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Scanning eddy current dynamometer with 100 mm resolution
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~Received 3 November 1999; accepted for publication 25 April 2000!

We report on a new contactless scanning probe technique to probe thin metallic films. The scanning
eddy current dynamometer~SECD! is based on the measurement of the force generated by a
magnetic tip oscillating in close proximity to a conducting thin film glued to a high-Q mechanical
oscillator. By measuring the resonant motion induced in the mechanical oscillator, the eddy current
force on the sample can be determined. The size of the magnetic field profile from our tip limits the
spatial resolution of the instrument to' 100 mm. This spatial resolution is demonstrated by
scanning the magnetic tip over inhomogeneities in metallic films. For a homogeneous metallic film
much larger than 100mm the force measured by the SECD is directly proportional to the
conductance of the film. In this configuration the equivalent noise conductance of the eddy current
dynamometer isDsh'30 V21. By exploiting the boundary conditions on the induced current
density in the conducting film, cracks much smaller than 100mm in a metallic film can be detected.
To demonstrate this property, a 2.5mm wide slit is detected using the SECD. ©2000 American
Institute of Physics.@S0034-6748~00!00608-0#
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I. INTRODUCTION

Eddy current testing is widely used as a nondestruc
technique for mapping and detecting defects in conduc
materials. Eddy current probes commonly use a coil to
duce the eddy currents in the conducting layer and the
rents are detected either by using a second coil,1 by monitor-
ing the impedance in the first coil,1 or by using a
superconducting quantum interference device~SQUID! to
measure the magnetic flux from the eddy currents.2 In this
article we use a different approach, based in recent deve
ments on the detection of small forces.

Ultrasmall force detection using mechanical oscillato
has made it possible to construct very sensit
electrometers3 and magnetometers.4 These instruments uti
lize mechanical oscillators made from Si having quality fa
tors on the order of 106. In this article we describe a new
microprobe instrument to measure eddy current forces
thin metallic films based on Si mechanical oscillators. T
eddy currents are induced by moving a magnetic probe o
the sample which is mounted on a Si oscillator. We refer
this device as a scanning eddy current dynamom
~SECD!. The advantage of our instrument is that it has
spatial resolution on the order of 100mm and could be po-
tentially improved to have a spatial resolution on the orde
1 mm.

To gain insight into the nature of the eddy current for
on a thin film due to a moving magnetic probe, conside
direct current~dc! loop held parallel over a thin infinite shee
with conductancesh . If the conducting sheet is stationar
and the loop is moving with a velocityv5v0x̂, the electric
field in the sheet’s frame of reference is given byE(r )5

a!Present address: Department of Physics, Indiana University Purdue
versity Indianapolis, Indianapolis, IN 46202.
3160034-6748/2000/71(8)/3168/5/$17.00
e
g
-
r-

p-

s
e

-

n
e
er
o
er
a

f

a

2v3B(r ) whereB(r ) is the magnetic field associated wit
the current loop. The electric field inside the conducti
sheet gives rise to a current densityj (r )5shEi(r ), whereEi
is the component of the induced electric field parallel to
conducting sheet. The magnetic field exerts a Lorentz fo
on the current density so that the force on the sheet in
plane of the sheet is given by

Fx~r !5E shv0B'
2 ~r !ds, ~1!

whereB' is the component of the magnetic field perpendic
lar to the film and the integral is a surface integral over
entire film. This argument neglects the screening respons
the conductor to shield the changing magnetic field, but
calculations indicate that forv0!c2e0 /sh the screening
current density is small.5 The direction of the force on the
film is the same as the direction ofv and a reactionary drag
force opposes the motion of the loop.

If the motion of the loop is given byx5x0 sin(vt)x̂, then
the velocity is x0v cos(vt)x̂, where v is the angular fre-
quency andx0 is the maximum amplitude of oscillation. Fo
this oscillatory motion Eq.~1! becomes

Fx~r ,t !5cos~vt !E shvx0B'
2 ~r !ds. ~2!

For uniform metallic films much larger than the loop siz
the eddy current dynamometer can be used to determine
conductance of the film since the force is proportional to
conductance.

With the introduction of inhomogeneities in the conduc
ing film, Eq. ~2! becomes invalid. For example, if the osc
lating current loop is scanned over an edge or crack in
film, the component of the induced current density perp
dicular to the edge must be zero (j'50). This boundary

ni-
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condition leads to a directional dependence of the scans
pending on whether the direction of oscillation is perpe
dicular or parallel to the edge or crack. The complete so
tion of the problem with the boundary conditions included
difficult and beyond the scope of this paper.

The experimental setup and principle of operation of
eddy current dynamometer are described in Sec. II. Sec
III presents results on several samples with inhomogene
in the metallic film which demonstrate the spatial resolutio
orientational dependence, and sensitivity of the instrum
The fundamental limitations and potential improvements
the instrument are described in Sec. IV.

II. EXPERIMENTAL SETUP

Using Eq. ~2!, we first estimate the magnitude of th
force expected on a copper film. The conductance of 1mm
thick Cu at room temperature is;58 V21. To simplify
these estimates, we assume that the magnetic field from
probe is perpendicular to the film and is 0.5 T forr<50 mm
and 0 T forr .50 mm. If the probe is spatially vibrating with
a frequency of 5000 Hz and an amplitude of 100 nm then
~2! yields a force of 0.34 nN on the film.

High-Q mechanical oscillators made from Si were ch
sen to measure these small forces.6 The mechanical oscilla
tors are made from 0.5 mm thick^100& Si wafers anisotrop-
ically etched in KOH using a lithographically patterne
Si3N4 layer as a mask. After the KOH has etched through
0.5 mm wafer, the Si3N4 layer is removed. Since the ampl
tude of vibration is measured capacitively, 15 nm of Cr a
150 nm of Au are evaporated on the oscillators. Details
the fabrication process have been described elsewhere.7

A conducting sample, mounted on a glass cover slide
glued to the end of the Si mechanical oscillator in the c
figuration shown in Fig. 1~a!. The sample and oscillator ca
be regarded as an effective harmonic oscillator8 which is
driven at the resonant frequency of the fundamental can
ver mode using the eddy current force induced by an os
lating magnetic probe.

The magnetic probe~tip! is an iron wire~o.d.50.9 mm!
mechanically polished with 1mm grit down to a tip diameter
of 20 mm that localizes the magnetic flux from a neodymiu
iron boron permanent magnet~1/4 in. diameter by 1/4 in.
long!. To repair damage from the polishing process, the w
is annealed in a hydrogen furnace at 1000 °C as describe
Ref. 9. The hydrogen anneal decreases the full width
maximum ~FWHM! of the magnetic field profile and in
creases the maximum magnetic field. This profile, shown
Fig. 2, was measured by scanning a 10mm Hall bar under
the tip, at a tip-Hall bar separation of 10mm. The FWHM of
the magnetic field profile is approximately 80mm.

The permanent magnet and iron tip are fastened to
top of a piezoelectric quadrant tube as shown in Fig. 1~a!.
The tube is used to vibrate the iron tip at the resonant
quency of the oscillator by applying an alternating curre
~ac! voltage from a signal generator. The magnetic tip w
manufactured to have a resonant frequency near the Si
chanical oscillator’s resonant frequency to increase the vi
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tional amplitude of the tip and consequently the force on
metallic film @see Eq.~2!#.

The oscillating eddy current force from the vibratin
magnetic tip causes the sample and Si mechanical oscil
to vibrate. The motion of the Si oscillator is measured c
pacitively using a detection electrode and the circuit sho
in Fig. 1~b!. If the oscillator moves a distancedd then the

FIG. 1. Sketch of the experimental setup.~a! A conducting sample is glued
to a Cr and Au coated Si mechanical oscillator. A permanent magnet a
ferromagnetic needle, used to localize the magnetic flux, are attached t
top of a piezoelectric quadrant tube which is vibrated at the oscillato
resonant frequency. The amplitude of vibration of the mechanical oscill
is measured capacitively with a detection electrode.~b! Block diagram of
the electronics used in the experimental setup.R55 MV, C50.22 mF,
Vdc;90 V, andCp;130 pF.

FIG. 2. Thez component of the magnetic field profile of a sharpened ir
tip. The profile was measured with a 10mm Hall bar for a 10 micron
tip-Hall bar separation. The FWHM is 80mm. The physical diameter of the
tip is 20 mm. The source of the magnetic field is a neodymium iron bor
permanent magnet.
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electrode oscillator capacitance changes bydC>2C0dd/d,
whereC0 (;1 pF! is the electrode-oscillator static capac
tance andd is the distance between the oscillator and el
trode at equilibrium,d@dd. When the electrode is biased
a dc voltage (Vdc;90 V!, the change in voltage between th
electrode and the oscillator is directly proportional to t
motion of the oscillator. The amplitude of the ac voltage
given by10

dV>2
dC

CT
Vdc>

C0

CT

dd

d
Vdc, ~3!

whereCT is the sum ofC0 and a parallel external parasit
capacitance (Cp;100 pF! which is dominated by cable an
preamplifier capacitance to ground. For these measurem
dd/dV was calibrated directly by measuring the amplitude
the oscillator with an optical interferometer. The value
while constant during each scan, ranged from 70–400
mV for different scans due to a variance in the oscillat
electrode spacing.

The signal from Eq.~3! is measured using a lock-in am
plifier with the signal generator as reference. Once the
plitude of the oscillator is recorded, the tip is moved to a n
location over the sample. In this way, the spatial depende
of the eddy current force on the sample is determined.11 In
the next section, we show how the resonant amplitude of
Si mechanical oscillator changes as the iron tip is scan
across different samples.

III. RESULTS

To demonstrate the capabilities of the instrument,
present results of measurements on copper films with dif
ent inhomogeneities. The inhomogeneities are single
double slits in 12.5 and 25mm thick Cu.12 Figure 3~a! shows
two scans of a 1 mmwide 25mm thick copper ribbon. In the
middle of the ribbon the amplitude of the Si oscillator
(0.55660.007) nm. The noise has been defined as the
mean square~rms! difference between neighboring points
the amplitude of the oscillator when the tip is near the cen
of the ribbon. The reproducibility when comparing two sca
over the same strip is also approximately 10 pm.

At resonance, the force acting on the sample, and th
fore on the Si oscillator, isF5(k/Q)A, wherek is the spring
constant,Q is the quality factor, andA is the measured am
plitude of the oscillator. The spring constant was measu
to be k5(12 0006300) N/m by noting the change in reso
nant frequency when known masses were added to the o
lator. The quality factor was 460 for the scan13 in Fig. 3~a!
yielding Feddy515 nN.

The theoretical eddy current force can be estimated
ing Eq. ~2!, the measured magnetic field profile from Fig.
and the measured amplitude of the tip. Using Eq.~2! for this
estimation neglects the screening currents and boundar
fects on the current density by assuming the sample to
infinite. Using the magnetic field profile from Fig. 2
**B2(x,y)dx dy.1.231029 T2m2. The velocity of the tip14

is 6.931023 m/s and therefore the expected force is 12 n
which is in good agreement with the experimental value.
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Assuming that the boundaries are not affecting the m
nitude of the signal when the tip is over the center of the
ribbon, we can estimate the equivalent noise conductanc
the instrument. Taking the observed noise to be 0.01/0.
'0.02 and the known conductance of the Cu ribbon,
equivalent noise conductance isDsh>30 V21.

The eddy current force is observed to persist for a lo
distance as the tip is scanned over the edge ('900mm to go
to zero for this tip!. This slow decay of the eddy curren
signal is thought to be due to the long tail in the magne
field profile of the magnetic tip. Experiments show that th
long tail is not due to the permanent magnet, and comp
simulations of this profile indicate that this tail is not intrin
sic to the tip shape and can be further decreased. This m
be carried out by annealing the tips longer or by fabricat
the tips differently~e.g., chemically etching the tips!. This
large tail, however, does not limit the resolution of the i
strument, as discussed in the next section.

A. Resolution and crack detection

The expected spatial resolution of the instrument is
termined by taking the spatial derivative of the data from
scan over an edge. By measuring the FWHM of that deri
tive the expected spatial resolution can be deduced. Fig
3~b! shows the numerical derivative of an edge for the sc
over the 1 mm Cu ribbon@Fig. 3~a!#. The FWHM of that

FIG. 3. ~a! Two scans over a 1 mm wide 25.4mm thick Cu ribbon. The
amplitude of motion of the mechanical oscillator when the tip is in t
middle of the ribbon is (0.55660.007) nm. The reproducibility in the am
plitude when comparing the two data sets is approximately 0.01 nm.~b!
Spatial derivative of the left edge for the scan in~a!. FWHM is '80 mm.
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derivative is approximately 80mm, which is in good agree
ment with the FWHM of the magnetic field profile.

To demonstrate this spatial resolution, a Cu sheet wi
double slit was scanned. The sample has two 100mm wide
slits separated by 200mm in 12.7mm thick copper foil. The
results from this scan are shown in Fig. 4. This scan dem
strates that the spatial resolution of the instrument is' 100
mm since it reveals two minima separated by a local ma
mum.

The discussion so far has been on scans performed
the oscillation of the tip perpendicular to the edge. An i
portant extra feature of the instrument arises when the o
latory tip motion is parallel to the sample edge. The perp
dicular ~parallel! orientation is defined as when th
oscillation of the tip is perpendicular~parallel! to an edge
~see Fig. 5!.

An experiment to determine whether the instrument w
sensitive enough to measure a break or a crack in the
was done. For this measurement, a 2.5mm wide slit in 12.7
mm thick copper was used. Since the slit is much sma

FIG. 4. Scan over two 100mm wide slits separated by 200mm in 12.7mm
thick Cu. The amplitude of the tip was 550 nm and theQ of the oscillator
was 860.

FIG. 5. Scans over a 2.5mm wide slit in 12.7mm thick Cu for the two
different orientations. The perpendicular~parallel! orientation corresponds
to the oscillation of the tip perpendicular~parallel! to an edge or crack in the
metallic film. The inset pictorially demonstrates the difference between
two. The single arrow labels the scan direction while the double arrow la
the direction of oscillation. The amplitude of the tip was 620 nm and thQ
of the oscillator was 700.
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than the resolution, a scan over this slit is equivalent t
scan over an infinitesimal crack. Figure 5 is a scan over
2.5 mm slit for the two different orientations.

In the perpendicular orientation, the instrument is n
able to detect the slit within the noise of the instrument. F
the parallel orientation, however, the slit is clearly observ
The signal decreases on the left- and right-hand side in
figure because of the outer edges in the Cu film. This fig
demonstrates that the parallel orientation is very sensitiv
edges or breaks in the film, even for a slit much smaller th
the resolution of the instrument.

The differences between the two orientations can be
derstood qualitatively. The component of the current den
perpendicular to an edge must be zero. In the perpendic
orientation the induced electric field is parallel to the edg
of the slit and therefore the boundary condition does
drastically reduce the current density inside the film. For
parallel orientation the induced electric field is perpendicu
to the edges. In this configuration the current density in
film is severely modified to adjust to the boundary con
tions.

To test the sensitivity of the instrument to weaker inh
mogeneities, a trench 23mm deep by 25mm wide in a 40
mm thick Cu layer was scanned in the parallel orientation.
this case no evidence for the trench could be detected in
SECD signal. We conclude that because of the current fl
underneath the trench the overall current pattern is not
preciably perturbed.

IV. DISCUSSION

In this section the fundamental limitations and improv
ments to the instrument are discussed. Thermal noise set
ultimate limit on the minimal amplitude that can be me
sured with the mechanical oscillator and the equipartit
theorem gives

^x2&1/25AkBT

k
>0.6 pm rms, ~4!

whereT 5 300 K is the temperature of the system,kB is the
Boltzmann constant, and̂x2&1/2 is the thermal root mean
square of the amplitude of the oscillator. Equation~4! as-
sumes that the bandwidth of the measurement is self-lim
by the oscillator,B5p f 0/2Q, where f 0 is the resonant fre-
quency of the oscillator. If the bandwidth of the lock-in am
plifier, D f , is much smaller than the oscillator’s bandwidt
the thermal noise equivalent amplitude is

^x2&1/2

AD f
5A2QkBT

p f 0k
>0.2 pm rms/AHz. ~5!

In practice, noise from the preamplifier used to meas
the induced voltage of the oscillator limits the minimal am
plitude that can be measured while the tip is stationary. T
preamplifier noise was'10 nV rms/AHz, which corresponds
to a noise equivalent amplitude between~0.7 and 4! pm rms/
AHz, where the range is due to a variance in the electro
oscillator capacitance. Another source of noise in these m
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surements was reproducibility of the tip-sample separa
when scanning the tip over the sample. This is the sourc
noise that dominated the scans in Fig. 3.

The force sensitivity of the oscillator can be enhanced
an increase in theQ of the oscillator. Since the force a
resonance is equal toF5(k/Q)A, an increase inQ corre-
sponds to an increase in the amplitude of the oscillator
the same force applied to the oscillator. Quality factors
large as 33106 have been reported for similar Si mechanic
oscillators,4 corresponding to a factor;5000 increase in the
sensitivity of our force measurements.

An improvement in the sensitivity would allow the sp
tial resolution of the instrument to be increased. A spa
resolution on the order of 1mm would make the eddy curren
dynamometer a versatile instrument, although a tip with
FWHM equal to 1mm in the magnetic field profile would
have to be developed to get this resolution. WithQ;106 and
a spatial resolution on the order of 1mm, the expected noise
equivalent conductance isDsh'30 V21/AHz when imag-
ing a sample large compared to the tip size. With this se
tivity, we should be able to measure the conductance of s
micron thick metals at 4 K.

Finally, a further theoretical understanding of the ed
current force in the presence of conductive inhomogene
for a moving magnetic probe could allow the deconvoluti
of these scans to determine the conductance of the samp
a function of position.
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