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Magnetic dissipation force microscopy
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A method of measuring magnetic dissipation on a sub-100 nm scale is presented. This technique
relies on measuring changes in the damping of the oscillating tip in a magnetic force microscope
~MFM!. Damping contrast is strongly correlated with micromagnetic structure and in the case of
NiFe, is in quantitative agreement with magnetoelastic losses in the sample. On recording tracks,
large damping signals are observed. This has direct consequences on the interpretation of traditional
MFM images acquired with detectors that convolute frequency and damping information. ©1997
American Institute of Physics.@S0003-6951~97!01428-9#
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In magnetic force microscopy~MFM!, the interaction of
a magnetic tip with the stray field of a sample is measure1

For a known tip magnetization direction, the measured in
action can be interpreted in terms of the sample magn
domain structure.2 An implicit assumption often made is t
neglect any distortions of the domain structure as a resu
the tip stray field. In this letter, we present a method
directly quantifying the influence of the tip stray field on th
sample domain structure. We do this by measuring
damping of the oscillating tip in a MFM simultaneously wi
the usual frequency shifts associated with tip-sample fo
gradient variations. A change in damping of the MFM pro
is the result of energy transfered between the tip and
sample and is detected as a difference in cantilever osc
tion amplitude. Damping due to Joule dissipation in sem
conductors has previously been measured with a diffe
detection scheme by Denk and Pohl.3

For these experiments, we use a home-built MFM wit
fiber-optic interferometric deflection sensor that can be op
ated in moderate vacuum (1026 mbar!. We use commer-
cially available microfabricated Si or Si3N4 force sensors
with typical resonance frequencies ofv/2p530 kHz, spring
constants ofk50.1 N/m, a mechanicalQ of 30 in air and
600–8000 in vacuum. They are sputter coated with 15–
nm CoPtCr and magnetized in a 1 Tfield along their tip axis
prior to being used in the MFM.4 All data discussed here
were acquired in the constant force gradient mode5 using the
phase controlled oscillator method6 with cantilever oscilla-
tion amplitudesA510 nm. Our detection electronics cente
around a home-built phased locked loop~PLL! circuit.7 With
the PLL we track the force sensor resonant frequency with
accuracy of 0.1 Hz in a 1 kHz bandwidth. For the forc
sensors used, the detection sensitivity is dominated by t
mal noise of the force sensor~which is about ten times large
than the 1026 N/m limit due to electronic noise on the PL
output!.

When the PLL is locked, associated electronics prod
an output drive signalA8 at exactly the measured resona
frequency of the cantilever with a well defined, adjusta
phase. The amplitude of this drive signal is controlled b
separate feedback circuit and is acquired simultaneously

a!Electronic mail: grutter@physics.mcgill.ca
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the force gradient feedback signal. The cantilever oscillat
amplitudeA is a direct measure of the dampingg or the
mechanicalQ factor (g5k/vQ). Since A5(F0 /v•Q),
whereF0;A8 is the driving force, we observe changesdQ
as a result of changes in the oscillation amplitude, i
dQ5Q•dA8/A8. The drive feedback circuit adjustsA8 to
maintain a constant oscillation amplitudeA. Measurements
of A are thermally limited and thus also affectQ measure-
ments. The thermal noisedQthermal is given by
dQthermal5(1/A)A2kBT•Q3

•BW/k•v with kB the Boltz-
mann factor,T the temperature, andBW the measuremen
bandwidth. For our cantileversdQthermal50.02 in air and
dQthermal51.8 in vacuum withBW535 Hz. All dissipation
data presented here are thermally limited. A better signa
noise is predicted and indeed observed by measuring d
pation in vacuum.

Crucial to a meaningful damping measurement is a m
mal phase error and minimal cross-talk between the differ
feedback loops involved. Frequency dependent phase s
~e.g., due to the detection electronics or filters! will drive the
cantilever off resonance. A larger drive amplitudeA8 would
then be necessary to maintainA5const, which would be
falsely interpreted as a change in cantilever damping. O
carefully optimized electronics maintain a phase shifts
less than 0.003 for input frequencies between 10 kHz an
MHz. This amounts to an error ofdQ,0.0001, substantially
smaller than the thermal limit. A second source of pha
shifts are frequency errors, e.g., as a result of varying fo
gradients between tip and sample~i.e., the MFM feedback is
not tracing lines of perfectly constant force gradients!. The
drive output consequently excites the cantilever o
resonance, again mimicking a change in damping. The in
ence of frequency errors on the drive output can be meas
in situby modulating the PLL reference frequency. This al
allows us to verify that the two feedback loops of the PL
are indeed uncoupled by demodulating a FM~or AM! refer-
ence signal while monitoring the frequency andQ outputs. A
FM input signal of constant amplitude should not induce a
change on theQ output of the detection electronics. A non
observable~i.e., noise limited! cross-talk is necessary for
meaningful interpretation of measurements. We determi
dQ,0.004 for a 10 Hz modulation~substantially larger than
the typical frequency feedback errors of 1–2 Hz!. A further
2799/3/$10.00 © 1997 American Institute of Physics
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potential phase error is particular to our fiber optic interfe
metric deflection sensing technique. dc deflectionsDz as a
result of forces acting on the cantilever will result in an o
tical path length difference and thus a phase s
Df5(2Dz/l)•2p. In our experiments we monitored th
deflection simultaneously with the damping, the force gra
ent signal and the variations in force gradient~5MFM feed-
back frequency error!. The maximum total deflection wa
always smaller than 1 nm and thus introduced a phase e
of 0.01. In conclusion, by carefully designing and charact
izing our PLL, keeping the MFM feedback errors to 2 H
and controlling phase errors due to optical path len
changes, we are confident that all measured drive ampli
changes are indeed due to a change in cantilever dampin
is crucial to quantify frequency dependent phase shifts
cross-talk between frequency and amplitude channels in
detection system employed in damping measurements.
channel digital lock-in amplifiers have similar characterist
as the described PLL, although it is problematic to use th
with high-Q cantilevers.8

The MFM feedback loop adjustsz in order to maintain a
constant force gradient. As cantilever damping is domina
by viscous drag of air at atmospheric pressures, a chang
z can lead to variations in damping of only indirect magne
origin. By operating the MFM in vacuum, viscous drag of a
becomes negligible and theQ factor changes only when
z,20 nm. Vacuum operation of the MFM also greatly i
creases sensitivity.

As a first test sample, we selected a 30 nm thick N
sample sputtered onto Si with a coercivity of 2 Oe and p
terned into 20mm squares. Figure 1~a! shows a constan
force gradient image (F851•1024 N/m! of such an NiFe
square acquired at an average tip-sample separation of 7
in a vacuum of 1026 mbar. These images were acquired
about 10 min with a 20 nm thin CoPtCr coated tip . T
image of the NiFe square is distorted due to uncorrec
piezo nonlinearities. The expected well-defined dom
structure is clearly observed. By simultaneously acquir
the reverse scan signal, we verified that under these ima
conditions no influence of the tip stray field on the doma
structure is detectable in the constant force gradient im
@Fig. 1~a!#. The simultaneously acquired damping sign
@Fig. 1~b!# shows pronounced maxima correlated with t

FIG. 1. ~a! Constant force gradient image of a 30 nm thick, 20mm NiFe
square imaged atp51026 mbar. To enhance details, the image was diff
entiated along the fast scan direction.~b! Dissipation image acquired simul
taneously with~a!. White corresponds to a larger cantilever damping, f
scale variation in this image corresponds to 9 pNs/m (DQ/Q5150/8000).
No image processing was applied to this data.
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domain wall positions. The increased sensitivity and reso
tion associated with vacuum operation of the MFM allow
the observation of a magnetic ripple structure localized at
edge of the NiFe square in Figs. 1~a! and 1~b!. Signs of a
similar ripple structure on NiFe squares have previou
been observed by Maminet al.9 It is interesting to notice tha
damping contrast is maximized at the square edges~in par-
ticular the corners!, whereas contrast is below the noise lev
at the intersection of the domain walls at the center of
square. TheQ factor changed by 150 (DQ/Q5150/8000)
when the tip is scanned across a wall. This corresponds
power dissipation of 6•10218W. The width of these maxima
shows a strong dependence on tip-sample separationz, be-
coming wider and less pronounced at larger separations

An immediate question is which mechanisms are resp
sible for the observed magnetic damping, which can be s
as the equivalent to the area~5loss! of a local minor hyster-
esis loop. Damping due to tip-induced flux changes at
sample will only lead to localized damping contrast if th
induced eddy current encounters a spatially inhomogene
resistance. Eddy current damping of wall oscillations, wh
are induced by the vibrating magnetic tip, are 1062107 times
smaller than the observed effect.10 Eddy current damping of
the tip oscillations as a result of the stronger local sam
stray field at domain walls are also of the same sm
magnitude.10 The tip induced rotation of sample spins an
subsequent dragging along of a domain wall as suggeste
micromagnetic simulations11 and a model neglecting ex
change interactions12 need to be investigated quantitativel
Macroscopically, this contrast mechanism is equivalent t
measurement of the out-of-phase component of the magn
susceptibility. It is expected that the ease of rotation of sp
~which is coupled to the micromagnetic environment! leads
to a cantilever damping that shows lateral variations that
both larger and smaller than the average damping assoc
with this mechanism. A related contrast mechanism—late
variations of the in-phase component of the magne
susceptibility—has recently been reported.13

Coherent generation of phonons via magnetostriction
produces some of the experimental data both qualitativ
and quantitatively.10 Generation of phonons is an inevitab
consequence of the tip stray field influencing the sample
cromagnetic structure. Recall that the domain wall thickn
depends on the exchange energy, the anisotropy energy
the magnetostatic energy. The latter is a function of the
ternal field, which in this case is provided by the tip and th
has both a dc and an ac component. The ac component l
to oscillations~of typically a few nanometers! of the wall
width at v. When the thickness of the wall changes, stra
due to magnetoelastic coupling will occur. The vibrating d
main wall thus dissipates energy by emitting sound wave
the cantilever resonant frequency. In this model, the ene
dissipated in one cycle is of the order of 10221 J per oscilla-
tion cycle and in excellent agreement with the experimen
results on NiFe.

Dissipation is quadratic in the magnetostriction coe
cient. Indeed, on thin films of Terfenol-D,14 with a magne-
tostriction about 100 times larger than NiFe, we measure
corresponding increase in damping. Furthermore, we
served a minimum of the damping at the center
Grütter et al.
nse¬or¬copyright;¬see¬http://apl.aip.org/about/rights_and_permissions
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Terfenol-D walls. This can be qualitatively understood
Terfenol-D has a perpendicular anisotropy with Ne´el-type
walls ~which couple strongly toHx

tip , which has a minima a
the tip center!. This is in contrast to NiFe walls, wher
maxima in dissipation are observed due to the coupling
Hz
tip . A tenfold increase in damping is expected for magne

recording media~magnetostriction coefficients about thre
times larger than NiFe!. To verify this, we imaged tracks
written in a 40 nm thick CoPtCr recording medium wi
identically the same tip as used in Figs. 1~a! and 1~b!. In-
deed, a very strong damping signal~five times larger! was
observable that showed good correlation with the simu
neously measured magnetic structure@Figs. 2~a! and 2~b!,
respectively#. It is worthwhile to notice that the dampin
image actually shows more details and even seems to ha
higher resolution than the force gradient image. Averag
line scans along a track however clearly show a qualita
difference~also observed with several other tips! when com-
pared to NiFe: dissipation profiles show not only maxim
but also minima correlated with the magnetization transit
regions.

Phenomenologically, this contrast is a result of the
magnetization field associated with the recorded bits. T
demagnetization field sign depends on whether the bit
North or a South pole. The hysteresis loop for the magn
material is shifted by this demagnetization field. The MF
tip also produces a field of a given sign, adding to the
magnetization field for one sign bit and subtracting for t
other. Since the damping contrast essentially is due to
MFM tip moving the sample magnetization around a min
hysteresis loop, the gray background in Fig. 2~b! is associ-
ated with the minor hysteresis loop of an unshifted loop. T
losses in the transition regions can either be greater
smaller than this average as a result of the demagnetiza
field associated with the bit.

Microscopically, we presently do not quantitatively u
derstand the origin of the dissipation in these minor hys

FIG. 2. ~a! Constant force gradient image of tracks written in a CoP
longitudinal magnetic recording medium. Image size is 10mm by 10mm,
maximumz variations are 15 nm. No image processing except for a pl
subtraction was performed.~b! Raw data of the simultaneously acquire
cantilever dissipation. Full scale variation corresponds to 45 pN
(DQ/Q530/8000).
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esis loops of CoPtCr. The observed damping contrast is
due to eddy current damping nor the sample stray field
fluencing the tip magnetic structure. The former was d
carded by attempting to image with a 100 nm Cu coa
force sensor. No damping signal was observed in accorda
with simulations.10 The latter was verified by using differen
tips as well as by imaging the domain structure and mea
ing the damping signal on a 4 nmthin Co film with very
small stray field variations, where a similar contrast was
served. Irrespective of the origin, an immediate conseque
of the large damping signal observed on the magnetic rec
ing tracks is that any detector with a frequency depend
phase response~such as most lock-in based systems! will
convolute force gradient with damping information. Th
makes quantitative MFM data interpretation difficult.

In conclusion, we present a new operation mode
MFM—magnetic dissipation imaging. Simultaneously
constant force gradient MFM data we measure change
force sensor damping as a result of energy transferred
tween the tip and sample. The magnitude of the damp
signal depends very sensitively on the micromagnetic sam
structure, thus making it a potentially powerful tool in m
cromagnetic investigations.
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