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We report on the dynamic properties of Permalloy nanostrips at gagahertz frequencies. The
thickness of the strips is 100 nm, strip width is 300 nm, strip spacing is 1 um, and length is
0.3—100 pm; aspect ratios are 1:1, 1:2, 1:3, 1:5, 1:10, and 1:333. The dynamic behavior was studied
by network analyzer ferromagnetic resonance (FMR) using Permalloy strips on a coplanar
waveguide in flip-chip geometry. The FMR mode frequencies (f,) can be controlled by the aspect
ratio as well as by the applied magnetic field (H). In longer strips (1:10 and 1:333), the excitation
frequencies show a soft mode behavior (H.£=990 Oe) when the field is along the hard axis.
However, along the easy axis (along the strip length), f, increases with applied field. At a field of
3 kOe, f, values are almost independent of aspect ratio along the easy axis except for the 1:1 strip.
Along the hard axis, the frequencies are strongly dependent upon the aspect ratio. We also observed
that the frequency linewidths of the strips are dependent on the aspect ratio. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2839625]

I. INTRODUCTION

The continuous increase of storage density makes mag-
netic strip arrays very attractive for high density magnetic
storage. The effect of going from continuous to patterned
media on the various system components is generally benign.
The principal advantagel’2 of patterned media is that they
offer the possibility of overcoming the problem of the super-
paramagnetic limit on grain sizes. The high frequency dy-
namics of nanosized particles or strips are critically impor-
tant for the understandingl_4 and improvement of their
magnetization reversal characteristics. The finite lateral di-
mensions of magnetic strips changes the demagnetizing field
affecting magnetic properties, especially the dynamical mag-
netic properties. In a real device, the time scale of the mag-
netization reversal process, studied mainly by ferromagnetic
resonance (FMR) and Brillouin light scattering (BLS), in “in
the nanosecond range.” Recently, the study of spin waves' ™
in arrays of Permalloy (Py) nanoparticles has given evidence
of frequency quantization of spin wave modes. Analytical
models have been recently proposed to calculate the spin
wave spectrum in circular and rectangular dots.” FMR has
an edge over BLS in the precise determination of the mode
positions and linewidth.

In this study, we performed high frequency dynamic
studies on Permalloy nanosized arrays of different aspect ra-
tios (width to length) by using network analyzer FMR. The
measurements were performed in the frequency domain, in
contrast to the usual field swept measurements of standard
FMR.

“Electronic mail: bkkuanr @yahoo.com.
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Il. EXPERIMENT

A Permalloy film with nominal composition of 81% Ni
and 19% Fe and thickness of 100 nm was deposited8 onto a
resin by magnetron sputtering at the rate of 0.2 nm/s at an
Ar pressure of 3 mTorr. Fabrication of the arrays was per-
formed using the method of electron beam nanolithography.8
Each patch had the form of an array of nanosized strips with
a width of 300 nm separated by a distance of 1 wm. Final
structures were made by a lift-off process, consisting in the
removal of the resin and the overlaying film in an ultrasonic
bath of acetone. A series of six samples consisting of strips
with lengths of 300 nm, 600 nm, 900 nm, 1.5 wm, 3 um,
and 100 wm were fabricated, corresponding to the aspect
ratios of the width to length given by 1:1, 1:2, 1:3, 1:5, 1:10,
and 1:333.

In our earlier study,8 the quality of each pattern was
tested using a field emission scanning electron microscope
and an atomic force microscope (AFM). Magnetic hysteresis
loops were measured at room temperature using a supercon-
ducting quantum interference device and microwave absorp-
tion was studied at room temperature by means of an X-band
Bruker electron paramagnetic resonance spectrometer.

In the present work, a Cu-coplanar waveguide structure
on a GaAs substrate was used as a transmission line to
propagate an electromagnetic wave from a network analyzer.
The nanostrip array was flipped on top of the transmission
line with the strip length or width parallel to an external dc
magnetic field. The frequency was swept from
0.05 to 40 GHz at zero or a fixed external magnetic field
(H). The device characterization was done using a vector
network analyzer along with a microprobe station. Noise,
delay due to uncompensated transmission lines connectors,

© 2008 American Institute of Physics
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FIG. 1. (Color online) Part A shows the transmission response measured by
the network analyzer of different Permalloy strips at a 3 kOe field applied
along the length of the strips. The notch shows the resonance frequency of
the strip. Part B shows the transmission response of a strip structure with
aspect ratio 1:333 with the magnetic field applied along the length as well as
the width of the strip, showing different resonance frequencies.

its frequency dependence, and cross-talk which occurred in
measurement data, have been taken into account by perform-
ing through-open-line calibration using NIST MULTICAL®
software.” The results presented also include a background
subtraction—the coplanar waveguide without the sample
was measured and this was subtracted from the data with the
sample. The width of the signal lines was 12 um and the
length of the device was 6 mm. The filters were designed for
a 50 Q) characteristic impedance. The exact resonance fre-
quency (f..,) and frequency linewidth (Af) were obtained
from the Lorentzian fits to the experimental data.

lll. RESULTS AND DISCUSSION

Network analyzer FMR (NA-FMR) spectra (S,; versus
frequency) for Permalloy strips and a continuous film at a
3 kOe applied magnetic field are shown in Fig. 1 (part A). In
comparison to the Py film (f,=15 GHz at 3 kOe), the spectra
for the Py strips with the field along the long axis are shifted
upward by ~1, 2, 2.15, 2.2, and 2.5 GHz for the 1:1, 1:2,
1:3, 1:5, and 1:10 strips, respectively.

Here, the microwave response of the array primarily re-
flects the properties of the individual strips because of the
large spacing (1 wm) between the nanosized strips and the
q=0 wave vector. The upward shift of resonance frequency
for longer strips is due to the increase in shape anisotropy
with increase of length. In a microwave experiment, when
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FIG. 2. (Color online) Resonance frequency vs applied magnetic field along
the length and the width of the strip for structures with different aspect ratios
and for a continuous Py film. The theoretical results from micromagnetics
calculations are shown in the lower panel. For the simulations M
=0.68 kG. The parallel and perpendicular signs indicate the direction of the
applied field with respect to the length of the strip.

the magnetic field is applied along the length of the strip, the
spins precess in the uniform mode at FMR and they generate
a demagnetizing field with its origin in the “magnetic
charges” present on the surfaces. These self-demagnetizing
fields are responsible for the upshifting of the resonance fre-
quency of the strip in companrison5 to a continuous film. The
absorption spectra of all the strips show comparable line
shape.

We note that experimentally we also found different fre-
quencies for the 1:1 strip structure depending on the orienta-
tion of the magnetic field. It is not entirely clear what the
origin of this effect is. The AFM of the array seems to indi-
cate that the 1:1 structure is not quite square but is slightly
elongated in one direction. In addition, the interactions
among the different nano-objects may shift the resonances
slightly.

Part B of Fig. 1 shows different resonance positions for
1:333 strip along the length (f,=11.8 GHz) and the width
(f,=17.2 GHz) of the strip at an applied field of 3 kOe. This
behavior of the resonance frequency is consistent with the
presence of the uniaxial shape anisotropy of the strips and
indicates that the shape anisotropy can cause significant
changes in the frequency. The magnitude of this anisotropy is
reflected in the difference in resonance frequencies between
the cases where the field is along the length or the width of
the strip.

Figure 2 shows the ensemble of the NA-FMR resonance
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frequencies of the Py film and Py strips with a magnetic field
applied along the length and the width of the strips. As usual,
the resonance frequency can be tuned by an external mag-
netic field. The resonance frequency generally increases with
the increase of the applied field both when the field is applied
along the length and the width of the strip for all the strips.
However, for the 1:10 and 1:333 strips, there are two
frequency-field regimes when the field is applied along the
width of the strip. Here, the resonance frequency decreases
linearly with a decrease of the magnetic field down to a
certain value and then starts increasing with a decrease of
field. This point of deviation of frequency-field data corre-
sponds to the sample leaving its saturation state. The transi-
tion between the two regimes indicates the value of shape
anisotropy. We derived the saturation magnetization, g factor,
and in-plane anisotropy of Py from a best fit procedure of the
frequency-field data of the continuous Py film. The value of
M, is relatively low at 0.612 kG. These results are used
along with the self-demagnetization fields to calculate the
shape anisotropy in strips of different lengths.

We also performed theoretical dynamical micromagnetic
calculations for the uniform mode in different structures. We
break the structure into small cells and use the Landau-
Lifshitz equation,

M [l

o
7 1 MXHeff_MMX(MXHeff) ., (D

to calculate the motion of the magnetization within an indi-
vidual cell. The effective field (H,) acting on a cell is given
by a sum of the dipole fields, effective exchange fields, and
the applied field. Here, « is a dimensionless damping con-
stant. To find the normal modes we used M=.68 kG, A
=1.3%X10°° erg/cm, and a=.0001. The individual cell size
was 100 nm in thickness and 10X 10 nm? in the plane of the
sample. A larger cell size was used for calculations of the
larger structures. The calculations are similar to those carried
out in Ref. 10, except that the demagnetizing terms are cal-
culated using the Newell tensor.'' The results are presented
in Fig. 2(b). The general trends seen in the experiment are
also found in the theoretical results; however, there are some
differences. As mentioned earlier the 1:1 structure shows two
different frequencies (about 1 GHz apart) depending on the
orientation of the magnetic field. This is larger than the ex-
perimental uncertainty of about of =0.2 GHz. No such dif-
ference was found in the theory. Also, the soft modelike be-
havior described in the previous paragraph can be identified
through the theoretical calculations as the sample undergoing
a phase transition which is nucleated at the edges of the
sample which are perpendicular to the applied field. The soft
mode behavior seen experimentally in the longer structures
is also found in the numerical calculations and is more pro-
nounced than that for the shorter structures.

The frequency linewidth (Af,) obtained from the NA-
FMR absorption spectra of the strips represents the signal
from the whole sample. The frequency linewidth of the strips
decreases as the length of the strip increases (Fig. 3) and is a
minimum for a continuous film of the same thickness (sepa-
rate star; Af,=1.12 GHz at 3 kOe). This reduction of the
linewidth is due to the shape anisotropy.12 Figure 3 also
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FIG. 3. (Color online) The resonance frequencies, (easy axis and hard axis)
measured by NA-FMR and linewidth as a function of shape anisotropy (H )
at a magnetic field of 3 kOe. The top of the X axis shows the aspect ratios of
the strips (1:1, 1:2, 1:3, 1:5, and 1:10).

shows data at a 3 kOe field of resonance frequencies along
the length and width of the strip and frequency linewidth as
a function of shape anisotropy (H,,).

IV. CONCLUSIONS

Gyromagnetically induced resonance frequencies ob-
served from NA-FMR along the length and the width of the
Py strips are different and are a measure of shape anisotropy.
The mode frequencies are observed to be controlled by the
aspect ratio as well as by the applied magnetic field. For
longer strips (1:10 and 1:333), there is a soft mode behavior
when the magnetic field is applied along the strip width. We
also observed that the frequency linewidths of the strips are
dependent on the aspect ratio. The change in frequency of
the uniform mode, observed in the patterned sample with
respect to the continuous film, is primarily due to the self-
demagnetizing field inside the strips.
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