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Abstract key words

small particles as second thermal contact

– settings: atom chips, ion traps

– goal: reduce thermal contact (already weak ...)

lower magnetic noise

– metal strips (biomagnetism expts)

– work on alloys (Ron) and semiconductors (Harald)

– outline numerical method

quantum friction: “elementary processes”

– also: e-ifm and path decoherence (Scheel & Buhmann, Phys Rev A 2012)

– low-v behaviour

– local thermal equilibrium: is it valid? what does it mean?

New York Aug 2015



Understanding and reducing . . .
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“Curved skyscraper melts cars, starts fires with heat of Sun”
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Understanding and reducing . . .

• Basic mechanisms:

emission T1 & absorption T2

frequency spectra

dilute one medium → elementary emitter / absorber

T

T

1

2

d v

T

0 ←

F ~ v

driven by temperature difference by relative motion: friction
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Understanding heat transfer with small probes

magnetic noise spectrum electric noise (trapped ultracold ions)
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Rytov theory 1/d4 slope – ‘patch charges’, ‘adsorbates’?
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Noise reduction strategies

What for?

• biomagnetic imaging (improve S/N)

• long-lived microtraps (‘atom chips’, ‘ion chips’) ← IANV ‘Hybrid systems’ project

• ion-based quantum computing (Blatt/Innsbruck, Wineland/NIST)

New York Aug 2015



Noise reduction strategies

Example: magnetic noise

ing to Fig. 8~c! is about 1.9 fT/AHz, we obtain an estimate of
3.7 fT/AHz for the instrumental noise, which agrees well
with the measured result of Fig. 8~a!.

Besides aluminum foils, our Dewar contains a vapor-
cooled thermally anchored coil–foil radiation shield to con-
duct heat from the vacuum space to the neck of the Dewar.
The coil–foil consists of tightly spaced 0.3 mm thick insu-
lated copper wires running parallel to the Dewar axis, glued
together to form a sheet. We placed a sheet of coil–foil at the
outer bottom of our measurement Dewar but no increase to
the instrumental noise level was detected. However, if the
vapor-cooled radiation shield is constructed of thicker copper
wires or strips, their contribution to the magnetic noise be-
comes more significant.

It is to be emphasized that our semi-empirical estimation
of the noise due to the cylindrical superinsulation layers is
valid only for similar dimensions than in our Dewar. In mul-
tichannel dc-SQUID systems the diameter of the sensor area
is typically 20–30 cm. Thus, the contribution of the superin-
sulation in the wall diminishes rapidly toward the center of
the Dewar, and the main contribution of the thermal noise
arises from the superinsulation in the bottom. As a first ap-
proximation, the contribution of the noise from the sidewall
to near-located sensors can be estimated from slab calcula-
tions.

C. Noise reduction
It has been shown previously that the thermal noise due

to a conducting slab can be reduced by cutting the slab into
electrically isolated strips.15 We performed more detailed
measurements of the noise reduction with our dc-SQUID
gradiometer. A 12 mm thick aluminum foil ~32325 cm2)
was positioned perpendicularly to the axis of the gradio-
meter. The foil was cut into electrically isolated strips of
different widths, and the noise was measured both above the
center of a strip and above a cut between the strips at z5
15 mm from the pickup coil. The measured noise levels after
subtraction of the instrumental noise are presented in Table
II. In these measurements, the thermal noise was reduced

from 13.7 fT/AHz ~unsliced foil! to 2.7 fT/AHz ~1325 cm2
strips!.

We also tested the influence of striping when a 12 mm
thick aluminum foil ~32325 cm2) was wrapped around the
measurement Dewar. The measured noise in the case of a
continuous foil was 13.0 fT/AHz. After slicing the foil into
2, 4, and 32 strips, the measured noise was reduced, corre-
spondingly, to the values 10.9, 8.3, and 1.2 fT/AHz.

On the basis of the experiments with thin aluminum
foils, we built a new measurement Dewar, in which the su-
perinsulation layers in the bottom and sidewall consist of
131 cm2 patches isolated electrically. Using the same gra-
diometer, the Dewar noise was reduced by 50% and the in-
strumental noise level decreased to about 2.6 fT/AHz @Fig.
8~b!#. For comparison, the inherent noise level measured
when the dc-SQUID gradiometer was mounted inside a su-
perconducting shield is shown in Fig. 8~c!.

V. THERMAL NOISE IN A MAGNETICALLY SHIELDED
ROOM

We have previously applied the slab calculations in es-
timating the magnetic noise at the center of a rectangular
enclosure.14 We performed new calculations in order to
evaluate the influence of low-frequency ~zero to 20 Hz! ther-
mal magnetic noise at various distances from the nearest
sidewall. As in Refs. 12 and 14, the walls were assumed to
consist of infinite slabs but are not in contact with each other.
Thus we obtained the upper limit for the noise, although the
error due to this assumption is presumably small. We calcu-
lated the magnetic noise for various wall structures and for
various detector coil configurations: a magnetometer, a first-
order axial and a first-order planar gradiometer.

The following wall structures were studied: I! aluminum
inside (t55 mm! 1 mu metal outside (t52 mm!, II! alumi-
num (t55 mm!, III! mu metal inside (t52 mm!1aluminum
outside (t55 mm!. The conductivity value s52.50
3107(Vm)21 was used for the aluminum slabs. For the mu
metal slabs, values s51.663106(Vm)21 and mr520 000
were used. The computed results for a magnetometer, for a
first-order axial gradiometer (h580 mm! and for a planar
gradiometer (h520 mm! in a room of 2.232.232.2 m3 are
shown in Fig. 9. The calculated noise levels of 2, 5, and
10 fT/AHz are depicted as isocontour lines at different dis-

FIG. 8. a! Measured instrumental noise of a first-order axial dc-SQUID
gradiometer ~baseline 81 mm, pickup coil diameter 38 mm! inside the Ot-
aniemi magnetically shielded room. Ten NRC2-superinsulation layers were
used in the Dewar. b! The noise spectrum of the same system, when the
superinsulation layers were constructed 131 cm2 isolated patches. c! Mea-
sured inherent instrumental noise when the gradiometer was mounted inside
a superconducting shield.

TABLE II. Thermal noise measured from a 32325 cm2 aluminum foil
~t512 mm! sliced into electrically isolated strips of the width D ~cm!. Mea-
sured noise levels Bn ,z

m are given in fT/AHz, and Bn ,z
ref is the measured value

of the unsliced foil. Gradiometer location was either at the center of the strip
~uou! or above a cut ~o”!.

D Location Bn ,z
m Bn ,z

m /Bn ,z
ref

32 uou 13.7 1.00
16 o” 6.8 0.49
8 uou 12.3 0.90
8 o” 6.4 0.47
4 uou 8.9 0.64
4 o” 6.3 0.46
2 uou, o” 4.7 0.34
1 uou, o” 2.7 0.20

2403Rev. Sci. Instrum., Vol. 67, No. 6, June 1996 Thermal noise

Downloaded¬08¬Jul¬2011¬to¬141.89.116.100.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright;¬see¬http://rsi.aip.org/about/rights_and_permissions

Nenonen, Montonen & Katila, ‘Thermal noise in biomagnetic measurements’ (Rev Sci Instr 1996)
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Noise reduction strategies

Proposal for atom traps

– cooling

– alloys

– anisotropic conductors

330 The European Physical Journal D

Fig. 6. (Color online) Schematic illustration of the studied
z-shaped wires. The atoms are trapped at a distance d from
the central part of the wire of length Lcentral, made of an
anisotropic material as summarized in Table 2. This part of the
wire provides the radial trapping potential. The longitudinal
confinement is provided by the z-wire ‘legs’ of length Llegs,
made of Au. The width W and thickness H are the same for
the whole wire.

The conclusion here is that although electrically
anisotropic materials are promising candidates for reduc-
ing the coupling of noise to the atoms, their advantages
are limited to moderate current densities. This should not
pose overly stringent restrictions on possible applications,
as at small atom-surface distances the required currents
for small and tight traps are not very high.

4.3 Contribution from structures providing longitudinal
confinement

The most common Ioffe-Pritchard magnetic micro-trap
configuration is that of a z-shaped wire combined with an
external bias field [1]. The central part of the wire creates
a guide potential, while the ‘legs’ provide the longitudinal
confinement as well as the non-zero field value at the trap
minimum, as illustrated in Figure 6. In realistic magnetic
micro-traps, where longitudinal-confinement is required,
considering only the potential generated by the central
part of the z-wire does not suffice for the anisotropic case,
as the contribution from the ‘legs’ of the z-wire has to be
taken into account. This is expected to be more and more
important as the miniaturization of the micro-structures
advances toward high packing density needed for exam-
ple for matter-wave quantum technology devices. To asses
the influence of the ‘legs’, we first consider a relatively
large wire (atom-surface distance d = 50 µm, wire width
W = 100 µm, thickness H = 1 µm, central part length
Lcentral = 1 mm, and ‘legs’ length Llegs = 1.5 mm), repre-
senting a typical micro-trap. To demonstrate the scenario
of highly dense traps, we also consider the geometry of a
much smaller structure (d = 3 µm, W = 6 µm, H = 1 µm,
Lcentral = 20 µm, and Llegs = 30 µm). For both geome-
tries we compare the spin decoherence rate as a function
of material of the central part of the wire, normalized to
that of a Au structure. We also take into account a current
density J0 applied to the wire, limiting the heating of the
wire to ∆T ≈ 100 ◦C (Sect. 4.2).

Table 2. The affect of longitudinal confinement on the reduc-
tion of the decoherence-rate when using electrically anisotropic
materials. Two z-shaped wire geometries, as illustrated in Fig-
ure 6, are considered: a large wire (d = 50 µm, W = 100 µm,
H = 1 µm, Lcentral = 1 mm, and Llegs = 1.5 mm), and a small
wire (d = 3 µm, W = 6 µm, H = 1 µm, Lcentral = 20 µm,
Llegs = 30 µm). The good conductivity axis (the a-axis)
is along the central part of the wire. The spin decoherence
rate, normalized to that of a structure entirely made of Au,
is calculated for different combinations of wire material com-
positions. The externally applied current density was set to
3.3 × 109 A/m2 and 8.5 × 109A/m2 for the large and small
wires, respectively, such that the heating of the wire would not
exceed 100 ◦C (see Sect. 4.2). The difference between the two
calculations for SrNbO3.41 is whether the worst conductivity
axis of this quasi-1D material is along the wire width (SrNbOI)
or its thickness (SrNbOII). Even for small structures, with the
Au ‘legs’ very close to the trapping area over the central part
of the z-wire, the suppression of the decoherence and heating
rates is still significant, further showing the appeal of using
electrically anisotropic materials for realistic tight traps.

Wire material Large wire Small wire
Central part Legs γspin decoherence γspin decoherence

Au Au 1 1
SrNbOI Au 3.68 × 10−4 9.9 × 10−3

SrNbOII Au 4.39 × 10−4 1 × 10−2

HOPG Au 9.7 × 10−3 1.8 × 10−2

The results are summarized in Table 2. Obviously it
would be preferable to have the entire wire made of the
anisotropic materials. However, for that the orientation of
the crystalline axis in the area forming the ‘legs’ should be
perpendicular to the central part of the z-wire, increasing
fabrication complexity. However, having the ‘legs’ made
of a normal metal, with isotropic conductivity, simplifies
the fabrication, lowers power consumption and wire heat-
ing. Indeed we find that even if the metal ‘legs’ to the
anisotropic material reach up to the central part of the
trapping wire, the reduction of the the decoherence rate
is still significant.

5 Conclusions

We have shown that utilizing electrically anisotropic
materials on an atom chip will significantly suppress harm-
ful mechanisms due to atom-surface interaction. Heating-
and decoherence-rates due to thermal noise from the
surface are expected to be strongly reduced even at room-
temperature, scaling linearly with the electrical anisotropy
for certain types of anisotropic materials. This is main-
tained also in the presence of an external current applied
to the wire (causing wire heating), up to current densities

on the order of 109 A/m
2
. We have shown that struc-

tures perpendicular to the wire axis, needed for longitudi-
nal confinement, do not significantly hinder the improve-
ments in heating and decoherence-rates, even when made
of normal metal. The expected trap lifetime is not sub-
stantially modified by the use of such materials, although
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As the relevant frequencies are low, the high temperature
limit of the Planck function is applicable, and thus the
expression for the power spectrum approaches

Sij
B (x1,x2;ω) =

kBT

4π2ϵ20c
4
σxxỸij . (20)

This expression has the same form as the result for the
isotropic case [37], however here the tensor Ỹij holds the
anisotropic terms Bij in it.

2.3 Trap loss due to spin flips

Examining equation (16), we see that Bxx can be consid-
erably reduced if it involves two badly conducting axes,
σyy,σzz being much smaller than σxx. This does not lead,
however, to a reduction of the spin flip rate, as the Bxx

noise is parallel to the quantization axis.
For the two perpendicular components, Byy and Bzz,

we find that both mix the highly conducting σxx and the
low conductivity terms. The geometrical factors Xij have
been analyzed in detail (see Appendix A in [23]) for the
case of rectangular wires. From this analysis it emerges
that for any reasonable wire geometry, all of the non-zero
Xij factors are on the same order. Thus the main differ-
ence in the noise components is due to the difference in
conductivity terms, where conductivity σxx is dominant.
Consequently, the improvement to the trap lifetime using
anisotropic materials at room temperature is expected to
be at most on the order of ∼2.

One could, of course, rotate the anisotropic crystal by
90◦ such that the better conducting axis is perpendicu-
lar to the wire. This may significantly reduce the spin flip
rate for some materials, as now the conductivity along
the quantization axis (along the wire) is smaller. However,
this is not practical if the wire is to be used as a current
carrying structure creating the magnetic trapping poten-
tial, since the power consumption will be significantly in-
creased. This and other considerations on materials and
experimental design will be discussed in Section 4.

The trap lifetime may be improved nevertheless by
cooling the anisotropic material to cryogenic tempera-
tures, as has been shown also for certain metal alloys [23].
The resulting improvement in lifetime is shown in Fig-
ure 1, where we compare as an example the lifetime due
to thermal noise from an SrNbO3.41 wire (a quasi-1D ma-
terial, see Tab. 1, [66]) to that from a Au and an Ag:Au
alloy wires. We see that for SrNbO3.41 an improvement of
two orders of magnitude in lifetime is expected upon cool-
ing. This is due to the behavior of the product Tσxx(T )
(Eq. (20)) for this and similar materials. We note that al-
though at low temperatures the skin depth is decreased
due to the smaller resistivity of the material, the quasi-
static approximation is still valid. For a detailed discussion
see [23].

2.4 Heating and decoherence

In contrast to the case of spin flips, the decoherence and
heating rates, equations (5)–(7), depend only on the noise

Fig. 1. (Color online) Improved trap lifetime upon cooling of
the surface. Comparison of a standard Au wire (dashed blue)
with wires of similar geometry made of an Ag:Au alloy (dashed-
dotted red) [23] and the quasi-1D SrNbO3.41 (solid black). The
long lifetime for the anisotropic wire at room temperature is
due to its rather high residual (low-temperature) resistivity
even along its best axis (oriented along the wire). See Sec-
tion 4.2 for the implications of highly resistive wires in realis-
tic experiments. No limiting lifetime level due to collisions with
background gas atoms is included. Losses due to this process
are expected to be less significant in cryogenic experiments
as typically the background pressure is such experiments is
smaller. Wire dimensions are: width W = 10 µm, thickness
H = 2.15 µm, and atom-surface distance d = 5 µm.

in the parallel field component Bxx. As shown in Sec-
tion 2.3, this component may be strongly reduced for
highly anisotropic materials. To quantify this, consider the
ratio

Baniso
xx

Biso
xx

=
σzzXyy + σyyXzz

σxx (Xyy + Xzz)
, (21)

where the reference level is an isotropic conductivity set
to the ‘good axis’, σ0 = σxx. The possible improvements
depend on the relative magnitudes of the anisotropic
conductivities. Four cases can be distinguished, as illus-
trated in Figure 2. For materials with layered conduc-
tance, the worst choice is to have the second good con-
ducting axis in the chip plane, along the wire’s width:
σyy ∼ σxx ≫ σzz (dashed red line). The ratio (21)

then tends to (1 + Xyy/Xzz)
−1 which is not significantly

smaller than unity and where the conductivity anisotropy
σxx/σyy actually does not enter. With the other choice,
having the badly conducting axis along the wire width
(dashed-dotted blue), we get a reduction of about one
order of magnitude for a small wire geometry. Materi-
als that are quasi-1D conductive have a much larger po-
tential for noise suppression: for comparable ‘bad axes’,
σyy ∼ σzz ≪ σxx, equation (21) scales inversely with the
anisotropy ratio r = σxx/σyy which may be very large.
The suppression is somewhat more pronounced in the ex-
treme case σzz ≪ σyy ≪ σxx.
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Fig. 2. (Color online) Lines: spin decoherence rate
γspin decoherence as a function of electrical anisotropy r =
σxx/σyy, for layered and quasi-1D conducting materials. Wire
parameters were d = 5 µm, W = 10 µm, H = 2.15 µm, and
surface temperature of T = 300 K. For these lines, the good
conductivity along the wire was assumed to be identical to that
of Au. For layered materials having the badly conducting axis
along the wire thickness (dashed red), only a slight improve-
ment is gained, and the dependence on the anisotropy is negli-
gible. If the badly conducting axis is along the width of the wire
(dashed-dotted blue), the improvement is more pronounced,
but still saturates at relatively low anisotropy. For quasi-1D
materials (dotted green - quasi-1D with both low conductivity
terms of the same order; solid black - the more extreme case
having σzz ≪ σyy ≪ σxx, where we assumed σzz ≈ σyy/r),
the suppression is much more significant. For high anisotropy
the scaling is linear with the anisotropy. Points: examples of
specific materials, not normalized to Au (see Tab. 1).

The reduction of the decoherence and heating rates
is illustrated in Figure 2 for the four cases discussed
above. We plot the spin decoherence rate (5) for a su-
perposition state of the hyperfine levels |F = 2, mF = 2⟩
and |F = 2, mF = 1⟩ in the ground state of 87Rb. The
anisotropic conductor is chosen such that the largest con-
ductivity value σxx coincides with the one for Au, an
isotropic conductor taken as reference. The calculated
rates for some specific materials are also given. It can be
seen that quasi-1D materials are much more appealing to
suppress heating and decoherence, although about one or-
der of magnitude can already be gained with layered mate-
rials, even at a relatively small anisotropy. In addition, for
most anisotropic materials, even the best direction con-
ducts worse than Au; therefore the rates presented in this
graph even for layered materials are smaller than for Au.

To conclude, heating and decoherence may be sup-
pressed by several orders of magnitude even at room tem-
perature, by using electrically anisotropic materials for
current carrying structures on atom chips.

3 Time independent spatial corrugations
of the magnetic potential

Anisotropic materials affect not only the magnetic noise,
leading to the time-dependent perturbations discussed so
far, but also the static corrugations of the trapping po-
tential that fragment an atom cloud. In this section, we
discuss the current flow in imperfect wires, described by
a spatially modulated conductivity and generalize the for-
malism developed in references [34,36] to the anisotropic
case.

3.1 System definition

We now consider a thin metal wire with conductivity fluc-
tuations, as sketched in Figure 3. The coordinate system
is again defined such that the wire length L is along the x̂
direction, its width W along ŷ, and its thickness H along
ẑ. The anisotropic crystal used for the atom chip is again
assumed to be ‘aligned’ with the wire axis, as in equa-
tion (10). This is of course not the most general scenario,
however it is sufficient for our purposes here.

3.2 Current corrugations

In the isotropic case [34,36] we start from Ohm’s law

E = ρJ, (22)

where ρ = σ−1 = ρ0+δρ is the scalar resistivity comprised
of a homogeneous component ρ0 and a fluctuation δρ. This
is plugged into Maxwell’s equation,

∇ × E = 0. (23)

We use a spectral expansion of the fluctuation δρ(x) into
plane waves

δρ(x) =
!

k

eik·xδρ(k), (24)

where k = (kx, ky, kz) is a three-dimensional wave vector
in which (ky, kz) take the discrete values 2π(m/W, n/H)
with integers m and n. Combining with the continuity
equation ∇ · J = 0 we obtain to first order in δρ

δJ(k) =

"
k · kx

k2
− x̂

#
δρ(k)

ρ0
J0, (25)

per each k component. Here J0x̂ is the unperturbed cur-
rent density applied along the wire. In the following, we
focus on thin (flat) wires and neglect the kz component
[36]. For a fluctuation δρ(k) with a given in-plane wave
vector k = k (cos θ, sin θ), equation (25) implies a current
fluctuation transverse to the applied current that can be
characterized by the ratio

αiso(k) ≡ δJy(k)

J0
=

1

2
sin(2θ)

δρ(k)

ρ0
. (26)
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Noise reduction: semiconductors

Eur. Phys. J. B (2012) 85: 46 Page 3 of 12

obtained from Fermi’s Golden Rule [28] or a master equa-
tion approach [32,34]

Γa→b(r) =
∑

i,j

µab
i µba

j

!2
SB

ij (r, −ωab). (4)

Here a (b) labels a magnetic sublevel that is trapped (not
trapped) in the static magnetic field of the atom chip,
µab

i = ⟨a|µi|b⟩ is the matrix element of the magnetic
dipole operator, and ωab the resonant Bohr frequency.
For magnetic moments in the order of a Bohr magneton
µB, the prefactor in equation (4) translates a spectrum
of 130 pT2/Hz to a transition rate of one per second.
Rates in this low range have been measured near conduct-
ing surfaces using ultracold atoms as a probe [33,50,51].
The magnetic near-field noise flips the spin of trapped
atoms, leading to loss from a magnetic trap and setting a
fundamental limit to the coherence in these setups [27,28].
Conversely, this process offers a way of probing material
properties.

For atoms trapped in their electronic ground state, the
magnetic moment is dominated by the contribution of the
electron spin. We evaluate the matrix elements in equa-
tion (4), ignoring the quantum numbers of the nuclear spin
for simplicity. We can then consider a two-level system
one state of which is magnetically trapped. For a static
trapping field in the xz-plane that is tilted by an angle θ
relative to the surface normal ẑ (cf. Fig. 1), the magnetic
dipole matrix elements read [32,52]

µge =
µBgS

2
(cos θ, −i, − sin θ)

T
. (5)

Above a planar surface, the noise correlations are diagonal
(see Eq. (6) below) so that the spin-flip rate is proportional
to 2 + sin2 θ. The more general case including hyperfine
structure can be found in reference [32].

2.2 Overview: near-field noise

Nonlocal effects can be expected to become visible on a
length scale in the order of the mean free path ℓ of ballistic
transport of charge carriers, as was already conjectured
by Rytov and coworkers [53]. Numerical calculations of
the spin-flip rates for neutral atoms near a metal surface
with and without a nonlocal response are shown in Fig-
ures 2a and 2b. Clearly, there are three different asymp-
totic regimes of the distance between the atom and the
surface, two of which involve distances much larger than ℓ,
where the surface spectrum cannot be distinguished from
a local one. We shall find that in these regimes, the Green’s
tensor can be approximated by the scaling laws

Im Hij(ω, z) =
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

3µ0δ(ω)

64πz4
[δij + ẑiẑj ], δ(ω) ≪ z

µ0

32πδ2(ω)z
[δij + ẑiẑj ], ℓ ≪ z ≪ δ(ω)

µ0[δij + ẑiẑj]

8πδ2(ω)ℓ

(
ln

[
ℓ

2z

]
− 0.077

)
, z ≪ ℓ.

(6)
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Fig. 2. (a) Spin flip (loss) rate near a conducting half-
space described by the nonlocal Boltzmann-Mermin conductiv-
ity (8)−(11). The local description (Drude conductivity (12))
and the asymptotic expressions of equation (6) (dashed) are
shown for comparison. The length scales Λ = vF /ωp, ℓ = vF /γ,
and δ (Eq. (7)) illustrate the Thomas-Fermi screening length,
the mean free path, and the skin depth. The parameters are
for gold at T = 300 K (σ = 2.5×107 Ω−1 m−1, ℓ = 18 nm, γ =
6.7 × 1013 s−1) and the surface impedance is calculated with a
specular boundary condition (Eqs. (B.4), (B.5)). Spin flips are
driven by fields at the Larmor frequency ω/2π = 1 MHz and
oriented parallel to the surface (θ = 0 in Eq. (5)). Losses due
to the free space blackbody spectrum are much smaller and
are not visible on this scale. (b) Loss rates near gold surfaces
with different purities. We vary the ratio γ/ωp between the
relaxation rate and the plasma frequency in the conductivity.
The lowest curve coincides with Figure 2a. Note how the in-
termediate regime ℓ ≪ z ≪ δ opens up in the ‘dirty limit’.
The leftmost arrow marks the Thomas-Fermi screening length
Λ = vF /ωp, while δ is the normal skin depth (7).

Here, the skin depth of the normal skin effect is given by

δ(ω) =

√
2

µ0σω
, (7)

where σ is the local limit of the DC conductivity (Eq. (12)
below). The local regime (first two lines in Eq. (6)) was
given already in references [31,32].

To make this qualitative behaviour understandable, we
propose an interpretation in terms of an active surface
volume:

(i) When z ≫ δ(ω), the normal skin effect screens noise
from deep in the bulk so that only a skin layer of
thickness δ(ω) contributes to the noise. The noise is
proportional to the squared non-retarded fields ∼1/r3

Au

n-Si

scaling law of magnetic field spectrum at low frequencies

〈Bi(r, t′)Bj(r, t)〉ω ≈
µ2
0kBTσ

32π

δij + ẑiẑj
z

, `� z � δ =

√
2

µ0ωσ

Haakh & CH, ‘Magnetic near fields as a probe of charge transport in spatially dispersive conductors’

(Eur Phys J B 2012)
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‘Full’ numerics

Equilibrium near field correlations

〈Bi(r′, t′)Bj(r, t)〉ω ≈
2kBT

ω
Im Gij(r

′, r;ω)

– radiation of magnetic dipole µ

– object surface: boundary conditions

trum and discuss the accuracy of the surface impedance ap-
proximation. Section IV is devoted to our numerical scheme
and to the results for single and multiple objects of rectan-
gular shape.

II. MAGNETIC NEAR-FIELD NOISE

A. Local noise power

The fluctuations of the thermal magnetic field B!r , t" are
characterized by their local power spectral density !the Fou-
rier transform of the autocorrelation function",

Bij!r;!" =# d"ei!"$Bi!r,t"Bj!r,t + ""% . !1"

Higher moments are not needed for our purposes, and the
average field !at frequency !" vanishes as is typical for ther-
mal radiation. We assume the field to be statistically station-
ary so that the spectrum Eq. !1" does not depend on t. The
diagonal tensor components Bii!r ;!" give the spectrum for a
given Cartesian component Bi!r" or polarization direction.
Previous work has shown a strong dependence on the posi-
tion r near a metallic microstructure, power laws being the
typical behavior in the frequency range where the wave-
length #=2$c /! is much larger than the typical distances.
For the temperature dependence, see Eq. !3" below. Our pa-
rameters of interest are: normal metallic conductors with
temperatures above a few Kelvin, r in the micron range and
# of the order of centimeters or larger !! /2$%10 GHz".
This upper limit on frequency corresponds to the strong mag-
netic dipole transitions in typical alkali atoms. In this regime,
the frequency dependence of the noise spectrum is weak and
occurs via the material response &permittivity &!!"'. A char-
acteristic length scale is the field penetration length !skin
depth" ' defined by

1
'

=
2$

#
Im(&!!" = (1

2(0!)!!" , !2"

where )!!" is the conductivity and (0 the vacuum perme-
ability. The second expression is based on the Hagen-Rubens
approximation, Im &!!"))!!" / !&0!"≫ *Re &!!"*. Within
the Drude model for a metal, this is verified at frequencies
much smaller than the charge carrier relaxation rate !in the
1015 s−1 range at room temperature". For highly conducting
materials !Au, Ag, Cu", this results in a skin depth of the
order of 100 (m !! /2$ MHz"−1/2.

To compute the magnetic correlation spectrum, we use
the fluctuation-dissipation theorem, which is valid at thermal
equilibrium !temperature T",18

Bij!r;!" =
2*

e*!/kBT − 1
Im Gij!r,r;!" , !3"

where Gij!r ,r! ;!" is the Green function for the magnetic
field, i.e., the field generated at r by a point magnetic dipole
located at r! and oscillating at the frequency !, Bi!r , t"
=Gij!r ,r! ;!"( je−i!t+c.c. This is actually a familiar result:
the imaginary part of Tr G!r ,r ;!" gives the local density of
magnetic field modes, and the temperature-dependent prefac-
tor in Eq. !3" their average occupation number. The basic

benefit of this formula is that it holds also for the full corre-
lation tensor and even near material objects that absorb the
field or generate thermal radiation. Generalizations to the
nonequilibrium case exist !fields produced by a “hot object”
surrounded by a “cold” environment",19,20,35,36 but are not
needed for our purposes !see the remarks in Sec. V". We also
note that the temperature-dependent prefactor in Eq. !3" re-
duces to 2kBT /! for T+0.1 K. In this limit, the order of
field operators in the correlation function Eq. !1" becomes
irrelevant. !The order we have adopted yields the rate of a
magnetic dipole transition i→ f with energy difference Ef
−Ei=*!."

B. Magnetic dipole radiation

We are thus led to solve the following electrodynamic
problem: find the complex magnetic field amplitude
B!r ;! *!" created by a monochromatic point dipole !!t"
=!e−i!t+c.c. located at position r!. We then compute

Gij!r,r!;!" =
!Bi!r;!*!"

!( j
. !4"

In the limit r→r! this field becomes the singular “self-field”
and requires a cutoff in wavevector space. Its imaginary part
is cutoff-independent, however, and given by Im B!r! ;!"
=(0!3! / !6$c3" !in three-dimensional free space".

The field B=B!r ;! *!" can be found from the vector
potential A that solves the inhomogeneous Maxwell equa-
tion,

" , " , A − k0
2&!r"A = (0 " , !'!r − r!" , !5"

where k0=! /c. The right-hand side is the current density
corresponding to the magnetic dipole. There is no free-
charge density and we work in the gauge E=i!A.

We now focus on the following geometry !Fig. 1, right":
the position r! of the source !i.e., where the magnetic noise
spectrum is actually needed" is located in vacuum, and the
metallic microstructures are filling a domain D where
Im &!r ;!"=)!r ;!" / !&0!" is nonzero !and large". The out-
side domain is called D!. There, the vector potential satisfies
an inhomogeneous Helmholtz equation with wavenumber k0.
All length scales we consider !distance dipole-microstructure
d, object size" are much shorter than the wavelength so that
k0 is actually very small and can be neglected in a first ap-
proximation. This is the magnetostatic regime. !The finite

FIG. 1. Sketch of the considered geometry: !left" current fluctuations in a
microstructure generate magnetic field fluctuations B!r!" at a position r!
outside it. !right" The magnetic noise spectrum is calculated from the mag-
netic field radiated by a point magnetic dipole ! located at r!. D and D!:
domains where the conductivity )!r ;!" is nonzero or zero, respectively.
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similar to Fig. 8: good agreement for the By-polarization,
overestimation of the perpendicular case due to the neglect
of correlation effects.

V. CONCLUSIONS

We have described in this paper numerical and analytical
results for the thermal fields surrounding a two-dimensional
metallic object of arbitrary cross section. The role of the skin
depth ! as a characteristic length scale has been highlighted.
At distances smaller than !, the spectral noise power roughly
scales with the volume of the metallic material !Figs. 3, 6,
and 7". We have reviewed a simple method based on this
idea, the incoherent summation approximation. It systemati-
cally overestimates the noise power in one of the two field
polarizations, but otherwise reproduces the main features as
long as the skin depth is the largest scale. The strong polar-
ization anisotropy that we have found suggests strategies to
minimize loss or decoherence due to thermal magnetic fields,
as observed in recent experiments:16,21,28 this can be done by
suitably choosing the direction of the static trapping fields.
We have also shown that the noise power can be significantly
nonadditive when dealing with multiple objects. This could
be relevant for the discrepancy between experiment and
theory observed in Ref. 21, although our method !restricted
to 2D" does not permit quantitative predictions of trap life-
times.

We now comment on possible extensions of this analy-
sis. Our framework is also able to provide an approximate
description of superconducting structures. In fact, since we
deal with magnetic field fluctuations at a finite frequency,
there is always some penetration into the superconductor or,

equivalently, a finite resistivity. This can be attributed to a
fraction of carriers in a normally conducting state. Calcula-
tions for superconductors of planar geometry have been re-
ported in Refs. 10 and 29, with applications for miniaturized
atom traps in mind. More accurate descriptions require one
to solve the London equations at finite frequency inside the
superconductor, using for example the two-fluid model.30

We recall that we use in this paper a local version of
Ohm’s law. For very pure metallic films, the ballistic trans-
port of charge carriers implies a nonlocal response.31–34 This
may be particularly relevant for wires defined by doping a
semiconductor, but would require major changes for the nu-
merical approach of Sec. IV.

Finally, a brief remark on nonequilibrium settings. Con-
sider an isolated metallic object held at a temperature differ-
ent from its surroundings !materialized by the vacuum cham-
ber walls, for example". By applying the generalized
Kirchhoff relations !see, e.g., Ref. 19", the radiation arriving
at the observation point can be split into two parts: one is
proportional to the product of the power a test dipole emits
into the far field and the temperature of the surroundings; the
second part is proportional to the dipole radiation power ab-
sorbed by the object and the metal temperature. At the sub-
wavelength distances of interest for this paper, one can show
that the second part is dominant and that the error made in
using the same temperature for metal and surroundings is
small. The equilibrium calculation we have focused on here
is then sufficient.

ACKNOWLEDGMENTS

This work has been supported by the European Union
!Project ACQP, Contract IST-2001-38863", Universität Pots-

FIG. 8. !Color online" Noise power generated by three wires, as a function of distance !see inset sketch, with the dashed line illustrating the observation
points". The wires have a quadratic cross section 20"20 #m and are separated by a gap of 20 #m. The noise is measured above the center of the central
wire. Left panel: horizontal polarization, right panel: vertical polarization. Symbols: numerical result; solid line: incoherent summation. For comparison, a
single wire of same cross section !dashed line" and a wide wire 20 #m"80 #m with approximately the same volume !dash-dotted line" are shown. Skin
depth !=70 #m.

FIG. 9. !Color online" Same as Fig. 8,
but at fixed distance d=10 #m, scan-
ning the lateral position. x=0 is above
the center of the central wire.
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Understanding fundamentals: friction forces

excitations (photons . . . ) leave the system

& energy conservation

– internal energy (“heat”)

– open boundaries

F ~ v F ~ v

T

0 ←

delay between particle

and image dipole (surface charge)

• lateral force

zero friction above perfect conductor

friction force vs power: F(v) · v + P (v) = 0
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Barton’s minimal quantum field theory

Barton (New J Phys 12 (2010) 113045)
Atomic levels |g〉, |x〉, |y〉, |z〉︸ ︷︷ ︸

|~η〉 or |e〉
, EA = 0, h̄Ω

one-‘photon’ states |κ〉 = |k, ω〉
electric potential

φ(~r(t)) =

∫
dκφκ eik·r(t)e−kzaκe−iωt + h.c.

spectral density of surface plasmon polaritons

Barton (1970s ... New J Phys 2010) g vac
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Relevant time scales

−∞ . . .

couple field + atom at rest

...

acceleration time τ = “launch” Barton: τ = 0 ‘instantaneous’

surface response 1/ωS , 1/Γ = “image delay”

...

atomic lifetime 1/γe = “resonant decay”

... quasi-stationary state

spontaneous excitation 1/γg = “Cherenkov process”



One-photon Cherenkov process

dressed ground state (incl Lamb shift)

|G〉 ≈ e−iδEgt|g vac〉+

∫
dκ

〈eκ|V |g vac〉
Ω + ω − kv − i0

|eκ〉+ . . .

Doppler shifted resonance k ≥ Ω + ω

v
lifetime exponentially long

γg = −2 Im δEg ∝ exp[−(Ω + ωS)z/v]

0 0.1 0.2 0.3 0.4 0.5 0.6

1.´10
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v � W z

Γg �Γe

x z

y

excitation g → e with ε2 = ε1+h̄Ω

“for free” since Ω + ω′ = 0



Barton’s transient = excitation after launch

-1 0 1 2 3
t

vHtL

pe HtL

three launches: “kick-start” vs “smooth”

excitation probability

• virtual (“dressed |g〉”) + real excitation (“bare |e〉”)

pe(t)

Barton’s transient = excitation after launch

!1 0 1 2 3
t

v!t"

pe !t"

• virtual (“dressed |gi”) + real excitation

=

Z
d |c(1)

1 (t) + c
(3)
1 (t)|2 → pe(real) for τ � t� 1/γe

excitation ∝ v2f(τ) acceleration spectrum

Barton & Calogeracos (J Phys A 2008)

Passante & co-w (Phys Lett A 1983...)

spontaneous decay relevant for

power balance

Psp ∼ −h̄(Ω + ωS)pe(real)γe

∝ −v2

• compensates linear friction 6= Barton 2010



Review of Barton’s Results

Two-photon power g → g + hν1 + hν2 not the standard theory

P2 =

∫
dκ1 dκ2 h̄(ω1 + ω2)

d

dt
|c2(t)|2

= (PA ∝ v4) + (PB ∝ v2) Scheel & Buhmann (Phys Rev A 2009)

process ‘A’: resonance condition 0 = ω1 − k1 · v + ω2 − k2 · v = ω′1 + ω′2

process ‘B’: Ω = ω1 − k1 · v resonant decay

g vac

e vac

e Κ

g Κ1Κ2

g Κ

One-photon + excitation power

g → e+ hν

P1 =

∫
dκ h̄(Ω+ω)

d

dt
|c1(t)|2 ∝ −v2

total power P1 + P2 ∝ v4

friction force F ∝ v3
6= Barton 2010



Summary & Perspectives

Understanding heat transfer

• (meta)material properties: µ, ε(ω), σ(k, ω) . . .

• geometry: far/near field, shadows, diffraction . . .

• (local) temperature: e.m. sources, field correlations, local equilibrium (or not)

• un-known sources: fluctuating adsorbates Safavi-Naini & al (Phys Rev A 2011)

un-known driven (non-eq) state: ground/excited atom, relevant time scales

Reducing heat transfer

• applications: ← ‘IANV hybrids’

small, ultracold, trapped particles

• reduce emission = reduce absorption

• (meta)material design: strips, conductivity, temperature

www.quantum.physik.uni-potsdam.de
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