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We introduce a method for imaging defective structures in an array of magnetic nanodevices using
ferromagnetic resonance force microscopy with contrast between normal and defective devices provided
through differences in resonance condition. In a demonstration of this technique, two dimensional scans
of an array resolve not only intentional differences in resonant field between 200 nm circular dots and an
intentional oval “defect,” but also smaller differences between the nominally identical circular dots in
the array. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4738789]

The ability to detect and understand sources of defects
in arrays of magnetic nanostructures is one of the key criteria
in the development of future spintronics technologies. As in
existing information technology, future spintronic devices
for information processing will likely require large arrays of
magnetic nanodevices with highly uniform magnetic proper-
ties; limiting defects will be key to manufacturing these
arrays with tolerable yields. Minute variations in factors
such as shape, damping, and anisotropy between individual
bits will dramatically alter the reliability of the device.'™
Traditional metrology tools such as scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) can
detect gemoetrical defects but are blind both to buried devi-
ces and magnetic properties.

Much more information can be obtained through spec-
troscopic techniques such as ferromagnetic resonance
(FMR). Ferromagnetic resonance frequencies are sensitive to
torques arising from a variety of sources, including magneto-
crystalline anisotropy, magnetoelastic effects, sample geom-
etry, spin transfer torques, and interlayer coupling.
Additionally, FMR can reveal properties of film edges*”’
and variations in shape anisotropy.” FMR measurements of
nanostructures have typically required large arrays of struc-
tures to generate a detectable signal.>'® In special cases,
spectroscopy of single devices can be studied via time-
resolved Kerr effect measurements,“*13 Brillouin light scat-
tering measurements with tightly focused optical spots,'*'”
as well as electrical measurements.'®° However, the optical
techniques cannot access buried devices and the electrical
techniques lack the ability to scan across an array.

Ferromagnetic resonance force microscopy (FMRFM) is
a technique that combines the scanned-probe features and
buried-device capabilities of magnetic force microscopy
(MFM) with the spectroscopic methods of EMR.?>%? As
shown in Fig. 1(a), a magnetic tip is affixed to the end of
an AFM-like cantilever. The cantilever is positioned over
a sample sitting on a microwave stripline. An external
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magnetic field H is applied in the sample plane, aligning the
sample magnetization M. Microwave-frequency current in
the stripline generates a microwave field, 4, sending the
sample spins into precession. Since the magnitude of the
magnetization vector is very nearly fixed, precession
decreases the quasistatic component of the magnetization,
reducing the magnetostatic force between the sample and tip
and changing the deflection of the cantilever. The high force
sensitivity of the micromechanical cantilever is capable of
detecting the small change in magnetization in single nano-
structures, and the tip force is optimized by having a mag-
netic tip with dimensions similar to those of the sample.”*"
The high spectroscopic resolution of FMR is largely unaf-
fected by mechanical detection except small shifts in the res-
onance field due to the tip field.

In this letter we describe the use of ferromagnetic reso-
nance force microscopy to image a device array with a defect
element using the different dynamic response of the defect
element to produce array images with contrast between the
defect element and normal elements. We choose a shape
defect as a representative case, investigating an oval struc-
ture in an array of 200 nm diameter, circular Permalloy dots
(Fig. 1(b)).

The sample array was patterned on top of a 10 um wide,
150 nm thick gold waveguide on silicon with electron beam
lithography, followed by electron beam deposition of 5nm
Ta/50nm Py/5nm Ta followed by a lift-off. Measurements
were performed at 10 GHz at room temperature. Silicon can-
tilevers with no metallic coating and spring constants of
0.1 N/m were used. The 500 nm diameter cobalt tip was fab-
ricated through electron beam induced deposition (EBID) of
cobalt.?® To enhance detection, the microwave power was
modulated at the cantilever frequency. Cantilever motion
was detected using the reflectivity of the low-finesse optical
cavity formed by the cantilever and the end of an optical
fiber. Typical cantilever oscillations were on the order of
20nm and the tip-sample separation was 150 nm. Cantilever
oscillations consist of a resonant component as well as a
background contribution that we attribute to microwave
heating of the cantilever and sample.

© 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.4738789
http://dx.doi.org/10.1063/1.4738789

042408-2 Chia et al.
(a) (b)
"
interferometer T Q
cantilever 8
>
magnetic ti
sample 9 P

We begin discussion of our results with measurements
and modeling of individual dots and ovals. One dimensional
point spectroscopy scans were done by positioning the tip at
different points along lines that cut either through the center
axis of the dot or the long axis of the oval and parallel to the
external applied field. At each tip position the array was
excited at 10.0 GHz and FMR spectra were taken as a func-
tion of swept applied field. A linear, non-resonant back-
ground was subtracted from each spectrum and the results
are shown in Figs. 2(a) and 2(d) for the dot and oval,
respectively.

In general, the spectral images of the type shown in Figs
2(a) and 2(d) have a characteristic “arrowhead” shape that
includes shifting of the resonance field and a change in sign
of the FMRFM signal. The sign change is a feature of the
dipolar forces between the tip and the sample.24’25 When
the tip is positioned directly over the center of the sample the
cantilever experiences a strong, static, repulsive force. When
this force is decreased slightly by the excitation of magnetic
resonance, the cantilever deflection yields a positive
FMRFM signal, as indicated with the bright area in the cen-
ter of Fig. 2(a). On the other hand, when the tip is to the left
or right of the sample along the field direction, the cantilever
experiences an attractive static force, and yields a negative
FMRFM signal at resonance. The changing sign of the
FMRFM signal is most clearly visible in Fig. 2(a) where the
strong, positive signal (light color) in the center of the image
is accompanied by weaker, negative signals (black) on the
left and right.

The resonance field shift as a function of tip position is
an effect of the stray field of the cantilever’s magnetic tip.
When the tip is over the sample, the tip field opposes the uni-
form applied field, and consequently a larger applied field is
required to satisfy the resonance conditions of the sample.
As the tip is moved away from the sample to the left or right,
the tip field weakens and changes sign, and the resonance
field moves toward its unperturbed value. The combination
of the shifting resonance fields and the varying tip-sample
forces produces the arrowhead spectral image shape as the
tip is moved across the sample.

A comparison of the spectral images of the disk in
Fig. 2(a) and the oval in Fig. 2(d) reveals that the signal
from the oval is weaker and that the arrowhead shape is less
prominent. The largest effect, however, is the difference
between the resonance fields of the dot and oval with the dot
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FIG. 1. (a) Schematic setup for FMRFM. A
soft magnetic tip on a cantilever detects
changes in magnetization in the sample sit-
ting on a microwave stripline in the presence
of a large applied field, H. Inset: SEM image
of the 500nm cobalt tip on the end of the
cantilever (b) SEM image of the array of
200nm dots and 300nmx 150nm oval
defect in the center.
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FIG. 2. (a) 1-D point spectroscopy scan across the long axis of the 200 nm
dot with an in-plane applied field. The blue dot and red dotted line above
indicate the relative size of the dot and the scan direction. (b) FMRFM 2-D
scan of an individual 200 nm dot at the dot resonant field. The dotted pink
circle denotes the size of the 500 nm tip and the smaller dotted black circle
the size of the dot. (¢) Micromagnetic simulation of FMRFM 2-D scan of
the dot. (d) 1-D point spectroscopy scan along the long axis of the
300nmx 150nm oval defect. (e) 2-D scan of the oval. (f) Micromagnetic
simulation of the oval 2-D scan.
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resonance at 197 mT and the oval at 95 mT. The difference
in shape anisotropy between the circle and the oval produces
this large resonance field difference, which also has second-
ary effects on the measured resonances.

We strongly suspect that the tip magnetization is not sat-
urated in these experiments. The low intensity and the
reduced tip field influence in the oval resonance at 95 mT as
compared to the disk resonance at 197 mT are both consist-
ent with an unsaturated tip magnetization. Further, the tip
field estimated for a saturated cobalt tip is approximately
140 mT, which is quite large compared to the 20 mT scale of
the field perturbations evident in the arrowhead of Fig. 2(a).
The assumption of an unsaturated tip of ideally soft material
yields a more reasonable tip field estimate of S0 mT at the
applied field of 200 mT.

We then set the external field to that the resonant fields
of the dot and oval and perform a two dimensional
1.5 um x 1.5 um scan of each (Figs. 2(b) and 2(e)). The scan
size is 100 x 100 pixels with 100 ms averaging per point.
The pink dotted circle denotes the superimposed size of the
500 nm tip and the smaller black dotted circle denotes the
size of the sample. For both the oval and dot we see elon-
gated FMRFM images with the short axis parallel to the
applied field. To the left and right of the main signal, there
are darker regions corresponding to the dark regions in the
1-D point spectroscopy scan. The spatial size of the detected
signal is roughly the size of the tip since the resolution of our
scans is roughly equal to the size of the tip, at small tip-
sample separations. Thus, our observed signal is much larger
than the actual size of the sample, which is also evident in
the 1-D point spectroscopy measurement and gives us a
rough resolution of 500 nm.

To interpret our 2-D scans we performed micromagnetic
modeling through the object oriented micromagnetic frame-
work (OOMMF)26 to generate modeled FMRFM 2-D scans
(Fig. 2(c) and 2(f)). For each tip position, the dynamic
response to a short field pulse is calculated in the presence of
a uniform applied field H and a nonuniform component due
to the magnetic tip. The tip is modeled as a 500 nm diameter
sphere of perfectly soft material so that M =3 H. For each
cell of the micromagnetic simulation, we calculate the reduc-
tion in static magnetization AM,(x, y,f) and the correspond-
ing change in the dipolar force between the micromagnetic
cell and the tip. Finally, the force contributions are summed
over the cells to yield a simulated FMRFM signal. The mod-
eled responses are similar in form to the experimental
results, and in particular we note the elongated shape of the
image and the rough equivalence of the tip size and the
image size.

With the resonance data from the individual elements to
serve as a guide, we performed a one dimensional point
spectroscopy scan on the array, scanning first along a line
connecting two dots with an oval between them (Fig. 3(a)).
The resonances of the dots at high field are distinctly differ-
ent from the oval resonance at low field. Additionally, there
are subtler but clear differences between the resonances of
the nominally identical dots in this line scan. From the data
in the 1-D point spectroscopy measurement we then set the
applied field to the resonance field of either the oval or the
left dot and perform a 3.9 um x 3.9 um scan of the array.

Appl. Phys. Lett. 101, 042408 (2012)
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FIG. 3. (a) 1-D point spectroscopy scan across 2 dots and an oval. The dot-
ted red line on the top indicates the scan direction. (b) 2-D FMRFM scan set
at an applied field of 197 mT, the resonance field of one of the dots. The
oval defect does not resonate at this field and the magnitude of several of the
other dots is weaker since they have slightly different resonant fields. (c) 2-
D FMREFM scan set at 95 mT, the resonance field of the oval. Only the oval
defect is visible. (d) Magnetic force microscopy (MFM) scan taken simulta-
neously with the FMRFM scans. The dots appear fairly uniform and the oval
yields a slightly spatially smaller signal.

In Fig. 3(b) with the field set at a dot’s resonance field,
the scan reveals resonances in all the dots in the array but the
oval’s resonance image is very faint. Fig. 3(a) shows that the
dots to the left and right of the oval have slightly different
resonance fields and in the 2D scan; these differences pro-
duce different image intensities in these two dots, as well as
the others in the array. In Fig. 3(c) we set the applied field to
that of the oval and the 2D image shows resonance only at
the oval. For comparison, in Fig. 3(d) we show a magnetic
force microscopy (MFM) scan taken simultaneously with the
FMRFM scans (the frequency shift signal from the PLL).
The MFM image shows little difference between the dots
and the oval.

The spectroscopic sensitivity and scanned probe capa-
bilities of FMRFM suggest development of the method for a
wafer level metrology tool. Looking ahead on that path, we
conclude this paper with speculation on the sensitivity, and
field resolution challenges facing development of such a tool
for measurement of magnetic memory cells or other nano-
magnetic devices.

To measure thinner films in smaller devices, the tip
force will be important. The signal to noise ratio (SNR) of
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the 200 nm diameter, 50 nm thick disks in this study is on the
order of 20 with 1 s integration time. To scale these results,
we derive a simple model for the force between a spherical
tip with radius a, and a thin, disk-shaped sample of radius b
and thickness ¢. Both the tip and sample are assumed to be
magnetized in the x-direction. The tip-sample interaction
energy for a tip lifted a distance /4 above the sample is

Eip—_disk = —MQJ dvHyip(h) - Mgamples (D

where Hy;p, is the dipole field of the spherical tip. A deriva-
tive of Eq. (1) with respect to / yields the tip-sample force,
and finally, the resonance-induced change in the force AFy;,
is obtained by replacing Mgymple With the resonance-induced
magnetization change in the sample, AM.

a*nb’t(a+h+1/2)
2+ (a+ h+1/2)7]*

where My, is the tip magnetization. Using Eq. (2), we project
that for a 100 nm diameter, 4 nm thick sample disk, a SNR of
2.5 will be attainable with a 300 nm diameter tip and 30 nm
tip-sample separation. Compensating improvements in SNR
may be expected by using a fully saturated tip moment.

The field resolution of the measurement in terms of the
ability to measure resonance peak shifts depends on the slope
of a resonance peak and the measurement noise level. We
define the field resolution as the minimum field shift that pro-
duces a signal change that is greater than the noise level. For
a resonance shift 0H of a Lorentzian resonance peak, the
greatest signal change occurs on the sides of the peak, at the
points with maximum slope. Setting the signal change due to
a field shift 0H at this point to the noise level, we obtain

4 AH

> S AR 3)
where AH is the full-width at half-maximum line width of
the resonance peak, SNR is the signal to noise ratio at the
resonance maximum?’ and the numerical pre-factor is par-
ticular to a Lorentzian line shape. For a material with
damping parameter oo =0.01 and SNR =20, this estimate
suggests a field resolution of 0.2mT (2 Oe) in the current
measurements.

In summary, this paper demonstrates a method for mag-
netic defect imaging through ferromagnetic resonance force
microscopy. The ferromagnetic resonance spectra of mag-
netic nanostructures provide the image contrast with field re-
solution on the order of 107*T. Scaling to smaller sample
sizes appears feasible, but depends on the details of the tip
and sample geometries.
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