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Metal rings with inner diameters of 1 and 5mm, fabricated using electron-beam lithography, were
used to calibrate magnetic force microscopy~MFM!. A MFM tip’s effective magnetic charge,q, and
effective magnetic moment along the tip’s long axis,mz, can be determined from the MFM signal
of the ring at a different scan height and a different electric current in the ring. The magnetic
moments in the directions transverse to the tip’s long axis were estimated by a straight current wire.
It was found that for a Si tip coated with 65 nm cobalt on one side,q is 2.831026 emu/cm,mz is
3.831029 emu, andmx andmy are in the order of 10

213 emu, which are negligible compared with
mz . Furthermore, the MFMs sensitivity to the second derivative of the magnetic field was
determined from the minimum ring current for a measurable MFM signal to be 0.1 Oe/nm2.
© 1997 American Institute of Physics.@S0003-6951~97!03115-X#
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Magnetic force microscopy~MFM! is an essential too
for characterizing magnetic materials in submicron sca
However, to quantitatively interpret the MFM signal is ve
challenging, since the exact magnetic properties of a M
tip are generally unknown. A number of methods have b
used to quantify the MFM tip.1–5 For examples, the hard
magnetic disks and magnetic bacterium were used as cal
tion standards.2,5 But the calibration was very crude, sinc
the fields of the standards themselves cannot be determ
exactly and can be altered, during the calibration, by
magnetic interaction between the tip and the standards.
hysteresis loops for various MFM tips were determined
using a straight current wire,6 but this approach is not accu
rate in determining the magnetic moment in the tip axis~i.e.,
mz!, which is believed to play a dominant role in the MF
response.

It has been suggested that a MFM tip and hence M
measurements can be quantified by using a microns
ring.7 Here, we report on the detailed experimental study a
analysis of MFM calibration using micronscale current ring

The metal rings were fabricated using electron-beam
thography and a lift-off technique.8,9 In the fabrication, a
resist, polymethyl methacrylate~PMMA!, was first spun onto
a SiO2 substrate. Patterns of rings were exposed in
PMMA using a high resolution electron-beam lithograp
system. The exposed PMMA was removed during the de
opment, leaving ring-shaped trenches in the PMMA. The
nm/120-nm-thick Ti/Au layers were evaporated into the
ring-shaped trenches as well as on the top of the PM
template. Finally, the PMMA was dissolved in acetone, li
ing off the Au and Ti on top of the PMMA and leaving th
rings on the SiO2 substrate. The rings have an inner diame
of 1 or 5 mm and a width of 200 nm. Scanning electro
microscope~SEM! images of rings are shown in Fig. 1.
current supplied by a precision current source passed thro
the ring via two wire leads. The atomic force image a
magnetic force image of the ring were measured simu
neously using a commercial magnetic force microsco
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which was operated in TappingMode. The MFM tip us
was made in house and has a 65-nm-thick Co film on o
one side of a silicon tip, and was magnetized along the
long axis,z, before the measurement.

Before describing our experimental results, we wou
like to discuss the principle of calibrating MFM in our ex
periment. For simplicity, we use a model which has on
monopole and dipole interactions to describe the MFM t
When the frequency that drives a MFM tip is kept consta
the phase shift in the tip vibration due to the force betwe
the sample stray field and the MFM tip may be expres
as10,11
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FIG. 1. SEM images of rings with an inner diameter of~a! 1 and~b! 5 mm.
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whereQ is the quality factor of the MFM tip cantilever reso
nance,k is the spring constant of cantilever,q is the effective
magnetic charge of the MFM tip,mi ( i5x,y, andz! is the
effective moment of the tip, andHz is the vertical componen
of the sample stray field.

At the center of a current ring, the magnetic field h
only the vertical component, and its value at heightz above
the ring center is given by

Hz5
R2

2~z21R2!3/2
I , ~2!

whereR is the half diameter of the ring andI is the current in
the ring. Therefore,
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In this case, Eq.~1! becomes

DF52
3R2Q

2k F qz

~z21R2!5/2
1
mz~R

224z2!

~z21R2!7/2 G I . ~5!

Using Eq. ~5!, we can estimate the tip effective magne
chargeq and the effective magnetic momentmz , if we know

FIG. 2. MFM image of the same ring shown in Fig. 1~a! when currentI
562.5 mA. The background is zero magnetic force and the dark a
represents attractive magnetic force.~a! The field direction from the ring is
opposite from the tip magnetization direction, and~b! the field direction is
the same as the tip moment direction.
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Q andk. The quality factorQ can be determined by measu
ing the tip’s resonance frequency,f 0, and the full bandwidth,
D f 0, at 0.707 of the maximum amplitude:12

Q5
f 0

D f 0
. ~6!

The tip’s spring constantk can be calculated from13

k5
r lwt f 0

2

0.105
, ~7!

wheret, w, and l are the thickness, width, and length of th
cantilever for the MFM probe, respectively, which can
determined using SEM, andr is the density of the cantilever

Figure 2~a! and 2~b! show the MFM image of the ring
with an inner diameter of 1mm whenI562.5 mA, respec-
tively. The MFM signal polarity depended on the curre
direction, and was inverted when the current direction w
reversed.

Figure 3 shows the MFM signal of the tip with 65-nm
thick Co film, at the center of the 5mm diameter current ring
with a 5 mAcurrent, as the function of the distance betwe
the tip and the ring. Without knowingk andQ of the MFM
tip, the fitting of the data in Fig. 3 into Eq.~5! gives the ratio
of the effective magnetic moment and the effective magn
charge,mz /q511 mm.

It can be found from the above ratio that the dipole
teraction is about two orders of magnitude larger than
monopole interaction when the tip-ring separation is from
to 0.1mm. Therefore, we can neglect the monopole inter
tion and determinemz using the response signal of the MFM
at the ring center as a function of the current in the rin
shown in Fig. 4. The signal varies nearly linearly with th
current, which is consistent with Eq.~5!, suggesting that the
MFM tip magnetization stays constant when the magne
field from the ring increases.

The f 0 andD f 0 of the tip were determined to be 60.
and 0.39 kHz, respectively. From Eq.~6!, we obtained the
quality factorQ5156. From Eq.~7!, we obtained the spring
constantk524 N/m by puttingt53.4mm,w537mm, length
l5240mm, which were determined from the SEM image
the cantilever of the MFM probe, andr52.33 g/cm3 for Si.
So the effective magnetic moment of the tip,mz , is

a

FIG. 3. MFM signal at the ring center vs the tip-ring separation for the r
with an inner diameter of 5mm and a current of 5 mA using the tip with
65-nm-thick Co film. The triangles represent the experimental data and
solid line is the fitting result using Eq.~5!.
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3.831029 emu. Usingmz /q511 mm obtained from Fig. 3,
we get the effective magnetic charge,q, of 2.831026 emu/
cm. The measured dipole moment is very close to the va
estimated from the Co film deposited on the tip if the Co fi
is polarized like a dipole.

The other two components of the tip effective mome
mx and my were determined using tip to scan along a
across a straight current wire. Bothmx andmy were found to
be in the order of 10213 emu, about four orders smaller tha
mz , indicating thatmx andmy of the tip can be neglecte
compared tomz .

Now let us discuss other issues in the calibration
MFM tips. First, the ring with a 5mm diameter is better than
a 1 mm diameter ring for the MFM calibration because
two things:~a! the observable MFM signal has a larger ran
of scan height;~b! as shown in Fig. 5, for a given scannin
height, the MFM signal is almost constant over a larger a
around the ring center, making the calibration less sensi
to thex-y position accuracy. Second, the significance of
magnetic charge and the dipole in MFM signal depends
the scan height. In Fig. 3, when the tip-ring separation
from 0 to 0.1mm, the dipole interaction is about two orde
larger than the monopole interaction, therefore the monop
interaction can almost be neglected. Third, note that in Fi
when the current was less than 0.2 mA, no MFM signal
only noise was observed, which gives the measurement
sitivity of the MFM system~i.e., the minimum second de
rivative of the magnetic field that our tip can measure! of 0.1
Oe/nm2. Fourth, when using a current ring with an inn
diameter of 1mm to characterize the same tip, we found th
themz value is about one order smaller than that obtain
from the 5mm diameter ring. This is because in part that
the ring size becomes comparable to the MFM tip size,
equations described previously must be modified sign
cantly. Finally, to reduce the MFM tip size effect and
achieve a high resolution measurement, the spike MFM
should be used.14

FIG. 4. Phase shiftDf of MFM vs current I in the ring with an inner
diameter of 1 and 5mm using the tip with 65-nm-thick Co film, showing
nearly linear relation.
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In conclusion, we have shown that micronscale curr
rings can quantify the MFM signal, the effective magne
charge and magnetic moment of a MFM tip, and the MFM
sensitivity.
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FIG. 5. ~a! MFM image of the ring with an inner diameter of 5mm using the
tip with 65-nm-thick Co film when the current was 5 mA and the sc
height was 90 nm;~b! MFM signal along the black line in~a!.
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