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Propagating spin waves (SWs) promise to be a potential information carrier in future spintronics devices
with lower power consumption. Here, we propose reconfigurable nanochannels (NCs) generated by
voltage-controlled magnetic anisotropy (VCMA) in an ultrathin ferromagnetic waveguide for SW
propagation. Numerical micromagnetic simulations are performed to demonstrate the confinement of
magnetostatic forward volumelike spin waves in NCs by VCMA. We demonstrate that the NCs, with a
width down to a few tens of a nanometer, can be configured either into a straight or curved structure on an
extended SW waveguide. The key advantage is that either a single NC or any combination of a number of
NCs can be easily configured by VCMA for simultaneous propagation of SWs either with the same or
different wave vectors according to our needs. Furthermore, we demonstrate the logic operation of a
voltage-controlled magnonic XNOR and universal NAND gate and propose a voltage-controlled reconfig-
urable SW switch for the development of a multiplexer and demultiplexer. We find that the NCs and logic
devices can even be functioning in the absence of the external-bias magnetic field. These results are a step
towards the development of all-voltage-controlled magnonic devices with an ultralow power consumption.
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I. INTRODUCTION

The charge degree of freedom of conduction electrons,
i.e., charge current, is used to transmit and control
information in conventional electronic devices. The com-
putational capabilities of these electronic devices are head-
ing towards the fundamental quantum limit. Moreover,
inherent Joule heating also limits further miniaturization of
electronic devices. As an alternative approach, the spin
degree of freedom, i.e., the spin angular momentum of
electrons, may be used for the transmission and processing
of information [1-3]. The spin angular momentum can be
carried either by the translational motion of conduction
electrons, i.e., conduction electron spin current [4,5], or by
collective precessional motion of localized magnetic
moments [6-8], i.e., spin waves (SWs) [9-12]. The main
advantage of SWs is that they can propagate a much longer
distance [13,14] as opposed to conduction electron spin
current [15,16] without the flow of electrons, reducing
energy consumption to a great extent. Quanta of SWs are
known as magnons [17,18]. One of the building blocks of
these SW-based devices, i.e., magnonic devices, is the
waveguide (WG), which is nothing but a thin film,
generally made of 3d ferromagnets [19,20], Heusler alloys
[21,22], and ferromagnetic insulators [13,23]. SWs can
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propagate from one physical location to another location
along the WGs.

One of the essential tasks for the successful implemen-
tation of SWs in future magnonic devices is guiding SWs
through nanochannels (NCs) to send then to a desired
position. This is generally done by geometrically patterning
the WGs either into a stripe [24,25] or wire [26,27].
However, the SW path cannot be further manipulated in
this case, which is essential for reprogrammable magnonic
devices [28,29]. Another option could be SW confinement
through a channel formed by the dc-current-generated local
Oersted field, which again requires a continuous supply of
energy. Moreover, the SWs cannot be confined within a
channel of submicrometer dimension due to the spatial
dispersive nature of Oersted fields. Several reports show
SW confinement by an internal demagnetizing field
[7,25,30,31]. In this case, the SW channels can be moved
laterally along the WG by tuning the excitation frequency.
Some recent theoretical [32] and experimental reports
[33-35] also demonstrate the channeling of causticlike
SW beams along well-defined directions in an in-plane
magnetized film (i.e., wider WG), where the direction of
SW propagation can be controlled by rotating the medium
anisotropy by changing the direction of the bias magnetic
field. This distinguishable property of causticlike SWs can
be used for the development of a magnonic device, such as
a reconfigurable SW splitter, by locally applying the
inhomogeneous magnetic field [32]. Another alternative
method is the confinement of SWs within a domain wall.
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One numerical study [36] shows the possibility of SW
confinement within a very specific type of domain wall in a
perpendicularly magnetized film. Very recently, it has been
experimentally demonstrated [37] that SWs can be guided
through a NC formed by magnetic domain walls in an in-
plane magnetized film. These NCs are flexible to move
across the WG only under the application of the bias
magnetic field. In practical magnonic devices [38,39], we
need to selectively control a number of closely spaced spin-
wave nanochannels (SWNCs) simultaneously, which is
very difficult to execute by using all the methods mentioned
above. Moreover, the NC with any arbitrary pattern cannot
be realized by the above means. An immediate solution
to this problem could be recently discovered voltage-
controlled magnetic anisotropy (VCMA), which allows
us to tune the interfacial perpendicular magnetic anisotropy
(PMA) of an ultrathin 3d ferromagnet by voltage, i.e.,
electric field [19,40-42] without the flow of the charge
current. Moreover, the localized nature of VCMA is
suitable for nanoscale magnonic devices. In this paper,
we show the feasibility of SW confinement in a NC formed
by VCMA. The main advantage is that the NCs can be
configured into any arbitrary shape according to our
requirements.

Several studies have demonstrated the operation of
magnonic logic devices based on propagating SWs
[24,38,43] through WGs. One of the building blocks of
these logic devices is the SW interferometer, where
SWs propagating through two or multiple arms of WGs
are interfered either physically [44-46] or electronically
[20,43]. The Mach-Zehnder interferometer (MZI)
[20,45,47] is most commonly used for this purpose. The
phases of SWs in two arms of MZI are manipulated,
generally by applying local magnetic fields [20], to control
the output interference signal. The local magnetic fields are
generated by sending current through a wire-shaped con-
ductor [43,45]. This consumes a considerable amount of
power due to Joule heating. As these Oersted fields cannot
be localized within the submicrometer length scale, Oersted
field-controlled MZIs are inappropriate for nanoscale logic
devices. Here, we demonstrate the operation of prototype
magnonic logic gates (XNOR and NAND) by applying
localized VCMA, which does not need the flow of the
charge current, unlike previous studies. Moreover, we show
the operation of the voltage-controlled SW switch, which
can be used to build up the magnonic multiplexer and
demultiplexer for logic operations. Our aim is to develop
all-voltage-controlled reconfigurable nanoscale magnonic
devices with ultralow power consumption.

II. METHODS

We perform numerical simulations by using Object
Oriented Micromagnetic Framework (O0OMMF) [48] to
demonstrate the operation of SWNC and logic devices
by applying VCMA. We choose a 1.3-nm ultrathin

CoyoFegByg film with width w (100, 200, and 800 nm)
and length L (2 ym) as a model WG for simulation. The
material parameters used in the simulations are the following:
gyromagnetic ratio y = 29.4 GHz/T, exchange stiffness
constant A = 28 pJ/m, saturation magnetization M, =
1.194 x 10° A/m, interfacial PMA K, = 1.55 mJ/m?. In
the other unit, M, is equivalent to 1.5 T (uyM,) magnetic
field, whereas K is equivalent to 2.0 T (uoH ,) magnetic
field, where poH,, = 2uK /M. This says that the model
film has an out-of-plane easy axis of magnetization with a
0.5 T (uoHy) effective PMA field, where poH. =
po(H, —M;). All the above parameters are taken from
our previous report [40]. The Gilbert damping parameter « is
chosen to be 0.01 for the sake of simplicity. This enables us to
demonstrate the functionality of our model devices more
clearly as the SW can propagate a sufficiently longer distance
before decay. Some test simulations are also performed to
check the functionality of the devices with a = 0.02, which
is the typical value of a for 1.3-nm ultrathin Co,yFeg, B, film
[49]. We confirm that the device functionality remains the
same even with a = 0.02. We artificially put a very high
damping parameter (0.9) at the ends (within 25 nm from both
ends) of the WG to prevent any spurious signal due to the
reflections of SWs from the edges. The cell size is chosen to
be 2.5 x 2.5 x 1.3 nm®, smaller than the exchange length
(~5.6 nm) to incorporate the role of exchange interactions on
the SW dispersion character.

Previous reports [19,40,50,51] show that PMA energy
(K,) changes linearly with the applied electric field (E), i.e.,
AK, = pE, where f is known as a magnetoelectric coef-
ficient. The value of # can be up to 108 fJ/Vm for the
CoygFegoBog/MgO interface [52-54]. This coefficient can
be increased further by engineering the interface of MgO
with ferromagnetic materials. For instance,  can be up to
140 £J/Vm for Fe/Pt/MgO [55], 180 fJ/Vm for Fe/MgO
[56], 370 fJ/Vm for Cr/Fe/MgO [57], and 602 fJ/Vm for
the FePd/MgO interface [58] at room temperature. In our
previous report [40], we have shown that the f can be
40 fJ/Vm (i.e., 26 mT/V) and 197 {J/Vm (127 mT/V) at
the Co,oFegoB,o/MgO interface for positive and negative
bias voltages, respectively. Here, the positive bias voltage
means the electrode, on top of insulating layer, has a
positive potential with respect to the bottom electrode, i.e.,
WG. For the sake of simplicity, in our micromagnetic
simulation we choose £ as 155 fJ/Vm (100 mT/V), which
is an intermediate value of 40 and 197 fJ/Vm. Moreover,
we assume that positive E reduces PMA and negative E
induces PMA with the same magnitude of S. In other
words, this means an equivalent change of 200 mT PMA
field (uoH,) under the application of the electric field
E=F1V/nm. Here, we would like to mention that
choosing a different value of # for different sign of E
can only change the quantitative value of AK , although the
key findings of our study remain unaffected. At first, the
ground states of magnetization are prepared by applying a
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FIG. 1. (a) Schematic illustration of a WG with the dimensions

of 2 yum(L) x 200 nm(w) x 1.3 nm(u) is shown. The bias mag-
netic field of 50 mT is applied along the out-of-plane direction.
The SWs are excited by applying a spatially uniform magnetic
field on the 50 x w nm? area at a distance of 100 nm from the left
edge of WG. (b) A typical spatial map of propagating SW with
f = 17.4 GHz is shown. The rectangular shaded area denotes the
area for excitation. The SW wavelength (1) is marked on the
spatial map. (c¢) Simulated frequency dispersion of SWs as a
function of the wave vector (k,) is represented for three different
values of the applied dc electric field (E) at the interface of the
SW waveguide. Solid lines represent analytical curves, plotted by
using Eq. (1), for three values of applied E. Dotted horizontal
lines represent the frequencies that correspond to uniform
ferromagnetic resonance.

large-enough magnetic field (5.0 T) along the perpendicular
direction for 4 ns to fully saturate the magnetization. The
magnetic field is then slowly reduced down to the bias
magnetic field value for 4 ns followed by a further relaxation
for another 4 ns in the presence of the constant bias magnetic
field (uoH). The value of a is chosen to be 0.9 during the
preparation of the ground state of magnetization in order to
fully relax the system within the given simulation time limit.
The SWs are then excited by applying a Gaussian-shaped
pulsed magnetic field in the time domain given by
hy(t) = Agexp|(r — 19)?/27%], where Ay, 15, and 7 are
constants, which decide the peak amplitude, peak position,
and pulse duration, respectively. We choose the pulsed
magnetic field of 0.6-mT amplitude, 25-ps pulse duration,
and apply it on the 50 x w nm? area at a 100-nm distance
from the left edge of the WG [Fig. 1(a)]. The pulsed-field

amplitude is chosen to be uniform over the 50 X w nm? area

so that it can excite SWs up to k, = 27/0.05 = 125 rad/um
[59], where k, is the SW wave vector along the x axis.
The excited SW frequencies (f) are extracted by performing
a fast Fourier transform of the time-varying SW signals.
Next, we apply a time-varying sinusoidal magnetic field
along the y axis givenby h,(t) = A sin 2zft, where A, is the
peak amplitude of the sinusoidal field, f equals to the SW
frequency. We choose A; = 0.6 mT, small enough to excite
SWs in the linear regime. This sinusoidal field continuously
excites the SWs with a particular SW wave vector (k,)
determined by the SW dispersion character [Eq. (1)].

III. RESULTS

We start with a WG with w =200 nm and L =2 pm.
Figure 1(a) shows the schematic illustration of the WG. A
bias magnetic field (¢oH) of 50 mT is applied along the out-
of-plane direction (z axis). In this configuration, the
magnetization is aligned perpendicular to the film plane.
The SWs are excited by locally applying the sinusoidal
magnetic field with a 0.6-mT amplitude (A;) as discussed in
the method section. It excites the magnetostatic forward
volumelike spin waves (MSFVWs), which propagate along
the long axis (x axis) of WG. There are several advantages
of choosing the out-of-plane orientation of magnetization
and MSFVW. First of all, MSFVW shows the isotropic
frequency dispersion with the wave vector (k) for any
arbitrary propagation direction along the film surface.
Therefore, the SW frequency and character remain
unchanged with the propagation direction. This enables
us to investigate the effect only imposed by VCMA.
Second, when two or more propagating SWs in an in-
plane magnetized film are combined or overlapped, the
SWs may show parasitic scattering processes into the
higher-order dipolar SW modes and exchange SW modes
due to their anisotropic dispersion nature. This problem can
be overcome by using the isotropic MSFVW [46]. Third,
strong PMA forces the alignment of magnetization along
the out-of-plane direction even after removing the bias
magnetic field. This enables us to operate SW devices even
in the absence of the bias magnetic field. Figure 1(b)
represents the snapshot of dynamic magnetization for a
propagating MSFVW excited at f = 17.4 GHz and E = 0,
ie., uoH, =2 T. The color code (red-white-blue) repre-
sents the x component of dynamic magnetization (m,). The
SW wavelength (1) determined from this spatial map of
dynamic magnetization is about 340 nm, which gives
k., =2r/2 = 18.48 rad/um. We excite SWs for different
values of f and determine corresponding values of k,
from simulated spatial maps of dynamic magnetization.
Figure 1(c) shows the simulated frequency (f) dispersion of
SWs as a function of k, for E =0, i.e., for ygH, =2 T.
Note that the simulated dispersion curve looks like the
parabolic function of k.. This means the SWs are domi-
nated by the exchange interaction as the SW wavelength (1)
is within only a few hundred nanometers. Therefore, we
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(a) Schematic diagram of a practical SW device for the confinement of propagating SWs within a NC formed by VCMA.

The voltage is applied across the top metal gate electrode and WG. The inset figure represents the cross section of the WG including the
direction of the electric field and the lateral position where the electric field is applied. (b) Schematic diagram of the SW device for the
micromagnetic simulation to show SW confinement. (c),(d),(e) Simulated spatial maps of dynamic magnetization demonstrate the SW
confinement in 200, 100, and 40 nm straight channels, respectively, formed by applying a +0.5 V/nm electric field through the top gate
electrode as shown in Fig. 2(a). Rectangular gray shaded parts represent the area where the sinusoidal magnetic field is applied for the

SW excitations.

call these SWs as exchange-dominated MSFVWs. Now, if
we apply positive E at the interface of WG, it will reduce
PMA (K) and downshift the dispersion curves as depicted
in Fig. 1(c) for E=+0.1 V/nm and +0.5 V/nm. In
practice, it can be done by placing a top metal gate
electrode on the WG and applying voltage across the
top gate electrode and WG (i.e., bottom electrode) [60].
The dotted horizontal lines represent the frequencies that
correspond to a uniform ferromagnetic resonance (UFMR)
for the corresponding three different values of E, i.e., K.
Theoretically, the exchange-dominated MSFVWs in an
ultrathin film with PMA can be described by the following
analytical expression [61,62]:

f:W_O{<H+2_Ak2—|—Hp(E)+(Ny_Nz)Ms>

2” ”OMS
2A
H 24+ H (E
x[ +M0Msk +H,(E)
l_e—ku 1/2
N . —NM,| —— . 1
N =) ( . )]} 1)

Here, N,, Ny, and N, are the demagnetizing factors
along the x, y, and z axis, respectively, which satisfy the
condition of N, + Ny + N_ = 1. For infinite thin film,
N,=N,=0 and N, = 1. However, in a confined thin
film, i.e., WG, the values of the demagnetizing factors can
be different [63,64]. The second term inside the first
bracket includes the contribution from the exchange

interaction, whereas the third term includes the electric-
field-dependent interfacial PMA field. In Fig. 1(c), we also
plot the theoretical dispersion curves (solid lines) for
different values of E, ie., K,. We can see that the
theoretical curves nicely reproduce the simulation results.

Next, we show the SW confinement through a NC. We
consider a 1.3-nm ultrathin WG (Co,gFeqoB, film) with
w =800 nm, L =2 ym, and K, = 1.55 mJ/m?. Our aim
is to confine SWs in a NC with a width d (where d < w)
and length L. For this purpose, a positive E is applied on
the d x L surface area of WG through a top metal gate
electrode with the same dimension (d x L) as shown in
Fig. 2(a) and the inset. This positive E reduces the PMA of
this area by AK; = SE and creates a sharp rectangular
potential well of the d x L area with AK depth, where the
SW dispersion curve is downshifted with respect to the rest
of the area of WG. For instance, the dispersion curve
underneath the gate electrode can be downshifted by 3 and
0.65 GHz by applying E = +0.5 and +0.1 V/nm, respec-
tively, as shown in Fig. 1(c). In this situation, if a sinusoidal
magnetic field is applied with the frequency (f), which only
satisfies the SW resonance condition for the WG with a
positive E but remains well below the bottom frequency of
the dispersion curve for the WG with E =0 V/nm, SWs
are only excited and propagated through the channel
underneath the top gate electrode. This is because the
SWs with this f are forbidden outside the area underneath
the gate electrode. To realize this in simulation, we keep K
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FIG. 3. Line scans of SW intensity as a function of y at x =

1 pm are shown for three different widths of NC. The line scans
are taken across the dotted lines shown in Figs. 2(c), 2(d), and
2(e). The solid lines show the fitting of these data with a Gaussian
function to determine the FWHM.

fixed to 1.55 mJ/m?, where E = 0 (i.e., outside the gate
electrode) and replace K, by K, (= K, + SE), where the
positive E is applied as schematically depicted in Fig. 2(b).
However, all the other magnetic parameters such as y, A,
and M, are kept constant throughout the WG. At first, we
would like to show the SW confinement within the 200-nm
straight channel by applying E = 40.5 V/nm. Figure 2(c)
represents the simulated spatial map of dynamic magneti-
zation which shows the confinement of SW with f =
14.4 GHz through a 200 nm straight channel. Here, we
arbitrarily choose f = 14.4 GHz, as this satisfies the SW
dispersion condition for £ = +0.5 V/nm and well below
f = 16.85 GHz, i.e., the bottom of the dispersion curve for
E=0V/nm [Fig. 1(c)]. In fact, we can choose any
frequency in the range of 13.9 GHz < f < 16.85 GHz,
where 13.9 and 16.85 GHz are the UFMR frequency of
the WG for E = +0.5 and E = 0 V/nm, respectively. The
width of the NC can be further reduced by decreasing
the width (d) of the top-gate electrode. Now, we use two
different top-gate electrodes with d = 100 and 40 nm to
form NC with lower widths. Figures 2(d) and 2(e) show the
SW confinement in 100 and 40 nm NC, respectively. This
proves that the SWs can be confined within a NC down to
few tens of nanometer by VCMA.

To further confirm whether SWs are really confined
within the NCs, we perform a line scan along the dotted
vertical lines shown in Figs. 2(c), 2(d), and 2(e). In Fig. 3,
we plot the line scan of simulated SW intensity as a
function of y at x = 1 ym. The solid lines represent the
fitting with a Gaussian function. The results show that the
full width at half maxima (FWHM) of the fitted curves are
122,79, and 47 nm for NCs with d = 200, 100, and 40 nm,
respectively. This tells us that the SWs are strongly
confined within the NCs with the width down to 40 nm
formed by VCMA.

Note that 40 nm is not the lower limit of the NC width (d)
for the SW confinement. In general, the SW frequency f
increases with the decrease of d [65] due to a variation of
the demagnetizing factors with the WG (i.e., NC) dimen-
sion [63,64]. Therefore, if the d is further reduced below
40 nm, the SW frequency in NC formed by E =
+0.5 V/nm becomes almost equal to the SW frequency
outside of NC (see Appendix A). As a result, SWs cannot
be confined within the NC with d < 40 nm by applying
E = +0.5 V/nm. However, if positive E is increased above
+0.5 V/nm or if g is increased beyond 155 fJ/Vm
(which is possible according to previous reports [56-58]),
SWs may be confined even in a NC with d < 40 nm.
Furthermore, the SWs can be confined even by applying the
positive E, lower than +0.5 V/nm with g = 155 fJ/Vm.
To confirm this we also run some simulations to show the
SW confinement through a 200-nm channel by applying
E = +0.1 V/nm. In Appendix B, we represent the simu-
lated spatial map and corresponding line scan, which con-
firms that the SWs can be confined within the 200-nm
channel even by applying E = +0.1 V/nm. We again
mention here that this is not the fundamental lower limit
of E for the SW confinement. SWs can be confined even by
applying the lower value of positive E if a material system
with a higher value of f (i.e., f > 155 fJ/V m) is chosen.
This is because the SWs are confined within the NC formed
by a potential well of AK, depth, where AK, can be
controlled by f and E. This encourages further study to
find out material systems with higher values of  to reduce
power consumption of the future spintronics devices.

For a successful implementation of SWs in future
magnonic devices, it is necessary to send SWs along
bended or curved channels. Magnetostatic spin waves
are generally anisotropic for in-plane orientation of mag-
netization. As a result, SWs cannot propagate efficiently
beyond a curved path. Therefore, we have used isotropic
MSFVW dominated by exchange interaction. Now, we
would like to see whether these isotropic SWs can
propagate through a curved NC formed by VCMA.
Figure 4(a) represents the schematic of a WG with a single
curved NC of width d = 100 nm. In practice, this kind of
curved NC can be created by designing the top gate
electrode with the same shape as that of the NC and by
applying dc voltage across the top gate electrode and WG.
In Fig. 4(d), the simulation result shows that SWs can
propagate even through a curved NC formed by VCMA.
Figures 4(b) and 4(c) represent the schematic diagram of
two more WGs where a single straight NC is divided into
two symmetric branches of NCs. The snapshots of dynamic
magnetization, as represented in Figs. 4(e) and 4(f), show
that SWs are also divided into two parts and propagated
through two branches of NCs. Figures 4(e) and 4(f) are
typical examples of the SW divider or splitter, which can
split an incoming SW into two or more propagating SWs.
This means that SW splitters can be integrated on an
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extended WG by VCMA. Likewise, the SW combiner
which combines two or more SWs, can also be formed by
VCMA. These SW splitters and combiners are the essential
components of a SW interferometers or logic devices.
Figure 5 represents one of the key points of this paper.
Here, we consider a WG with w = 800 nm and L = 2 um.
Figure 5(a) shows that three NCs with d = 100 nm
separated by 150 nm are formed by VCMA via three
electrically isolated metal gate electrodes (not shown).

f=152GHz

FIG. 4. (a),(b),(c) Schematic
diagrams show the top view of
the WGs with the dimensions of
2um(L)x800nm(w)x1.3nm(u).
NCs (d = 100 nm) with three dif-
ferent shapes are formed by de-
signing the top gate electrode. Part
(a) represents a single straight NC
with curved structure, whereas
parts (b) and (c) represent the
division of a single NC into two
symmetric branches. (d),(e),(f)
Snapshots of dynamic magnetiza-
tion show the SW (f = 15.2 GHz)
confinement in those NCs with
different shapes.

At first, channel 1 is switched on by applying E =
+0.5 V/nm across the top gate electrode (no. 1) and the
WG. Figure 5(b) shows that although the SW is excited
across the whole width of the WG, it is only confined
within channel 1. Likewise, SWs can also be confined
either within channel 2 or channel 3 by selectively applying
E across the corresponding top gate electrode and WG as
represented in Figs. 5(c) and 5(d), respectively. Figure 5(e)
says that three NCs can also be selected simultaneously for
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FIG. 5.
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(a) Schematic diagram show top view of WG with the dimensions of 2 ym(L) x 800 nm(w) x 1.3 nm(u). Three parallel NCs

(1, 2, 3) with d = 100 nm are formed by applying VCMA via three electrically isolated metal gate electrodes (not shown). (b),(c),(d)
Spatial maps of dynamic magnetization show that any NC can be selected for sending SWs by applying the electric field E
corresponding to the top gate electrode of that NC. (e),(f) Spatial maps of dynamic magnetization show that SWs in different NCs can be
simultaneously sent and configured either with the same wavelength (1), i.e., wave vector (k,) or with different 4, i.e., k, by VCMA.
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(a) Schematic diagram shows the device structure of a voltage-controlled XNOR gate consists of two parallel WGs (WGI and

WG2) with the dimensions of 2 ym(L) x 200 nm(w) x 1.3 nm(u). Two metal gate electrodes with the dimensions of 300 nm X
200 nm are placed on each WG at x = 700 nm for controlling the phase of propagating spin wave. The output electronic signal (/) of
the SW interference is collected from x = 1 um. (b) The graph shows the change in the accumulated SW phase with an applied electric
field (E). The solid circle indicates the data point corresponds to the change in the m phase by applying E = +0.055 V/nm.
(c) Simulated results represent the operation of a XNOR gate. Here, we show the electronic interference signals for different combinations
of input voltages. The truth table is also shown on the left-hand side.

sending SWs with the same wave vector k,. Here, £ =
+0.5 V/nm is applied across all the top gate electrodes and
WG. In Appendix C, we present some more results on this,
where we show that SWs can be sent through any combi-
nation of NCs. This means one can selectively send SWs
through any NC or any combination of NCs by applying
VCMA. Now, we would like to see whether or not SWs with
different wave vectors can be sent simultaneously through
different NCs. For this purpose, three NCs (1, 2, 3) are
formed by applying E =+0.5 V/nm, +0.4 V/nm,
+0.3 V/nm, respectively, and SWs with the same frequency
f (15.6 GHz) are sent through all these NCs. Here, f =
15.6 GHz is chosen as it satisfies the SW resonance con-
dition for all the NCs created under the application of the
aforementioned electric fields. In Fig. 5(f) we represent the
spatial map of dynamic magnetization, which shows that
SWs with different wave vectors are propagating through
different NCs formed by applying different values of E in
different NCs. Here, SWs (same frequency) with different
wave vectors are excited due to different values of PMA in
different NCs according to Eq. (1). These results clearly show
that the NCs can be reconfigured by VCMA according to our
needs. Here, we would like to mention that parallel NCs
(more than one) with hundreds of nanometer separations are
very difficult to create by magnetic domain walls. Even
though they are created, it is not possible to selectively send
SWs with either the same or different wave vectors through a
NC or combination of NCs. This is one of the key advantages
of voltage-controlled NCs over that of the NCs formed by
magnetic domain walls or by other means.

Now, we will demonstrate the operation of voltage-
controlled magnonic logic devices. One of the building
blocks of logic devices is the interferometer. MZIs are most
commonly used for this purpose. Here, we show the
function of a voltage-controlled prototype XNOR logic gate
based on MZI. Figure 6(a) represents the schematic
diagram of the interferometer composed of two parallel
geometrically  structured WGs with  w = 200 nm,
L =2 pyum, and a 200-nm edge-to-edge distance. The
separation between the WGs is chosen to be the same as
their width to avoid dynamic magnetostatic coupling
between them. These two WGs play the role of the arms
in a MZI. The SWs with f = 17.1 GHz are simultaneously
excited in two WGs at a distance of 100 nm from the left
edge as discussed in the method section. This means that
the excited SWs should have the same initial phase. A
metal gate electrode with a dimension of 300 nm(x) x
200 nm(y) is placed on each WG at a distance of 700 nm
from its left edge. When positive E is applied at the
interface of the WG through the gate electrodes, the SW
dispersion curve of the WG underneath the gate electrode is
downshifted as shown in Fig 1(c). In other words, the wave
vector of the SWs propagating underneath the gate elec-
trode increases due to the application of positive E (see
Appendix D). The phase accumulation by a propagating
SW can be written by a simple formula given by the follo-
wing: accumulated phase = wave vector (k) x distance
traveled. Therefore, SWs accumulate more phase after
passing through the gate electrodes with a positive E.
Figure 6(b) shows that the change in the accumulated phase
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(a) Schematic diagram shows the device structure of a voltage-controlled universal NAND gate consists of two parallel WGs

(WG1 and WG2) with the dimensions of 2 ym(L) x 200 nm(w) x 1.3 nm(u). Two metal gate electrodes with the dimensions of
300 nm x 200 nm are placed on each WG at x = 700 nm for controlling propagating SWs. A phase shifter with the dimensions of
300 nm x 200 nm is also put on top of WG1 at x = 300 nm for adding the 2z/3 phase to the SWs in WG1. (b) The frequency
dispersion of SWs is plotted as a function of the wave vector k, for two values of applied electric fields (£). The dotted circle represents
the excited SW frequency (17.1 GHz). Solid lines represent analytical curves [Eq. (1)] for two values of E. (c) Simulated results
represent the operation of a voltage-controlled universal NAND gate. Here, we show the electronic interference signals for different
combinations of input voltages. The truth table is also shown on the left-hand side.

increases monotonically with an applied positive E. The
accumulated phase of the SWs increases by z and 2z when
applied E becomes +0.055 V/nm and +0.137 V/nm,
respectively. To show the function of the prototype MZI,
the SW signals (at x = 1.5 yum) from both WGs are
interfered electronically. In practice, the time-varying
SW signal at x = 1.5 yum may be read electronically by
using a magnetic tunnel junction. A thin magnetic layer
with an in-plane easy axis of magnetization, placed on top
of the oxide (MgO) layer can be used as the reference layer,
whereas the WG can serve as the free layer. In the MZI,
the applied gate voltages V, V, on two WGs are used as
logic inputs, whereas the amplitude of the electrical
interference signal (I,,) is used as logic output. Logic
input “0” represents the situation when the applied voltage
V =0 and the logic input “1” represents the situation
when the applied voltage V creates an electric field E =
+0.055 V/nm to induce an accumulated SW phase of 7.
Destructive interference, i.e., the minimum interference
signal, represents the logic output 0, whereas constructive
interference, i.e., the maximum interference signal, repre-
sents the logic output 1. Figure 6(c) represents the output
interference signals for different combinations of input
voltages. The output shows very large constructive inter-
ference signals either for V, =V, =0orforV, =V, = 1.
This is because the SWs in two arms of the interferometer
accumulate the same phase after passing through the gate
electrodes. We call this logic output 1. On the other hand,
the output shows much smaller destructive interference

signals either for V, =0,V, =1lorforV, =1,V, =0as
the SWs in two arms of the interferometer become out of
phase after passing through gate electrodes. This represents
the logic output 0. The truth table of the MZI, as shown in
Fig. 6(c), resembles the XNOR gate. We would like to
mention that the /,, for V| =V, = 0 does not match the
Iy, for Vi =V, = 1. Moreover, the I,, does not become
zero or negligibly small for the destructive interference, i.e.,
for the logic output 0. The above situation is likely to
happen only if the amplitudes of two interfering SWs are
different. Here, the reason behind this unequal SW ampli-
tude is the difference in the SW decay lengths in two arms
of MZI imposed by VCMA (see Appendix E for details).

We also propose and demonstrate the operation of a
voltage-controlled prototype universal NAND gate by using
a similar kind of MZI as used for the XNOR gate. The
schematic diagram of the MZI for the NAND gate is
represented in Fig. 7(a). The only difference is that we
use an additional phase shifter to add the 2z/3 phase to the
SW in WGI1 with respect to the SW in WG2. The phase
shifter is nothing but an additional metal gate electrode with
an area of 300 nm x 200 nm. A dc electric field of
+0.094 V/nm is applied at the interface of WGI through
the gate electrode of the phase shifter to shift the SW phase
of WG1 by +27/3 with respect to the SW phase in WG2.
The phase shifter is used so that the output SW interference
signals have almost similar amplitudes in case of logic 1 for
different combinations of inputs, as discussed in Ref. [43].
The gate voltages V, V, on two WGs are used as logic
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(a) Schematic diagram shows the device structure of a voltage-controlled universal NAND gate consists of two parallel NCs

(NC1 and NC2) with the dimensions of 2 um (L) x 200 nm (d), formed by applying the voltage through the two top gate electrodes. A
phase shifter with the dimensions of 300 nm x 200 nm is formed on top of NC1 at x = 300 nm for adding the 27 /3 phase to the SWs in
NC1 with respect to the SWs in NC2. This phase shifter is designed by reducing the thickness of the dielectric layer in the 300 nm x
200 nm rectangular area by physical ion etching before depositing gate electrodes. (b) The spatial map of dynamic magnetization shows
the propagation of SWs through two parallel voltage-controlled NCs for V; = V, = 0. (c¢) Simulated results represent the operation of
an all-voltage-controlled universal NAND gate. Here, we show the electronic interference signals for different combinations of input

voltages. The truth table is also shown on the left-hand side.

inputs similar to the XNOR gate. This time V, V, are
chosen to be negative to apply E = —0.3 V/nm for logic
the input 1. The negative gate voltage locally induces the
PMA to shift the SW dispersion curve in the upward
direction as shown in Fig. 7(b). This induces a square-
shaped potential step where propagating SWs with a given
frequency (here we use 17.1 GHz) is forbidden. As a result,
SWs cannot propagate beyond the area underneath the top
gate electrodes for logic input 1. Therefore, these gate
electrodes act like switches. Figure 7(c) shows the output
interference signals for different combinations of logic
inputs. When logic inputs are 0, i.e., V| =V, =0, SWs
can pass through the gates freely and generate a large SW
interference signal (logic output 1). Similar kinds of
interference signals are also obtained when one of the
logic inputs is 0 and another one is 1. When both logic
inputs are 1, SWs in both arms of the MZI are blocked by
gate electrodes and produce a negligibly small interference
signal (logic output 0). The truth table of logic operation, as
shown in Fig. 7(c), resembles the universal NAND gate.
In principle, voltage-controlled SWNC and magnonic
logic devices (e.g., the NAND gate) can be realized in a
single device. In Fig. 8, we represent the schematic diagram
of the proposed device. For this, we consider a WG with a

dimension of 2 ym(L) x 800 nm(w) x 1.3 nm(u). In this
particular case, we consider that the WG has a PMA field
(uoH ) of 2.1 T. Two NC:s are formed by placing two metal
gate electrodes of dimension 2 ym x 200 nm and an edge-
to-edge separation of 200 nm on top of the WG and
applying voltage across the gate electrodes and WG. We
have already discussed that a phase shifter in NCI is
necessary for the operation of the universal NAND gate. This
can be fabricated by reducing the thickness of the insula-
ting oxide layer (above the ferromagnetic layer) on the
300 nm x 200 nm rectangular area at a distance of 300 nm
from the left side of the WG by lithography and physical
ion etching prior to the fabrication of gate electrodes. This
enables us to apply a relatively higher electric field (£;) on
the rectangular area as compared to the electric field (E£,) on
the rest of the area underneath the gate electrodes. For
instance, the thickness of the oxide layer in the rectangular
area should be chosen in such a way that an electric field
E = +(0.5+0.094) V/nm is applied on it, whereas E =
+0.5 V/nm is applied on the rest of the area. Here, logic
input 1 represents the situation when the applied voltage
V = 0 and the logic input O represents the situation when
the applied voltage V creates the electric field E =
+0.5 V/nm(+0594 V/nm) underneath the gate electrodes
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FIG.9. (a),(c) Schematic diagrams show the device structure of
a voltage-controlled SW switch. The device consists of a WG
with a width w = 100 nm, which is divided into two symmetric
branches (1 and 2) of the same widths at a distance of 500 nm
from the left edge of the WG. Two metal gate electrodes with the
dimensions of 200 nm x 100 nm are placed on top of two
branches for the switching operation. (b),(d) Images of the
simulated spatial maps of dynamic magnetization show that
the SW can be switched in between WG1 and WG2 by selectively
turning “on” and “off” the switches placed on WG1 and WG2.

(rectangular area). The large interference signal represents
the logic output 1, while the small interference signal
represents the logic output 0. Figure 8(b) represents the
snapshot of the spatial distribution of dynamic magneti-
zation for V| =V, = 0. It shows that the SWs with the
same initial phase propagate through two NCs. A phase
difference of 27/3 is introduced between these SWs when
SW in NC1 crosses through the phase shifter. The inter-
ference signals for four different input compositions are
shown in Fig. 8(c). The output shows the minimum
interference signal only when V| =V, = 1. In this par-
ticular case, the NCs are not formed, as no gate voltage is
applied. As a result, SWs cannot propagate through the WG
and show the O output signal. For the other three combi-
nations of inputs, either one of the NCs or both NCs are
formed for the propagation of SWs and produce a maxi-
mum interference signal, i.e., logic output 1. The truth
table, as shown in Fig. 8(c), resembles the universal NAND
gate.

In the last part, we demonstrate the operation of a
voltage-controlled SW switch. Figures 9(a) and 9(c)
show the schematic diagram of the switching device. It
consists of a geometrically structured WG, which is

divided into two symmetric branches (branch 1 and
branch 2), keeping the width (100 nm) same throughout
the WG length. The SWs with f=18.2 GHz are
excited at a distance of 100 nm from the left edge
of the WG. After a propagation of about 400 nm, the
SWs are divided into two equal parts and propagate
freely along the two branches (not shown). For switch-
ing operation, we put two voltage-controlled switches
with an area of 200 nm x 100 nm on two branches, as
shown in Figs. 9(a) and 9(c). SW switches are nothing
but metal gate electrodes, as discussed in the above
section (see universal NAND gate). When a negative
voltage is applied to the switches (i.e., switches are
“on”) for generating the electric field £ = —0.3V/nm at
the surface of WG, SWs cannot propagate beyond the
switches. SWs are allowed to propagate only when
switches are “off’. Figures 9(b) and (9d) show that the
SWs can be switched in between channels 1 and 2 by
selectively putting the switches of two WGs in the on
and off mode by applying VCMA. Here, we have
considered a simple and basic structure of WG for
the switching operation. However, the switching oper-
ation by VCMA is also possible for the complex
structure of the WG with a number of symmetric or
asymmetric branches. The operation principle of this
SW switch resembles the SW demultiplexer, where the
SW signal from a single input line can be transferred to
one of the several output lines. Likewise, a SW
multiplexer may also be constructed by using SW
switches, where SW signal from one of the several
input lines is transferred to a single output line.

IV. CONCLUSIONS

In conclusion, we propose voltage-controlled reconfigur-
able NCs with a width down to a few tens of nanometers for
SW propagation. We use numerical micromagnetic simu-
lation to show the confinement of exchange-dominated iso-
tropic magnetostatic forward volumelike SWs (MSFVW) in
the NCs. The NCs can be designed either into a straight or
curved structure, depending on the design of the top gate
electrode. We show various reconfigurable properties of
these NCs. The key advantage is that a number of closely
spaced NCs can be configured on an extended WG by
VCMA for sending SWs either with the same or different
wave vectors in different NCs. Furthermore, we propose and
demonstrate the operation of the voltage-controlled mag-
nonic XNOR gate, universal NAND gate, and SW switch.
We also propose a device to realize both the voltage-
reconfigurable SWNCs and voltage-controlled magnonic
logic devices together in one device. This universal NAND
gate can be used to construct other logic gates. As electric
fields can be confined within the nanometer length scale,
these voltage-controlled NCs, logic devices, and switches
can be further scaled down to develop high-density nanoscale
magnonic devices.
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FIG. 10.

(a),(b) Simulated spatial maps of dynamic magnetization show SW confinement in the 200- and 40-nm straight channel

by VCMA in the absence of the bias magnetic field. (c) Simulated results show the operation of a voltage-controlled universal
NAND gate in the absence of the bias magnetic field. The model device structure for the NAND gate is same as shown in

Fig. 7(a).

One of the main concerns about the magnonic devices
is to decrease the power consumption. This can be done
to some extent by exciting SWs by VCMA [59,66,67].
However, one of the main sources of power consumption
is the bias magnetic field, which needs a continuous
supply of power. We also use a 50-mT bias magnetic
field along an out-of-plane direction for our simulations.
However, sufficiently strong PMA of ultrathin ferro-
magnetic films are able to align the magnetization along
the out-of-plane direction even in the absence of an
external bias magnetic field. Therefore, all the function-
alities of magnonic devices, discussed in this paper,
should be unaffected even after removing the bias
magnetic field. We perform some additional micromag-
netic simulations to confirm that the NCs logic devices
can even be functioning in the absence of the bias
magnetic field. In Fig. 10, we demonstrate some exam-
ples of simulated results on this. It shows that the NCs
down to a few tens of nanometers and the universal
NAND gate can be configured by VCMA even in the
absence of the bias magnetic field for ultrathin ferro-
magnetic film with a large interfacial PMA. These
results will motivate further experimental studies for
the development of all-voltage-controlled low-power
magnonic devices.
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APPENDIX A: SPIN-WAVE (SW) FREQUENCY
VERSUS CHANNEL WIDTH

See Fig. 11.
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FIG. 11. The frequency of the uniform ferromagnetic resonance

(UFMR) is plotted as a function of nanochannel (NC) width (d) for
E = +0.5 V/nm (considering # = 155 fJ/Vm). The solid line is
the analytical curve, plotted by using Eq. (1). The demagnetizing
factors are calculated by using Refs. [63, 64]. The dotted line shows
the frequency corresponds to UFMR for a waveguide with
w =800 nm, £ =0 V/nm. It shows that the UFMR frequency
increases monotonically with the decrease of d and the UFMR
frequency of a NC with d =~ 35 nm, E = +0.5 V/nm becomes
equal to the UFMR frequency of a WG with w = 800 nm,
E = 0 V/nm. Therefore, the SWs cannot be confined within a
NC with width d < 40 nm by applying £ = +0.5 V/nm.
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APPENDIX B: SW CONFINEMENT AT A LOWER VALUE OF APPLIED ELECTRIC FIELD
See Fig. 12.
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FIG. 12. (a) The snapshot of dynamic magnetization shows the SW confinement in a 200-nm channel by applying E = +0.1 V/nm.
(b) The graph shows the line scan of the SW intensity at x = 1 pm along the dotted green line in part (a). The solid line is the fitting with

a Gaussian function. The full width at half maxima (FWHM) is found to be 154 nm from the fitting. It shows that the SW can be strongly
confined within the 200-nm channel even by applying E = +0.1 V/nm.

APPENDIX C: DIFFERENT CONFIGURATIONS OF THE SPIN-WAVE NANOCHANNEL (SWNC)
BY VOLTAGE-CONTROLLED MAGNETIC ANISOTROPY (VCMA)

See Fig. 13.
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FIG. 13. In Fig. 5, we show the different configurations of three parallel NC with a width of d = 100 nm. Here, we show some more
examples of NC configuration for SW propagation. The spatial maps of dynamic magnetization show that any combination of two NCs
can be selected for sending propagating SWs by selectively applying VCMA.
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APPENDIX D: INCREASE OF WAVE VECTOR
(k,) UNDER THE APPLICATION OF THE
POSITIVE GATE VOLTAGE

See Fig. 14.
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FIG. 14. This snapshot of dynamic magnetization represents
the decrease of the SW wavelength (1), i.e., the increase of the
wave vector (k,) underneath the metal gate electrode when the
positive gate voltage is applied. It also shows that the SW
accumulates 7 more phase when E = +0.055 V/nm is applied
(in WG1) as compared to the SW phase when £ =0 V/nm is
applied (in WG2).

APPENDIX E: SW DECAY LENGTH WITH
WAVE VECTOR (k,)

See Fig. 15.
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FIG. 15. The snapshots of dynamic magnetizations are shown
at different values of excitation frequencies (f) and wave vectors
(k,). It shows that the SW travels a longer distance, i.e., the SW
decay length increases with the increase of f or k,. The reason
behind this is the increase of the SW group velocity
v, = 27(df/dk,)] with k.. The group velocity v, can be
calculated either from an analytical expression (described in
Appendix F) or from the slope of the simulated f versus k, curve
in Fig. 1(c). The analytical expression shows that v, is roughly
proportional to k,; Fig. 1(c) also shows that the slope of
dispersion curve, i.e., v, increases gradually with the increase
of k,.

APPENDIX F: EXPRESSION FOR GROUP
VELOCITY (v,)

_THo 2A _
f= > { <H+”0kax+Hp(E)(Ny NZ)MS>

xH-l-2
oM

l_ekau 1/2
N, =N )M, [———
we=vom, (25}

dw_ df 24y (Cy+Cy+ 1 k3)
v, =—=27——

9 dk, dk M\/C+2Ak2(C2+2Ak2>x

HoM noM

ki+H,(E)

ie., v, ok, (v, is roughly proportional to k), where
C,=H+H,(E)+ (Ny—N_ )M, and C, = H + H ,(E).
Here, v, is calculated by neglecting the term (N, — N,)M
[(1 — e ) /k,u], as the variation of this term with k, is
much smaller than the other terms.
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