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We perform broadband microwave absorption spectroscopy and explore the switching behavior of 300-nm-
wide and 20-nm-thick Ni80Fe20 nanowires under irradiation of a magnetic rf field. In particular, we investigate
two arrays where the nanowires exhibit a different edge-to-edge separation, a=100 and 700 nm. In the arrays
we observe microwave-assisted switching �MAS�. The MAS process with a resonant behavior near 6 GHz is
attributed to the excitation of a confined Damon-Eshbach-type mode. Dipolar interactions between nanowires
are found to decrease the optimum frequency for MAS and to increase the switching efficiency for the small
separation a. The observed characteristics are substantiated by model considerations. We propose a modifica-
tion of the previously introduced analytical demagnetization factors of an individual thin wire and incorporate
the effect of dipolar interactions occurring in the array. The approach explains the dependence of the MAS-
relevant eigenmode on the edge-to-edge separation a. MAS is also found to narrow the switching field
distribution of the nanowire array.
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I. INTRODUCTION

Magnetization reversal in micron and submicron sized
ferromagnetic structures is a field of on-going research. A
fundamental understanding of reversal processes on the sub-
nanosecond time scale and in the GHz frequency regime is
required to optimize switching and data transfer rates in
magnetic storage devices. As the lateral size of ferromagnetic
nanostructures decreases, quasistatic switching fields Hs,static
in general increase. To induce the switching at still moderate
Oersted fields different techniques are currently explored.
Among them there is heat-assisted magnetization reversal.
Here, one obtains small switching fields Hs by locally in-
creasing the temperature, e.g., via heating by a focused laser.
A further approach is called microwave-assisted switching
�MAS� �also named microwave-assisted magnetization re-
versal�. In this technique, radio-frequency magnetic fields are
irradiated on the ferromagnet to overcome the energy barrier
between two stable magnetic states via large-angle spin pre-
cession. It has recently been demonstrated that continuous-
wave irradiation reduces the absolute value of the switching
field of an individual magnet to a value below �Hs,static�.1–4

The microscopic nature of the nonlinear spin excitations re-
sponsible for the switching is a topic of current interest.5,6

MAS for densely packed arrays of nanomagnets is largely
unexplored and the role of dipolar coupling between neigh-
boring nanomagnets for such switching processes is unclear.
Conceptionally one should distinguish between the impact of
static and dynamic dipolar couplings. Detailed information
on these issues is needed if MAS should play a role in mag-
netic recording where high-density integration of magnetic
bits is relevant.

In this paper, we report experimental studies on MAS in
180-�m-long, 300-nm-wide Ni80Fe20 �Permalloy� nano-

wires. For nanowires with such a large aspect ratio, the lon-
gitudinal direction corresponds to the easy axis.7 The spin-
wave spectra of longitudinally magnetized wires have
already been studied and confined Damon-Eshbach �DE�
modes have been observed.8 The magnetization M can be
assumed to be either parallel or antiparallel to a field H ap-
plied along the easy axis. We will denote the two configura-
tions of M in the following as down �parallel� and up �anti-
parallel� configurations. In the following we will discuss the
reversal in negative fields H which we assume to point
downward in Figs. 1�b� and 1�c�. The experiments are per-
formed on arrays of nominally identical nanowires. Never-
theless we observe a significant distribution of quasistatic
switching fields which we attribute to unintentional edge
roughness. We find that the switching to the parallel �down�
state is induced by microwave irradiation at characteristic
frequencies even if the absolute value of H is still smaller
than �Hs,static� which is the quasistatic reversal field averaged
over the array. The eigenmode that prominently triggers the
magnetization reversal is found to be the confined DE mode
of lowest order when driven into the nonlinear regime. Over-
all we encounter a reduction of switching fields of 60% by
microwave irradiation. In the arrays we find that dipolar in-
teractions between nanowires significantly reduce the critical
microwave field hcrit that is necessary to trigger the reversal.
We remodel this behavior using a macrospin approximation,
which allows us to consider the influence of the dipolar stray
field between nanowires. We adapt the previously introduced
analytical demagnetization factors of an individual thin wire9

and incorporate the effects of dipolar interactions. This ap-
proach allows us to explain the observed dependence of
MAS on the separation a. At the same time the distribution
of switching fields is found to narrow. The observations are
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relevant if MAS should be used for encoding magnetic in-
formation.

The paper is organized as follows. In Sec. II we describe
the investigated sample design and introduce the experimen-
tal technique of microwave absorption spectroscopy which
we used to study the switching behavior. The experimental
results are presented in Sec. III and in Sec. IV we discuss our
findings and develop a theoretical model to describe the dis-
covered effects.

II. EXPERIMENTAL TECHNIQUES:
NANOLITHOGRAPHY AND SPIN-WAVE SPECTROSCOPY

The nanowires were prepared from d=20-nm-thick ther-
mally evaporated Permalloy. Ferromagnetic resonance mea-
surements on the unpatterned film yielded a saturation mag-
netization �0Msat=1.12 T with negligible anisotropy.
Following Ref. 10 the phenomenological damping constant
� was determined from the power-absorption linewidth as
�=0.006�0.001. Electron-beam lithography at 30 kV
was used in conjunction with a polymethyl methacrylate
�PMMA� 50 K/950 K double-layer resist and a lift-off pro-
cess to generate w= �300�10�-nm-wide and 180-�m-long
wires with an edge-to-edge distance of either a
=100�10 nm �sample A� or a=700�10 nm �sample B�.
Details of the fabrication process can be found in Ref. 11.
The arrays in this paper had N=450 wires in total for sample
A and N=10 for sample B. Coplanar waveguides �CPWs�

were used to guide microwave magnetic fields to the sample.
These were prepared on top of the nanowire arrays. We po-
sitioned the CPWs in parallel with the nanowires. Both the
in-plane and out-of-plane components of the rf field hrf were
orthogonal with respect to M when it was collinear with the
easy axis. By this means we optimized the torque M�hrf to
induce spin precession through the microwave field.

SiO2 of 50 nm thick was used as an insulating intermedi-
ate layer. We fabricated the CPW from a 150-nm-thick
trilayer of Cr/Ag/Au. The central conductors �gaps� had a
width wCPW=10 �m ��CPW=6 �m�. The CPW was opti-
mized to an impedance of Z0=50 �. Previous experiments
on transversally magnetized wires of similar lateral width
showed that such wires did not exhibit measurable dipolar
interaction at 700 nm edge-to-edge separation.11 In sample B
the overall dipolar interaction is at minimum due to both the
large wire-to-wire distance a and the intentionally small
number of wires �N=10 if compared to N=450 for sample
A�. For the longitudinally magnetized wires as discussed
here we assume in the following that sample A �B� reflects an
array consisting of dynamically interacting �noninteracting�
nanowires.

The detection of spin-wave excitations was accomplished
by broadband microwave absorption measurements. We used
a vector network analyzer �VNA� to measure the microwave
transmission T through the CPW in dependence of a sweep
of the microwave frequency f .12 CPW and VNA were con-
nected through coaxial cables and microwave probes. For
spin-wave spectroscopy in the linear regime a microwave
with a small amplitude of �0hrf�0.1 mT was chosen to
avoid unintentional nonlinear effects.3 Resonant magnetic
excitations resulted in a decreased microwave transmission
due to absorption of power from the CPW at the eigenfre-
quency f of an excited spin wave �SW�. We recorded spectra
T�f� at different in-plane magnetic fields H. From each spec-
trum we subtracted a reference spectrum recorded at �0�H�
=90 mT applied along the nanowire’s easy axis. At such a
high field spin-wave resonances were at frequencies well
above 10 GHz and therefore outside the region of interest.
The resulting difference spectrum �T�f� reflected the dy-
namic magnetic susceptibility 	�f� of the nanowires and, in
particular, resonances due to SW excitation. A special rf cali-
bration procedure such as TRL or SOLT calibration was not
necessary. Details on the difference technique can be found
in Refs. 10 and 13. A typical spectrum is shown in Fig. 2�b�.

It is instructive to consider the wavelength 
 of the ex-
cited SWs. For sample B the nanowires of number N=10 are
well separated and present only below the inner conductor of
the CPW. Here the in-plane component of hrf is almost uni-
form and independent of the spatial coordinate. The ampli-
tude is given by �0hrf=�0

�P / �4Z0w2�, with P being the rf
power in watts.3,13 A pronounced out-of-plane component
occurs only close to the CPW edges and in the gap where no
nanowires exist. We expect SW excitations in sample B to be
in the long-wavelength limit, i.e., the wave vector q=2� /

transferred by the CPW microwave field is nearly zero. For
sample A the scenario is somewhat different. The array cov-
ers an area of 180�180 �m2 and extends beyond the CPW
in transverse direction. It has recently been shown that an
array of densely packed nanowires can form a so-called one-
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FIG. 1. �a� Sketch of the experimental setup. Two computer
controlled coaxial switches allow us to use two different signal
paths for the microwaves without disconnecting coaxial cables. The
signal path which is not in operation is terminated with 50 �. In
one path the microwaves are guided directly to the sample. In the
other path they are first amplified by approximately 30 dB and
second guided to the sample. Using a 16 dB directional coupler we
measure the power of the microwaves at each frequency before the
signal path to the sample is in operation. �b� Scanning electron
microscopy image of sample A showing the CPW consisting of
ground-signal-ground �G-S-G� leads. �c� Zoom-in showing Permal-
loy wires �w=300 nm� with an edge-to-edge separation of a
=100 nm.
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dimensional �1D� magnonic crystal exhibiting Brillouin
zones and collective SW excitations with q�0 in transverse
direction.14 In sample A, the number of nanowires is N
=450, and they are densely packed. This leads to a consid-
erable number of nanowires in the gaps and under the ground
leads of the CPW. The array is thus subject to the nonuni-
form hrf. This might allow us to excite collective SWs with a
finite wave vector. To estimate the transferred wave vector in
transverse direction one needs to perform a Fourier analysis
of the spatial profile of hrf. For our CPW we estimate the
prominent component to exhibit a wave vector of q
=2� / �wCPW+2�CPW��2900 rad /cm.15 This value is far
smaller than the boundary of the first Brillouin zone, i.e.,
� / �w+a�=79 000 rad /cm. The experiment on sample A is
thus still in the long-wavelength limit. Additionally per-
formed micromagnetic simulations substantiate our conclu-
sion.

In this paper we present four different kinds of experi-
ments on the nanowire arrays. For this we make use of two
separate signal paths, i.e., a “passive” and an “active” path
where only the latter one incorporates a microwave amplifier.
A sketch of the wiring is displayed in Fig. 1�a�. For each
experiment the relevant path is predefined using remotely
controlled coaxial switches. First we will show data obtained
by spin-wave spectroscopy in the linear regime �cf. Fig.
2�a��. Here the VNA power is always at a small level and the
passive signal path without the amplifier is used. Second we
will demonstrate the existence of MAS in sample A due to
broadband microwave irradiation. For this we set the biasing
field H, irradiate the sample using maximum VNA output

power at frequencies ranging from 2 to 10 GHz, and then
perform spin-wave spectroscopy in the linear regime �cf. Fig.
2�c��. This experiment is performed using the active signal
path. Third we will discuss irradiation experiments where we
explore in detail the MAS process as a function of both irra-
diation frequency and rf field amplitude at a specific biasing
field H. Here the active signal path incorporating the ampli-
fier is used to irradiate the sample under well-defined condi-
tions before we switch to the passive signal path and perform
spin-wave spectroscopy in the linear regime to test the mag-
netic configuration of the nanowires after each irradiation
step. From such data we calculate the MAS yield and deter-
mine the frequency dependence of the critical microwave
field amplitude which initiates the switching. The active sig-
nal path is also used for the fourth set of experiments by
which we explore the MAS yield as a function of biasing
field H at a fixed irradiation frequency.

III. MICROWAVE-ASSISTED SWITCHING OF
INTERACTING NANOWIRES (SAMPLE A)

In the following we present the experimental data ob-
tained on sample A. We focus on the array of interacting
nanowires �sample A� since MAS of noninteracting nano-
wires �sample B� has recently been reported in Ref. 16.

A. Demonstration of MAS in a broadband rf field

In Fig. 2 we compare field-dependent spin-wave spectros-
copy on sample A �separation a=100 nm� without �a� and
with �c� broadband microwave irradiation prior to the trans-
mission measurement. Before we applied a negative H we
aligned all wires in a positive field �configuration up�. This is
done for every measurement in order to have a well-defined
starting point for the switching experiments. The nonirradi-
ated wires in �a� exhibit the up state for �0H��0Hs,i=
−14 mT. Figure 2�b� shows a single transmission spectrum
taken at �0H=−10 mT with small VNA power P=
−10 dBm, i.e., in the linear regime.3 We observe a pro-
nounced resonance at 5.8 GHz. Considering the long-
wavelength limit of our excitation we attribute the resonance
to a standing SW mode which is confined in transverse di-
rection in each of the wires. It corresponds to the quantized
Damon-Eshbach mode of the lowest order.8 The mode fea-
tures a wave crest in the center of the individual wire. It has
been shown that the transverse wave vector should fulfill
boundary conditions originating from dipolar pinning.17 The
dynamical pinning determines the so-called effective width
weff of the magnetic wire where the nodes exist. weff deter-
mines the eigenfrequency. Below we will show that neigh-
boring nanowires change the eigenfrequency of this mode in
a densely packed array.

Decreasing H below Hs,i leads to a discontinuous jump in
eigenfrequency and an abrupt change of the slope. These
features indicate the irreversible switching of nanowires.
Nanowires in the down state exhibit a larger eigenfrequency
than in the up state.12 Due to the distribution of reversal
fields in the array the intensities of the corresponding absorp-
tion lines do not change abruptly by 100% at Hs,i but gradu-
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FIG. 2. �a� Spin-wave spectroscopy on sample A in the linear
regime without prior rf irradiation. In the grayscale-coded micro-
wave transmission spectrum light gray �black� denotes high �low�
transmission. The abrupt change in the magnetic field dependence
of the resonance frequency reflects irreversible switching of the
wires. Arrows pointing up or down indicate the magnetization ori-
entation. �b� Single spectrum taken from �a� at �0H=−10 mT �in-
dicated by the dotted line in �a��. �c� Microwave transmission spec-
trum after irradiation with a broadband microwave magnetic field
where the frequency was varied between 2 and 10 GHz. The irre-
versible switching is found at a much smaller absolute value of H if
compared to graph �a�. As we focus on switching phenomena in this
paper no further data were taken at �0H−22 mT. �d� Single
spectrum taken from �c� at �0H=−10 mT �indicated by the dotted
line in �c��. We note that the noise level in �c� is larger than in �b�
because here we used the active signal path for spin-wave spectros-
copy in the linear regime. For further experiments we switched to
the passive path for taking spectra.
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ally vanish and appear with H between �0Hs,i=−14 mT and
�0Hs,f=−23 mT. The averaged quasistatic reversal field thus
amounts to �0Hs,static=−18.5 mT. In this work we use nega-
tive values for the switching fields to highlight that the re-
versal occurs in the opposing field if compared to the initial
state. This is true for quasistatic reversal and MAS processes.

For Fig. 2�c� the nanowires had been irradiated with high-
power microwaves before the transmission spectra were
taken at P=−10 dBm. We did not use at a single frequency
for the irradiation but swept f between 2 and 10 GHz in steps
of �f =6.2 MHz; the irradiation time was 1 �s per step with
a power of P�23 dBm. This was the maximum attainable
power �corresponding to a field amplitude �0hrf�3.5 mT�.
The experiment was done by choosing the transmission line
with the amplifier �cf. Fig. 1�a��. After irradiation a low-
power spin-wave spectrum was recorded. At −10 mT we
now find two resonances in Fig. 2�d�; a weak one at 5.8 GHz
and a strong resonance at 7.0 GHz. This resonance at higher
frequency originates from those wires that have reversed
their magnetization and aligned with the applied field, i.e.,
they reversed from the up to the down state due to micro-
wave irradiation. Most of the wires reversed such that the
intensity at the higher frequency is markedly more pro-
nounced if compared to the resonance at low frequency. The
MAS process sets in at −7 mT. Thus the reversal field of
nanowires has been changed by 50% if compared to �0Hs,i
=−14 mT. The resonance frequency of the reversed wires
increases with decreasing field, i.e., increasing �H�. The tran-
sition between the two branches of different slopes is sharper
in Fig. 2�c� if compared to Fig. 2�a�. For �0H−7 mT we
observe a faint residual resonance at low frequencies in Fig.
2�c�. We attribute this weak absorption line to wires which
reside far too left and right of the CPW. There the rf ampli-
tude is too small to induce the magnetization reversal. For
�0H�−15 mT this parasitic resonance feature is no longer
resolved. Comparison between Figs. 2�a� and 2�c� shows that
�i� the absolute field needed to switch the nanomagnet is
reduced by about a factor of 2 and �ii� the switching field
distribution is much narrower than without irradiation. This
second aspect is relevant in magnetic recording where one
aims at the same switching field for all the magnetic bits.

B. Frequency vs rf field dependency

In the following we explore in detail the microwave-
assisted switching process and present experimental MAS
regime diagrams. For this we determine the switching yield
as a function of the well-defined frequency and amplitude of
the rf irradiation. We used two rf coaxial switches and the
active path in which the output signal of the VNA was am-
plified by 30 dB before being guided to the sample. The
exact rf power was measured by a rf power meter connected
to a 16 dB directional coupler. The rf power was adjusted
with an accuracy of 0.05 dB before each individual irradia-
tion. During the adjustment of the power level the rf line was
terminated with 50 � such that the sample remained undis-
turbed. The termination was removed only after the correct
power level was stable. We also considered the damping and
characteristic frequency response of the directional coupler,

the cables, and the rf microwaves. We thoroughly investi-
gated their performance using the VNA. The values given in
this paper represent the upper boundary for the power sent to
the magnets because we did not correct for the residual
damping of the impedance-matched CPW. Before each mea-
surement the nanowires were magnetized along the easy axis
with �0�H1�=50 mT to generate uniform up orientation. The
microwave power was “on” for a duration of 1.3 s �Ref. 18�
at an applied field H0 which was larger than the averaged
negative quasistatic switching field �0Hs,static=−18.5 mT,
i.e., the nanowires’ magnetization M was mostly up prior to
irradiation. After irradiation, we measured a spin-wave spec-
trum at small VNA power P=−10 dBm, i.e., in the linear
regime. This experiment was repeated for different combina-
tions of f and amplitudes hrf. The spectrum of nanowires in
the initial configuration served as a reference spectrum. Such
a spectrum is labeled by R in Fig. 3�a�. Here a pronounced
resonance at a low frequency of 5.7 GHz is found at �0H0
=−12 mT. Depending on f and hrf characteristic changes in
the spin-wave spectrum occurred. A typical spectrum labeled
by S is depicted in Fig. 3�a�. In addition to the resonance at
5.7 GHz we observe a further one at 7.1 GHz indicating that
nanowires had switched due to MAS. We used the signal
strength of this resonance to quantify the number of nano-
wires in the down state. For this we evaluated the difference
spectra R−S as shown in Fig. 3�a� on the right-hand side.19

The relative number of switched nanowires was calculated
from the integral of the high frequency peak �filled with

R

S
R-S

(a)

(c)

(b)

µ0H0 = -12 mT

µ0H0 = -14 mT

FIG. 3. �a� Left: spectra measured on sample A at P=
−10 dBm and �0H=−12 mT after two different irradiation experi-
ments: the curve R�S� corresponds to irradiation at f =0.5 GHz and
P=5 dBm �f =5.3 GHz and P=19 dBm�. Only spectrum S reflects
microwave-assisted switching. Right: difference signal R−S; the
area under the curve colored in black is proportional to the number
of nanowires that reversed due to MAS. This area is a measure of
the switching yield. �b� Switching-yield diagram MAS�f ,hrf� for the
microwave-assisted switching at �0H0=−12 mT �light gray �black�
denotes 0% �100%� yield�. White indicates regions where no data
points were recorded due to the frequency-dependent maximum
output power of the rf amplifier. �c� Switching-yield diagram
MAS�f ,hrf� at �0H0=−14 mT �which is at the onset of quasistatic
switching at Hs,i�.
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black color�. The maximum switching yield was defined as
100% for a spectrum measured at very large amplitudes hrf,
although some residual intensity remained with the low-
frequency mode. This residual intensity was independent of
the exact irradiation power. We attributed this signal to the
nanowires which were too far away from both sides of the
waveguide such that the local hrf was below the threshold
value for MAS and thus not sufficient to stimulate the rever-
sal.

Figure 3�b� displays the switching-yield diagram
MAS�f ,hrf� for �0H0=−12 mT as a density plot; light gray
�black� encodes low �high� yield. Data points which are
missing due to the nonlinearity of the power amplifier are
indicated in white. We find that for microwave fields up to
�0hrf�4 mT the up state is stable against microwave irra-
diation in a broad frequency regime. Pronounced switching
is observed for irradiation frequencies between 5 and 6.5
GHz. Here we find a clear boundary between the regimes of
zero and maximum switching yield which suggests resonant
behavior. At 5.5 GHz a critical microwave field of �0hcrit
=1.85 mT is sufficient to switch 90% of the nanowires to
the down state. We studied MAS also at �0H0=−14 mT.
The corresponding switching-yield diagram is displayed in
Fig. 3�c�. Here the MAS efficiency at 5.5 GHz is larger, i.e.,
the �0hcrit is reduced to below 1.85 mT. At the same time the
frequency regime where MAS occurs has increased. A 90%
switching yield is achieved in Fig. 3�c� by using �0hcrit
=1.5 mT at 5.4 GHz. The boundary between 5 and 6.5 GHz
has become less well defined if compared to Fig. 3�b�. We
attribute this observation to the quasistatic reversal of indi-
vidual nanowires since −14 mT=�0Hs,i. A detailed analysis
of the data reveals two further MAS resonances near low
frequencies of 1.3 and 2.2 GHz. The switching yield is up to
75% at �0hrf=3.5 mT. These resonances will not be dis-
cussed in this paper.

C. Static and rf field dependency

To further quantify the reduction of the switching field Hs
by microwave irradiation, we altered the experiment and in-
vestigated the MAS yield as a function of applied static field
�0H0 and rf field �0hrf at a fixed frequency of f =5.5 GHz.
The resulting MAS�H ,hrf� switching-yield diagram is dis-
played in Fig. 4. The largest applied field for which we ob-
serve a significant MAS yield with f =5.5 GHz is �0H0=

−6 mT. At �0H0=−7.5 mT �−13 mT� the yield surpasses
90% for �0hrf=3.5 mT �1.7 mT�.

IV. MICROWAVE-ASSISTED SWITCHING OF
NONINTERACTING WIRES (SAMPLE B)

So far we have discussed the results obtained on sample A
where nanowires were separated by a=100 nm. To revisit
the MAS for individual nanowires we investigated sample B
where the edge-to-edge separation between nanowires of the
same nominal width was a=700 nm. Quasistatic magnetiza-
tion reversal occurred between �0Hs,i=−12.5 mT and
�0Hs,f=−17.5 mT in this sample; the average switching field
was �0Hs=−15 mT which is smaller than for sample A. This
regime is also narrower if compared to sample A. Due to the
reduced number of nanowires which are all located under-
neath the signal line of the CPW 100% switching yield can
be achieved �see inset of Fig. 5�b��.

To switch nanowires of sample B from up to down by the
MAS process at �0H0=−12 mT amplitudes hrf are found
which are larger if compared to sample A. In Fig. 5�a� we
need a critical microwave field of �0hcrit=2.7 mT at 6.3
GHz to switch 90% of the nanowires. This amplitude hcrit is
a factor of 1.5 larger than for sample A. At the same time the
optimum frequency for MAS is larger by �f �800 MHz
�compare Fig. 3�c� and the inset of Fig. 5�b��. The boundary
is less well defined possibly due to the reduced number of
nanowires. In Fig. 5�b� where we show a MAS�H ,hrf�
switching-yield diagram for the fixed frequency of f
=6.3 GHz the MAS yield surpasses 90% only for �0H�
−10 mT if compared to −7.5 mT in case of sample A.

At �0H0=−12 mT we observe a resonant switching be-
havior also at low frequencies: at 1.2 GHz we obtain a high
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f = 5.5 GHz

FIG. 4. Switching-yield diagram MAS�H ,hrf� of sample A for
microwave irradiation at a fixed frequency of f =5.5 GHz �light
gray �black� denotes 0% �100%� yield and white indicates no data
points�.
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FIG. 5. �a� Switching-yield diagram MAS�f ,hrf� at �0H0=
−12 mT obtained on sample B where wires have a large edge-to-
edge separation �light gray �black� denotes 0% �100%� yield and
white indicates no data points�. Due to reduced number of nano-
wires in sample B the signal-to-noise ratio is lower. Each data point
is the average of three successive irradiation experiments. �b�
Switching-yield diagram MAS�H ,hrf� at a fixed frequency f
=6.3 GHz. f was chosen such that �0hrf is minimal at �0H=
−12 mT to induce the MAS process. Here, no averaging was used.
For �0H−12.5 mT wires begin to switch due to quasistatic
reversal.
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switching yield of up to 75% in Fig. 5�a�. The MAS process
driven by this mode does not seem to depend on the edge-
to-edge separation a between nanowires. Interestingly, we do
not resolve this mode in the low-power spin-wave spectra.
The microscopic nature of this mode should be explored in
future studies. It is beyond the scope of this paper.

V. MODELING AND DISCUSSION

Comparing the experimental data obtained on samples A
and B we have found that the MAS characteristics differ
quantitatively: both the frequency of the DE type resonance
and critical microwave field are significantly smaller for
sample A than for sample B. In the following we will at-
tribute the observed differences to dipolar interactions be-
tween nanowires. To substantiate this we will first report mi-
cromagnetic simulations �Fig. 6� and second discuss an
analytical model �Fig. 7�.

A. Micromagnetic simulations

Following Ref. 11 we have performed micromagnetic
simulations. To model the spectrum of an individual nano-
wire at H=0 �Fig. 6�b�� we take the parameters w
=300 nm and d=20 nm. We use the OOMMF micromagnetic
code20 and apply the 1D periodic-boundary-condition
extension21 to model an infinitely long magnetic wire. The

simulated segment has �x��y��z equal to 300�100
�19.5 nm3. The OOMMF discretization uses a cell of 5
�25�6.5 nm3.22 Starting from a quasistatic configuration
where M is aligned with the easy axis we perform dynamic
simulations to numerically calculate the eigenmode spec-
trum. For this a field pulse h� rf with amplitude of 1 mT and
temporal full width at half maximum value of 2.5 ps is ap-
plied. We tilt h� rf by 45° off from the in-plane direction.11 The
simulated spectrum for sample B is displayed in Fig. 6�b�.
The discrepancy between the measured and simulated eigen-
frequencies is attributed to unintentional edge roughness
which occurs in the real wires and modifies the dynamic
stray field. We have analyzed the spatially resolved discrete
Fourier transform of Mz�x ,y� to gain the mode profile in
transverse direction to the wire axis �not shown�. The profile
substantiates that the resonance originates from the confined
Damon-Eshbach mode of lowest order.

To model the excitation of interacting nanowires we as-
sumed an array of 18 parallel nanowires with an edge-to-
edge separation of 100 nm. We find a very good agreement
between the predicted spectrum and the experimental data
obtained on sample A �Fig. 6�a��. Comparing �a� and �b� we
find that neighboring nanowires reduce the eigenfrequency
of the SW mode. In the following we will develop an ana-
lytical model and discuss the microscopic mechanism.

B. Analytical model

To analytically model dipolar interactions in an infinite
array of infinitely long wires we start in our calculations for
sample A from a scenario where we assume a macrospin
inside each wire. Thereby we model uniform precession dy-
namics which is roughly true for the confined DE mode of
lowest order. We deliberately refrain from using a theoretical
model based on a Green’s function approach �see, e.g., Refs.
23 and 24� although it might provide more accurate eigen-
frequencies and precession profiles. The macrospin ap-
proach, however, allows us both to highlight the underlying
physics and to calculate the MAS boundary. In particular, it
allows us to calculate a dipole-interaction induced correction
to the well-known demagnetization coefficients for thin
wires.9

The precessional motion of each macrospin is governed
by the Landau-Lifshitz-Gilbert �LLG� equation,25

dm

dt
= − ��0�m � Hint� −

��

Msat
�m � �m � Hint�� , �1�

where m is the macrospin of a single wire per unit volume ��
is gyromagnetic ratio�. In the following we assume the x
direction to be transverse to the wire and the y direction
along the wire, i.e., along the easy axis. The z direction is
perpendicular to the plane. In equilibrium m points only in
the y direction. The interaction between separated nanowires
inside the array is of dipolar nature; therefore the interaction
only needs to be included in the internal field Hint experi-
enced by the macrospin,
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FIG. 6. �a� The black symbols depict the experimental spectrum
taken on sample A at H=0. Gray symbols denote the spectrum
obtained from micromagnetic simulations performed on an array
consisting of 18 parallel nanowires of width w=300 nm, thickness
d=20 nm, and with an edge-to-edge separation of 100 nm. �b�
Experimental spectrum for H=0 obtained on sample B �black sym-
bols� with large edge-to-edge separation. The resonance resides at
higher frequency if compared to �a�. Gray symbols denote the spec-
trum obtained from micromagnetic simulations performed on an
individual nanowire of width w=300 nm and thickness d=20 nm.

FIG. 7. Calculated effective demagnetization factors Neff /Nx

�full circles� and calculated critical microwave field hcrit /hcrit,max for
the onset of microwave-assisted switching �squares�. The experi-
mental results for a=100 nm and a=700 nm are displayed as tri-
angles �these values are normalized to hcrit,max at a=700 nm�.
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Hint�t� = H + hrf�t� �2�

− Nxmx�t�êx − Nzmz�t�êz �3�

+ Hdip�t� , �4�

where H is the applied field, hrf�t� is the time-varying rf
field, Nx�z�mx�z��t�êx�z� is the dynamic demagnetization fields
in x and z directions due to the precession,26 and Hdip�t� is
the stray field from the surrounding wires. Demagnetization
effects in y direction can be neglected due to the assumed
infinite length of the wire; the two remaining demagnetiza-
tion factors can be approximated by9

Nx =
2d

�w
, Nz = 1 − Nx. �5�

The stray field in the plane of a wire �z=0� can be calculated
by

Hstr,x�x� =
3

4�
�wdmx��

−�

� x2 − 1
3 �x2 + y2�

�x2 + y2�5/2 dy �6�

=
1

2�
wdmx

1

x2 , �7�

where mx is the x component of the unit macrospin. Inside an
array of macrospins, which all perform the same precessional
motion, the stray field becomes an infinite sum,

Hdip,x�t� =
1

2�
wdmx�t�2	

n=1

�
1

n2�w + a�2 �8�

=
�

6

wd

�w + a�2mx�t� , �9�

with w+a which is the period of the array. Equation �9� is
only valid for discrete macrospins, i.e., a patterned film. For
our evaluation the stray field in y �z� direction is neglected
because of the infinite length �small thickness� of the nano-
wire. The field Hdip,x is thus assumed to reflect the dipolar
interaction in an infinite array of parallel nanowires. Both the
outer stray field and the internal demagnetization field are
proportional to the magnetization component mx. They are,
however, 180° phase shifted. We can combine these counter-
acting magnetic field effects by defining the effective demag-
netization factor

Nx,eff = Nx −
�

6

wd

�w + a�2 . �10�

The minus sign accounts for the phase shift between demag-
netization field and Hdip,x. For large separations a the second
term in Eq. �10� approaches zero and the effective demagne-
tization factor becomes equal to Nx of the isolated wire.
When nanowires get closer and closer the demagnetization
effect in an applied transverse field Hx becomes less efficient
due to neighboring wires and Nx,eff falls below Nx �full
circles in Fig. 7�. For a=100 nm we calculate Nx,eff /Nx
=54% from Eq. �10�, i.e., the demagnetization for a wire

inside an array is reduced by about a factor of 2 if compared
to the isolated wire. For a=700 nm the discrepancy is much
less pronounced with Nx,eff /Nx=92%.

We have observed that the eigenfrequencies of the DE
modes in samples A and B differ by �f =800 MHz. If we
now consider the reduced effective demagnetization accord-
ing to Eq. �10� the Kittel formula for uniform spin
precession26 in nanowires would suggest �f =1100 MHz for
the two different arrays �we take �0Msat=1.08 T, �
=176 GHz /T, and later on �=0.01�. This value of �f is in
reasonable agreement with the experiment as the approach
does not take into account both the spin-wave confinement in
transverse direction and the inhomogeneous spin-precession
profile.17,27 We can consider this by adjusting the interaction
strength to 75%. The reduced effective demagnetization for
a=100 nm thus leads to a decrease in eigenfrequency of the
DE mode in the densely packed nanowire array. At the same
time, the reduced demagnetization effect allows for an in-
creased spin-precession amplitude since dipolar pinning of
spins at the edges is diminished.27 For the same microwave
field amplitude hrf one thus expects a larger spin-precession
cone angle for sample A than for sample B. The larger cone
angle might facilitate the microwave-assisted switching in
the densely packed array.

Solving the LLG equation Scholz and Batra28 calculated
MAS switching-yield diagrams for an isolated single-domain
particle, i.e., a macrospin without neighbors. Our modeling
now allows us to quantify the variation of hcrit with separa-
tion a. Therefore we solve the LLG equation by using an
internal field derived from the demagnetization factors of Eq.
�10�. By this means we include the effect of neighboring
wires. In Fig. 7 we show the calculated critical microwave
fields �squares� for MAS. The values are normalized by
hcrit /hcrit,max, where hcrit,max corresponds to a=1700 nm. hcrit
varies by more than a factor of 2 in Fig. 7. Our experimental
results for samples A with a=100 nm and B with a
=700 nm �triangles� follow the predicted dependence on a.
Simulation and experiment agree well. Reducing a thus sys-
tematically reduces hcrit and facilitates the microwave-
assisted switching in densely packed arrays if compared to
isolated nanowires.

VI. CONCLUSIONS

In conclusion, we investigated the MAS process in 300-
nm-wide Permalloy nanowires. We found two regimes where
microwave irradiation induces a magnetization reversal at
reduced quasistatic fields. The MAS process induced by a
Damon-Eshbach mode residing at high frequencies around 6
GHz was found to depend on the separation a between nano-
wires. Here dipolar interactions shifted the optimum fre-
quency of MAS. At the same time the critical microwave
field was decreased for small separations. In our case we
found a decrease of up to 40% at a=100 nm. Under micro-
wave fields of up to 4 mT the absolute value of the quasi-
static switching field was reduced by more than 60% from
18.5 to 7 mT. We derived a model in which the dipolar in-
teraction between the nanowires was included in a modified
effective demagnetization coefficient. We observed a further
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eigenmode that triggered the MAS process. This was at low
frequencies around 1.2 GHz and did not seem to vary from
array to array.
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