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TAILORING SPIN EXCITATIONS BY NANOLITHOGRAPHY

BY DIRK GRUNDLER, FABIAN GIESEN, AND JAN PODBIELSKI

pintronics devices [!l made from metallic thin

films have already been successful for a decade.

They are based on multilayers of magnetic and

nonmagnetic material. Patterned by nanolithogra-
phy, such multilayered devices have revealed novel spin
dynamics properties. In particular, spin precession and fer-
romagnetic resonance (FMR) were observed driven by a
dc current. At the same time magnons, i.e., spin excita-
tions with finite wave vector &, have been argued to form
a basis for further magnetoelectronics applications [2].
Here tailoring, manipulation and interference of spin
waves are of central importance. These features constitute
the emerging field of magnonics. Large progress in study-
ing spin dynamics in nanopatterned magnets has been
achieved in recent years. We review experiments on spin
wave excitation in ferromagnetic rings (>8], which might
present building blocks of magnonics. We outline the cur-
rent understanding of spin wave discretization and local-
ization. In particular, we show how spin excitations can be
tailored by both the geometrical confinement due to nano-
lithography and the inhomogeneous internal field #,,,.
H,,, which includes the external, demagnetizing and
effective exchange field is essential for the spin dynamics.

BROADBAND SPIN WAVE SPECTROSCOPY

Experimental data were obtained on a series of samples
prepared from polycrystalline Nig)Fe,, (permalloy). This
ferromagnetic material was advantageous as it did not
exhibit intrinsic magnetic anisotropy. Each sample con-
tained an array of nominally identical rings [Fig. 1(a)].
From sample to sample, the width w of the rings was var-
ied systematically between 300 and 950 nm. The outer
diameter was kept constant at 2.1 um. The thickness 7 was
about 15 nm to ensure that spins were preferentially in the
plane of the magnetic film. To measure the spin wave
dynamics over the frequency regime from 45 MHz to
20 GHz the rings were integrated on coplanar wave

SUMMARY

There is a great interest in spin excitations
in nanostructured solids. For semiconduc-
tor solids a major driving source is spin-
tronics, i.e., the concept of using not only
the charge but also the spin state of an elec-
tron for information processing. For mag-
netic nanosystems, collective spin excita-
tions and spin waves are intriguing as they
might form the basis for magnonics.
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Fig.1 (a) Atomic force micrograph of a coplanar

wave guide with integrated ferromagnetic
rings. The width of the central conductor is
15um. The thickness of the rings is 15 nm.
(b) Absorption spectrum for Nig,Fe,  rings with
w =480 nm (cf. scanning electron micrograph)
at uyH,.,=90mT applied along the coplanar
wave guide (x direction ). Lorentz curves high-
light spin wave eigenfrequencies. (c)
Ferromagnetic resonance of the Nig,Fe,, refer-
ence film at 90 mT. Sketches in (d) and (e) com-
pare the onion state of rings with a wire which is
magnetized along and perpendicular to its axis,
respectively.
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guides [3]. We investigated several arrays, each containing

w (nm | | i
between 15 and several hundreds of rings. The exact num- om) ARG $ Mg pOrmelor
ber determined the signal-to-noise ratio but not the spin 320 690 900 1200 O L. : '2“
wave excitations. Frequency-resolved power absorption 14§ mode A (a)

was measured by a commercial broadband vector network
analyzer at different fixed external magnetic fields H, .
The sinusoidal high-frequency magnetic field /s sur-
rounded the central conductor and was mainly in the plane
of the rings. The torque between the magnetization
M and hj excited spin precession and the spin waves.
Varying H, , and the magnetic history, we controlled M
and the domain configuration of the rings: (i) at large #,,
we generated the so-called onion state. Here, both ring
halves (ring arms) were magnetized in parallel and domain
walls existed at the head and tail. (ii) At small H,, we
induced the reversal, and the so-called vortex state was
formed. At remanence this intriguing state did not exhibit
a stray field as microscopic magnetic moments were
aligned with the ring perimeter. For information storage
one aims at realizing a clockwise or counterclockwise cir-
culation direction of spins.

. . . . Fig. 2
In Fig. 1(b) we show an absorption spectrum of rings in the
onion state at py/f, , =90 mT. The rings have a width of
480 nm. We summarize the main experimental findings: (I)
Two main modes exist, one at high frequency (mode A)
and one at low frequency (mode B). (II) In between there
is a satellite mode with weak intensity. In narrow rings we
resolve up to four satellite modes. We compare these data
with an unpatterned Nig,Fe,, reference film deposited in

(a) Comparison between spin wave modes A and B measured in
rings and disks at 90 mT (full symbols) and calculated ferromag-
netic resonances in wires (solid lines). For details see text. The bro-
ken line depicts the FMR in the reference film. (b) Sketch of the
internal field (simulated) in the ring’s onion state along the
azimuthal direction ¢. Graphs (c) and (d) depict simulated spin
wave patterns for mode A and mode B, respectively. A field of
90 mT is applied along the x direction. Bright means large spin
wave amplitude.

the same run. In Fig. 1(c) we observe only one pronounced
resonance.

LOCALIZATION OF SPIN WAVES

For a thin film, Kittel calculated the resonance frequency a
long time ago ). Since then the formalism is part of solid state
physics textbooks. For the film it is assumed that all spins pre-
cess at the same frequency and that the wave vector £ is zero.
The uniform excitation is called FMR. Boundaries of the film
introduce demagnetization fields /. These are large if spins
point perpendicular to the edge and small if spins are parallel.
Both types of demagnetization fields, i.e., static and dynamical
fields, are relevant for the spin dynamics. For thin and infinite-
ly long wires the Kittel formalism [ predicts the following
FMR eigenfrequency

o= B (11, 4[5, -, o,

X (H,, +(N.=N,)M;))".

Here, y is the gyromagnetic ratio and M, the saturation magne-
tization. For the in-plane direction we use the demagnetization
factors N, and N,. N_accounts for the direction perpendicular
to the plane. The demagnetization factors for the center of a
wire oriented along both the direction of the external ﬁeld

and the x axis are given by N, =0, N =2 N_= . %ﬁ

(h

[H,,, is applied in the x direction in Figs. 1(d) and (e).] The
demagnetization factors N and N_ lead to positive prefactors of
M in Eq. (1). By this means the internal field /,,, becomes
large and the precession frequency is increased with respect to
an unpatterned film. For a wire oriented along the y axis, i.e.,
perpendicular to the magnetic field dlrectlon N, and N, 1nter-
change: N, =2c,N =0, N, =1-:L. Inthis case a negatlve
prefactor results for M, in Eq. (1). Consequently H,
reduced. In Fig. 2(a) we deplct these two eigenmodes of long
permalloy wires as a function of w (full lines).

Strikingly, in Fig. 2(a) the main modes A and B of rings follow
the two FMR modes calculated for wires of the same width
which are magnetized in the two orthogonal directions, i.e.,
along and perpendicular to the wire axis. The dependence on
w demonstrates that demagnetization fields due to the meso-
scopic width are important for the measured spin wave eigen-
frequency. By nanopatterning, we control f,,.. Indeed, in the
onion state of a ring two extreme spin orientations are present:
in the ring arms spins are parallel to the ring’s boundary and in
the head and tails spins point perpendicular to the edges. This
is illustrated in Figs. 1(d) and (e). We might interpret our
devices as infinitely long wires which are bent to form a ring.
The qualitative comparison with the Kittel formalism of wires
already suggests that, due to an inhomogeneous internal field,
spins in different ring segments precess at different eigenfre-
quencies. The spin excitation splits up into two (or more)
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Fig. 3 (a) Absorption spectra measured in the onion state of
850 nm wide rings before (gray) and after (black) AFM
nanolithography. (b) AFM picture of an as-prepared ring.
(c) The same ring with a nanopit introduced by AFM
lithography. The pit has a diameter of 100 nm and a depth
of 10 nm.

modes. In the following we will discuss how local details of the
internal field, the finite wave vector and the localization of spin
waves are essential to understand the spin excitations in micro-
magnets. Micromagnetic simulations are powerful to illustrate
these important aspects. Simulated data are shown in Figs. 2(b)
to (d). The simulations are performed in a similar way to what
has been done for rings in Refs. [7,8]. We find that the ring
geometry together with the applied external field leads to an
internal field profile that varies characteristically as a function
of azimuthal direction ¢ [Fig. 2(b)]. Local maxima of #,,, are
found for ring segments which are magnetized in parallel with
H,,, and local minima for the head and tails where spins point
perpendicular to the edges. Interestingly, spin waves with neg-
ative group velocity, i.e., backward volume magnetostatic
waves (BVMSW?s), reside at maximum #,,, [Fig. 2(c)], and
spin waves with positive group velocity, i.e., Damon-Eshbach-
like spin wave modes, become localized in the minima [Fig.
2(d)]. Outside these ring segments the corresponding spin
waves do not exhibit a real wave vector and are damped. Such
localization and discretization phenomena due to inhomoge-
neous magnetic fields form a research field of great current
interest.

frequency f(GHz

T T T
-10 0 10 20
external field u H,,, (mT)

Fig. 4 (a) Gray-scale plot of a series of absorption spectra

(adapted from Ref. 8) measured in the vortex state near

H, = 0. The rings have a width of 600 nm. Dark repre-

sents high absorption due to spin wave excitation. The ver-

tical line indicates the switching field where the rings enter

the onion state for increasing H,,. White filled circles

depict calculated eigenfrequencies based on Eq. (2).

Dashed horizontal lines are guides to the eyes. (b)
Parameters used in the text.

NANOMANIPULATION

We have used the detailed knowledge of spin waves in rings to
control them by nanomanipulation and by this means to sub-
stantiate the localization phenomenon. Let us focus again on
the onion state. We have used an atomic force microscope
(AFM) to introduce a nanopit in a specific ring segment
[Figs. 3(b) and (c)] I'!l. Intentionally the nanopit is in a seg-
ment where the ring’s magnetization is in parallel with the
magnetic field when applied along the x direction. Spectra
obtained before and after nanomanipulation are shown in
Fig. 3(a). The absorption strength of mode A is altered where-
as the absorption strength of mode B remains unaltered. The
experiment using AFM nanolithography thus underlines the
localization of spin wave modes in rings. Furthermore it
demonstrates that spin excitations can be tailored efficiently in
a successive manner. Analyzing the spectra in detail we find
that the nanopit leads to a reduction in absorption for mode A
of a few 10% if related to one of the excited ring segments
alone [cf. Fig. 2(¢)].

MAGNONIC RING RESONATOR

Let us now address the vortex state of ferromagnetic rings.
Here we consider rings without a nanopit. At remanence the
internal field /,,, is constant as a function of ¢ along the ring.
Localization phenomena due to field inhomogeneities do not
take place. This is in contrast to the onion state. When we
investigate in detail the spin wave spectra of Fig. 4(a) obtained
on 600 nm wide rings we find discrete eigenfrequencies as a
function of magnetic field #, . They exhibit almost plateau-
like values with frequency gaps in between. This behavior is
contrary to the modes found in the onion state which show a
monotonous dispersion as a function of H,, [cf. mode A in
Fig. 4(a)]. In the following we discuss the microscopic origin
of the discrete eigenfrequencies /, (n=1,2,..) in the vortex
state. It is useful to index the spin waves by the integer number
of nodal lines m and # along the radial €, and azimuthal €,
directions, respectively [Fig. 4(b)]. The total wave vector K is
decomposed by K?=k%+ 2. In the radial direction discrete
values k. =k, are obtained due to the geometric ring bound-
aries. Here, a quantization condition holds which is similar to
the one of a longitudinally magnetized wire [12]. Important for
our discussion is the azimuthal component k, which is parallel
to the ring’s magnetization and represents a gVMSW traveling
around the ring. The spin excitations should exhibit a further
quantization condition and should fulfill

n-2m=§ k,(f,H,,(0)) r o, @

where 7 is the radius of the integration path. Equation (2) is the
condition for constructive interference and ensures that a spin
wave exhibits the same phase after traveling around the ring.
Starting from the formalism developed for a magnetic wire [13]
and introducing periodic boundary conditions we are able to
calculate eigenfrequencies based on Eq. (2) [8]. Symbols shown
in Fig. 4(a) are for =R, and m = 0. The discrete eigenfre-
quencies and the frequency gaps are remodeled rather well.
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However, the calculated modes depicted as symbols exist at
H, =0, whereas we observe discrete modes /, with n > 2 for
H, ,#0 in the experiment. Equation (2) does not include the
specific excitation mechanism. In the experiment, the high-fre-
quency field /,,-is homogeneous in the rings’ plane. To excite
BVMSW of high wave vectors k,, with n > 2, an inhomoge-
neous internal field H,,, or a spatially inhomogeneous magne-
tization are needed. The inhomogeneity is generated by apply-
ing the external field which polarizes the vortex state. H,
becomes an oscillating function of ¢ and the perfect ring-like
symmetry of M is broken. By this means, excitation of high &
values becomes possible. Both to ensure a constant eigenfre-
quency f,, . around the ring and to fulfill Eq. (2), the wave vec-
tor k¢(¢) = k¢( /s H,;,($)) changes with ¢ through the variation
of H,,18]. This explains the small magnetic ficld dependence of
the eigenfrequencies observed in the experiment. We have
found that changing the width w modifies the discrete spin
wave eigenfrequencies and the frequency gaps in a controlled
way. A magnetic ring thus acts as a ring resonator for BVMSW.

By decentering the inner hole we achieved further control over
the vortex state recently. We succeeded in generating the
clockwise and counterclockwise circulation direction of spins
in a deterministic manner ['4]. If one decreases further both the
geometrical width and ring diameter, exchange effects might
play an increasingly important role for the spin excitations.
Combined with nanomodifications using AFM lithography one
would enter an intriguing regime for future magnonics investi-
gations.
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