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Axially and radially quantized spin waves in thick permalloy nanodots
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We have investigated the spin wave modes in perpendicularly magnetized permalloy nanodots as a function
of film thickness using field modulated perpendicular ferromagnetic resonance spectroscopy. We observed mode
intensity inversion with an increase in dot thickness. In thicker dots, one ellusive antisymmetric spin wave mode
was also detected due to the asymmetric nature of the excitation signal. In the case of the thickest nanodot, a
circulating chiral mode near the dot surface was also observed. Our experimental results are in good qualitative
agreement with the dynamic micromagnetic simulations.

DOI: 10.1103/PhysRevB.92.054401 PACS number(s): 62.23.Eg, 75.30.Ds, 75.40.Gb, 76.50.+g

I. INTRODUCTION

Spin waves [1,2], defined as coherent excitations of spin
degree of freedom in a magnetic medium, are of significant
interest and have received huge attention in the past decade.
This is largely due to advances in controlled nanofabrication
techniques, which allow the synthesis of high quality magnetic
nanostructures with sizes much smaller than the typical
spin wave free propagation path, and the development of
advanced characterization techniques. Additional factors, such
as extrinsic control of the spin wave band structure [3,4],
low energy consumption devices [5,6], and the potential for a
symbiotic coexistence with the current information processing
(technological) ecosystem [7,8], continue to promote research
in this field [9].

Spin waves span the microwave and the submillimeter wave
frequency bands, and their wavelengths can vary from 1 nm
to several microns, exhibiting a diverse range of interesting
phenomena at different length scales. Effects which highlight
the wave and particle nature of spin waves have now been
demonstrated in several submicron systems [10]. In a bulk
ferromagnet, spin waves have one dispersive mode [11].
In an infinite thin film, multiple modes result due to the
quantized modulation of dynamic magnetization along the
film’s thickness [12]. The orientation of the film’s surface
relative to the external magnetic field is also important [13].
If the thickness is reduced below a limit, typically known
as the exchange length in a ferromagnet, the magnetization
can become uniform along the thickness and multiple bands
can collapse into a single one [14]. Several other interesting
spin wave related phenomena have been observed in spin
wave waveguides [15], nanowires [16,17], one- and two-
dimensional magnonic crystals [18], and other types of
confined magnetic nanostructures [19].

An exotic magnetic vortex topology has been observed and
studied for certain thickness (l) to diameter (D) (aspect) ratios
(ξ = l/D) [20]. In the case of perpendicularly magnetized
nanodots (and wires), unconventional spin wave dynamics has
been reported for ξ � 0.2 [21] and D = 500 nm, or ξ ≈ 20
(nanowire). Using a combination of mechanical ferromagnetic
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resonance (MFMR) [22] and micromagnetic simulations, de
Loubens et al. [21] have been able to infer the mode profiles
of up to three standing spin wave modes (for ξ = 0.2).

In this paper, we study the effect of thickness on the spin
wave modes in nanodots with ξ in the range from 0.08 to
0.37 using the highly sensitive field modulated perpendicular
ferromagnetic resonance (PFMR) technique [23]. In doing
so, we experimentally demonstrate the existence of axially
symmetric and antisymmetric and chiral spin wave modes.
These findings, which enhance our knowledge of spin wave
modes, could prove helpful in the design of spin wave based
signal processing devices [7].

II. EXPERIMENTAL AND SIMULATION METHODS

Periodic two-dimensional arrays of isolated Ni80Fe20

(permalloy) dots with a diameter (D) of 300 nm, pitch
(p) of 620 nm, and thicknesses l in the range from 25 to
110 nm were fabricated on a silicon substrate over a large
area (4 × 4 mm2) using deep ultraviolet (DUV) lithography at
a 248 nm exposure wavelength, followed by electron beam
evaporation and an ultrasonic assisted liftoff process in OK73
resist thinner. Permalloy dots were deposited at a constant
rate of 0.2 Å/s with a base pressure of 2 × 10−8 Torr. This
fabrication technique is a magnonic adaption of the DUV
lithography technique commonly used in the semiconductor
industry. Details of the fabrication process have also been
described elsewhere [24].

A representative scanning electron microscopy (SEM)
micrograph image of the tilted (viewing angle 35◦) 85 nm
thick permalloy dot array is shown in Fig. 1(a). These SEM
images show good edge definition and uniformity.

The hysteresis loops of the dot arrays were characterized
using a vibrating sample magnetometer (VSM). Shown in
Fig. 1(b) is a normalized hysteresis loop of 85 nm thick dot
arrays with the external magnetic field applied perpendicularly
to the film plane (defined as the z direction). This loop has zero
remanence and a saturation field of around 6 kOe. The inset of
Fig. 1(b) is the corresponding hysteresis loop measured with
the in-plane magnetic field. This hysteresis loop has a double
triangle shape, typical for circular dots with a vortex ground
state.
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FIG. 1. (Color online) (a) SEM image (the viewing angle is 35◦)
of a permalloy circular dot array. The dot diameter is d = 300 nm,
pitch p = 620 nm, and thickness l = 85 nm. (b) Hysteresis loop of a
85 nm thick dot array magnetized perpendicularly and in plane (inset)
measured with VSM.

An interferometric phase detector was used to detect the
PFMR signal with an ultralow signal-to-noise ratio. The high
sensitivity of PFMR spectroscopy helped us detect several
higher order modes, which would not be detectable using a
conventional in-plane FMR measurement. In this setup, the
20 dBm microwave signal (hrf) was generated by a continuous
wave microwave generator at a specific frequency in the range
from 9 to 14 GHz. The dot arrays were positioned on top
of a 3 mils wide, 50 � microstrip board, with the dot arrays
facing the board. A variable static magnetic field (HOP) and
an ac modulating field (Hac) of ±20 Oe was applied along
the z direction. A sketch of the field geometry is shown in the
inset (top left) in Fig. 2. The output signal of the interferometric
device is fed into a lock-in amplifier locked to the frequency of
the ac modulating field. By fixing the excitation frequency and
sweeping the bias field from −18 to − 6 kOe, the derivative
of the microwave absorption spectra of the dot arrays was
obtained. A high bias field was used to saturate the samples
along the axis of the cylindrical nanodots (z direction) to ensure
that experiments detect only spin wave modes and ignore any
possible vortex gyration modes [25]. The bias field is applied
coaxially so that it does not introduce any additional anisotropy
in the system.

To validate the experimental results, simulation was per-
formed on individual dots with a LLG MICROMAGNET-
ICS [26] and object oriented micromagnetic framework
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FIG. 2. (Color online) Comparison between the experimental
PFMR spectra and simulated PFMR spectra for a 25 nm thick
permalloy dot array at 12 GHz. The left inset is the sketch for the
field geometry. The right inset is a zoom-in of the PFMR spectra in
the field range from −11 to − 7.5 kOe. Shown below the simulated
PFMR spectrum are the corresponding mode profiles for each of the
four resonant modes (n = 0,1,2, and 3).

(OOMMF) [27]. FMR spectra were obtained using LLG MI-
CROMAGNETICS by calculating the real part of the dynamic
susceptibility. In our LLG simulation, the ac excitation field
was set at 10 Oe. Mode profiles were obtained by analyzing
the data [14] produced from OOMMF. This is due to the
differing capabilities of the two software packages. For the
permalloy samples, we used a Landau-Lifshitz gyromagnetic
ratio |γ | of 2.21 × 105 m/As, damping constant α of 0.01,
and a saturation magnetization Ms of 7.62 × 105 A/m was
obtained experimentally from the 85 nm thick continuous film
deposited at the same time as the patterned structures.

III. RESULTS AND DISCUSSION

Figure 2 shows the typical normalized experimental and
simulated PFMR spectra of 25 nm thick dot arrays measured
at 12 GHz. Multiple resonant modes were observed in the
saturation region for both the experimental and simulation
results, with the first mode exhibiting the highest intensity.
Shown in the inset (top right) of Fig. 2 is a zoom-in of the FMR
spectrum in the field magnitude range from 11 to 7.75 kOe.
The intensity of the modes appears to monotonously decrease
with the amplitude of the bias magnetic field. The experimental
results are in qualitative agreement with the simulation results.
The mode profiles obtained from OOMMF simulations are
shown as insets in the figure. Here, the saturation and
hue of the colors are determined by the intensity and phase of
the mode, respectively. The modes n = 0−3 are labeled in the
figure, where n corresponds to the number of radial nodes in the
mode profile. The mode profile is uniform along the thickness
of the nanodot and proportional to a zeroth-order Bessel func-
tion [28]. The lobes of each node are arranged in concentric
annular rings with an alternating phase. The slight deformation
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FIG. 3. (Color online) Comparison between the experimental
PFMR spectra and simulated PFMR spectra for permalloy dot arrays
with thicknesses of 45, 65, and 85 nm at 12 GHz.

in the circular shape of some lobes may be attributed to the
artificial anisotropy originating in the gridding, which occurs
during most finite difference based simulations. Most of the
power in these modes is dissipated in the central lobe.

To probe the effect of thickness on the PFMR spectra,
nanodot arrays of thickness 45, 65, and 85 nm were also
measured. A comparison of the experimental and simulated
PFMR spectra taken at a frequency of 12 GHz is shown in
Fig. 3. For convenience of comparison, all the spectra were
normalized to the intensity of the strongest mode. Compared
to 25 nm thick dot arrays, four modes are clearly visible in
the PFMR spectrum of the 45 nm dot arrays due to a more
pronounced signal. The field gap between neighboring modes
is around 1 kOe. For dot arrays with a thickness of 65 nm,
one more mode emerges at the field position near the second
mode. During simulation, this additional mode appears close
to the higher resonant field of the third mode. As the thickness
of the dot arrays increases to 85 nm, the intensity of the second
mode increases and becomes even larger than that of the first
mode. Such an intensity inversion has also been reported in
Refs. [21,29] in different samples. We also observed that with
an increase in thickness, the resonant fields are shifting to
lower bias fields due to the decreasing demagnetization field
along the z direction. A slip between the experimental and
simulated FMR spectra was observed. Two possible causes
can be advanced to explain it. First, an inaccuracy is present
regarding the values of the exchange constant A [30] and the
gyrotropic ratio γ , which is not experimentally determined.
Second, as the thickness increases, the presence of the dynamic
dipolar coupling in between the single nanodots may affect the
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FIG. 4. (Color online) (a) Comparison between the experimental
PFMR spectra and simulated PFMR spectra for a 110 nm thick
permalloy dot array at 12 GHz. The insets show the mode profiles
of the corresponding modes. (b) Mode profiles corresponding to the
six resonant modes marked in (a). Surfaces S1 (not marked to avoid
clutter), S2, and S3 denote the planes where the mode’s amplitude is
25%, 50%, and 75% of its maximum value.

values of the resonant fields, although the qualitative form of
the mode profile is not greatly altered, as can be seen from
the figure given in the Supplemental Material [31]. This is
verified by running the dynamic micromagnetic simulations
with a two-dimensional periodical boundary condition (2D
PBC). Henceforth, we wish to focus on the type of mode
(qualitative) rather than its exact location on the field axis.

Figure 4(a) depicts the experimental and simulated PFMR
spectra of the dot arrays with a thickness of 110 nm taken
at a frequency of 12 GHz. Compared to the PFMR spectra
taken for thinner dot arrays, the 110 nm thick dot arrays show
a more complex PFMR spectrum due to mode quantization
along the thickness. When compared to the case of l = 85 nm,
the relative gain in the intensity of higher order modes appears
to have increased with thickness. As seen in the simulated
PFMR spectrum, a total of six modes can be observed in
the saturation region. The mode profiles corresponding to
these modes are numbered n = 0 to n = 3′ and are shown
in Fig. 4(b). Here, the surfaces of successively reducing
transparencies represent increasing mode amplitudes. The
color of these surfaces denotes the phase of the mode profile.
One nodal plane is expected between surfaces of any two
different colors, indicating an out-of-phase oscillation. We
interpret these modes based on the number of nodal points
nr encountered while moving radially outwards at the top
(or bottom) end of the nanodot and the number of nodal
points nl seen while moving along the axis of the nanodot
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cylinder. Thus, from Fig. 4(b), the set {n} = {0,1,2,2′,3,3′}
can be mapped to a set of ordered pairs {(nr,nl)} =
{(0,2), (1,2), (2,0), (2,2), (3,2), (3,0)}. From this we can see
that mode n = 0 is a backward-volume-like mode, and n = 2
and 3′ are as surface spin wave modes. Other modes are
quantized in both radial and axial directions. We also note
that nr takes odd values while nl does not. Odd values of nr

and nl correspond to antisymmetric modes in the radial and
axial directions, respectively.

In Fig. 4(a), we note that experimental and simulated results
appear to agree qualitatively in terms of their relative field
position, except one additional peak, which appears in the
experimental observation. We suspect that this mode is an
axially antisymmetric mode. For thinner dots the excitation
field is uniform along the thickness, resulting in spin wave
modes, which are symmetric and uniform along the film thick-
ness. However, while experimenting with thicker samples, the
excitation field can no longer qualify to be uniform along the
thickness [32] and a slight antisymmetric component must be
introduced. To understand the mode profile associated with
this experimentally observed mode, we ran another simulation
by applying the excitation signal in only one (x,z) quadrant of
the nanodot. The mode profile thus obtained is shown besides
the experimentally observed peak (lower inset). We now see
(nr,nl) = (1,1) for this mode. Here the top and bottom faces
of the cylinder oscillate with a phase differing by π rad.
Thus the set of experimentally observed modes for thickness
l = 110 nm is {(0,2), (1,1), (1,2), (2,0), (3,2)}. The modes
{(2,2), (3,0)} are not well resolved in the PFMR spectrum.

The mode (1,2) has the most amplitude both in the
experimental and simulated results. Such an intensity inversion
for the vortex gyration mode has been discussed in Ref. [33]
in some detail. We believe it is due to this reason that mode
(0,1) is not noticeable in the results shown in Fig. 4(a). It is
expected to occur at a higher field value than mode n = 0 (0,2),
but it is also expected to have a much lower amplitude. All
mode profiles presented in Fig. 4 share a rotational axis of
symmetry with the axis of the cylindrical nanodot itself. This
leads us to believe that the dot geometry and the associated
shape anisotropy play a part in determining the spatial profile
for a given mode. We also note that modes with a higher
number of nodal lines are placed higher up in the frequency
domain. This is also the case with modes on guitar strings
or a drum membrane. We also note that a quantization in the
radial direction increases the frequency more rapidly than a
quantization in the axial direction—see the mode profiles for
the (0,2) and (2,0) cases in Fig. 4(b). Similar observations have
been discussed in Ref. [21] in the case of thinner (lower aspect
ratio) dots as well.

To understand why the antisymmetric mode (1,1) is excited
in our experiment, one more numerical simulation was run. It
was shown previously that eddy currents may be responsible
for the excitation of antisymmetric thickness modes in the
nanostructures [34]. However, our simulation of microwave
eddy currents for the present geometry demonstrated that,
for a sparse array of circular nanodots with our sizes, the
microwave eddy currents are strongly suppressed due to an
essential discontinuity of the disk planar nanopattern.

Apart from the quantized spin wave modes, we also note
the presence of a chiral mode in the experimentally obtained
results. Simulation confirms that the mode is localized in a
pair of annular rings at the top and bottom ends of the nanodot
[cf. the upper inset next to the mode in Fig. 4(a)]. However, as
opposed to the annular rings observed in Fig. 2, here the phase
changes by 4π (shown by the change in hue), when we travel
along the annuli. This represents a traveling spin wave mode
(as opposed to the standing spin wave modes observed earlier)
which circles around the ends of the nanodot. The chirality of
this circling spin wave mode is the same (clockwise) at both
the top and the bottom ends; however, they appear to be out of
phase by about π rad.

IV. CONCLUSION

In conclusion, multiple quantized spin wave modes are
observed for the dot arrays in the gigahertz frequency regime.
As the thickness of the dot array increases, more spin wave
modes, with quantization along the axial and radial directions,
are detected. In addition, axially antisymmetric standing spin
wave modes have been observed for thicker dots. We suppose
that their excitation is enabled by some asymmetry of the exci-
tation signal in the direction along the dot thickness. However,
as the signal was symmetric in the azimuthal direction, no
azimuthally quantized spin wave modes were detected. We also
observed that with increasing thickness, an intensity inversion
occurs where the modes with higher intensity have more nodal
planes as well. Our experimental results were qualitatively
validated using micromagnetic simulations.
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