (2π/µm)

z +(k
) 

(n
m

)

 

 

wire A
wire B
wire C
noise

FIG. 3: Radial spectrum of the top surface corrugations

|δz+(k)| =

√

(2π)−1
∫

dθ|δz+(k, θ)|2 for the three wires mea-

sured using a white-light interferometer. Note the significant
difference between wire A and wires B, C. (dashed) Mea-
surement noise level calculated by averaging over many partly
overlapping images

The variations δσ(x) in the conductivity σ in a thin
metal film are caused by contributions from two physical
origins: bulk conductivity variations in the metal, and
variations in the boundaries, namely variations in the
thickness H of the film δH(x) leading to a change in the
conductivity per unit area δσ = σ0δH/H .

In order to investigate whether the observed current
flow deviations are related to corrugations in the top
surface of the wire, we have measured the surface to-
pography of the wires using a white-light interferome-
ter. No angular preference inherent in the structure of
the wires was found. Consequently, the angular pat-
tern in the magnetic field variations presented in Fig. 1
must be a pure property of the scattering mechanism of
the current flow by the wire defects, as outlined above.
More so, when we calculate the two dimensional mag-
netic field at 3.5µm above the surface, using the white-
light interferometry measurements and the assumption
δH(x) = δz+(x), we could not find a reasonable fit be-
tween the latter and the magnetic mapping done by the
atoms (Fig. 1). A detailed analysis of the top surface
corrugations δz+ (Fig. 3) shows that they are signifi-
cantly larger for the thick film compared to the two thin
films, especially at short length scales.

To quantify our findings, we compare the power spec-
tra of the measured magnetic field variations to those
calculated from several models based on the measured
top surface variations, an assumed bottom surface rough-
ness, and possible inhomogeneities in the bulk conductiv-
ity (Fig. 4).

We start with the two thin wires: B and C. The
measured power spectra of the magnetic field variations
are significantly lower (by two orders of magnitude for
large wavelengths) than predictions based on a model
with a flat bottom surface (δH = δz+). If we assume
that the top surface exactly follows the bottom surface
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FIG. 4: Comparison of surface and bulk model calcula-
tions (lines) with the measured power spectrum P (kx) =
∑

ky

|β(kx, ky)|
2 of the magnetic field angle β along the x

direction above the three wires (points). (blue) top surface
δz+ as in Fig. 3 with flat bottom surface δz− = 0. (red)
top surface follows bottom surface δz+ = δz− (i.e. no thick-
ness variations). (green) Partially correlated top and bottom
surfaces for wires B and C. For the thick wire A we assume
δz−(k) as in wire B, which is correlated (purple) or uncor-
related (light blue) with the top surface. The latter gives
the closest estimate for the experimental data, but gives βrms

which is only about half of the measured value. (black) a fit to
a model assuming bulk conductivity fluctuations. The shaded
area represents a one-standard-deviation range obtained by
varying the relative phases of different spectral components
δσ(kx, ky).

(δz+ = δz−), a lower bound on the influence of the sur-
face on magnetic field fluctuations can be obtained, as
this configuration produces vertical currents whose con-
tribution to the longitudinal magnetic field, to which our
experiment is sensitive, is very small. The measured data
is in between these two cases.

A fair fit of the measured spectrum for the thin wires
is obtained if we assume that the top surface partially
follows the large-wavelengths fluctuations of the bottom
surface while independent fluctuations of the top sur-
face exist in the shorter scale. For such a model we
assume δz−(k) ≈ δz+(k)e

−(k/k0)
2

. Note that the re-
sulting average thickness variations are extremely small
|δHrms| = |δzrms

+ − δzrms
−

| < 1Å. This value of δHrms

refers to length scales longer than 1µm, while much
larger surface variations were measured on the scale of
the grains using the AFM (see Table I).

The situation is different for the thick wire A (H =
2µm). Models assuming a flat bottom surface (δH =
δz+) and models assuming a corrugated bottom surface
δz− with a spectrum similar to that of wire B and no
correlations with the top surface, both underestimate the
measured magnetic field variations.

The difference between the surface models and the
measured data of wireA can be attributed to fluctuations
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in the bulk conductivity. A model taking the maximal
contribution of surface roughness (uncorrelated top and
bottom surfaces) into account gives the minimal required
contribution of the bulk conductivity fluctuations. If we
apply the same minimal bulk conductivity fluctuations
as obtained from wire A to the two thin wires B and
C, they overestimate the measured magnetic field fluc-
tuations substantially for both wires and give a different
spectral shape. This indicates that the bulk conductivity
of the thinner wires should be more homogeneous than
that of the thick wire.
A more homogeneous bulk conductivity in the thin

wires, however, appears to be contradictory to the fact
that the low temperature resistivity is smaller for the
thick wire than for the thin wires (Table 1). Neverthe-
less, we note that this resistivity is mainly determined
by the small-scale properties of the wire (on the order
of the grain size or less) and by surface scattering, while
the magnetic field variations probe the conductivity in-
homogeneities at a larger scale and provide complemen-
tary information that would not be available by standard
methods.
Our analysis furthermore suggests that the differences

in the length scale λβ of the variation in β as seen in
Fig. 1 and quantified in Table 1, may originate from the
fact that conductivity variations in the thin wires coming
from thickness variations are suppressed at long length
scales due to top and bottom surface correlations. In con-
trast, conductivity variations in the thick wire originate
at all scales from a combination of thickness variations
due to uncorrelated top and bottom surfaces and a dom-
inant contribution of bulk conductivity inhomogeneity.

Our study is the first direct application of ultracold
atoms as a probe for solid state science. The exceptional
sensitivity of the ultracold atom magnetic field micro-
scope [5, 6] allowed us to observe long-range patterns of
the current flow in a disordered metal film. The pref-
erence of features with angles around ±45◦ in the mea-
sured angular spectrum of the current flow fluctuations
is due to the universal scattering properties at defects.
A detailed quantitative analysis shows that the observed
current directional fluctuations at different wires exhibits
significantly different and unexpected properties due to
different physical origins. This clearly demonstrates the
power of the ultracold atom magnetic field microscope
to study details of the current flow in conductors, and
its ability to unveil previously unaccessible information.
This may be expected to stimulate new studies on the
interplay between disorder and coherent transport in a
variety of systems ranging from high-Tc superconductors
[17] to 2D electron gases [18] and nano-wires [19].
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