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Ferromagnetic resonance study of nanoscale ferromagnetic ring lattices
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Square lattices of permalloy rings with different inner diamet&g (wvere fabricated by electron
beam lithography and investigated by ferromagnetic resonéflddR). Results reveal that FMR
spectra are sensitive to the ring dimensions. A large shift of the uniform mode from 1200 to 1800
Oe, and a dramatic decrease in its intensity are observeq axreases from 0 to 300 nm. Other
resonance peaks at fields slightly below the uniform mode greatly increase in intensity and shift to
lower field with increasind;. An isolated resonance below 200 Oe is also observed. Possible
reasons for these variations are discussed20©4 American Institute of Physics.

[DOI: 10.1063/1.1667452

I. INTRODUCTION ticle, we present a systematic FMR study of permalloy nan-

) _ oring lattices of variable ring width, but constant outer
Nanoscale magnetic elements are of interest because gfsmeter

their potential industrial applications in high-density com-
puter memory, and the interesting physics they exhibit as a
consequence of their reduced dimensions. The key issue for
device applications is to achieve controlled magnetization
switching that is both fast and reproducible. The magnetiq|. EXPERIMENT
switching mechanisms of various geometries, such as wires,
rectangles, needles, cylinders, and diskshave been stud- A set of square permalloy ring lattices having constant
ied, but it is found that their magnetic properties are hard tahicknesst=25 nm were fabricated using electron beam li-
control because they are very sensitive to shape fluctuationfography and lift-off techniques. First, a thin layer of ZEP
and edge roughness introduced during fabrication. Experipositive resist was spun onto §i00) substrates, and then
ments and theoretical calculatiGifindicate that ring geom- patterned with a Raith 50 electron beam writer system oper-
etry has much better switching behavior and its zero strawuted at 30 kV. After development, a permalloy film was de-
field in the vortex configuration also favors high-density stor-posited using electron-beam evaporation in a vacuum of
age. Ring-shaped elements have two stable magnetic statesalgout 107 Torr, followed by ultrasonic-assisted liftoff in
complete flux closure or “vortex state” and a polarized “on- acetone. The four ring lattices were all of the same lateral
ion” state characterized by the presence of two oppositglimensions of 1.5 mm by 1.5 mm, outer diamebgy of 700
head-to-head and tail-to-tail domain waif$.Yoo et al® nm, spacingd=1 um; but each lattice had a different inner
found that in Co nanorings, the stable magnetic configuradiameter D;) 0, 40, 80, and 300 nm, respectively. They are
tions depend on the thickness and width of the rings. In softienoted as samples A, B, C, and D, respectively, in the fol-
magnetic nanorings, the vortex state remains stable over |awing discussion. Unpatterned permalloy films 25 nm thick
wide field range for rings with diameters extending down towere also prepared at the same condition for comparison. An
90 nm (with the ring width kept at 30 njx® as-deposited permalloy reference film was found to be mag-
Ferromagnetic resonan¢EMR) has been widely used netically soft with coercive and uniaxial anisotropy fields of
to measure the magnetic properties of bulk magnetic crystalg few Gauss. The ring lattices were first examined using a
and thin films!®~** Spin wave resonance was directly ob- Philips XL30 scanning electron microscof®EM) for struc-
served via FMR in permalloy films 45 years agand more  tural analysigsee Fig. 1 A Bruker ESP 300E electron para-
recently it has been shown that FMR is sensitive to the patmagnetic resonance spectrometer was used in FMR measure-
terned structure of magnetic nanodbtghe magneto-optical ment at room temperature with a microwave frequency of
Kerr effect also has been extensively used in the measur®.75 GHz, microwave power of 9.50 mW, field modulation
ment of nanoring magnefs? however FMR has not been amplitude of 10 G, and modulation frequency of 100 Hz.
used previously to characterize nanoring magnets. In this aSamples were initially aligned in a plane perpendicular to the
magnetic ac field with one edge parallel to the dc field. The
3Author to whom correspondence should be addressed; electronic maifamples were then rotated with respect to the dc field direc-
wxu2@uky.edu tion while keeping the field within the ring lattice plane.
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FIG. 1. SEM images of the square permalloy nanoring lattices of 25 nm
thickness, 1um spacing, 700 nm outer diameter, anda} 40 (b), 80 (c),
and 300 nm(d) inner diameters, respectively.

Adsorption derivative

Ill. RESULTS AND DISCUSSION

SEM images of the four nanoring lattices are shown in F 0=0" -
Fig. 1. The uniform contrast of the top surfaces of the rings : : : : . :
indicates a very smooth permalloy film. Figure 2 shows de- i © i 0=360"
rivative FMR spectra of the four samples as a function of “‘
angle with respect to the dc magnetic field. For reference, a ‘
reference spectrum of the plane permalloy film is also shown
[Fig. 2(e)]. The resonance peak of the reference film at
~1150 Oe corresponds to the uniform FMR mode. In
sample AD;=0 [Fig. 2(@)], a large resonance peak is ob-
served at-1200 Oe, which corresponds to its uniform reso-
nance mode. Two small resonance peaks &ai0 and 1410 '
Oe are also clearly seen. The very weak peak-d480 Oe
(indicated by an arroyand the 1410 Oe peak were reported ' ' - ' Ap=sD
by Junget al* for periodic dot arrays, where the first mode
was found to be essentially an exchange-coupled spin-wave
mode, and the second resonance was with a “hybrid cou-
pling” of exchange and dipolar interactions. However, the
low field resonance peak at110 Oe, which most probably
comes from a high frequency resonance of individual dots,
has not been observed before. For sampl¢ B,=40 nm;

Fig. 2(b)], a large uniform resonance peak is observed at
~1330 Oe and two small peaks are observed at approxi-
mately 180 and 1610 O&.e., both below and above the

uniform mode, and other strong resonance peaks appear ' - ' ' '
near 1100 Oe. Sample C, which has a la@er 80 nm[Fig. S0 000 TS00 2000 2800 3000

L . . Field (Oe
2(c)], exhibits a large uniform mode shift to 1340 Oe, and o (Oe) ) )
FI@. 2. Room temperature derivative FMR spectra of the nanoring lattices
5

Very strong resonance pea_ks are seen at near 830 Oe. A SM@bs nm thickness, Lm spacing, 700 nm outer diameter, an¢a 40 (b,
low-field resonance peak is found at almost the same posBo (), and 300 nn(d) inner diameters, respectivelgis the angle between

tion as in sample B, but the resonance peak above the unie in-plane applied dc magnetic field and the square ring lattice symmetry
form mode moves to higher field. Sample D is the ring Iattice"’_‘XiS' (e) Equivalent reference spectrum of a 25 nm thick plane permalloy
with the largest hol¢D; =300 nm; Fig. 2d)], and exhibits a

low field resonance at- 275 Oe, which is also the strongest Comparing the spectra of all samples investigated in Fig.
peak; the large uniform mode is dramatically reduced, an@, one of the more striking results is that the uniform mode
most interestingly, a series of resonance peaks appear inshifts from ~1150 Oe to higher magnetic field-1800
broad range extending from 710 to 2110 Oe. Oe with increasing inner diametdi.e., decreasing ring
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width), and the relative peak intensity decreases dramatialong both inner and outer edges. In this sense, deviations
cally. The uniform mode is characterized by all the spinsfrom perfect fourfold symmetry do reflect the edge imperfec-
maintaining a perfect uniform amplitude and phase duringions of the entire dot or ring lattices.
precession. However, bulk spins are always different from
the boundary or surface spins, which are often pinned b)'/V' CONCLUSIONS
boundary or surface anisotropy imperfections. In patterned Systematic FMR measurements have been performed on
films, the edge surface area is increased and the relativee set of permalloy ring lattices of similar dimensions but
number of bulk spins is decreased. As one proceeds from theith different inner diameters. Prominent spectra variations
top to the bottom of Fig. 2, more spins are placed near are found to accompany changes of the ring inner diameter.
surface or edge, and therefore, higher magnetic field is refhe results clearly indicate that FMR spectra are extremely
quired to stabilize the uniform mode, and the relative inten-sensitive to the detailed structure of the nanomagnets, which
sity of the uniform mode decreases. Another striking trend inindicates FMR can be applied as a sensitive probe of the
Figs. 2a)—2(d) is that the resonance peaks close to but belowabrication quality of nanomagnet arrays. Moreover, FMR is
the uniform mode greatly increase in intensity and shift toa convenient method that provides magnetic information on
lower field with increasing inner diamet®;. Considering the entire sample. Systematic micromagnetic simulations are
that the only difference among the samples is the inner dinecessary to fully understand the FMR spectra, and such
ameter, which could affect the spin exchange energy, wittefforts are currently underway in our laboratory.
the inner diameter increases the ring curvature along the in-
ner edge decreases and the spins are relatively better alignG:ACJC,:K'\IOWLEDGMENTS
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