
This is the accepted manuscript made available via CHORUS, the article has been
published as:

Spectroscopy and Imaging of Edge Modes in Permalloy
Nanodisks

Feng Guo, L. M. Belova, and R. D. McMichael
Phys. Rev. Lett. 110, 017601 — Published  3 January 2013

DOI: 10.1103/PhysRevLett.110.017601

http://dx.doi.org/10.1103/PhysRevLett.110.017601


Spectroscopy and imaging of edge modes in Permalloy nanodisks

Feng Guo∗

Center for Nanoscale Science and Technology,

National Institute of Standards and Technology,

Gaithersburg, Maryland 20899, USA and

Maryland Nanocenter, University of Maryland, College Park, MD 20742, USA

L. M. Belova

Department of Materials Science and Engineering,

Royal Institute of Technology, 10044 Stockholm, Sweden

R. D. McMichael†

Center for Nanoscale Science and Technology,

National Institute of Standards and Technology,

Gaithersburg, Maryland 20899, USA

Abstract

We report ferromagnetic resonance force microscopy (FMRFM) of confined spin wave modes with

improved, 100 nm resolution. The ferromagnetic resonance spectra in Permalloy disks (diameters

ranging from 100 nm to 750 nm) distinguish multiple edge modes, and the images reveal distinct

precession patterns. The fundamental edge mode also provides a new, localized probe of the

magnetic properties of the film edge; rotation of the applied field reveals large edge property

variations in nominally circular disks. As a function of disk diameter, the number of observed edge

modes agrees with modeling.
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Magnetic nanostructures are building blocks for novel magnetic memory devices and the

magnetic properties change remarkably when the size of the magnetic structures reduces into

nanometer range. In particular, a simple geometrical argument suggests that the properties

of the edges become relatively more important with decreasing size. Therefore edge related

effects in ferromagnetic nanostructures become a major area of interest for both fundamental

physics and for applications. Here we present a study of the spectroscopy and imaging of

magnetic edge modes, with a great improvement in spatially resolving mode profiles. We

also introduce a new method to measure inhomogeneity in edge properties along the edge

of a single structure.

The strong inhomogeneity in the internal magnetic field at the edges of a film allows

spin waves to be localized in these regions[1–5], and the localization allows the trapped-

spin-wave “edge modes” to serve as sensitive probes of the magnetic properties of the film

edge. The edge properties have been intensively studied[6–16] both experimentally and

theoretically, including the effects of sidewall angle[10], intralayer interactions[12], influence

of the oxidation[11], structure size and shape[13–15] and film thickness[13, 16]. In a majority

of these studies, the net response of a large array of nanostructures is measured, and the

measurements represent the average properties over the large number of structures and/or

edges in the array.

Over the past decade, several techniques have been successfully developed that spatially

resolved magnetization dynamics at GHz frequencies. These methods include time resolved

Kerr microscopy[2, 5] and micro-focus Brillouin light scattering spectroscopy, where a spatial

resolution of 250 nm has been reported[9]. A very challenging variation is near-field Bril-

louin scattering, which has been used to image edge mode dynamics with resolution below

55 nm[17]. X-ray microscopy based on magnetic circular dichroism also provides dynamic

magnetic imaging[18–20] with resolution as fine as 25 nm.[18]

In parallel, ferromagnetic resonance force microscopy (FMRFM)[21–24] has been devel-

oped and proven to be a useful tool for various areas in magnetic dynamics, such as spin

wave dynamics in confined structures[22, 25–30], spin-transfer torque device dynamics [31],

defect detection in an array[32], and spin wave localization[33–36]. With spin waves localized

by the stray field from the FMRFM tip, a resolution of 200 nm has been reported[33].

In this Letter, we begin with an introduction to the precession modes in a nanodisk as

predicted by micromagnetic modeling. We then describe FMRFM spectroscopy and imaging
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FIG. 1: (Color online) (a) Micromagnetic modeling of the spectrum calculated for a 500 nm disk

with 10 GHz, uniform driving field. The static field is applied parallel to the dotted lines in the

insets. (b) Modeled spatial profiles of the imaginary part of the susceptibility for various modes.

The shading in (b) is the color scale for the insets in (a).

of trapped-spin-wave edge modes with a resolution of 100 nm. Using the same measurement

scheme, we demonstrate an approach to detect the edge properties along the disk edge.

Finally, we discuss the disk size dependence of the edge mode spectra.

Micromagnetic modeling[37] results shown in Fig. 1 introduce a few of the normal modes

of an in-plane magnetized disk. The susceptibility spectrum and precession mode profiles

are shown for a 500 nm diameter, 25 nm thick disk with Permalloy materials parameters[38]

and static external field applied in-plane. The modes are excited with a uniform, 10 GHz

transverse field, and the four highest intensity modes are shown in the spectrum in Fig. 1(a).

From the spatial profiles of these modes [Fig. 1(a) insets and Fig. 1(b)], it is clear that the

three weaker modes feature precession localized near the edges[3]. The mode with largest

precession at the very edge (I) has the highest resonance field. Two other edge modes (II

and III) have lower resonance fields and precession maxima located further away from the

edge. The main mode near 120 mT (C) features precession across almost the whole disk,

with maximum amplitude at the center.

Experimentally, the FMRFM measurements use precession-induced changes the dipole-

dipole forces between the sample and a magnetic cantilever tip to detect precession modes in

the sample. The schematic of the setup is shown in the inset of Fig. 2. The samples consist

of Ta (5 nm)/ Py (25 nm)/Ta (5 nm) layers deposited by electron beam evaporation on to

a rotating substrate; they are patterned into circular disks using electron beam lithography
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FIG. 2: (Color online) Measured spectra when the tip is over the left edge (black) and right edge

(red) of a nominally 500 nm diameter disk. The microwave frequency used for this measurement

is 10 GHz. Vertical offset is applied for clarity. The insets show a conceptual sketch of the

experimental setup and scanning electron microscope (SEM) images of the cantilever tip with

cobalt hemisphere and the disk with diameters of 530 nm and 545 nm in the x and y directions.

and a lift-off technique. The samples are deposited on a 2 µm wide center stripe of a coplanar

waveguide which is made of 150 nm thick gold.

A quasistatic field aligns the sample magnetization in the plane of the sample, and mi-

crowave current in the waveguide generates a RF magnetic field that drives magnetization

precession. We modulate the microwave power (and accordingly the RF field, precession

amplitude, quasi-static magnetization of the sample and tip-sample dipole force) at the

mechanical vibration frequency of the cantilever (typ. 8 kHz, Q ≈ 1000) for lock-in sig-

nal detection. The square of the precession amplitude is thus measured via the cantilever

oscillation amplitude.[22]

A 100 nm diameter roughly hemispherical tip of cobalt is used in this study. The tip was

fabricated through electron beam induced deposition (EBID)[39], and a scanning electron

microscope (SEM) image of the tip is shown in the inset of Fig. 2. In contrast to some

of the previous work[33–36] where the spin waves in the films were localized by the strong

tip fields, this tip has a much weaker stay field due to its small size and no tip-localized

modes have been observed. The tip is typically lifted 50 nm off of the sample surface. All

measurements are done in vacuum at ambient temperature.

The resonance spectra are obtained by exciting the sample at a given microwave frequency

and sweeping the in-plane magnetic field while recording the cantilever oscillation. Fig. 2
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FIG. 3: (Color online) (a) 1-D spectroscopic scan measured via moving the tip across the 500 nm

disk with 10 GHz excitation frequency. (b) 1-D spatial profiles for left (black) and right (blue) edge

I modes after background subtraction. (c)-(h) 2-D imaging for left edgeI, right edgeI, left edgeII,

right edgeII, left edgeIII and center modes, respectively.

shows two spectra measured when tip is positioned above either the left or right edge of a

500 nm diameter disk with the applied field directed from left to right. These spectra show

quantitatively similar results with one negative-going resonance around 130 mT and several

peaks at higher field. In contrast to the symmetric profiles predicted by the micromagnetic

model, these measured high field resonances occur at different field values for different edges,

probably due to the non-ideal, inhomogeneous edges resulted from the lift-off process[6, 10,

11, 13–16].

To further investigate the nature of the measured modes, the 1-D position dependence of

the spectra is measured as the tip moves across the disk, shown in Fig. 3(a). When the tip is

close to the left edge, three modes (with resonances 154 mT, 167 mT and 198 mT) are found

to have maximum intensities and they rapidly weaken as the tip moves away from the left

edge. Similarly there are also several different modes that are observed only in the vicinity

of the right edge. Consistent with the spectra in Fig. 2, the modes at the right edge show

distinctly different resonance fields from those at the left edge, particularly the highest field

mode. Since all these modes are localized near the edges of the disk, we label them as edge

modes (edgeI, edgeII, edgeIII with decreasing resonant fields). The mode around 130 mT

has maximum positive signal when the tip is near the disk center thus we refer to it as the
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center mode. When the tip is moved outside of the disk, the center mode yields negative

signal as the tip-sample interaction becomes attractive, indicated by the dark (purple and

black) areas in Fig. 3(a). The small change in resonance field of the center mode when the

tip moves off of the sample indicates a small stray field from the tip[30, 40].

A subtler effect is that for the decreasing series of resonance fields in Fig. 3(a), the spatial

positions of the edge mode resonances progress inward from the edge of the disk, and this

behavior is in accord with the behavior of the modeled precession profiles plotted in Fig. 1(b).

In order to measure the spatial profiles of these modes, we perform 1-D spatial scans.

The magnetic field is fixed at the resonance of the mode of interest when FMRFM signal is

measured as a function of the tip position along a line bisecting the disk. Fig. 3(b) shows

examples for 1-D line scans of edge I modes for both left and right edges. Here, a background

signal taken at an off-resonance field has been subtracted. We find that the scans are well-fit

by Lorentzians with full-widths of about 100 nm, providing an upper bound for the spatial

resolution.

With the applied field held at a resonance field, the tip is scanned to obtain 2-D mode

images such as those shown in Figs. 3(c)-(h). The edge mode images have a radial width

on the order of 100 nm but have much wider distribution in the tangential direction. This

elongated image shape is partly due to the elongated shape of edge mode profiles [Fig. 1(a)],

but additionally, the point response function for the in plane magnetized tip yields images

that appear elongated in the same direction[36]. In addition to contrast from the modes of

interest, a faint, frequency/field independent background signal with the shape of the disk

can be seen in the 2-D images. We speculate that this background results from thermal

modulation of the sample magnetization by the microwave power.

Unlike the symmetric edge behavior predicted by the modeling, there are differences

between the measured spectra for the left and right edges as exemplified in Fig. 2. These

differences might be attributable to the changes in the edge properties (side wall angle,

oxidation, etc.) from one side of the disk to the other, and that possibility raises the

question of how the edge properties vary along the disk edges. In order to measure edge

property variations, the applied magnetic field is rotated away from the waveguide direction

but still maintained in the plane. Figs. 4(a) and (b) show the 2-D spatial imaging of the

edgeI mode in the 500 nm disk when the field is directed along the wave guide at 0◦ and

at 30◦ from the wave guide axis. These images show that the edge modes follow the field
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FIG. 4: (Color online) 2-D imaging of the right edge modes in the 500 nm disk. (a) The applied

field aligns with the length of the waveguide; (b) the applied field is 30◦ off the length of the

waveguide; (c) resonances of center and edge modes as functions of the applied field angle with

12 GHz microwave frequency. The error bar is smaller than the size of the symbols.

FIG. 5: (Color online) (a) Measured spectra of the right edges for 100 nm, 200 nm, 350 nm, 500 nm

and 750 nm disks with 10 GHz excitation frequency. (b) 1-D spatial mode profiles measured in the

same disks as those in (a). The colors of the modes match with the marks labeled in (a).

orientation.

The angular dependences of the resonances are shown in Fig. 4(c). For each applied field

angle, the tip is moved to the corresponding edge position in order to measure the edge

spectrum, and the procedure is repeated to trace along the entire disk edge. The edgeI

mode’s resonance field, especially, shows a rather large angular dependence, suggesting that

the edgeI mode is the most sensitive to the the local property of the edge. By contrast, the

7



TABLE I: Number of edge modes measured or modeled for different disk diameters. Measured

modes are observed with 10 GHz excitation and the modeled modes are calculated at an applied

field of 0.15 T.

Diameter (nm) 100 200 350 500 750

Measurement 0 1 1 2 4

Model 1 1 2 3 5

other two edge modes, being slightly away from the edge, have relatively less dependence on

the angle. The center mode is effectively independent of the field angle[14]. For comparison,

typical standard deviations of the fit resonance fields are approximately 1 mT. Note that no

spectra are recorded near 90◦ and 270◦ where the applied field is nearly parallel to the RF

magnetic field, resulting in very low effective pumping power.

So far we have only discussed the properties of the edge modes in the 500 nm diameter

disk, and we now turn to the dependence of the edge modes on disk diameter. Fig. 5(a) shows

measured spectra when the tip is positioned above the right edges of disks with diameters

ranging from 100 nm to 750 nm. Note that for the measured modes, both the sign and

the peak intensity are depend on the tip position [Fig. 3(a)]. The modes’ resonance fields,

however, are nearly independent of tip position, indicating a weak tip field. The center mode

is observed in all the disks, and edge modes are observed in all of the samples except for

the 100 nm disk. The number of edge modes depends on the disk size, with generally more

edge modes appearing in larger disks as summarized in Table I. 1-D FMRFM line scans,

with the applied fields fixed at the right edges resonances in Fig 5(a), are also plotted in

Fig. 5(b) to illustrate the relative spatial distributions for different edge modes..

The size dependent behavior of the edge modes is largely reproduced by the micromag-

netic model which includes stray fields from a 100 nm-diameter, magnetically soft tip, 50 nm

above the sample. Fig. 6 shows simulated signals as functions of tip position for different

modes and for different disk sizes. The number of distinct edge mode resonances is com-

pared with the measurement in Table I. Despite clear differences between the modeled and

measured resonance fields of the edgeI modes (Fig. 2) measurement and modeling show close

agreement on the number of distinct edge mode resonances over a range of disk diameters.

In summary, we have used ferromagnetic resonance force microscopy to probe magne-
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FIG. 6: (Color online) Modeled FMRFM tip force for the center (solid red curves) and edge (dotted

curves) modes, (from top to bottom) in 100 nm, 200 nm, 350 nm, 500 nm and 750 nm diameter

disks, each with an applied field of 0.15 T.

tization dynamics in magnetic nanostructures with 100 nm resolution. The improvement

in resolution opens doors to magnetic characterization for a variety of spintronic device

schemes. In disks, we have presented both spectra and images of multiple spin wave modes

near the edges of ferromagnetic nanostructures. Each edge mode not only has a specific reso-

nance but also has a distinct location of maximum precession amplitude relative to the edge.

We have also used the edge modes as local probes of edge properties, revealing magnetic

inhomogeneity along the film edge. The sample size dependence study shows the number of

edge modes decreases with decreasing disk size.
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