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ABSTRACT

Magnonics is an emerging research area where magnons or spin waves are used as a medium of information processing. Efficient
manipulation/gating of magnons on-chip is crucial for realization of logic circuitry and device integration. Here, we show a simple method
for gating of the magnons in a magnetic wire based on the dipolar coupled chain of nanomagnets. Spin wave propagation has been directly
measured using the micro-Brillouin light scattering technique. We observed a significant reduction of spin wave amplitude by switching the
nanomagnets using microwave current through a coplanar waveguide, which was also used for spin wave generation. Microwave assisted
magnetization switching has been probed using the magnetic force microscopy technique. The results have potential implications in the area
of wave based devices for next generation high frequency communication technologies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006945

With the increasing demand for high speed, large bandwidth,
and parallel data processing, alternatives to current CMOS (charge
coupled metal oxide semiconductor) based technologies are of great
demand." In this regard, magnonics is poised to play a significant role
where magnons are used for information transfer.” " Magnons are the
quanta for spin waves (SWs), which are solid state coherent excitations
in a magnetically ordered material. Spin wave propagation or magnon
current does not require any movement of the electrons and thus can
also propagate through insulators in addition to metallic magnetic
materials. The frequencies of the magnons are in the range of few GHz
to few-100 GHz and thus offer a great opportunity for exploring the
huge microwave spectrum, which is mostly unused in current commu-
nication technologies. Similar to a CMOS transistor, a magnonic
transistor consists of a source, drain, and gate, which generate, detect,
and manipulate the magnon current, respectively.” Demonstrations of
magnon current generation using spin-transfer torque”’ (charge cur-
rent to magnon current conversion) and detection of magnon current
using the inverse spin Hall effect (magnon current to charge current
conversion) offer this wave based data processing technology for on-
chip device integration. Gating operation, which is a crucial part of
any device and also a subject of this report, has been achieved in
several ways for creating magnonic logic circuitry. One of the first
demonstrations is based on current controlled phase shifters in a

Mach-Zender type interferometer where the amplitude of the magnon
current is monitored.” '’ Owing to inherent wave properties, the
phase of the magnons is also used for data processing, which offers
additional degrees of freedom, enabling a route for parallel data
processing.' "> All magnonic transistors have been shown recently
where a magnon is manipulated with another magnon through non-
linear magnon-magnon scattering processes.” A reconfigurable and
fabrication free gating operation is shown by using tunable laser
induced thermal patterns that create variations in local magnetizations
due to heating.'* Propagation of magnons through domain walls
and their control are demonstrated by using a small external field"®
and fully reconfigurable thermally assisted scanning probe lithogra-
phy.'® Magnonic crystals are found to have spin wave dispersions
based on different magnetic ordering, which can be reconfigured
on demand."’

Recently, we have demonstrated spin wave propagation in a mag-
netic wire, which is based on a dipolar coupled but physically sepa-
rated chain of rhomboid shaped nanomagnets that have unique
magnetic states at remanence based on the field initializations along
short or hard axes.'” Rhomboid shaped nanomagnets are quite differ-
ent with respect to a rectangular nanomagnet in terms of their rema-
nent magnetic states when an initialization field is applied along the
short axis of the nanomagnet."” Such shape engineered structures are
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found to be interesting for tunable microwave operation and spin
wave (SW) propagation without a bias magnetic field. Gating of spin
waves was earlier achieved by switching a nanomagnet in the nanowire
by applying an external magnetic field on a strategically fabricated
nanowire with a “defect.” Nanowires with three different defect posi-
tions were lithographically fabricated in order to demonstrate the gat-
ing operation. Such a switching process would require an additional
current line (Oersted field) to switch a nanomagnet on the magnetic
wire for on-chip gating of spin waves.

In the present work, we demonstrate a method for gating of spin
waves using microwave current, which reduces the number of litho-
graphic fabrication processes. We have utilized a similar magnetic
wire as used in our earlier report.® A coplanar waveguide (CPW) was
used for applying the microwave current. Generation and gating of
spin waves are achieved using the same CPW. We have monitored the
amplitude of the spin waves at a location away from the CPW using
the micro-Brillouin light scattering (micro-BLS) technique. Spin wave
intensity is found to be significantly reduced by 2.5 times after the gat-
ing operation using high power microwave current. Magnetic states
are directly probed using the magnetic force microscopy (MFM) tech-
nique. These results offer less complex magnonic circuitry for practical
realizations of magnonic devices.

The schematic of the micro-BLS experimental setup is shown in
Fig. 1(a) in order to probe spin waves. Micro-BLS is the best-known
tool for nanoscale spatial imaging of the spin waves. In this technique,
a monochromatic laser is focused by using a large numerical aperture
(N.A.=0.75) microscope objective (x100) down to a diffraction lim-
ited spot diameter of around 300 nm. The scattered laser beam from
the sample is analyzed by using a six-pass tandem Fabry-Pérot inter-
ferometer. The sample is placed on top of a nanostage that can be
moved in 10 nm steps along x- and y-directions. In order to monitor
the laser focusing over time, the z-axis of the nanostage is controlled
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FIG. 1. (a) Schematic of the micro-BLS experiment where spin waves are excited
in the sample with microwave current using a coplanar waveguide (CPW). The
magnetic nanowire sample is placed on a nanostage to carry out raster scanning
under the focused laser spot. (b) SEM image of the nanowire based on dipolar
coupled but physically isolated rhomboid nanomagnets. The width of the CPW is
1 um. The microwave field is denoted by hyy. The output signal is measured at the
position of the circular dot. CPW is used as an input and a gate to excite and gate
spin waves, respectively.
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through a feedback loop mechanism. The sample position and setting
of the scan area can be performed by using a CCD camera and white
light arrangement in a collinear geometry. The whole measurement
setup is controlled remotely using commercial computer controlled soft-
ware. More details of the micro-BLS technique can be found else-
where.”””" We have created a magnetic nanowire based on physically
isolated rhomboid nanomagnets. In order to ensure dipolar coupling
between these nanomagnets, the inter-element separation is fixed to
50 nm. We have used electron beam lithography processes in order to
pattern the nanomagnet chain. The magnetic film (Permalloy: NigoFey)
was then deposited using the e-beam evaporation technique at a base
pressure of 2 x 10 ®Torr followed by metal liftoff. Subsequently, a
ground-signal-ground (GSG) type CPW is patterned on top of the nano-
wire using e-beam lithography, and we have deposited 80-nm-thick Pt
using the sputtering technique. An adhesive 5-nm-thick Cr layer was
deposited using e-beam evaporation before depositing the Pt film. The
larger contact pads for the CPW were prepared by using the optical
lithography technique followed by thin film deposition of Cr(5nm)/
Pt(200 nm) and metal liftoff. The scanning electron microscopy image
of the sample is shown in Fig. 1(b). The dot in Fig. 1(b) represents the
nominal size of the laser spot, which is approximately 250 nm.” The
length, width, and thickness of each nanomagnet are 600 nm, 260 nm,
and 25 nm, respectively. The angle of the slanted edge is 32°. We have
used picoprobes in order to connect the CPW to a microwave generator
(up to 20 GHz). The CPW is designed to have an impedance of 50 Q.
The width (d) of the signal line of the CPW is 1 um, which limits the
maximum wavevector excitation to 27/d = 6.2 rad/um (Ref. 22).
Prior to any experiment on spin wave propagation, we have first
stabilized a remanent state where all the nanomagnets point in the
same direction. Such a remanent magnetic orientation is obtained by
simply applying a magnetic field along the x-axis or the y-axis followed
by the removal of that field. We recorded BLS spectra at the laser spot
position as shown in Fig. 1(b). In order to investigate the microwave
power required to gate the SW propagation, we have first increased
the microwave power to a certain value [hereby referred to as initializ-
ing microwave power (P;,;.)] and subsequently recorded the BLS spec-
trum by exciting SWs at a certain microwave power [hereby referred
to as excitation power (P, )]. Prior to setting a new value for P;,;,, we
have restored the remanent magnetic state by using an external mag-
netic field. Figure 2(a) shows the BLS intensity as a function of
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FIG. 2. (a) BLS spectra measured at an excitation power of 1 mW without any
microwave power initialization (labeled as not initialized) and with high initializing
microwave power (100 mW) (labeled as initialized). (b) BLS intensities as a function
of different initializing microwave power. Note that the intensity drops at around
45mW and the two different intensity regions are marked as | and Il. The measure-
ments were performed at 42GHz and at three different microwave excitation
powers (Pexc. = 10, 3, and 1 mW). Each set of data was normalized with respect to
their maximum spin wave intensities.
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microwave frequency, which was varied in the range of 2 to 20 GHz at
a fixed microwave excitation power of P, =1 mW. The spectrum,
which is obtained without any microwave power initialization (labeled
as ‘not initialized’), shows that spin wave propagation occurs in the
range of 3GHz-5GHz with a maximum intensity at 42GHz. A
detailed study of different initializing microwave powers on the BLS
intensity is carried out at a distance of 1.5 um from the CPW, and the
results are shown in Fig. 2(b). The initializing power was varied from
10 mW to 100 mW. Prior to any recording of the BLS spectrum
shown in Fig. 2(b), we have applied the initializing microwave power
at 4.2 GHz for a transient period of approximately 2 s using the CPW
and microwave generator. Subsequently, the BLS measurements were
carried out for three different excitation powers (1 mW, 3 mW, and 10
mW) at 4.2 GHz. Note that each measurement is normalized to its
highest intensity in order to account for any fluctuations during the
measurements. We have found that the intensity drops significantly
(almost by a factor of 2.5) at a minimum microwave annealing power
of around 45 mW. For the simplicity of further discussion, the two dif-
ferent intensity levels below and above around 45 mW are denoted as
regions I and II, respectively. A typical spectrum in region II is shown
in Fig. 2(a), which is labeled by “initialized.” The results indicate that
the magnetic states can be recovered after applying the initializing
power without damaging the samples permanently. We would like to
point here that the values of microwave power, which are mentioned
here, are set at the microwave generator, and therefore, the actual
power at the sample may show a slightly lower value due to impedance
mismatches/losses at different contact positions.

Such a reduction of BLS intensities as mentioned above, was ear-
lier shown when a magnet was switched in the nanowire by using an
external magnetic field."® In order to investigate the origin of the gat-
ing of spin waves, we have carried out a two dimensional scanning of
the BLS intensity by raster scanning the laser spot on top of the nano-
wire. This is achieved by using a nanostage on top of which the nano-
wire was placed. The sample was raster-scanned in steps of 100 nm
along x- and y-directions under the fixed laser spot. The spatial maps
of the 4.2 GHz SW mode for regions I and II are shown in Fig. 3. Note
that each pixel of the spatial map corresponds to the BLS intensity at
4.2 GHz. Figure 3(a) was obtained by recording BLS intensities at an
excitation power of 10 mW without any initialization with microwave

f=4.2 GHz
(@)

antenna

Min pm— - Max
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FIG. 3. 2D spatial maps of the 4.2 GHz spin wave mode for (a) region | and (b)
region Il as shown in Fig. 2.
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power. One can see the decay of the SW intensity away from the
microwave antenna, which has an exponential decay character:
exp(—2x/ 1), where A= decay length. A line scan of the BLS intensity
from Fig. 3(a) reveals the value of the decay length to be close to 1 um.
On the other hand, Fig. 3(b) refers to a state where >45 mW micro-
wave power was used for initialization purposes prior to the recording
of the BLS intensities at an excitation power of 10 mW. The BLS inten-
sity is significantly low in Fig. 3(b) as compared to Fig. 3(a). Moreover,
the spin wave spatial map is continuous in Fig. 3(b), which suggests
that the magnetic states of the nanomagnets away from the antenna
are not altered by the initializing microwave power. This is in contrast
to our earlier observation of the disappearance of the BLS intensity at
the location of the switched nanomagnet, resulting in a discontinuous
spin wave spatial profile.'® Therefore, one may expect any switching
events only underneath the CPW where the microwave field is
maximum. Note that the microwave field (/,4yy) direction is along the
*+x axis [Fig. 1(a)]. The corresponding magnetic states for +x and
—x field initializations are opposite to each other for the rhomboid
nanomagnets as shown in Fig. 1(a) due to the shape induced anisot-
ropy.19 However, due to the 80-nm-thick CPW, we could not measure
spin wave intensities using the BLS laser probe for the nanomagnets
under the CPW.

Nevertheless, in order to directly probe the remanent magnetic
states, MFM images were recorded for these two different regions
(I and II). Prior to the MFM imaging, the sample was initialized by
applying a saturating field along the width of the waveguide and subse-
quently by removing it. This remanent state represents region 1. On
the other hand, region II is obtained by applying an initializing micro-
wave power of >45 mW prior to MEM imaging. The results are
shown in Fig. 4. We do not observe any difference in the magnetic
configurations on the left or right of the CPW. This is consistent with
the 2D spatial map of 4.2 GHz mode. The MFM results further suggest
that the magnetic orientation of the nanoelements underneath the
CPW must have been modified upon microwave power annealing.
Note that it is difficult to probe 25-nm-thick nanomagnets using
MEM, which are underneath a thick antenna [Cr(5 nm)/Pt(80 nm)].
However, we do see clear differences in the MFM contrasts under-
neath the CPW between Figs. 4(a) and 4(b). The three nanomagnets
underneath the CPW can be clearly seen from the SEM image of the
nanowire [Fig. 1(b)]. One can observe bright MFM contrasts on top
for all the three nanomagnets underneath the CPW like the rest of the
nanomagnets as shown in Fig. 4(a). In contrast, Fig. 4(b) does not

(a)

(b)

*——e

1 um

FIG. 4. MFM images showing the magnetic ground states for (a) region | and (b)
region Il, as shown in Fig. 2.
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show all bright contrasts on top for these three nanomagnets. This
indicates that the nanomagnets underneath the CPW have been
switched. We have repeated the experiments several times, and the
results, as shown in Fig. 4, are reproducible. We would like to point
here that we have used an external magnetic field in order to restore
the original magnetic configuration by applying an initialization field
along the +x-direction prior to each measurement. It will be of future
interest to reconfigure these nanomagnets using a DC pulsed current
through the same CPW, which will enable on-chip gating in a mag-
nonic device. Also, note here that microwave assisted switching,
which is being exploited in magnetic storage, occurs on the sub-us
timescale.” It is much smaller than the time (2 s) that is used here for
initializing microwave power. Therefore, this report stimulates further
experiments with microwave pulse trains for initialization in order to
explore the minimum pulse duration required for spin wave gating.

We would like to emphasize the difference of this present dem-
onstration with respect to our earlier work.'® In our earlier study, we
have demonstrated gating or manipulation of SW signals by switching
one of the nanomagnets in the nanowire and we showed that the BLS
intensity significantly drops due to the switched magnet in the nano-
wire away from the antenna. An oppositely oriented nanomagnet was
lithographically prepared away from the excitation antenna for gating
of SW propagation in this earlier work. It requires additional litho-
graphic processes for additional contact pads in order to realize such a
gating operation. This is in sharp contrast to the present demonstra-
tion where no magnets are specifically fabricated using lithography,
ie, all the nanomagnets in the wire are physically similar to each
other. Rather, we have used the same CPW as both an input and a
gate for excitation and manipulation of spin waves [Fig. 1(b)]. Thus, it
reduces the number of lithographic steps by totally removing the need
of a separate gate terminal.

We have shown gating of spin waves using microwave power in
a nanowire based on dipolar coupled nanomagnets. The micro-BLS
technique is used to directly image spin waves at different positions on
the nanowire in order to study spin wave propagation characteristics.
Critical microwave power required for spin wave gating was found
from systematic micro-BLS measurements at different initializing
microwave powers, and it is found to be around 45 mW. Furthermore,
combination of the 2D spatial profile of the spin wave mode and
MEM images indicates that the switching of the nanomagnets under-
neath the CPW is behind the origin of the SW gating. The results are
promising for the realization of on-chip spin wave manipulation,
which is of great demand for device integration.
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