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Confined spin-wave characteristics in magnetic nanowire ensembles approaching
the ultrathin regime
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We present a comprehensive study on the high-frequency magnetization dynamics of homogeneously
patterned ultrathin magnetic nanowire arrays. The backward volume magnetostatic spin-wave (BVMSW)
and Damon-Eshbach (DE) configurations are studied along with the intermediate transition states to under-
stand the edge mode’s evolution in depth. We find at the sub-10-nm ultrathin regime the dynamics are
heavily influenced by geometrical parameters such as magnetic layer thickness (tFM), demagnetization fac-
tors, and interfaces. Critical entities such as field separation δH between uniform to edge mode increase
linearly with 1/tFM, while the edge saturation field H edge

sat increase monotonically with increasing tFM,
revealing excellent agreement between findings from experimental and micromagnetic simulations. The
dynamics are less sensitive to the width of the nanowire but very sensitive to the adjacent material or the
interface of the ferromagnet, especially at the ultrathin limits.

DOI: 10.1103/PhysRevApplied.20.044034

I. INTRODUCTION

The prospects of spin-wave- (SW) based information
processing and transmission in the gigahertz and subter-
ahertz frequency regime rely heavily on efficient propaga-
tion, tuning and control of spin waves [1–3]. Spin-wave
studies using metamaterials have shown that the SW char-
acteristics can be tailored using sample geometry [4,5],
applied field [6], reconfigurability of magnetic textures
[7], and by propagation direction [8]. Periodic arrays of
magnetic nanowires (NWs) are amongst the most studied
metamaterials, both in conventional [9–11] and unconven-
tional [12,13] forms. Although yttrium iron garnet (YIG),
due to its low damping [14,15], was considered the most
suitable material for SW-based applications, its growth-
related concerns have motivated researchers to look for
industry-friendly solutions in common spintronic metals
[9,16,17]. One caveat with the recent experimental studies
has been the use of relatively thick ferromagnetic layers
in the 10’s nm regime [10,18,19]. With conventional spin-
tronics devices reaching sub-10-nm limits and the advent
of interfacial and spin-orbital effects [20,21], there is a
need to explore spin-wave characteristics at ultrathin limits
to probe the spin-wave quantization and confinement and
their geometrical dependencies.

*abhijit.phy@gmail.com
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It is seen that standing-spin-wave resonances in mag-
netic wires and patterned arrays could form dispersionless
modes due to spin-wave quantization along the direction of
lateral confinement [22,23]. Besides, such confinement can
give rise to additional excitation, which is primarily con-
tributed by the magnetization at the nanostructures’ edges.
Recent findings [24,25] reveal that strong coupling in the
magnonic cavity is attractive for the study of cavity quan-
tum electrodynamics utilizing magnons. Nevertheless, sev-
eral unexplored domains related to magnonic confinement
in traditional magnetic metamaterials, such as nanowire
ensembles, are still present, which could help answer fun-
damental questions related to spin waves. Exploring those
unknown and less-explored domains is the primary moti-
vation for this present work. This work presents a com-
prehensive study of spin-wave dynamics and confinement
in nanowire ensembles. Key factors that govern spin-wave
propagation and confinement [26], such as the angle of
the applied field with respect to the NW axis, individual
nanowire width, the thickness of the layer subjected to res-
onance excitation, and composition of the heterostructure,
are probed in greater detail. Moreover, we have empha-
sized carrying out independent but corroborative studies
using experiments and micromagnetic simulations. We pri-
marily focus on the ultrathin ferromagnetic limits where
the interplay of different demagnetization factors and the
anisotropic field becomes critical in governing the charac-
teristics and features of the nanowire dynamics. Further,
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the capability of tuning and controlling the dynamic char-
acteristics can contribute towards spin-wave-based device
design [1].

II. METHODS

A. Growth and fabrication

A series of Co20Fe60B20 (CFB) based thin films in the
range of 1.4 to 7.5 nm, with excellent thickness con-
trol, were deposited on ion-cleaned Si/SiO2 substrates
using ultrahigh vacuum magnetron sputtering, under a base
pressure of <5 × 10−8 mbar and 3 mbar of Ar+ envi-
ronment. 5-nm-thick W underlayer and 2-nm-thick MgO
capping was used for most of the samples. For study-
ing the impact of adjacent metals of the FM layer (heavy
and light) in the dynamic characteristics of the nanowire
ensembles, a different series of samples were grown using
various combinations of underlayer (W, Pt, Cu, MgO), and
overlayer materials. For nanowire fabrication, electron-
beam lithography, using ma-N 2403 photoresist, and ma-D
525 developer was used, followed by chemically assisted
ion-beam etching over a considerably large area (approx-
imately 2 × 2 mm2) to develop compatibility with our
waveguide used in the inductive ferromagnetic resonance
tool. A critical etching angle to minimize the shadowing
effect (as well as redeposition), which is very common for
these types of dense nanostructure fabrication processes
and the feedback from SEM images, was used to opti-
mize the critical etch conditions. A typical SEM image of
our representative sample is presented in Fig. 1(a), which
depicts the enlarged view of our sample. The characteris-
tic width (w) (light gray region) of the individual NW is
set approximately at 125 nm, respectively, with a similar
gap (g) (dark gray region) between successive NWs [Fig.
1(a)], while the lengths of the nanowires are 2 µm. The
consideration of w = g reduces the interwire magnetostatic
interaction and hence ensures that the structures’ shape
anisotropy governs the magnetic phenomena. The relative
orientation of the applied field H with respect to the easy
axis (EA) and hard axes (HA) of the NWs are alongside
the corresponding demagnetization factors of Nx, Ny , and
Nz are indicated in Fig. 1(a).

B. Experimental characterizations

The magnetometry studies of the films and a few
nanowire ensembles were performed by a superconduct-
ing quantum interference device (SQUID) magnetome-
ter. The magnetization dynamics studies were performed
using a homebuilt broadband FMR spectrometer in fixed-
frequency field sweep mode [27]. The samples were
mounted on a nonmagnetic sample holder capable of pre-
cise rotation with small inaccuracy [28]. The microwave
field hrf was transmitted through a coplanar waveguide
(CPW) on top of which the magnetic sample was placed

(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIG. 1. (a) Typical SEM image of the patterned nanowire
(w = g = 125 nm) arrays. The direction of the applied field H
and the corresponding demagnetizing factors Nx, Ny , Nz along
x, y, and z axes. (b) MH loops with H applied along the EA
(black), at 45◦ (red) with respect to the EA, and along the
HA (blue). (c) Relative distribution of Mx and My of a NW
(initially magnetized along EA) with field applied along HA.
(d) Snapshots of the net magnetization of the NW at different
applied fields, where the red (first snapshot) and cyan (third
snapshot) colors indicate the magnetizations along the x and
y axes, respectively, and other colors denote the intermediate
in-plane magnetizations. (e) Schematic illustration of inductive
FMR using co-planar waveguide and in-plane bias field while
the sample positioning is “flip-chip” type. (f) The field-frequency
profiles for W(5 nm)/CFB(t)/MgO(2 nm) films with various
tCFB in the sub-10-nm regime. The inset shows the variation of
extracted M eff

S as a function of tCFB. (g) Comparison of typical
FMR absorption curve for the film (black) and nanowire ensem-
bles when the bias field H is applied along the easy (red) and
hard (blue) axis.

face down [Fig. 1(e)]. The lithographically patterned
NWs (green) were placed upside down (flip chip) on
top of a CPW (yellow). The bias field H was applied
along the sample substrate plane, transverse (y-axis) to
the microwave field (x-axis). Transmitted power S21 was
acquired in contentious wave (CW) mode for a set of
microwave frequencies (f ) in the range of 2–20 GHz at
an increment of ≤ 0.25 GHz for each set of sweep in the
field range of ±5 kOe.
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C. Micromagnetic simulations

Three-dimensional micromagnetic simulations were
performed using the Object Oriented Micromagnetic
Framework (OOMMF) package [29]. For simulations, we
have considered a single NW of length 2 µm and width
125 nm. For the angle-dependent magnetization dynamics
study, we have considered the film thickness to be 6 nm
(following the experimental parameter). The entire vol-
ume of the NW was discretized with cuboidal meshes of
individual volume 5 × 5 × 3 nm3. The input parameters
include the saturation magnetization Ms = 1200 emu/cm3,
exchange constant A = 1.1 µerg/cm, and zero magne-
tocrystalline anisotropy with a damping constant α = 0.01.
The parameters were chosen from the previous publica-
tion, modeling a similar material system [30–32]. See
Supplemental Material [33] for additional details on the
micromagnetic simulations.

III. RESULTS AND DISCUSSION

A. Magnetometry and dynamics studies

Magnetometry results of the nanowire ensembles are
presented in Fig. 1(b) using a representative sample
W(5 nm)/CFB(6 nm)/MgO(2 nm), for H along the EA,
45◦ with respect to EA, and HA. The hysteresis loops
shrink, and the effective coercive field reduces as H moves
from EA to HA. A few different field regimes indicated as
H s

b , H j as identified from the MH loops (pink and cyan
dashes), are found to be critical in the dynamics, which
are discussed later. The static magnetization Mx and My
as a function of transverse (along HA) field, as studied
using micromagnetic simulations, is presented in Fig. 1(c).
Three pivotal field regimes (pink, blue, and orange dashes)
are identified and the corresponding magnetization profiles
are depicted in Fig. 1(d). At a comparatively small trans-
verse field (200 Oe), Mx is large (red contrast) indicating
the magnetization lies mostly along the EA (x direction) of
the NWs. My increases with a sharp decrease of Mx with
increasing H . An indistinct bulk saturation field (H j ) can
be identified around 850 Oe where the central region of
the NW is nearly saturated along the transverse direction
with a significant component of unsaturated magnetization
observed near both the edges. This is due to the strong
magnetostatic interaction near the NW edges due to mag-
netic field line closures. The edge saturation field (H edge

sat )
is much higher, as indicated by the orange dashed line.
Spins at the edges start aligning along H beyond H ≥ H j

and saturation is attained (negligible Mx) around 1.5 kOe.
The snapshot of magnetization at 3 kOe (cyan contrast),
confirms the complete saturation of the NW along the HA.

The typical film-level FMR absorption spectra have a
Lorentzian line shape, with the line position being the
FMR resonance field. These resonance fields obtained for
several CFB film thicknesses are plotted versus microwave

frequency f as presented in Fig. 1(f). At this ultrathin
regime, the resonance frequency varies significantly with
the FM layer thickness as we observe a redshift of reso-
nance frequency with reducing tCFB [34]. We fit these lines
using the Kittel relation [35]:

f = |γ |
2π

[(H + 4πM eff
S )(H)]1/2. (1)

From the fits the effective saturation magnetization M eff
S

are quantified and plotted versus 1/tCFB [inset of Fig.
1(f)], which shows a linear variation. This size effect is
seen in the form 4πM eff

S = 4πMS − (2KS/MS) t−1
CFB, and

fitted to quantify MS(1360 ± 60 emu/cm3) and the sur-
face anisotropy KS(1.17 ± 0.15 erg/cm2) [36]. Note that
MS (1450 ± 80 emu/cm3) obtained directly using magne-
tometry (SQUID) studies has some discrepancy with the
same obtained from FMR studies. This is understood based
on the fact that the fit is done using data points only up to
7.5 nm, and the inclusion of a few thicker samples could
have resulted in much closer agreement.

Comparative FMR spectra obtained at 15 GHz are
depicted in Fig. 1(g) for the representative sample
W(5 nm)/CFB(6 nm)/MgO(2 nm) in the form of (i) con-
tinuous thin film (black circles), and (ii) nanowire arrays
(w = g ≈ 125 nm) with H applied along the EA (blue
circles) and HA (red circles). The bulk film and NW easy-
axis (EA) spectra show one principal oscillation mode
with resonance fields of 1670 and 1260 Oe, respectively.
While the hard-axis (HA) spectra show an additional exci-
tation around 3450 Oe beside the principal mode around
1605 Oe. This additional excitation is attributed to the
inhomogeneous magnetostatic fields, localizing the mag-
netization precession near the edges in the HA configu-
ration [37] and commonly known as “edge” mode [38].
Traditionally, “edge” modes are treated as a repercus-
sion of spin-wave propagation in Damon-Eshbach (DE)
configuration where H is applied transverse to the wave
vector (k), which is satisfied along the HA of the NWs
in the present experimental geometry. In contrast, the EA
configuration is used to study the backward volume mag-
netostatic spin-wave (BVMSW) modes with H parallel to
k [37,39,40]. While both configurations reserve fascinating
fundamental physics, their intermediate geometrical con-
figurations have rarely been reported. Such configurations
could potentially contain useful information on spin-wave
confinement, the origin of the “edge” mode, and in gen-
eral, the evolution of the dynamics in the transition regime
[41,42], which are addressed in the next section.

B. Evolution of unique nonuniform modes

A systematic angular dependence FMR spectroscopy
with ultrahigh resolution, by sweeping dc field H in
tiny steps (<5 Oe), is performed to address the afore-
mentioned queries. The scan is repeated with 0.25 GHz
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from 2 to 20 GHz. The raw curves are stacked together
to develop the field-frequency dynamic profile captur-
ing excitations of various relative intensities in the high-
resolution two-dimensional (2D) color map form. The
results presented in Fig. 2(a), for a few selective applied
field angles of our interest using the representative NW
[W(5 nm)/CFB(6 nm)/MgO(2 nm)]. Figure 2(a) shows
the experimental profile, where the brightness represents
the resonance excitation. Figure 2(b) shows the simu-
lated ones, where the depth of red color epitomizes the
resonance excitations in a gray background. For further
insight, the space-frequency-resolved 2D mode profiles are
depicted in Fig. 2(c), which corresponds to a few specif-
ically selected resonance states [labeled and indicated
using cross symbols in Fig. 2(b)]. It is worth mentioning
that we have continued the simulations for magnetiza-
tion dynamics considering a single NW, which shows
a small difference in comparison with the study carried
out using an assembly of five NWs. For example, the
resonance frequencies for principal modes show about
1.3% difference along the easy-axis and 2.7% along the
hard-axis directions. Moreover, the variation in simulated
resonance frequency as a function of g indicates neg-
ligible magnetostatic interactions with g ≥ 125 nm (see
Supplemental Material [33]). Note that, we have chosen
qualitatively similar states (mode) for a reasonable com-
parative understanding of the simulated and experimental
dynamic profiles. This is because we find that similar
states (modes) occur at different applied field angles for
experiments and simulations as presented. Note that the
experimental results are shown for the complete cycle from
+Hsat to −Hsat whereas the simulated results are presented
for half cycle, +Hsat to H = 0, without losing any vital
information. To comprehend the salient features of the
angular-dependent dynamic spectra, we follow the field
sweep protocol that begins above +Hsat and ends beyond
−Hsat. The dynamic profile along the EA of the sample
is in harmony with the film level spectra, especially at a
higher field-frequency regime, with one bright principal
(Kittel) mode. However, it is continuous and asymmetric at
lower fields across H = 0 [Fig. 2(a), top], unlike the film
spectra. This principle mode with field applied along the
EA (Hx = H ) is seen as

f |EA
principal = |γ |

2π
[(Hx + Nzx4πMS

− 2KS

tFMMS
)(Hx + Nyx4πMS

)]1/2

, (2)

which is derived from the generalized ferromagnetic
resonance equation [35,43–45], and extending it for the
ultrathin regime where the anisotropy 2KS/tFM becomes
useful. Nzx = Nz − Nx and Nyx = Ny − Nx are the differ-
ential demagnetization factors. The frequency decreases as
long as Hx > Nyx4πMS, whereas for Hx < Nyx4πMS the

(a)

(c)

(b)

FIG. 2. Field-frequency dynamics in the 2D color plot for
a few selective applied field angles with respect to the EA
of the NW as obtained (a) experimentally at 0◦, 65◦, 70◦, 90◦,
and (b) using micromagnetic simulations at 0◦, 75◦, 80◦, 90◦. (c)
Simulated spin-wave mode profile (power) for the NW at the res-
onance frequency corresponding to the specified magnitude and
direction of the applied magnetic fields. The point of interest is
shown with symbols in the experimental and simulated profiles
for better comparison and extraction of the mode profiles.

magnetization is reversed. This reversal is seen as the sharp
jump around −250 Oe [Fig. 2(a)-top] denoted as H FMR

C .
Note that the reverse cycle −Hsat to +Hsat (not shown here)
produces a mirror spectra across H = 0, which could be
found in our prior work [30].
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The characteristics of the dynamic spectra remain very
similar at various angles below 60◦ with one bright prin-
cipal mode of oscillation. To show the space-frequency-
resolved 2D mode profile, a snapshot at {15 GHz; 1050 Oe}
is presented in Fig. 2(c)-(i), which shows a uniform red
color throughout the NW width and length except for the
two ends. As the applied field angle increases, we observe
deformation of the principal mode and the appearance of
additional excitations. The threshold of this formation is
found to be about 65◦ [Fig. 2(a)] from the experiments
and about 75◦ from the simulated spectra [Fig. 2(b)]. The
evolution of the dynamic spectra becomes more prominent
as the angle increases, as confirmed by our corrobora-
tive experimental and simulation studies. We look into
one such intermediate state (80◦ field configuration) for
further probing into this [46]. We have picked two reso-
nance states from the simulated spectra, corresponding to
an applied field of 3.5 kOe, occurring at 20.8 GHz Fig.
2(c)-(iii) and 15.9 GHz Fig. 2(c)-(ii), while the experimen-
tal profile is also marked using the same colored cross
correspondingly. We find that the characteristics of these
two resonance modes are significantly different. The lower-
frequency 15.9-GHz mode shows the edges of the NW
show maximum power, while the center is close to power
min, which indicates that this mode belongs primarily due
to the confinement of the spin wave near the edges of the
NW (“edge” mode). Whereas the higher-frequency mode
at 20.8 GHz shows dark red color in the central region of
the NW, indicating this to be the principal mode (Kittel
mode) corresponding to uniform absorption. These find-
ings are further established by comparing the dynamic
profile of 80◦ to that of HA, where this evolution is com-
pleted. The spectral features are much more prominent,
as seen for the 90◦ (HA) configuration, and the “edge”
mode is understandably showing its maximum intensity.
We notice that at the same H , but with (HA) configuration,
the principal mode shows a slightly lower shift to 20.6 GHz
Fig. 2(c)-(iv), and the edge mode shifts to 11 GHz Fig.
2(c)-(v). The increase in frequency spacing between the
principal and edge modes is an obvious outcome due to the
angular variation of H . We also find that none of the prin-
cipal modes or the “edge” confined mode begins at the “0”
applied field at HA configuration. Different threshold fields
belong to these modes as denoted by H j (light blue) and
H edge

sat (orange) and subsequently indicated (light blue and
orange dashed lines) in Figs. 1(b) and 1(c). The principal
mode along HA configuration can be seen in the functional
form as [35,43–45]:

f |HA
principal = |γ |

2π

[(
Hy + Nzy4πMS − 2KS

tFMMS

)

− (Hy + Nxy4πMS)
]1/2 . (3)

Here Nzy = Nz − Ny and Nxy = Nx − Ny are the differen-
tial demagnetization factors. The HA configuration dis-
plays several distinguishable engrossing features [47,48].
We see a bright mode in the relatively small field regime
around +400 (H s

b) to +950 Oe followed by a sharp jump
to a higher frequency at H j. The MH loop of Fig. 1(b)
shows that M/MS ∼ 0.75 at H = +400 Oe, and M/MS
nearly reaches saturation H = +950 Oe. This intermedi-
ate +400 Oe to +950 Oe field regime creates an interesting
phase where the central part of the stripe is reaching satu-
ration, and hence this mode corresponds to the unsaturated
bulk magnetization of the NW. The two extreme states of
this mode help us capture the mode profile from Fig. 2(c)
(vi, vii), showing distinct variations in the profile along the
two extremes of this mode. The sharp shift from 9 GHz to
12 GHz around H edge

sat corresponds to the transition from the
unsaturated phase of the bulk magnetization of the NW to
its saturated phase from which the uniform principal mode
of oscillation begins. It is noted that the “edge” mode also
has two phases separated by the critical field H edge

sat [38,49].
The field above H edge

sat belongs to the saturated phase of
the edge magnetization and below H edge

sat down to around
H j belongs to the unsaturated phase of “edge” magneti-
zation, which also gives rise to a nonuniform oscillation
as visible in the simulated spectra. Although very weak,
the traces can still be observed in the experimental spectra.
The resonance frequency of this mode is found to decrease
with increasing H . From the numerical model (Ref. [49]),
we understand that at H edge

sat , the “edge” mode frequency
and My both go to “zero,” which is a key characteristic of
the magnetic edge property. However, experimentally the
“zero” frequency resonance at H edge

sat could not be observed
[50] for any of our samples as elaborated in the following
section.

Nonetheless, the simulated spectra show another mode
in the lower-field regime below 850 Oe within the fre-
quency range of 14.5 GHz to 12 GHz, Fig. 2(c)-(viii)
which is unique (non-Kittel), showing decreasing res-
onance frequency with increasing applied field. The
frequency of this mode can be written as f viii =
(|γ |/2π){(4πNyx)[4πNzx − (2KS/tFMM 2

S )]Mx}1/2, where
Mx = [(MS)

2 − (H/4πNyx)
2]1/2. The frequency vanishes

for the hard-axis field Hy = ±4πNyxMS, and around this
field, the frequency minima zone is formed for the princi-
pal mode. The space-frequency-resolved 2D mode profiles
also reveal multiple standing-wave-like formations [51],
which are easily distinguishable from the other mode pro-
files discussed so far. This mode, however, could not
be cleanly detected in the experimental spectra, and we
believe that it might be due to its ultralow amplitude. It
is essential to mention here that the experimental obser-
vation of edge mode and a consistent trend from one
sample to another requires excellent control of the lithogra-
phy, fabrication, and good alignment during the dynamics
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scan. Without these, the spectral features could be incon-
sistent or even ruined easily. Nevertheless, the excel-
lent corroboration between the experiment and simulation
results in this work has helped us to comprehend unique
dynamic characteristics, and the interplay of the uniform
and nonuniform oscillations, which is further extended
to Damon-Eshbach (DE) configuration in the next
section.

C. Influence of FM layer thicknesses on the dynamics
and interplay of demagnetization factors

In this section, we investigate the role of anisotropic NW
parameters governing the dynamics at the ultrathin regime
using tCFB = 1.4, 1.75, 2.4, 3.5, 5, 6, and 7 nm; for w(=
g) = 125 nm. In Fig. 3(a), the HA-dynamics spectra (half-
cycle only, as it is nearly symmetric across H = 0) for a
few selective samples (tCFB) are displayed, showcasing its
distinctive variation as a function of the FM layer thick-
ness. The simulated dynamic spectra, presented in Fig.
3(b), are used to corroborate the experimental findings and
cover a broader thickness regime, which was not possible
to cover using experiments. Simulated findings reveal that
as the film thickness increases beyond 15 nm (not shown
here), the principal mode gets distorted and branched into

two or more and becomes very complex for any Kittel
modeling. Besides, additional modes which are weaker
in magnitude, also appear at lower fields, making the
dynamic spectra quite complex. Nevertheless, our experi-
mental spectra help to identify 3.5 nm to be a critical thick-
ness below and above which the characteristic features of
the spectra are dissimilar. Fundamentally, this is caused
by the relative weight of the individual demagnetization
factors, which are analyzed and discussed later. We have
noticed that the critical fields H j, H sat

edge and also the separa-
tion field between the principal and “edge” mode denoted
as δH have tCFB dependency. For the quantification of δH ,
the minimum cut-off frequency is considered to be the res-
onance frequency at H j as indicated by the shaded area
in the central figure of Fig. 3(a). The extracted δH ’s are
presented in the form of a range band versus 1/tCFB in the
front panel of Fig. 3(c). δH is increasing monotonously
with increasing frequency, which is depicted in the inset
of Fig. 3(c). The variation of δH band versus 1/tCFB
(front panel), in this ultralow thickness regime of below
10 nm, is found to be quasilinear (shaded area) espe-
cially as the thickness approaches 1 nm. The inverse FM
layer thickness dependency of δH has never been reported
before.

(a)

(b)

(c) (e)

(f)(d)

δH

FIG. 3. Evolution of principal and edge modes as obtained (a) experimentally and (b) via micromagnetic simulations for a few
selective FM layer thicknesses (experimental, tCFB = 1.75, 3.5, 5 nm; simulation, tCFB = 3, 9, 21 nm). (c) The δH as quantified from
all the dynamics spectra for the various CFB thicknesses are plotted versus tCFB. (d) Nij (Nzy , Nxy , Nzx) as obtained from the fits of
the principal mode (HA) are plotted versus tCFB. (e) Edge saturation field H sat

edge, as obtained directly from the experimental dynamic

spectra (red filled circle) and for the simulated spectra as obtained using fits: H1 ∼ H edge
sat (green filled circle) are plotted versus tCFB

in a log-log scale. Obtained H1 from the fits of the experimental spectra is depicted using the red hollow circle for comparison. (f)
Variation of H2 as a function of H1 obtained from simulation data.
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Further, the principal modes along HA are fitted using
Eq. (3), while the “edge” modes are fitted using [49,52]

f |HA
edge = |γ |

2π
[(Hy − H1)(Hy + H2)]1/2. (4)

Here H1 and H2 are the fitting parameters, which are
the combination of magnetostatic and exchange fields:
H1 = Hex + 4πMSNyx, H2 = Hex + 4πMSNzx − (2KS/

tFMMS) [49]. In the ideal scenario, H1 ∼ H edge
sat when the

edge mode frequency becomes zero (f |HA
edge = 0) [49,53].

Obtained differential demagnetization factors are summa-
rized in Fig. 3(d) as a function of 1/tCFB. From 7.5 nm
down to 3.5 nm we see a monotonous decrease in Nzy
and Nzx. Below 3.5 nm the decrease is found to be much
sharper in both of them, while Nxy remains negligibly
small throughout this entire thickness range. From the fits
of “edge” mode, the extracted Hex was also found to be
decreasing from 1250 Oe for 7.5 nm to 200 Oe for 1.4 nm
in a quasilinear (not shown here) form. We note that by
definition, H edge

sat is identified as the field where the preces-
sion frequency drops to zero. Although this relation holds
fairly well for the simulated spectra leading to H1 ∼ H edge

sat ,
we find that the intensity of the edge mode usually dimin-
ishes at a finite nonzero f |HA

edge for the experimental spectra.
Using fits, we can quantify H1 and H2 for both the simu-
lated and experimental dynamic profiles. Moreover, for the
experimental spectra, we use the simple averaging method
of a few raw curves around the diminishing intensity of
the edge mode (see Supplemental Material [33]) to quan-
tify H edge

sat . In Fig. 3(e), a comparison of H1 and H edge
sat from

the experimental dynamics spectra and the same for the
simulated dynamic profile are depicted versus tCFB in a log-
log scale. The plot shows reasonable agreement between
the trends exhibited by our experimental and simulated
data for H edge

sat . The H1 as extracted from the experimen-
tal dynamic profiles using fits was found to be much lower
compared to H edge

sat that is directly extracted. We believe
that the finite nonzero f |HA

edge is the primary reason behind
this lower shift of H1. Note that since we have kept the
separation between the NWs at 125 nm for this study, the
fabrication challenges limit us from developing the sample
with a much thicker FM layer. Nevertheless, our simu-
lated spectra, which cover an extended thickness range, are
found to be in excellent qualitative agreement with prior
reports based on numerical calculations by McMichael et
al. [49] using nanowires of 250-nm-wide NWs with tFM
between 2 to 1000 nm (see Supplemental Material [33]).
Further, we have plotted H2 versus H1 in Fig. 3(f), obtained
using the simulated spectra fits, which showcases an excel-
lent linear variation of H2 as a function of H1. However the
same linearity could not be seen from the same extracted
from experimental data (not shown here), which we infer
to the finite nonzero f |HA

edge. Most of our findings display

an excellent coherence amongst the experiments, simula-
tions, and existing models to provide a strong ground for
understanding the interplay of several anisotropic param-
eters of the NW that govern the dynamics, especially at
the Damon-Eshbach (DE) configuration. Next, we investi-
gate further the influence of a few other geometrical and
interfacial factors on the dynamics.

D. Influence of adjacent materials and interfaces on
the dynamics

Here, we probe the influence of nanowire width and
the normal metal (NM)/ ferromagnet (FM) interface on
the dynamics [54]. The width dependency study is car-
ried out using micromagnetic simulation, considering NW
(tCFB = 6 nm) widths of 75, 125, 150, and 200 nm, while
the length of the nanowires was kept at 2 µm to main-
tain a high length-to-width ratio. In Fig. 4(a), the simulated
dynamic profiles are displayed, which indicates a rela-
tively moderate impact of width variation on the nanowire
ensemble dynamics within the chosen regime for width.
Notably, we find that for the 75 nm, the threshold fre-
quency for the principal mode is around 14 GHz, which
comes down gradually with increasing width, which is
found to be around 10 GHz for 200 nm. The edge modes
are fitted using Eq. (3), which enables the qualification
of H1, and H2 as plotted versus w in Fig. 4(b). We have
found that H1 (∼ H edge

sat ) increases gradually with decreas-
ing w. Although the range of this variation is rather small
(2.17–2.32 kOe). Similarly, H2 was found to be decreas-
ing gradually with decreasing w and range bound within
(7.15–7.4 kOe). The other low-intensity non-Kittel modes
are also found to display small modulations in their cur-
vatures upon the width variations. A similar experimental
study is carried out using w: 125, 150, 200 nm for which
a much thinner FM layer (tCFB = 1.4 nm) was considered.
This extremely thin layer is chosen to ensure a low value
of Nzy (as discussed above) so that the interplay of Nx,
Ny , and Nz is minimum, and the impact of the wire width
could become maximum. The principal and the “edge”
modes are extracted for each of the five sets of samples
and stacked together for comparison; as depicted on the left
part of Fig. 4(c), while the corresponding δH ’s are shown
on the right part of Fig. 4(c). Extracted anisotropic fields
are plotted in Fig. 4(d) versus w. Note that the FM layer
thickness used for simulation and the experiment (delib-
erately) was quite different, allowing only a qualitative
comparison among the results. We find that the variation
for δH is very weakly dependent on w, and also the range
of variation for H edge

sat is quite narrow. The range bound-
edness for H1 and H2 still holds good, but the nature of
variation versus w is not the same as what is obtained
in simulations. On the other hand, the influence of the
adjacent materials to the ferromagnetic layer is found to
be much more compelling. To amplify any impact of the
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(a) (b)

(d)(c)

(e)

FIG. 4. (a) Simulated dynamic profiles (tCFB = 6 nm) for dif-
ferent NW widths: 75, 150, 200 nm revealing the influence
of width of the dynamics. (b) The corresponding H1, and H2
are plotted as a function of NW widths w. (c) Experimen-
tal dynamic profiles for different (tCFB = 1.4 nm) NW widths:
125 nm, 150 nm, 200 nm in compact form alongside the quan-
tified δH . (d) The analyzed anisotropic field parameters H1,
H2, and HEdge are depicted as a function of NW widths w.
(e) Influence of the adjacent materials of the FM layer in
NM1(5 nm)/CFB(2.4 nm)/NM2(5 nm), or MgO(2 nm) stack
on the dynamics. On the left, the principal and edge modes are
stacked together and on the right, the corresponding quantified
δH are shown.

adjacent NM layer on the dynamics without losing much
of the signal-to-noise in our spectrum, we have chosen
a slightly thicker CFB layer for this study in a series
of samples: NM1(5 nm)/CFB(2.4 nm)/NM2(5 nm) or
MgO(2 nm), while keeping the nanowire width 125 nm.
The results of such five different compositions, as sum-
marized in Fig. 4(e). The principal and the “edge” modes
are extracted for each of the five sets of samples and
stacked together for comparison; as depicted on the left
part of Fig. 4(e), while the corresponding δH ’s are shown
on the right part of Fig. 4(e). We find that the principal
mode, “edge” mode, and the δH are heavily influenced
by the adjacent material of the ferromagnetic layer. We
see that the heavier metal (W) shifts both the princi-
pal and the “edge” mode towards the lower field. The
same impact is much more pronounced as we move

from NM1/FM/MgO to NM1/FM/NM2. Moreover, a
closer look at the f versus δH plot helps us to resolve
the impact with a greater degree. The curve for the
Cu(5 nm)/CFB(2.4 nm)/MgO(2 nm) sample, which sup-
posedly has the least interface anisotropy and no other
effects like interfacial DMI, lies at a higher field. The
introduction of heavy metals like W and Pt on one side
of CFB pushes the line towards the left or lower fields.
Upon adding the heavy metal on both sides of CFB, δH
lines are pushed further towards the lower field side. These
findings reveal that H edge

sat is not just a function of FM
layer thickness; the adjacent materials or interface can
heavily influence it, especially in the ultrathin ferromag-
netic regime, a characteristic that could be useful for the
design [55,56] of nanowire-based magnonics applications
[57,58].

IV. CONCLUSION

Using experiments and micromagnetic simulations, we
have probed the spin-wave dynamics of nanowire ensem-
bles in ultrathin ferromagnetic limits, which exhibit several
intriguing features. The dynamics in general and the evo-
lution of the edge mode in the transition regime between
BVMSW and DE configuration display unforeseen tran-
sition of the dynamic spectra (around 70◦–80◦ of applied
field angle) and not a gradual one, where geometrical fac-
tors like thickness and width play a pivotal role. The spatial
mapping of magnetization evinces unique spin distribu-
tion, giving rise to fascinating spectral patterns depending
on the interplay amongst the field, frequency, and the
applied field angle. At the ultrathin limits, the dynamics are
heavily influenced by magnetic layer thickness (tCFB). We
find that there is a critical tCFB ∼ 3 nm, below and above
which the dynamic characteristics alter, which could be
understood based on the interplay of the different demag-
netization factors Nx, Ny , Nz. Critical entities such as field
separation δH between uniform to edge mode show an
inverse correlation with tCFB, while the edge saturation
field H edge

sat shows a linear increase with tCFB in a log-
log scale. The experimental findings commensurate very
well with micromagnetic simulations and both are in line
with prior numerical model [44,45,49]. Under the scenario
where dipolar exchange is minimum, parameters such as
the NW width and separation were found to have minimal
impact on the edge mode and, in general, on the dynamics
of nanowire ensembles. Our results show that the adjacent
metals of the ferromagnet at these ultrathin limits influ-
ence the dynamics by introducing additional anisotropy
from the interface or the interfacial DMI’s, which can
be different for non identical NM-FM pairs [59]. With a
lower thickness-to-width aspect ratio than the nanowires,
this influence could be magnified and can be used as a
tool to tailor the characteristics [32] that are useful for
applications purpose [60]. Our findings over a range of
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geometrical parameters and for two fundamentally differ-
ent systems offer a range of information and understanding
and have fundamental [59,61] and technical significance
[62–64]. This also provides a platform for tuning and con-
trolling static and dynamic properties by geometry design
and exploring alternative materials and structures [65–67]
for future microwave-based applications [62–64]. Recent
reports [68] on the Chiral coupling between the nano-
magnets that are separated beyond dipolar exchange limits
could propel further development of this field.
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