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Ferromagnetic resonance force microscopy studies of arrays of micron size permalloy dots
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The dynamic magnetic properties of micron-sized permalloy disks have been investigated using magnetic
resonance force microscopy. From local spectroscopy data, information about the global sample properties is
obtained. The experimental results are in good agreement with theoretical predictions, which account for
magnetostatic modes with quantized in-plane wave vector. Ferromagnetic resonance spectral features due to
the permalloy dots in close proximity to the micromagnetic probe tip provide two-dimensional images of the

sample.
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I. INTRODUCTION

Since magnetic resonance force microscopy (MRFM) was
first proposed by Sidles in 1991, it has evolved into a three-
dimensional magnetic imaging technique with excellent sen-
sitivity and spatial resolution. Recently, Rugar et al. reported
the detection of a single electron spin in silicon dioxide using
MRFM.? Besides the detection of electron-spin resonance,
MRFM is also a very promising tool for spatially resolved
ferromagnetic resonance force microscopy (FMRFM) and is
expected to provide crucial information for future spintronic
devices. So far most studies of ferromagnetic materials using
MRFM have focused on Yttrium-Iron garnet (YIG) struc-
tures with typical lateral dimensions of several tens of
micrometers.>™ Investigations of materials of more techno-
logical interest, in particular metallic ferromagnetic materi-
als, using this technique have been rare.'®!3 The lateral reso-
lution reported both for YIG samples and metallic films is
typically of the order of 5 um (Ref. 13) or larger.

In this paper, we report FMRFM measurements of a 50-
nm-thick permalloy film which was patterned into a square
array of dgy=1.5 wm diameter disks with a center-to-center
distance of 1.8 um using electron beam lithography; see
Fig. 1.

II. EXPERIMENT

In MRFM, a micromagnetic probe tip attached to the end
of a compliant cantilever is utilized to define a localized
region in which magnetic resonance is excited by monochro-
matic microwave radiation. In this region, the sum of the
external magnetic field B and the tip field Eﬁp(F) matches the
resonance condition of the sample. The field gradient pro-
duced by the magnetic tip also couples the magnetization
m(7,t) of the sample to the cantilever that serves as a high
sensitivity, resonant micromechanical force detector. The to-

tal force F,, acting on the cantilever is given by'#
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dVF(7.1). (1)

sample

F tot(t) =

F(r,t) is the force originating from the volume element lo-
cated at position 7,

F(7,1) = = [m(7,1) - VIByy(F). 2)

The microwave field for exciting the magnetic resonance is
created using a capacitively coupled bow-tie shaped micros-
trip resonator with a resonance frequency of about 8 GHz.
In our setup, the cantilever displacement is detected using
a fiber optic interferometer I5. the noise associated with dis-
placement detection is sufficiently low that it can be ne-
glected relative to the thermomechanical displacement noise
of the cantilever, even at 4 K. The sample magnetization was
modulated at the cantilever resonance frequency f, thus ex-
ploiting the high-quality factor Q (=2 X 10°) of the mechani-
cal resonator to generate detectable cantilever displacements

FIG. 1. The sample consisted of a patterned array of 50-nm-
thick, 1.5-um-diam NiggFe,, disks separated by a center-to-center
distance of 1.8 um.
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FIG. 2. The SmCo micromagnetic tip used for these experi-
ments was manually attached to the end of a 450-um-long and 30
-um-wide lightly boron doped (=~10'> cm™3) silicon cantilever. The
tip was shaped using a focused ion beam mill.

from the small spin forces. This modulation is achieved by
modulating the amplitude of the microwave excitation. A
commercially available, lightly boron doped (=10' cm™)
Si cantilever'® was used. A high coercivity SmCo particle is
glued to the end of the cantilever and shaped using a focused
ion beam; see Fig. 2. The magnetization of the tip is aligned
perpendicular to the cantilever beam in an 8 T magnetic
field. The coercivity of this tip exceeds 2 T, hence allowing
us to apply external magnetic fields antiparallel to the tip
moment sufficient to saturate the sample without reversing
the tip magnetization. The magnetic moment of the tip g,
=1.4X 107" J/T was determined by measuring the fre-
quency shift of the cantilever as a function of applied exter-
nal magnetic field (with the cantilever far from the sample
surface). In this case, the frequency shift Af of the cantilever
resonance frequency f| is solely due to the torque applied by
the homogeneous external magnetic field B=uoH and is
given by!718

A papB
- B 3)
fo 2k

Here L ;=L/1.38=360 um is the effective length of the can-
tilever for its first flexural mode in response to an oscillatory
torque.'3-2% Experimentally, deviations from a linear field de-
pendence of the frequency shift are small over the entire
accessible field range, thus justifying the assumption under-
lying Eq. (3) of a fixed orientation of the tip magnetization
(i.e., a large anisotropy field). The spring constant k
=0.3 N/m determined using the method of Sader et al.>'?? is
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FIG. 3. (Color online) An FMRFM spectrum obtained at a mi-
crowave frequency f,,,=7.7 GHz; the amplitude of the microwave
excitation was modulated at the cantilever resonance frequency
with a depth of 60%. The tip-sample separation was 0.4 wm. The
applied magnetic field His aligned along the film normal parallel to
the tip magnetization. For each magnetostatic mode, a sketch of the
expected lateral variation of transverse moment excited by the mi-
crowaves at the particular applied field is also indicated.

somewhat higher than that estimated by the manufacturer
(k=0.1-0.2 N/m) consistent with the observed resonance
frequency f,=~ 16.5 kHz, which is also somewhat higher than
the manufacturer’s estimate of 10—15 kHz.

III. RESULTS

The results of local FMRFM spectroscopy will be de-
scribed first, i.e., measurements of the force experienced by
the cantilever, hence its oscillation amplitude as a function of
applied magnetic field, performed with the magnetic tip
above the center of one of the permalloy disks. Using this
knowledge of the origin of the different spectral features, the
spatially resolved FMRFM images are obtained by laterally
scanning the sample surface at fixed magnetic field as de-
scribed subsequently.

A. Local FMR spectroscopy

A typical FMRFM spectrum is shown in Fig. 3; magneti-
zation in the sample was manipulated using amplitude modu-
lation of the microwave field (f,,,=7.7 GHz) at the cantile-
ver resonance frequency f, while sweeping the external
magnetic field H, which for all experiments was perpendicu-
lar to the plane of the permalloy dots. The frequency f| is
continuously tracked during field sweep using a PID control-
ler with the phase signal of a lock-in amplifier (typical
lock-in time constant 300 ms—1 s) serving as the error sig-
nal. The FMRFM spectrum consists of a series of pro-
nounced maxima, each with one or more minima on its low-
field side. As will be shown below, the maxima are
ferromagnetic resonances of dots far away from the tip for
which the tip magnetic field is negligible; we will refer to
these as zero-tip-field resonances (ZTFRs). The minima on
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FIG. 4. FMREM spectra measured at f,,,=7.7 GHz with 60%
amplitude modulation at the cantilever resonance frequency for
various tip-sample separations. H is aligned along the film normal
antiparallel to the tip magnetization. The spectra have been verti-
cally offset for clarity.

the low-field side originate from dots in close proximity to
the tip and so are significantly shifted toward smaller fields
by the strong tip field. In the following, we will refer to these
resonances as tip-influenced resonances (TIRs) to distinguish
them from the ZTFRs. We will show that these spectral fea-
tures provide spatially resolved information about the dy-
namic magnetic properties of the sample. The fact that ZT-
FRs are maxima and the TIRs are minima is due to the
reversed sign of the tip field gradient for dots far away from
the tip and in close proximity to the tip.'*

The origin of the observed structure in the FMRFM spec-
trum can be further clarified by recording spectra as a func-
tion of the tip-sample separation, as shown in Fig. 4. In this
case, the external magnetic field is applied antiparallel to the
tip magnetization: this leads to a change in the sign of the
force acting on the cantilever. Hence the minima now reflect
the ferromagnetic resonances of dots far away from the tip
(ZTFR), while the maxima reflect resonances of the dot in
close proximity to the tip (TIR). Because the applied field
and the sample magnetization are now reversed while the tip
magnetization remains unchanged, the TIR of the nearby dot
is shifted to more negative field. Reducing the tip-sample
distance leads to an increase of the average field experienced
by the dot beneath the tip and the TIR shifts away from the
ZTFR as the tip approaches and the field position of the
ZTFR remains constant, both in agreement with this interpre-
tation.

The ZTFRs are expected to be the same as detected in a
conventional FMR experiment. As a consequence of the fi-
nite disk diameter, the magnetostatic modes are characterized
by discrete in-plane wave vectors k;.2* Assuming dipolar pin-
ning conditions and zeroth-order Bessel function mode pro-
files leads to the following condition for the in-plane wave
vector: k| ,,=2p,,/dgw where the B, are the roots of the
zeroth-order Bessel function. The mode profiles of the mag-
netostatic modes excited in the dots resemble modes of a
circular membrane %°; these are sketched in Fig. 3 up to m
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FIG. 5. Comparison of the experimentally determined resonance
fields of the modes m=1,...,5 for different microwave frequencies
(symbols) with theoretical results (solid lines).

=6. By changing the frequency of the microwave excitation
within the bandwidth of our microwave resonator, the depen-
dence of the frequency of the modes on the external mag-
netic field can be measured, see Fig. 5. For the mode that is
uniform across the film thickness (lowest-order mode), the
dispersion relation can be expressed in a form similar to the
Herring-Kittel dispersion relation?* for a bulk sample (see
Eq. 52 in Ref. 25),

Here wy=vyH;, where the internal field H;=H-N4mwMg
+H |, H is the applied field, and M is the saturation magne-
tization of the film, H | is the perpendicular anisotropy field,
caused in this particular case by interdot dipolar interactions,
v denotes the gyromagnetic ratio, wy=4myMg, «
=A/ 271'ML2g is the exchange constant, and A is the exchange
stiffness constant. The demagnetizing factor N will be inho-
mogeneous due to the nonellipsoidal dot shape and the inter-
nal field will thus be a function of the radial coordinate.
Furthermore, since different standing modes in the dot have
different radial mode profiles, the effective internal magnetic
field will be different for the different modes; see Ref. 23 for
details. The term f(k,,1)=1-[1-exp(—k,,t)]/k,t accounts for
the dipole-dipole interaction for a perpendicularly magne-
tized individual dot.?® The values used for the calculation of
the first five modes, shown as solid lines in Fig. 5, are as
follows: M¢=828 emu/cm?>, y/27=2.96 MHz/Oe, A=1.4
X 107 erg/cm, and H | =180 Oe was estimated for this array
geometry using the method described in Ref. 27.

B. Spatially resolved FMRFM

We have shown that the FMRFM spectra contain both
local and global information concerning the dynamic prop-
erties of the sample in the TIRs and the ZTFRs, respectively.
As shown in the preceding section, the ZTFRs are particu-
larly useful to determine the resonance fields of the struc-
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FIG. 6. (Color online) Images obtained at a tip-sample separation of 150 nm and a microwave frequency of f.,,=7.7 GHz 60%
amplitude modulated at the cantilever frequency are shown. The lower right-hand panel shows the FMRFM spectrum obtained with the tip
located over the center of the permalloy dot [indicated by the star in panels (a)—(c)]. Panels (a)-(c) show the cantilever response obtained in
lateral scans over an area 2.5 um X 2.5 um at three external fields: H=11960, 11 980, and 12 040 Oe. The external magnetic field was

aligned parallel to the moment of the tip.

tures and compare them with theoretical predictions. On the
other hand, by tuning the field to a TIR located on the low-
field side of each ZTFR, spatially resolved images of the
dynamic properties responsible for the FMR resonance peak
are obtained. In Fig. 6(a), a lateral scan over the sample is
shown, with the external field H.=11 960 G applied paral-
lel to the magnetization of the tip. Selecting this field excites
the m=1 resonance of a dot when the tip is located above the
center of the dot.

FMRFM imaging in ferromagnetic samples is quite dif-
ferent from paramagnetic samples®* where the resonance
frequency is an entirely local function of magnetic field. In
ferromagnets, the strong exchange and dipolar interactions
among spins causes the resonance field to depend on the
magnetization of neighboring spins, hence the frequency is
sensitive to the magnetization of regions remote from the
imaged volume. As recently shown by Urban et al., the in-
homogeneous tip field can be taken into account in the cal-
culation of the magnetostatic modes in ferromagnetic
samples by performing a series expansion about the modes
of the structures®® that arise in a homogeneous applied field.

To first order, the influence of the tip field on the ferro-
magnetic resonance in cylindrical dots can then be accounted

for by averaging the tip field over the volume of the dot. This
is a good approximation as long as the variation of the tip
field over the dot is small and thus mixing between the dif-
ferent modes remains negligible. Averaging the tip field over
the volume of the dot still requires full knowledge of the
spatial variation of the tip magnetic field vector, which we do
not have currently. Nevertheless, from symmetry it is clear
that the average field experienced by the dot will be largest
when the cantilever is placed above the center of the dot and
will drop as the cantilever is moved away from the center.
By increasing the external magnetic field [see Figs. 6(b) and
6(c)], the total magnetic field experienced by the dot when
the tip is located above the center of the dot exceeds the
resonance field and thus the magnitude of the force signal is
reduced. Moving away from the center of the dot reduces the
total magnetic field experienced by the dot and increases the
signal magnitude as the peak of the ferromagnetic resonance
is approached. The resonant peak is then evident as “reso-
nance rings” whose radii increase with increasing field. At
sufficiently high field, rings from neighboring dots will in-
tersect forming crosses, cf. Figs. 6(b) and 6(c). The deviation
from cylindrical symmetry observed in the images is caused
by the fact that our tip is not precisely circular in cross sec-
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FIG. 7. (Color online) Images obtained at a tip-sample separation of 150 nm and a microwave frequency of f,,,=7.7 GHz 60%
amplitude modulated at the cantilever frequency are shown. The lower right-hand panel shows the FMRFM spectrum obtained with the tip
located over the center of the permalloy dot [indicated by the star in panels (a)—(c)]. Panels (a)—(c) show the cantilever response obtained in
lateral scans over an area 2.5 um X 2.5 um at three external fields: H=-12 640, —12 600, and —12 525 Oe. The external magnetic field was

aligned antiparallel to the moment of the tip.

tion and its tip is slightly elongated along the diagonal of the
images. The tip is also slightly tilted with respect to the
surface normal of the film (10°-15°).

By applying the external field antiparallel to the tip, it is
possible to produce a region of reduced field just beneath the
tip; this is possible because the SmCo tip has a coercivity
much larger than the fields applied (cf. Fig. 4). The tip field
resonance features of the spectrum again can be used to ob-
tain spatially resolved images of the ferromagnetic resonance
of the dots, as is shown in Figs. 7(a)-7(c). The contrast in the
images is reversed as compared to those of Figs. 6(a)-6(c)
because the sign of the force is opposite in the two cases.

The extension of local FMR imaging to continuous films
would open up a new approach to local studies of the dy-
namic properties of a continuous film sample. This would
allow, e.g., detection of imperfections or spatial variation of
dynamic properties in wedge-shaped samples, a capability
not available using conventional FMR techniques. The
ability to apply large tip fields, both positive and negative,
will provide a useful degree of freedom in pursuing this
objective.

IV. CONCLUSIONS

Magnetic resonance force microscopy has been used to
detect the ferromagnetic resonance of micron-sized permal-
loy disks. Local spectroscopy at various tip-sample distances
enables the separation of spectral features associated with the
global and local dynamic properties of the sample. The glo-
bal properties are in good agreement with theoretical predic-
tions and previous experimental investigations using conven-
tional FMR or Brillouin light scattering techniques. The
quantized magnetostatic modes of the permalloy dots are
clearly visible in the spectra. The spectral features associated
with resonances in close proximity to the magnetic tip pro-
vide two-dimensional images of the sample in which indi-
vidual dots are clearly resolved. By using a hard magnetic
tip, we are able to image with the tip magnetization aligned
either parallel or antiparallel to the external field. Further
improvement of the spatial resolution is possible by shaping
the tip into a finer needle. As this should further increase the
field gradient produced by the tip, this would also further
increase the sensitivity of the magnetic resonance force
microscope.
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