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Development of energy-efficient on-demand magnonic nanochannels (MNCs) can revolutionize on-chip data 
communication and processing. We have developed a dynamic MNC array by periodically tailoring perpendicular 
magnetic anisotropy using the electric field. Brillouin light scattering spectroscopy is used to probe the spin wave 
(SW) dispersion of MNCs formed by applying a static electric field at the CoFeB/MgO interface through the one- 
dimensional stripe-like array of indium tin oxide electrodes placed on top of Ta/CoFeB/MgO/Al2O3 heterostructures. 
Magnonic bands, consisting of two SW frequency modes, appear with a bandgap under the application of moderate 
gate voltage, which can be switched off by withdrawing the voltage. The experimental results are reproduced by 
plane wave method–based numerical calculations, and simulated SW mode profiles show propagating SWs 
through nanochannels with different magnetic properties. The anticrossing between these two modes gives rise 
to the observed magnonic bandgap.

INTRODUCTION
The massive upsurge in the communication technology has led to 
ever-growing device miniaturization and operational speed and 
pushed the modern charge-based electronic devices toward its fun-
damental limit because of the inherent energy waste due to ohmic 
loss. A ceaseless quest over the last few decades has guided toward 
possible alternatives in the form of chargeless information carrier 
by using the spin angular momentum. The spin degree of freedom 
can be maneuvered in the form of spin current (1) or spin waves 
(SWs: collective precessional motion of electron spins), which can 
be incorporated into the next-generation energy-efficient spin-
based devices. SWs can have several orders of magnitude shorter 
wavelength than the electromagnetic waves at the same frequency, 
making them a potential candidate for on-chip signal processing 
and communication devices with dimensions down to nanometer 
regime and frequency up to terahertz regime. Propagation of 
SWs through a periodic composite magnetic medium, the so-called 
magnonic crystal (MC), gives rise to magnonic mini bands and re-
configurable bandgaps (BGs) (2). In addition, due to their intrinsic 
anisotropic nature, the dipolar SWs and Dzyaloshinskii-Moriya 
(DM) exchange SWs show directional propagation. The above 
properties led toward the development of many passive and active 
nanoscale microwave components. Consequently, the computing 
technology on the basis of SWs has been initiated, while a new field 
named magnonics (3) was born. Furthermore, magnon (i.e., quanta 
of SW) currents have much lower dissipation than ohmic loss of 
charge current, and interconversion between magnon current and 
electron-based spin and charge current has led to the emergence of 
a contemporary research field, known as magnon-spintronics (4).

Emerging as the building blocks of magnonics, MC can be treated 
as the magnetic analog of photonic or phononic crystal. Numerous 

theoretical and experimental investigations have been conducted 
on these MCs made of periodic distribution of magnetic elements 
with diverse material and geometric parameters, e.g., saturation 
magnetization, exchange stiffness constant, magnetic anisotropy, 
size, shape, lattice constant, lattice symmetry, as well as other external 
controllers like magnetic field, mechanical force (stress), or charge 
current, to provoke the modulation in the magnonic band structures 
and SW propagation properties. However, in most of the cases, the 
properties of MCs, solely defined by their material and geometric 
parameters, remain invariant once the fabrication procedure is 
completed. The advanced technology requires on-demand, externally 
programmable MCs where the periodic modulation of magnetic 
properties can be dynamically switched “on” and “off” by external 
controllers such as magnetic (5) and electric fields (6). This opens 
up new possibilities for reprogrammable magnonics (7), which can 
bridge between cross-disciplinary fields such as photo-magnonics 
(8), mag-phonics (9), or spin-mechatronics (10). Most of the recent 
approaches in this regard are based on current-induced methods, 
which are critical for low-energy dissipation of magnetization in 
nanoscale magnetic elements because of the thermal stability issue. 
To overcome this obstacle, magneto-electric coupling (11) can be-
come an efficient alternative approach to tailor the magnetic prop-
erties (e.g., magnetic anisotropy) using an electric field that has the 
overriding benefit of ultralow energy (power) consumption (12) 
because of the absence of ohmic dissipation, which is an inherent 
backlash in charge current–controlled magnonic devices (13).

The excitation and propagation of SWs along reconfigurable 
magnonic nanocircuits is the topic of intense interest in the field of 
magnonic applications. Consequently, SW nanochanneling through 
magnetic domain walls acting as reconfigurable SW nanochannels 
has been demonstrated (14). The SW modes propagating inside domain 
walls exhibit a well-defined wave vector along their propagation 
path, enabling data transport and processing using wave properties. 
This field has received further impetus with the experimental reali-
zation of SW propagation through antiferromagnetically coupled 
periodic arrays of 100-nm-wide stripe domains showing two different 
branches of SW, where the higher-frequency mode is accounted for the 
effective antiferromagnetic SW mode (15). Further experimental 
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work has shown injection of SW mode from a nanodisc to a domain 
wall nanochannel propagating at zero-bias magnetic field (16). While 
all these works have successfully used domain walls as magnonic 
nanochannel (MNC) for extracting important physics, the future 
device will require more ordered and well-defined nanochannels, 
properties of which can be ideally tuned continuously by external 
means. Recently, zero-field propagation of SWs through micrometer- 
wide waveguides defined by focused ion beam writing on a Fe78Ni22 
layer by changing its structural phase and magnetic properties (17) 
has been demonstrated. Numerical simulations have shown that 
SWs can be confined within nanochannels generated by voltage- 
controlled magnetic anisotropy (VCMA) in an ultrathin ferromag-
netic (FM) waveguide, where the width of the nanochannel is solely 
determined by the width of the electrode (18).

A plethora of theoretical and experimental investigations have 
demonstrated the electric field–induced control of magnetization in 
magnetic heterostructures including multiferroic materials (19), 
FM semiconductors (20), piezoelectric materials (21), or metallic 
FM/insulator (oxide) interfaces (22). Furthermore, parametric pump-
ing of SWs by means of VCMA (23) and electric field control of SW 
power flow and caustics in thin magnetic films have also been 
demonstrated theoretically (24). FM/oxide interfaces have gained a 
substantial attention due to their superior control over magnetic 
parameters (e.g., anisotropy) at ambient condition as compared to 
other systems. The controlled manipulation of interfacial perpendicular 
magnetic anisotropy (iPMA) at the FM/oxide interfaces (25) has 
accelerated the possibilities of integrating reprogrammable devices 
with the future spin-based applications. Consequently, the investi-
gation of VCMA or electric field–controlled magnetic anisotropy 
(ECMA) at the interfaces has received a great thrust in the recent 
times using both theoretical (26) and experimental approaches (27). 
Numerous strategies have been adopted for excitation, manipulation, 
channeling, and amplification of SWs, as well as the development of 
MCs and logic gates (7). Recently, SW tunneling, through a narrow 
magnetic barrier formed by local increase in magnetic anisotropy 
and the ensuing Hartman effect, has been demonstrated (28). On 
the other hand, the electrically controlled dynamic crystal has been 
presented in a magnetic insulator–based SW waveguide comprising 
a metallic meander structure situated close to its surface (29). Few 
studies have emphasized the operation of various functions (30) of 
magnonic devices (31) using electric field (voltage), in particular, 
through the modulation of PMA present at the interface of an FM 
metal and oxide heterostructure (32) complying with ultralow- 
power dissipation. These have triggered the quest for achieving a 
unusual genre of electric field–controlled magnonic devices such as 
reprogrammable multiplexer in recent times. To the best of our 
knowledge, experimental realization of reprogrammable electric 
field–controlled MNC (EFCMNC) has not been explored so far. In 
addition, interaction between the SWs propagating through the 
adjacent MNCs will be an interesting problem.

Here, we have taken this challenge to fabricate a dynamic 
EFCMNC array by using state-of-the-art nanofabrication and depo-
sition tools. We have performed electric field–controlled SW dis-
persion measurements by Brillouin light scattering (BLS) technique 
(33) to demonstrate the emergence of magnonic band diagram of 
one-dimensional arrays of EFCMNC (1D-EFCMNC) consisting of 
an FM/oxide heterostructure. BLS has emerged as one of the most 
reliable tools to probe the dispersive nature of SW frequencies 
directly in the wave vector (k) domain. Unlike any other comple-

mentary method where external stimuli such as magnetic field, 
electric field, electrical current, or optical pumping (such as laser) 
are necessary to excite the SWs, BLS proves to be very effective as it 
can detect thermally excited magnons under ambient condition 
(i.e., room temperature). We have probed the magnonic band 
structure in an FM/oxide heterostructure consisting of 1D array of 
stripe-like electrodes serving as the top electrodes under the influence 
of an electric field (DC voltage) applied across the top (patterned) 
and bottom (unpatterned CoFeB film) electrodes. We have achieved 
a tunable band structure in the presence of a moderate electric field 
in the system, which vanishes after the electric field is removed. 
This remarkable observation is reaffirmed by measuring a similar 
magnetic heterostructure with unpatterned top electrodes, which 
unveils the absence of any magnonic band structure and BG with or 
without the electric field but only a gradual modulation of SW 
frequency with the applied voltage. This salient observation is well 
supported by the numerical calculations on the basis of plane wave 
method (PWM), which reproduced the SW dispersion behavior 
modified by the electric field. This confirms that an external electric 
field effectively tailors the iPMA present at the FM/oxide hetero-
structure, eventually generating such dynamic MNC whose magnonic 
band structure and magnonic BG can be switched on and off simply 
by the external electric field.

RESULTS
We have chosen the heterostructure substrate|Ta(10 nm)|Co20Fe60B20 
(1.6 nm)|MgO(2 nm)|Al2O3(10 nm) as the basis for the fabrication 
of the device under study. It is noteworthy that the magnetization 
state in an ultrathin CoFeB film strongly depends upon its thick-
ness. Here, the magnetization direction tends to align along the out-
of-plane (OOP) axis below a critical value of its thickness (~1.5 nm) 
(34). On the contrary, the magnetization tends to be aligned along 
the in-plane (IP) direction above the critical thickness. We have 
chosen the Co20Fe60B20 (CoFeB) thickness to be 1.6 nm to ensure 
that its easy axis of magnetization lies in the sample plane. This is 
ensured from the anomalous Hall effect (AHE) measurement of the 
CoFeB/MgO heterostructure with an experimental scheme de-
scribed in Fig. 1A. For this purpose, the CoFeB/MgO film was pat-
terned into Hall bar structures with dimensions 80 m by 400 m. 
DC current (IDC) of magnitude 0.5 mA was sent through the Hall 
bar from a current source, and the transverse Hall voltage (VAHE) 
was measured by a nanovoltmeter while sweeping an OOP (i.e., 
along the x direction) magnetic field (0H) from −500 mT to +500 mT 
as plotted in Fig. 1B. The absence of hysteresis loop and gradual 
switching of magnetization in Fig. 1B confirm an IP easy axis of 
magnetization of the sample. Furthermore, the IP magnetic hyster-
esis loop (shown in fig. S1A) was measured using vibrating sample 
magnetometry (VSM) from which the saturation magnetization 
(0Ms) is calculated to be 1.5 T. In addition, the atomic force micro-
graph (AFM) for substrate|Ta(10 nm)|Co20Fe60B20(1.6 nm)|MgO 
(2 nm)|Al2O3(10 nm) stack has been investigated to analyze the sur-
face topography (shown in fig. S1B). Here, the average topographical 
roughness is calculated to be ~0.11 nm, which remains almost the 
same when measured at various regions of the same sample. Hence, 
we conclude that the topographical roughness is substantially small 
for the sample, which means that the average interfacial roughness, 
present in the heterostructure because of its small thickness, should 
also be very small.



The principle behind the electric field modulation of iPMA 
in FM/oxide heterostructure
Generally, strong PMA can be observed at the interfaces between 3d 
transition metal (or their alloys) FMs and heavy nonmagnetic (NM) 
metals, although iPMA cannot be modulated by an electric field in 
such systems because of the absence of insulating or dielectric layer 
at the interface. However, PMA can also be obtained at the FM/
oxide interfaces. Among them, the CoFeB/MgO heterostructures (34) 
have drawn immense attention because of their application in mag-
netic tunnel junction (35). The reason for iPMA and VCMA at the 
CoFeB/MgO interface can be interpreted by the following approach. 
At the CoFeB/MgO interface, the OOP 3dz

2 orbitals of Fe strongly 
bond with OOP 2pz orbitals of O, resulting in a significant charge 
transfer from 3dz

2 orbitals to 2pz orbitals. Therefore, the number of 
electrons in OOP orbitals is reduced as compared to the number of elec-
trons in IP orbitals, which introduces a considerable PMA through 
the spin-orbit coupling (SOC) of FM (36). When an electric field is 
applied across the FM/oxide interface, the number of electrons in the 
OOP 3d orbitals of Fe gets modified with respect to the IP orbitals 
as explained from first principles calculations (37). This affects the 
bonding strength between 3d and 2p orbitals, resulting in a substantial 
change of iPMA. Although electric field control of electronic occu-
pation state is believed to be the main mechanism behind VCMA, 
several alternative theories are also found in the literature. One of 
the interesting theories claims the control of iPMA due to the cou-
pling between magnetic dipoles and electric quadrupole of electronic 
orbital in FM, which is formed due to the inhomogeneous electric 
field at the FM/oxide interface (38). Another theory claims that the 
applied electric field at the FM/oxide interface modifies the Rashba 
SOC, which, in turn, modulates the iPMA (39). Recently, the piezo-
electric property of the oxide (MgO) layer through magneto-elastic 

coupling is found to be responsible for the modulation of iPMA 
via development of tensile and compressive strain in the oxide layer 
(40). In reality, all the above mechanisms may be present and con-
tribute simultaneously to the modulation of iPMA. Nevertheless, we 
believe that the presence of an oxide layer is essential for modulation 
of iPMA, where the relative change in the electronic occupation state in 
the 3d orbitals of FM plays a crucial role in achieving VCMA. In addi-
tion, because the penetration depth of the electric field in metal is only 
a few ångströms, the VCMA effect is only limited to ultrathin FM 
films. This justifies the choice of the ultrathin CoFeB film in our case.

Theoretical calculations reveal that the change in the number of 
electrons in 3d orbitals of FM scales linearly with the applied electric 
field (EG) at the FM/oxide interface (37). Consequently, the change 
in the magnetic moment and iPMA should also be linearly propor-
tional to the electric field (22), i.e.,

  ∆ K  s   =  E  G     (1)

Here, Ks is the change in iPMA, while  is defined as the magneto- 
electric or VCMA coefficient. The magnitude and sign of  depends 
upon several factors such as the composition of FM (41) or adjacent 
dielectric layer (42), underlayer material (i.e., the layer beneath the 
FM/oxide heterostructure) (43), substrate (44), and temperature (45).

Investigation of SW dispersion by probing thermally  
excited magnons
Figure 1C depicts the schematic illustration of the geometrical con-
figuration adapted for the experimental investigation of SWs. Here, 
an unpatterned indium tin oxide (ITO) layer of thickness 120 nm 
has been deposited on top of the substrate|Ta(10 nm)|Co20Fe60B20 
(1.6 nm)|MgO(2 nm)|Al2O3(10 nm) heterostructure. This ITO layer 
serves as the top gate electrode to apply the electric field (EG) or 
voltage (VG) across the CoFeB/MgO interface. A positive gate volt-
age denotes that the top gate electrode has a positive potential with 
respect to the CoFeB film. All the measurements have been carried 
out in the Damon-Eshbach (DE) geometry, i.e., the (IP) SW wave 
vector (k) lies perpendicular to the magnetic field (H) applied in the 
plane of the sample. In Fig. 1D, we have presented typical BLS spec-
tra measured at wave vector, k = 2.05 × 106 rad m−1, from a CoFeB/
MgO heterostructure subjected to an IP magnetic field, 0H = 
200 mT for VG = +4, 0, and −4 V. The BLS spectra are fitted using 
the Lorentzian function to extract the peak frequency value (f). It is 
evident from Fig. 1D that the SW frequency increases or decreases 
as a function of VG depending upon the sign of VG. To extract the 
magnetic parameter, especially the modulation in the iPMA field 
with VG, we have measured the magnetic field (0H) dependence of 
the SW frequency (f), which is represented in Fig. 2A for VG = +4, 0, 
and −4 V. The values of iPMA fields have been extracted by fitting 
f versus 0H data points with an analytical formula (46) as given below

  f =    μ  0   γ ─ 2π     [   (  H +   2A ─  μ  0    M  s  
    k   2  )   (  H +   2A ─  μ  0    M  s  

    k   2  +  M  s   −  H  p  ( V  G   )  )   + 

                      1 ─ 4    M  s  ( M  s   −  H  p  ( V  G   ) ) (1 −  e   −2 kt  CoFeB    )  ]     
 1 _ 2 
   (2)

where , Hp(VG), Ms, and A represent the gyromagnetic ratio, iPMA 
field [which depends on the applied voltage (VG) or electric field (EG)], 
saturation magnetization, and exchange stiffness constant, respec-
tively, and tCoFeB denotes the thickness of the CoFeB layer, which is 
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Fig. 1. Determination of magnetization easy axis and schematic of the sample 
along with the representative BLS spectra. (A) Schematic diagram of device struc-
ture and experimental setup for measuring AHE and (B) the corresponding mea-
sured AHE signal from the CoFeB/MgO heterostructure with CoFeB thickness 
(tCoFeB) of 1.6 nm. (C) Schematic illustration of the CoFeB/MgO sample with a blanket 
ITO layer as the top electrode. (D) Stokes side of BLS spectra taken at IP transferred 
wave vector, k = 2.05 × 106 rad m−1, for applied gate voltage, VG = +4, 0, and −4 V, re-
spectively, in the presence of the bias magnetic field, 0H = 200 mT. The thick solid 
lines are theoretical fits with Lorentzian function, and the arrows describe the posi-
tions of the peak frequencies for VG = +4, 0, and −4 V, respectively, while the dotted 
line clarifies the relative shift in the frequencies with respect to VG = 0.



1.6 nm in our case. Here, we have fixed the material parameters as 
 = 29.4 GHz T−1, 0Ms = 1.5 T, and A = 28 pJ m−1 (18) while setting 
Hp(VG) as a free parameter during the fitting of the field-dependent 
frequency data points. The extracted values of 0Hp are found to be 
about 1.43, 1.45, and 1.47 T for VG = +4, 0, and −4 V, respectively. 
As 0Ms > 0Hp(VG), the easy axis of magnetization always lies in 
the plane of the sample, which has already been confirmed from the 
AHE measurement.

In addition, we have extracted the anisotropy field [0Hp(VG)] 
using Eq. 2 for a number of the values of VG (shown in fig. S1C). Now, 
to evaluate VCMA coefficient (), i.e., the change of iPMA per unit 
gate voltage (VG), the modulation of 0Hp, i.e., (0Hp), as a function 
of VG has been plotted in Fig. 2B. It is observed that the iPMA field 
varies linearly with VG and the slope of this linear variation yields 
the value of , which is calculated to be 5.17 mT V−1 in our CoFeB/
MgO system. However, the conversion of  from mT V−1 to another 
unit, e.g., fJ V−1 m−1, for 1.6-nm-thick CoFeB can be expressed by 
using Eq. 1 in the following way

    =   d(∆  K  s  ) ─ d  E  G     =   1 ─ 2   .  (     
(   0    H  p  )

 ─ 
  V  G     )   .      0    M  s   ─    0     .  t  CoFeB   .  t  (MgO+ Al  2   O  3  )     (3)

The electric field (E) corresponding to VG = 1 V is given by

   E  G   =   1 ─  t  (MgO+ Al  2   O  3  )     V  nm   −1   (4)

while t(MgO + Al2O3) is the total thickness (12 nm) of the MgO and 
Al2O3 layer on top of CoFeB. Hence, the value of  becomes ~60 fJ 
V−1 m−1. Figure 2C describes the SW dispersion (i.e., f versus k) re-
lation measured at an applied IP field, 0H = 200 mT for VG = +4, 0, 
and −4 V, where k has been varied by changing the angle of incidence 
() of the laser beam. It is noteworthy that SW frequency as a func-
tion of k acquired at all three different electric fields (EG) has small 
dispersion. This is further confirmed by fitting the dispersion curves 
with the aid of Eq. 2 as represented in Fig. 2C, where the extracted 
values of 0Hp(VG) agree well with those calculated earlier from the 
magnetic field–dependent SW frequency curves in Fig. 2A.

Investigation of magnon dispersion in 1D-EFCMNC
We have investigated the SW dispersion in CoFeB/MgO hetero-
structure where the top ITO layer has been patterned in the form 
of a 1D array of stripes with width (w) of 220 nm and edge-to-edge 
separation (s) of 220 nm. This is designated as the 1D-EFCMNC as 
schematically depicted in Fig. 3A along with the experimental con-

figuration. Here, these 1D stripes act as the top gate electrodes to apply 
the local and spatially periodic electric field (or voltage) across the 
CoFeB/MgO interface, while the bottom electrode remains unaltered 
as demonstrated in Fig. 3B. In Fig. 3 (C and D), we have presented 
the evolution of SWs with the wave vector (k) along the length of 
these nanochannels formed due to the modulation of iPMA by the ap-
plied voltage under the ITO electrodes. These representative BLS spec-
tra have been acquired for wave vector values, k = 2.05 × 106 rad m−1 
and 7.1 × 106 rad m−1, respectively, in the presence of VG = −4 V 
(additional BLS spectra in this configuration for other wave vectors 
are presented in fig. S2). Here, an IP magnetic field, 0H = 200 mT, has 
been set in the direction perpendicular to the stripe axis. This re-
veals a marked modulation in the BLS spectra where two clear SW 
modes are observed, which have been named as M1 and M2, re-
spectively, according to their ascending order of frequency values. 
By carefully inspecting and analyzing the BLS spectra for all the wave 
vectors, we have found that a two-peak Lorentzian function correctly 
describes the BLS spectra (see figs. S2 and S3 for more details). We 
have investigated their full dispersion by varying the wave vector up 
to 14.2 × 106 rad m−1, and Fig. 3E unveils the magnonic band struc-
ture of the 1D-EFCMNC at VG = −4 V. The experimental data are 
shown by the symbols, while the calculated SW intensity obtained 
from PWM has been presented by the blue lines. The dispersion curves 
have been calculated using PWM by taking the modulation of iPMA 
field into account in the presence of an IP magnetic field, 0H = 
200 mT, applied to the sample plane similar to the experimental 
configuration. The experimental data points agree qualitatively well 
with the calculated results. In the experiment, the BLS spectra were 
characterized by the presence of two SW modes as depicted in 
Fig. 3 (C and D). As evident from Fig. 3E, both SW modes, i.e., M1 
and M2, are dispersive modes, although their natures are different 
from each other. At k ≈ 7.1 × 106 rad m−1, the modes experience a 
repulsion (anticrossing), causing M1 to change the sign of its dis-
persion and steepening of the dispersion of M2, opening a magnonic 
BG of ~0.37 GHz between these two modes.

As mentioned earlier, the iPMA has been modulated only in the 
regions underneath the periodically arranged top electrodes, which 
have been taken into account during PWM calculations. Hence, the 
magnetic anisotropy will be different in two regions as schematically 
described in Fig. 3B, i.e., (i) region 1 [Hp(1)], where the top elec-
trodes are absent so that the effective magnetization [M(1)] will re-
main unaltered there, and (ii) region 2 [Hp(2)], which is underneath the 
top electrodes where the effective magnetization [M(2)] is dynamically 
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Fig. 2. Characterization of the CoFeB/MgO heterostructure with blanket ITO top electrode. (A) Variation of SW frequency as a function of bias magnetic field (0H) 
obtained from the CoFeB/MgO heterostructure with a blanket ITO top electrode for three values of gate voltage, VG = +4, 0, and −4 V. Symbols represent experimental 
data, while solid lines denote fitted curves using Eq. 2. (B) Variation of change in the iPMA field (0Hp) as a function of VG, where the solid line represents the linear 
fit. (C) Frequency (f) versus wave vector (k) dispersion curves for VG = +4, 0, and −4 V. Symbols show the experimental data points, while solid lines describe the fits to the 
data points using Eq. 2. The error bars in experimental data are contained within the symbols.



tailored in the presence of an electric field or voltage (VG) as Hp(2) 
depends on both magnitude and sign of VG. In our case,

   H  p  (1 ) <  H  p  (2 ) , for  V  G   < 0   (5)

   H  p  (1 ) >  H  p  (2 ) , for  V  G   > 0   (6)

To get a closer insight into the SW propagation character in 
the presence of the 1D-EFCMNC, we have calculated the SW mode 
profiles by plotting the spatial distribution of the x component of 
dynamic magnetization, i.e., the modulus of the SW amplitude, of 
the relevant experimentally observed SW modes.

The spatial maps of these two SW modes (M1 and M2) are de-
picted in Fig. 4 for k = 2.05 × 106 rad m−1 and 7.1 × 106 rad m−1, (i.e., 
far below and near the anticrossing region), respectively, calculated 
for VG = −4 V. Here, the dotted lines divide two different regions (1: 
regions without top electrodes and 2: regions with top electrodes, 
respectively) as discussed earlier. As represented in Fig. 4, both M1 
and M2 are DE-like modes, i.e., extended along the y direction per-
pendicular to the direction of H (which is along the z direction as 
described in Fig. 3A). However, we have observed a stark difference 
in the characteristics of M1 and M2 as the SW intensity of M1 is 
completely localized in region 1, while SW intensity of M2 is primarily 
concentrated in region 2. As depicted in Fig. 4A for k = 2.05 × 106 rad 
m−1, M1 has a confined nature along the z direction in the backward 
volume (BV) geometry with quantization number, n = 1 (i.e., the 
nodal planes being perpendicular to H) in region 1, while M2 shows 
a BV-like nature in region 2, again with n = 1. Both the modes have 

similar profile covering nearly the whole width of the 1D stripe–like 
nanochannels defined by the presence or absence of the electrodes. 
As we move to the higher wave vector, i.e., k = 7.1 × 106 rad m−1 as 
described in Fig. 4B, the nature of the mode profiles of M1 and M2 
remain identical. However, spatial extents of both the modes get 
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Fig. 3. Schematic of 1D-EFCMNC and its SW dispersion under the influence of applied voltage. (A) Schematic of the BLS measurement geometry used for the CoFeB/
MgO heterostructure with 1D patterned ITO electrodes on top showing the incident ( denotes the angle of incidence) and scattered light beams, the direction of the SW 
wave vector (k), and applied magnetic field H, with both vectors lying in the sample plane. (B) Periodic nature of electric field (EG) applied at the CoFeB/MgO interface, 
giving rise to two periodic regions, where region 1: top electrodes are absent and region 2: underneath the top electrodes. Stokes side of the BLS spectra taken at 
k = 2.05 × 106 rad m−1 (C) and k = 7.1 × 106 rad m−1 (D), obtained for VG = −4 V applied at 0H = 200 mT. The theoretical fits using Lorentzian functions are shown by thick 
solid lines, and the SW peaks (M1 and M2) are indicated by the arrows. (E) Magnonic band structure under the influence of VG = −4 V applied at 0H = 200 mT. Symbols 
represent peak frequencies in the BLS spectra, while blue lines denote SW intensities as calculated by PWM (the corresponding color map is given at the right side). The 
dashed vertical line indicates the position of anticrossing, and the corresponding magnonic BG is shown by the shaded region. The error bars in experimental data are 
contained within the symbols.
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Fig. 4. SW nanochanneling in 1D-EFCMNC in the presence of an applied volt-
age. Spatial profiles of the SW modes for k = 2.05 × 106 rad m−1 (A) and k = 
7.1 × 106 rad m−1 (B) under the application of VG = −4 V at 0H = 200 mT. The color 
map and the geometry of H are shown at the center of the figure. Here, region 1 
denotes the area without the top electrode, while region 2 represents the area 
beneath the top electrode.



sharply reduced as the modes become more confined near the cen-
ter of the nanochannels. This is most likely due to the mode repul-
sion causing the anticrossing between the modes M1 and M2.

The SW dispersion diagram after reversing the polarity of the 
electric field (i.e., for VG = +4 V) is shown in fig. S4. Here, again, two 
SW modes have been observed and both of them have dispersive 
behavior with the variation in k with a BG of ~0.26 GHz due to SW 
mode anticrossing. The calculated SW intensities at k  =  0 and 
7.1 × 106 rad m−1 also confirm the variation in the frequency spac-
ing between the SW modes with wave vector. The spatial profiles of 
the SW modes M1 and M2 in this voltage configuration have also 
been calculated at k = 2.05 × 106 rad m−1 and 7.1 × 106 rad m−1, re-
spectively, which are shown in fig. S5. At k = 2.05 × 106 rad m−1, the 
spatial profiles of M1 and M2 are completely opposite to those ob-
served at VG = −4 V. In this case, M1 is localized in region 2, while 
M2 is localized in region 1. At k = 7.1 × 106 rad m−1, the spatial 
nature of M1 and M2 remains unaltered, although their spatial ex-
tents again get slightly reduced along the z direction and confined 
near the center of the nanochannels. Therefore, such dynamic 
control of SW nanochanneling induced by VCMA has a fascinat-
ing property of bipolar tunability depending upon the sign of bias 
voltage.

To investigate the reconfigurable property of this 1D-EFCMNC 
system, we probed its SW dynamics without any gate voltage. The 
bias field–dependent SW frequency for the 1D-EFCMNC is presented 
in Fig. 5A at k = 2.05 × 106 rad m−1 by setting VG = 0. The result 
reveals a monotonic variation of SW frequency with H. This varia-
tion is identical to that obtained for a CoFeB/MgO heterostructure 
with unpatterned top electrode acquired at VG  =  0 as shown in 
Fig.  2A. Incidentally, both of these bias field–dependent SW fre-
quencies resemble to that recorded from a reference CoFeB/MgO 
film without any top electrode as shown in Fig. 5B. The experimen-
tal SW dispersion relations obtained for both the above cases (fitted 
using Eq. 2) at 0H = 200 mT are presented in fig. S6. This demon-
strates that the voltage applied to the patterned 1D array of stripe-
like electrodes on the CoFeB/MgO heterostructure can efficiently 
toggle the 1D-EFCMNC between its active and passive state. The 
requirement of a small voltage for the onset of the active state en-
sures that it can be reset perfectly to its pristine thin film–like state 
by removing that voltage. This development may pave the way to 

next generation reprogrammable magnonic devices controllable by 
electric field with minimum ohmic dissipation as well as for study-
ing strong magnon-magnon coupling in MNCs.

DISCUSSION
We have developed a voltage controlled on-demand MNC array on 
the basis of the principle of VCMA in CoFeB/MgO heterostructure. 
We have performed a combined experimental and theoretical in-
vestigation of the reconfigurable magnonic band structure in this 
dynamic MNC by varying the applied gate voltage. The SW disper-
sion in this new class of MNC has been measured by probing thermal 
magnons using BLS spectroscopy. First, we attained a monotonic 
enhancement or decrement in the SW frequency by varying the 
strength and polarity of the electric field applied to the CoFeB/MgO 
heterostructure with an unpatterned top gate electrode due to VCMA. 
Further analysis corroborates the linear dependence of iPMA with 
the applied electric field. We then probed the SW dynamics of the 
CoFeB/MgO heterostructure by patterning 1D array of ITO electrodes 
on the top of it. A magnonic band structure consisting of two SW 
frequency modes along with a BG appear under the application of a 
modest electric field. The spatial profiles of the SW modes unravel 
an intriguing bipolar tunability of such dynamic MNC. This SW 
dispersion reverts to its original state for the unpatterned electrode 
with the disappearance of the BG as soon as the electric field is with-
drawn. This demonstrates the achievement of a reprogrammable 
and dynamic magnonic band structure by an electric field across the 
CoFeB/MgO interface applied through patterned 1D array of stripe-
like electrodes. This unlocks a gateway to develop a new genre of MNCs 
invoked by an energy-efficient stimulus, i.e., electric field, which 
may play a key role in devising spin-based magnonic nanocircuits 
with ultralow-power consumption.

MATERIALS AND METHODS
Sample preparation
The samples were prepared by multistep fabrication method. First, the 
multilayered heterostructure was deposited on Si(001)|SiO2(700 nm) 
substrate by radio frequency sputtering at room temperature at a 
base pressure of about 1 × 10−8 torr. The structure of multilayer 
stack is Si|SiO2|Ta(10)|Co20Fe60B20(1.6)|MgO(2)|Al2O3(10), where 
the numbers in parentheses represent the nominal thicknesses (in 
nanometers) of the corresponding layers. The sputter-deposited film 
stack was then annealed at 280°C in vacuum under a perpendicular 
magnetic field of 600 mT for 1 hour. Because PMA present in the 
heterostructure is interfacial (i.e., at the CoFeB/MgO interface) in 
nature, the thickness of CoFeB is chosen to be 1.6 nm to enhance 
the magneto-electric effect while keeping the easy axis of magneti-
zation in the plane of the sample at the same time. In the second 
step, square blanket area of lateral dimensions 70 m by 70 m was 
prepared from the annealed multilayer stacks by using maskless ul-
traviolet (UV) photolithography followed by Ar+ ion milling down 
to SiO2. In the third step, alignment markers for electron beam lithog-
raphy and metal gate (bottom) electrodes were prepared by maskless 
UV photolithography followed by deposition of the Ti(5)|Au(100) 
layer by electron beam evaporation. In the fourth step, Al2O3 with 
100 nm thickness was deposited everywhere except on top of the 
square area and the metal electrodes. In the fifth step, electron beam 
lithography was used to prepare the 1D grid–like pattern on the top 
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Fig. 5. Reconfigurability of 1D-EFCMNC. Variation of SW frequency as a function 
of bias magnetic field (0H) at k = 2.05 × 106 rad m−1 obtained from (A) the CoFeB/
MgO heterostructure with 1D patterned ITO electrodes without gate voltage, i.e., 
VG = 0, and (B) the reference CoFeB/MgO sample without any top electrode. The 
solid lines represent the fits with Eq. 2. The error bars in experimental data are con-
tained within the symbols.



of the sample, which was followed by deposition of a 120-nm-thick 
ITO layer (top gate electrode) by DC sputtering technique. Here, 
each stripe-like top gate electrode has a width of 220 nm with an 
edge to edge separation of 220 nm (i.e., pitch = 440 nm). It is note-
worthy that ITO was chosen as the top electrode due to its transpar-
ent nature, which is essential for the optical (BLS) measurement 
through the electrodes to acquire thermally excited magnons from 
the CoFeB/MgO heterostructure. In the last step, all the contacts for 
application of DC gate voltage were made by maskless photolithog-
raphy and deposition of the Ti(5)|Au(200) layer by electron beam 
evaporation. Two reference samples, one with the CoFeB/MgO 
heterostructure without any top electrode and another with an un-
patterned 120-nm-thick ITO layer as the top electrode, were also 
prepared using a similar procedure.

Measurement technique
BLS experiments were performed in the conventional backscatter-
ing configuration for the measurement of dispersion characteristics 
of thermal magnons in the sample. This technique relies on the in-
elastic light scattering process arising from the interaction between 
incident photons and magnons. Monochromatic laser beam (wave-
length,  = 532 nm, power ≈ 65 mW) from a solid-state laser was 
focused on the surface of the sample. The diameter of the focused 
laser spot is about 40 m, which is smaller than the lateral dimen-
sions of the sample (60 m by 60 m). The laser beam was carefully 
placed on the sample, which was further confirmed by using an 
imaging setup with white light illumination and charge-coupled 
device camera. The laser beam is inelastically scattered from the 
magnons, and the magnitude of the IP transferred wave vector (k) 
depends on the incidence angle () of light according to the relation

  k =   4 ─ 


   sin   (7)

Cross-polarizations between the incident and the scattered 
beams are adopted during the experiment to minimize the phonon 
contribution to the scattered light. Subsequently, the frequencies of 
the scattered light were analyzed using a Sandercock-type six-pass 
(3 + 3) tandem Fabry-Pérot interferometer (JRS Scientific Instru-
ments). There, a frequency shift is observed along with the laser 
frequency taking into account the energy and momentum con-
servation. The BLS spectra were recorded after counting photons 
for several hours to achieve well-defined magnon spectra in all the 
cases. A free spectral range (FSR) of 30 GHz and a 210 multichannel 
analyzer were used during the BLS measurement. The digital fre-
quency resolution is determined by estimating FSR/210 (≈30 MHz) 
for the Stokes (or the anti-Stokes) peaks of the BLS spectra, while the 
instrument response function is about 0.18 GHz as obtained from 
the Rayleigh peak (fig. S2A). Here, the direction of the wave vector 
(k) was kept parallel to the axes of the 1D stripe–like top electrodes, 
i.e., along the y direction as described in Fig. 3A, by making the stripe 
axes parallel to the light scattering plane throughout the experiment 
[off-axis propagation (47)]. The BLS spectra were recorded for up 
to k = 14.2 × 106 rad m−1. The SW dispersion was performed at an 
IP magnetic field, 0H = 200 mT, applied to the sample. The electric 
field is applied by a DC voltage source (Keithley 2450 source meter) 
between the top and bottom electrodes of the sample without the 
presence of any leakage current through the heterostructure (this was 
confirmed simultaneously while applying the electric field through-
out the experiment).

Theoretical calculation
We have numerically calculated the spectrum of magnonic excitations 
of the dynamic 1D-EFCMNC using PWM, which is a robust tool 
because of its conceptual simplicity and its applicability to periodical-
ly patterned network with varying shape of the scattering centers. 
We solve the Landau-Lifshitz (LL) equation for the magnetization 
[M = M(r, t)] under the influence of an effective magnetic field, Heff, 
which can be primarily expressed as a sum of different field contri-
butions as

   H  eff   = H +  H  ex   +  H  d   +  H  ani     (8)

where H, Hex, Hd, and Hani represent the applied static magnetic field, 
exchange field, magnetostatic or demagnetizing field, and anisotropy 
field, respectively. The experimental outcomes justify the neglecting 
of the damping and nonreciprocity in the model. M(r, t) is written as

  M(r, t ) =  M  s  (r) + m(r, t)  (9)

Here, Ms(r) and m(r, t) describe the components of M(r, t) par-
allel (constant in time) and perpendicular to H while considering 
linear approximation under the condition

  ∣ M  s  (r)∣≫∣m(r, t )∣  (10)

For a magnetically inhomogeneous medium (such as a 1D- 
EFCMNC in our case), the spatial inhomogeneity of the material 
parameters, e.g., spontaneous magnetization and exchange con-
stant as well as the magnetostatic field, has been considered during 
the calculation so that

   H  d  (r, t ) =  H  d  (r) +  h  d  (r, t)  (11)

where Hd(r) and hd(r, t) are static and dynamic components of 
Hd(r, t) fulfilling the Maxwell equations, while

   h  d  (r, t ) =  h  d  (r )  e   i2πft   (12)

  m(r, t ) = m(r )  e   i2πft   (13)

In addition, Hex can be expressed as

   H  ex  (r, t ) = (  ∇   →  .  λ ex  2  (r )   ∇   →  ) m(r, t)  (14)

where ex(r) denotes the exchange length, which is related to ex-
change stiffness constant [A = A(r)] as

    ex  2  (r ) =   2A(r) ─ 
   0    M s  

2 
     (15)

Subsequently, the Fourier transformation has been carried out 
to map all the periodic functions (in space and time) including the 
static and dynamic parts of the magnetic fields and magnetization 
components to the reciprocal space using Bloch’s theorem (48). 
Considering the lattice periodicity, a (in our case, w = s = 220 nm, 
so that a = w + s = 440 nm), m(r) can be expressed as

  m(r ) =    G     m  k  (G )  e   i(k+G).r    (16)



where G represents the reciprocal lattice vector of the considered 
MNC so that
  G = ( G  y  ,  G  z   ) =   2 ─ a  ( n  y  ,  n  z  )   (17)

with ny and nz being integers. In the studied case, the wave vector k 
lies along the axes of the stripe-like 1D electrodes, i.e., k = ky as shown 
in Fig. 3A, so that we can now write

  G = ( G  y  ,  G  z   ) =   2 ─ a  (0,  n  z  )   (18)

Consequently, Eq. 16 will represent a plane wave (not a Bloch 
wave) for SW propagating along the y direction with its amplitude 
modulated in the z direction (i.e., the amplitude will not be modu-
lated by the lattice along the y direction). Being a periodic function 
of position in the 1D-EFCMNC, the saturation magnetization (Ms) 
and (ex)2 can be mapped onto the reciprocal space using the Fourier 
transformation formulas as

   M  s  (r ) =    G     M  s  (G )  e   iG.r    (19)

    ex  2  (r ) =    G       ex  2  (G )  e   iG.r    (20)

where the Fourier coefficients are determined analytically. It is note-
worthy that the 1D-EFCMNC in our case has been dynamically created 
by applying the electric field through the 1D patterned top electrodes 
to periodically modulate the PMA at the CoFeB/MgO interface. 
Hence, the anisotropy field, i.e., Hani, in Eq. 8 originates from the 
PMA at the CoFeB/MgO interface such that

   H  ani   =  H  ani  ( V  G  )   (21)

In other words, this system behaves as MNCs, which are com-
posed of two exchange-coupled magnetic media having contrasting 
magnetic anisotropy, where the anisotropy in the area (region 2 in 
our case as shown in Fig. 3B) under top electrodes either increases 
or decreases periodically (i.e., Hani also has periodic nature in the 
reciprocal space similar to Ms) depending upon the sign of the ap-
plied voltage (VG). Hence, in our case for the 1D-EFCMNC, the 
expressions for the static magnetization (Ms) can be calculated (49) 
in the reciprocal space as

    M  s  (G ) =   w ─ a    M  s,Region1   +  M  s,Region2   (  1 −   w ─ a   )   for G = 0    (22)

   =   2 ─ Ga  ( M  s,Region1   −  M  s,Region2   ) sin (  G   w ─ 2   )  for G ≠ 0   (23)

Here, Ms,Region1 and Ms,Region2 represent the Ms values at regions 1 
(remains unaltered with VG) and 2 (controllable by VG, i.e., by the 
electric field), respectively. Thus, the PWM transforms the LL equa-
tion into a set of algebraic equations, which leads to an eigenvalue 
problem. To find the eigenvalues (the frequencies of SWs) and eigen-
vectors (amplitude of the dynamic component of M), the Fourier se-
ries has to be limited to the finite number of elements. The eigenvalue 
problem is then solved with standard numerical routines. A satisfac-
tory convergence of the numerical solutions of the eigenvalue prob-
lem has been obtained by taking 450 plane waves in our case.
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