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Outline of this Talk

Torsional balance apparatus at Yale

  Modeling patch effects in Casimir force measurements

 Measurements of short-range forces between Au plates

  Electrostatic patches contribution

  Casimir force contribution

Experiment-theory comparison

Electrostatic calibrations
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[see also talks by Ryan Behunin (Thusday) and Serge Reynaud (Friday)]
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Torsion Pendulum at Yale
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Torsional Pendulum Set-up

Sphere-plane geometry 

Upgrade of Lamoreaux’s 1997 experiment

• Tungsten wire: length 2.5 cm, diameter 25 um. Pendulum tilt is reduced.

• NdFeB magnet at bottom of pendulum to damp swinging modes.

• Vacuum chamber at

• Both plates are coated with a 700 A (optically thick) layer of 
gold, evaporated on top of a 100 A-thick layer of titanium

R = 15.6 cm• Spherical lens has radius                        . This was measured with an interferometric 
microscope, and found to vary less than 2% over the surface of the lens.

• Experiment is placed on a vibration-isolation slab.

• Temperature monitored, variations less than 1C.
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The correction voltage is the physical observable, and it is 
proportional to the force between the Casimir plates

SPID(d, Va)
A proportional integro-differential (PID) controller provides a feedback correction 
voltage                    to the compensator plates, restoring equilibrium.

Force Measurements
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Electrostatic Calibrations
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Typical Casimir Measurement

force-free component of 
signal at large separations

electrostatic signal in 
response to an applied 
external voltage

residual signal due to 
distance-dependent 
forces, e.g. Casimir

This signal is minimized (           ) when               , and the electrostatic minimizing 
potential       is then defined to be the contact potential between the plates.

Sa = 0 Va = Vm

Vm

The electrostatic signal between the spherical lens and the plate, in PFA             , is

force-voltage conversion factorβ
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“Parabola” Measurements

A range of plate voltages      is applied, and 
at a given nominal absolute distance the 
response is fitted to a parabola

Va

Calibration routine (Iannuzzi et al, PNAS 04) 

Fitting parameters

This procedure is repeated at decremental distances, from 7 um down to 0.7 um, 
completing a single experimental run. 

Note: 0.7 um is the closest approach due to feedback instability at smaller plate 
separations caused by the large force gradient. 

voltage-force calibration factor + absolute distance

minimizing potential

force residuals: electrostatic patches + Casimir + exotic gravity + ....
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  From the parabola minimum one obtains the minimizing potential 

Our Au data shows a distance-independent minimizing potential                   , 
with variations of 0.2 mV in the 0.7-7.0 um range.

Vm ≈ 20mV

  From the parabola curvature one obtains the absolute distance

β = (1.27± 0.04)× 10−7 N/V

k(d) Vm(d) S0(d)    ,        , and 

  From          one obtains  the residual forceS0(d) Fr(d)
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Force Residuals

In our experiment, these force residuals are too large to be explained just 
by the Casimir-Lifshitz force between Au plates.

Solid lines correspond to predictions from Lifshitz theory (with no 
roughness correction) and Drude-like permittivity with parameters

Drude model, T=300K
Plasma model, T=300K
Drude model, T=0K
Plasma model, T=0K

ωp = 7.54 eV γ = 0.051 eV (best fit to Au optical data by Palik)
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Experiment-Theory Comparison

Fr(d) = Patches + Casimir + . . .
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Metals are NOT Equipotentials
(despite what we’ve learned in freshman physics!)

  Different crystal faces have different work functions

  Surface strains generate surface potentials through electrostriction

(French and Beams, PRB 1970). 

  Dirt: oxides, surface adsorbates strongly affect work function and 
surface potential by creating dipoles on the surface. 

Resulting potential variation 
across a surface:
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Kelvin Probe Measurements

Kelvin probe measurements done by 
LIGO collaboration detected order 
10 mV patches on UHV-evaporated 
coatings, without air exposure.

Kelvin’s original apparatus

E =
C

2
[VDC + VAC sin(ω0t)]

2 =
C

2

�
V 2
DC +

1

2
V 2
AC + 2VDCVAC sin(ω0t)−

1

2
V 2
AC cos(2ω0t)

�
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The patch effect is a possible systematic limitation to Casimir force 
measurements (Speake and Trenkel, PRL 03). 

Plane-plane geometry:

Cij(r) = �Vi(r)Vj(0)� =
�

d2k

4π2
eik·rCij [k]

�Vi(r)� = 0

P patch
pp (d) =

�0
4π

� ∞

0

dkk3

sinh2(kd)

×{C11[k] + C22[k]− 2C12[k] cosh(kd)}

Modeling Electrostatic Patches. I

(Kim, Sushkov, DD, Lamoreaux, PRA 10 ).
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Sphere-plane geometry:

To compute the patch effect in the sphere-plane 
configuration we use PFA for the curvature effect                 
               but leave       arbitrary

Different models to describe surface potential fluctuations (more later).
However, in the limit of large patches                    all models lead to a 
universal behavior:

d � lpatch

F patch
sp (d) = 2πR Upatch

pp (d)

=
�0R

16

� ∞

0

dkk2e−kd

sinh(kd)
{C11[k] + C22[k]− 2C12[k] cosh(kd)}

F patch
sp (d) = π�0R

V 2
rms

d

Modeling Electrostatic Patches. II
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Calculation of the Casimir force

Casimir force between two plane metallic mirrors calculated at room 
temperature T=300K and expressed as a ratio to the ideal Casimir formula

 Increase due to thermal fields 
at large distances

 Large difference (factor 2) at 
large distances between plasma 
and Drude predictions

 Reduction due to imperfect 
reflection at short distances
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Extracting the Patch Force

Fr − FCasimir = π�0RV 2
rms/d

χ2
red = 1.04

Vrms = (5.4± 0.1)mV

Drude T=300K

The other three models do 
not fit this description

Plasma T=300K: 

Drude T=0K: 

Plasma T=0K: 

χ2
red = 32

χ2
red = 23

χ2
red = 43
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Final Result for Casimir Force

χ2
red = 1.04

gray band: theo. uncertainty  ≤ 3%

ωp = 6.85− 9.0 eV
γ = 0.02− 0.061 eV

Thermal Casimir force

F (T )
Drude =

ξ(3)RkBT

8d2
= 97pNµm2

  Demonstrated thermal Casimir force

  Confirmed Drude model for     as � ω → 0
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Improving Patch Modeling 

Behunin, Intravaia, DD, Maia Neto, Reynaud, arXiv:1108.1761

In this experiment, the tip-to-sample distance was kept at
50 mn.14 These settings lead typically to a noise level of the
KFM smaller than 5 meV as shown in Fig. 2 with a 10 mV
peak to peak square-wave external excitation.

The WF measurements presented in letter paper were
conducted on a polycrystalline copper film as processed in
the semiconductor industry. The sample was prepared with a
standard copper process flow used in integrated circuit inter-
connects. First, an 8 in. silicon wafer was thermally oxidized
and then coated by a chemical vapor deposited 100 Å thick
TiN barrier. Then, a copper seed layer was deposited fol-
lowed by a 1.4 !m thick Cu film grown by electrochemical
deposition. After deposition steps, the sample was annealed
for 30 min at 400 °C, leading to a polycrystalline structured
surface with a mean grain size of about 3 !m. Finally, the
copper film thickness was reduced to 0.7 !m by chemical
mechanical polishing !CMP" to decrease the surface rough-
ness down to 1 nm rms over a 30"30 !m2 area.

To allow different surface characterizations to be per-
formed over the same copper area, a mark was engraved with
a focused ion beam !FIB" system on the sample surface. All
subsequent surface measurements were performed on the
same area lying at about 70 !m from this reference mark as
shown by Fig. 3. This distance is large enough to consider
the probed area as free of FIB-induced damage.

Figure 4 shows !a" the topography and !b" the WF map-
pings measured with the KFM over the same polished copper
area. Topography and WF range measured on this region are
9.6 nm and 42 meV, respectively. The topography mapping
shows the polycrystalline character of the copper film after

the grain boundaries are revealed by the CMP process. The
polycrystalline character of the copper film can also be moni-
tored with high contrast using potential mapping !i.e., WF"
as shown in Fig. 4!b". In fact, features can be sorted with
regard to the WF value into three distinct regions corre-
sponding to high, medium, and low WFs respectively labeled
H, M, and L in Fig. 4!b". Those potential variations within
the copper layer have to be attributed directly to the grain
crystallographic properties and not to the roughness cross-
talk on CPD measurement since the sample was polished and
analyzed with the topography independent lift-mode scan. To
show the link between the grain crystalline orientation and
the WF value, an EBSD analysis was performed on the same
area previously characterized with the KFM. The brightness
of the electron source allows an assignment of the crystallo-
graphic orientation of the copper grains with a 50 nm lateral
resolution. The critical angle chosen for this analysis was
7.5°. This means that to be indexed along a given crystallo-
graphic axis, a grain can have at maximum a disorientation
angle of 7.5°. Copper grain indexation obtained by EBSD
analysis is presented in Fig. 5. Here, only main crystallo-
graphic orientations, i.e., #111$, #100$, and #110$, are pre-
sented. The other grains, assigned with higher Miller indices,
were not taken into consideration for this experiment to
avoid any misinterpretation linked to the overlap of crystal-
lographic directions. They consequently appear as gray areas
in Fig. 5. In fact, automatic crystallographic assignment pro-
vided by EBSD softwares is defined by the angle between
the grain crystallographic axis and the surface normal
whereas both the angle and the inter-reticular distance would

FIG. 2. !Color online" Electrical response of the KFM to a 10 mV peak to
peak square-wave external excitation. The electric accuracy is smaller than
5 meV.

FIG. 3. !Color online" Picture of the probed copper area with regard to the
FIB engraved reference mark.

FIG. 4. !Color online" !a" Topography and !b" WF mappings of the same
polished copper area !12"8 !m2".

154101-2 Gaillard et al. Appl. Phys. Lett. 89, 154101 !2006"
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be necessary to provide a precise indexation. Since the over-
lap of the crystallographic directions depends on the critical
angle, smaller values !2.5° and 5°" were investigated but
unfortunately resulting mappings showed multiple intragrain
indexations. As a consequence, only main crystallographic
orientations !i.e., #111$, #100$, and #110$", of which relative
angles avoid crystallographic directions overlap for a critical
angle of 7.5°, are represented on EBSD mapping.

If one now compares EBSD analysis !Fig. 5" to the WF
mapping %Fig. 4!b"&, it is obvious that each crystallographic
orientation corresponds to a specific surface potential, i.e.,
high, medium, and low WF values respectively measured on
#111$, #100$, and #110$ grains. For face-cenetred-cubic lattice
systems such as Al, Ag, and Cu, calculations showed that the
densest face is #111$, followed by #100$ and #110$. As a
consequence, our experiment is in agreement with experi-
mental analyses on single crystal materials7–9 as well as with
general theory on metals:10 the denser the crystallographic
face, the higher the WF. This relationship is confirmed by the
potential profile in Fig. 6 obtained along the dashed line on
the WF mapping shown in Fig. 4!b" and sequenced with
regard to the associated EBSD analysis. For clarity, only
relative WF variations are plotted. The origin of the WF axis
corresponds here to 4.86 eV.

The WFs measured in this study are equal to 4.86, 4.88,
and 4.90 eV, respectively, for the #110$, #100$, and #111$
grain orientations. They differ significantly from those !4.48,
4.59, and 4.94 eV" obtained on clean UHV surface using
ultraviolet photoemission spectroscopy.9 Indeed, it is well
known that chemisorbed and physisorbed species can signifi-
cantly alter the WF value.15,16 Nonetheless, the relative po-
tential variation follows the expected ordering for different
grain orientations with higher potentials measured for the

denser atomic areal density and lower potential for the less
dense. Using these relative potentials, the crystal orientation
can be indexed with confidence.

The assigned WF profile plotted in Fig. 6 shows the WF
ranges of #111$, #100$, and #110$ grains and demonstrates
that it is now possible to perform crystallographic orientation
assignment of copper grains directly from WF mapping ob-
tained using KFM. This indicates that KFM can be used to
precisely assess the surface crystallography of metal and may
become an alternative to EBSD analysis. The main advan-
tage is that KFM measurement is a surface analysis which
could show crystallographic heterogeneities at decananom-
eter scale over all layers and thicknesses, whereas the EBSD
technique cannot characterize layers thinner than 50 nm.
This characteristic of KFM technique could become essential
in future microelectronic applications where the control of
electrical properties such as the threshold voltage of metal
oxide semiconductor field-effect transistors will become in-
creasingly sensitive to local heterogeneities in ultrathin
films as dimensions are scaled down.17 In addition, since the
WF of the grain is directly linked to its atomic surface
density, we assume that crystallographic assignment obtained
by KFM can distinguish orientations which cannot be
determined using standard EBSD analysis due to the overlap
of crystallographic directions. Such indexation, which re-
quires a high potential contrast, should be obtained using the
force gradient method18 combined with a vacuum or UHV
operation.

This work has been carried out in the frame of
CEA-LETI/ALLIANCE collaboration, partly funded by the
IST NANOCMOS project. The authors wish to thank M.
Rivoire and C. Perrot for providing polished copper samples
and S. Courtas and M. Grégoire for their help with EBSD
analyses.
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FIG. 5. !Color online" EBSD analysis of the Cu area previously character-
ized with KFM technique !12!8 "m2".

FIG. 6. !Color online" Potential profile along the dashed line on the WF
mapping in Fig. 4!b". The origin of the WF axis corresponds to 4.86 eV.
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“Quasi-local” Patch Model. I

Monday, June 6, 2011

v1 v2
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v4 v5
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In this experiment, the tip-to-sample distance was kept at
50 mn.14 These settings lead typically to a noise level of the
KFM smaller than 5 meV as shown in Fig. 2 with a 10 mV
peak to peak square-wave external excitation.

The WF measurements presented in letter paper were
conducted on a polycrystalline copper film as processed in
the semiconductor industry. The sample was prepared with a
standard copper process flow used in integrated circuit inter-
connects. First, an 8 in. silicon wafer was thermally oxidized
and then coated by a chemical vapor deposited 100 Å thick
TiN barrier. Then, a copper seed layer was deposited fol-
lowed by a 1.4 !m thick Cu film grown by electrochemical
deposition. After deposition steps, the sample was annealed
for 30 min at 400 °C, leading to a polycrystalline structured
surface with a mean grain size of about 3 !m. Finally, the
copper film thickness was reduced to 0.7 !m by chemical
mechanical polishing !CMP" to decrease the surface rough-
ness down to 1 nm rms over a 30"30 !m2 area.

To allow different surface characterizations to be per-
formed over the same copper area, a mark was engraved with
a focused ion beam !FIB" system on the sample surface. All
subsequent surface measurements were performed on the
same area lying at about 70 !m from this reference mark as
shown by Fig. 3. This distance is large enough to consider
the probed area as free of FIB-induced damage.

Figure 4 shows !a" the topography and !b" the WF map-
pings measured with the KFM over the same polished copper
area. Topography and WF range measured on this region are
9.6 nm and 42 meV, respectively. The topography mapping
shows the polycrystalline character of the copper film after

the grain boundaries are revealed by the CMP process. The
polycrystalline character of the copper film can also be moni-
tored with high contrast using potential mapping !i.e., WF"
as shown in Fig. 4!b". In fact, features can be sorted with
regard to the WF value into three distinct regions corre-
sponding to high, medium, and low WFs respectively labeled
H, M, and L in Fig. 4!b". Those potential variations within
the copper layer have to be attributed directly to the grain
crystallographic properties and not to the roughness cross-
talk on CPD measurement since the sample was polished and
analyzed with the topography independent lift-mode scan. To
show the link between the grain crystalline orientation and
the WF value, an EBSD analysis was performed on the same
area previously characterized with the KFM. The brightness
of the electron source allows an assignment of the crystallo-
graphic orientation of the copper grains with a 50 nm lateral
resolution. The critical angle chosen for this analysis was
7.5°. This means that to be indexed along a given crystallo-
graphic axis, a grain can have at maximum a disorientation
angle of 7.5°. Copper grain indexation obtained by EBSD
analysis is presented in Fig. 5. Here, only main crystallo-
graphic orientations, i.e., #111$, #100$, and #110$, are pre-
sented. The other grains, assigned with higher Miller indices,
were not taken into consideration for this experiment to
avoid any misinterpretation linked to the overlap of crystal-
lographic directions. They consequently appear as gray areas
in Fig. 5. In fact, automatic crystallographic assignment pro-
vided by EBSD softwares is defined by the angle between
the grain crystallographic axis and the surface normal
whereas both the angle and the inter-reticular distance would

FIG. 2. !Color online" Electrical response of the KFM to a 10 mV peak to
peak square-wave external excitation. The electric accuracy is smaller than
5 meV.

FIG. 3. !Color online" Picture of the probed copper area with regard to the
FIB engraved reference mark.

FIG. 4. !Color online" !a" Topography and !b" WF mappings of the same
polished copper area !12"8 !m2".

154101-2 Gaillard et al. Appl. Phys. Lett. 89, 154101 !2006"
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be necessary to provide a precise indexation. Since the over-
lap of the crystallographic directions depends on the critical
angle, smaller values !2.5° and 5°" were investigated but
unfortunately resulting mappings showed multiple intragrain
indexations. As a consequence, only main crystallographic
orientations !i.e., #111$, #100$, and #110$", of which relative
angles avoid crystallographic directions overlap for a critical
angle of 7.5°, are represented on EBSD mapping.

If one now compares EBSD analysis !Fig. 5" to the WF
mapping %Fig. 4!b"&, it is obvious that each crystallographic
orientation corresponds to a specific surface potential, i.e.,
high, medium, and low WF values respectively measured on
#111$, #100$, and #110$ grains. For face-cenetred-cubic lattice
systems such as Al, Ag, and Cu, calculations showed that the
densest face is #111$, followed by #100$ and #110$. As a
consequence, our experiment is in agreement with experi-
mental analyses on single crystal materials7–9 as well as with
general theory on metals:10 the denser the crystallographic
face, the higher the WF. This relationship is confirmed by the
potential profile in Fig. 6 obtained along the dashed line on
the WF mapping shown in Fig. 4!b" and sequenced with
regard to the associated EBSD analysis. For clarity, only
relative WF variations are plotted. The origin of the WF axis
corresponds here to 4.86 eV.

The WFs measured in this study are equal to 4.86, 4.88,
and 4.90 eV, respectively, for the #110$, #100$, and #111$
grain orientations. They differ significantly from those !4.48,
4.59, and 4.94 eV" obtained on clean UHV surface using
ultraviolet photoemission spectroscopy.9 Indeed, it is well
known that chemisorbed and physisorbed species can signifi-
cantly alter the WF value.15,16 Nonetheless, the relative po-
tential variation follows the expected ordering for different
grain orientations with higher potentials measured for the

denser atomic areal density and lower potential for the less
dense. Using these relative potentials, the crystal orientation
can be indexed with confidence.

The assigned WF profile plotted in Fig. 6 shows the WF
ranges of #111$, #100$, and #110$ grains and demonstrates
that it is now possible to perform crystallographic orientation
assignment of copper grains directly from WF mapping ob-
tained using KFM. This indicates that KFM can be used to
precisely assess the surface crystallography of metal and may
become an alternative to EBSD analysis. The main advan-
tage is that KFM measurement is a surface analysis which
could show crystallographic heterogeneities at decananom-
eter scale over all layers and thicknesses, whereas the EBSD
technique cannot characterize layers thinner than 50 nm.
This characteristic of KFM technique could become essential
in future microelectronic applications where the control of
electrical properties such as the threshold voltage of metal
oxide semiconductor field-effect transistors will become in-
creasingly sensitive to local heterogeneities in ultrathin
films as dimensions are scaled down.17 In addition, since the
WF of the grain is directly linked to its atomic surface
density, we assume that crystallographic assignment obtained
by KFM can distinguish orientations which cannot be
determined using standard EBSD analysis due to the overlap
of crystallographic directions. Such indexation, which re-
quires a high potential contrast, should be obtained using the
force gradient method18 combined with a vacuum or UHV
operation.

This work has been carried out in the frame of
CEA-LETI/ALLIANCE collaboration, partly funded by the
IST NANOCMOS project. The authors wish to thank M.
Rivoire and C. Perrot for providing polished copper samples
and S. Courtas and M. Grégoire for their help with EBSD
analyses.
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FIG. 5. !Color online" EBSD analysis of the Cu area previously character-
ized with KFM technique !12!8 "m2".

FIG. 6. !Color online" Potential profile along the dashed line on the WF
mapping in Fig. 4!b". The origin of the WF axis corresponds to 4.86 eV.
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Voltages are constant in a given 
patch domain as observed in 
Kelvin probe experiments. 

  “Quasi-local” patch model:

1) Tesselate the surface, and assign a potential to each patch

V (x) =
�

a

vaθa(x)

poligons = patch domains
potential = crystallographic

orientation

(Gaillard et al,  APL 2006)

2) Random crystallographic orientation at deposition

�vavb�v = δabV
2
rms

Therefore,  the correlation function for a single layout 
micro-realization is:

�V (x)V (x�)�v = V 2
rms

�

a

θa(x)θa(x
�)
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“Quasi-local” Patch Model. II
3) Assume homogeneity and isotropy of average correlator

�V (x)V (x�)� = C(|x− x�|) = C(r)

probability distribution of sizes of patches, 
e.g.

C(r) =
2V 2

rms

π

� ∞

r
dlΠ(l)

�
cos−1

�r
l

�
− r

l

�
1−

�r
l

�2
�

Π(l) =
θ(lmax

patch − l)θ(l − lmin
patch)

lmax
patch − lmin

patch

4) Perform average over layout micro-realizations

Note: similar “quasi-local” patch models have been recently used in the literature to 
study patch-assisted heating in ion-traps, etc. 

quasi-local model

Sharp cut-off model
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Quasi-local Patches + Casimir

Extracting the patch contribution described by the “quasi-local” model 

Fr − FCasimir = FPatches

FPatches(d) =
�0R

8

� ∞

0

dk k2e−kd

sinh(kd)
× C[k]

Fitting model parameters Vrms , l
max
patch , l

min
patch

Plasma 

Drude

  Very good fit with Drude model, 
confirming the 1/d patch behavior.  

  Bad fit with plasma model.

          smaller than for clean samples.Vrms

  Large patches.
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Effect of Adsorbates

adsorbates lead to:

  smeared surface potential variations

  transient patch effects (timescale of hours or less)

F Rossi and G I Opat 

Ground . 
FILdbOCk h o p  

Figure 1. Vibrating capacitor feedback loop apparatus fol 
measuring surface patch potential profiles. 

polycrystalline surface with crystallites smaller than 
1 pm. Subsequent extended exposure to air produced 
an oxide layer 20-50A thick which included other 
chemisorbed species [19]. Other oxidation data [20] 
suggest that a thicker 10G200 8, oxide layer forms in 
a few hours. The drift tube was baked at 100°C in 
situ, which would have driven off the adsorbed water 
vapour, leaving most of the contaminant layer. Much 
higher temperatures and ion bombardment are 
required to produce an atomically clean surface [21]. 
Although the underlying copper is polycrystalline, the 
relatively large (compared to interatomic dimensions) 
thickness and complex chemistry of the contaminant 
layer would have made the surface nearly amorphous. 
Investigations by Darling [16] on similar surfaces seem 
to confirm that the crystallinity is masked. Witteborn 
proposed that preferential adsorption of contaminants 
might be responsible for reducing the patch effect. 

Larger axial variations might be expected from non- 
uniform surface contamination since the length scales 
may well be larger than the crystallites [l]. Parker 
and Warren [22] measured patch potentials on surfaces 
electroplated with Au and surfaces coated with coloidal 
graphite. Even after bakeout at 350°C in 10-'Torr 
vacuum, spatial variations of 10-100 mV were observed 
over millimetre length scales, varying with subsequent 
treatment. Our measurements on polycrystalline 'Cu 
and Au surfaces, with crystallites smaller than 10 pm, 
show similar patch potentials due to adsorbates. The 
most interesting behaviour we see is that adsorbates 
generally tend to smooth out these initial variations. 

In section 2 we briefly review our apparatus and 
technique, which is described in greater detail elsewhere 
[2,23,24]. We present our results in section 3 and a 
summary in section 4. 

2. Experimental procedure 

Our measurements were conducted with apparatus 
which we developed specifically to measure periodic 
strain-induced contact potential variations, described 
in detail elsewhere [2,23, 241. Without modification, 
this apparatus also provided for the measurement of 
patch profiles over a 30 mm long strip on the sample 
surface. Figure 1 summarizes the components relevant 

1350 

5 -10 -5 0 5 10 

Y (mm) 
5 

Figure 2. Patch potential profiles on a Au surface 4000 A 
thick previously exposed to air for 10 h. Curves 1-6 at 
lO-'Torr. Estimated maximum error on each point is 
20.2 mV. 

to this task, implementing the standard method of 
measuring contact potentials with a vibrating capacitor 
[25]. A 5 mm diameter capacitive probe vibrates per- 
pendicularly to the sample surface at a frequency 
U,, 500 Hz, with a tjipical amplitude of 20 p n  and a 
mean spacing of 100pm. The resulting AC signal is 
demodulated by the lock-in amplifier to producc a DC 
output. Feedback of this DC voltage biases thc capaci- 

between the sample and probe V. This DC bias voltage 
is given by 

tor, apprQxin?.!e!y n??!!ing !!le "sz:^c: p-":"";is: 

V ,  = -GV (3) 
Where G = 1 is the closed loop gain. By measuring VB 
with a voltmeter, this feedback loop allows V to be 
tracked as it drifts in time and as the probe is scanned 
slowly across the sample along they coordinate (figures 
2 and 3). 

The Cu and Au sample films, 2000-4000 A thick, 
were deposited on the A6061 aluminium alloy substrate 
by evaporation from a molybdenum boat source in high 
vacuum. Since the substrate was not heated during 
deposition, and since there was no subsequent 
annealing, the films are expected to have only very 
small crystallites. Examination under a metallurgical 
microscope did not reveal any obvious crystal structure 
larger than about 10pm. Given that the probe's dia- 
meter is 5 m m ,  such mal1 potential structure, if 
present, would be smeared out. Thus, the observed 
spatial variations (figures 2 and 3), on the scale of 
millimetres and larger, must be due to non-uniform 
contamination. 

Apart from the electronic instrumentation, the 
apparatus is operated in 10-'Torr vacuum, achieved 
with an oil diffusion pump, which is always cold trap- 
ped with liquid nitrogen to prevent oil back streaming. 
Most work function studies are conducted in UHV with 
atomically clean surfaces. However, our aim was to 
investigate surfaces that are oxidized and otherwise 
contapinated by exposure to air (see captions of figures 
2-4), to allow a meaningful comparison with the drift 

Without knowledge of the actual patch structure, the above 
justifies a fitting procedure for contaminated surfaces.

(Rossi and Opat,  JPD 1992)

(Darling et al,  RMP 1992)

- smaller voltages

- patches larger than grain structure
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Constraining Exotic Gravity

Sushkov, Kim, DD, Lamoreaux, arXiv:1108.2547 (to appear in PRL)

FExp − FPatches − FCasimir

V (r) = −G
m1m2

r

�
1 + αe−r/λ

�

Final force residuals                                                    can be used to set 
constraints on non-Newtonian forces in the micrometer-range 
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Final Remarks

  Observation of the thermal Casimir force. 

  Our measurement and analysis indicate that the Drude model to describe 
Casimir interactions in metallic plates is correct. 

  Independent measurements of patches would be extremely valuable.

- modeled patch contribution 

- modeled Casimir contribution 

- Kelvin probe microscopy to measure patch distribution and voltage 
correlations. 

- Influence of sample fab processes, contamination, temperature, dynamics, ...
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CASIMIR Network Workshop/School in March 2012 

Organizers: G. Palazantas, V. Svetovoy, S. Reynaud, and DD

Leiden, The Netherlands
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NSF Pan American Advanced Study Institute (PASI) 
School/Workshop in October 2012 on

Frontiers in Casimir Physics

Organizers: R. Decca, DD, R. Esquivel-Sirvent, P. Maia Neto, D. Mazzitelli, and H. Pastoriza
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