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We report ab initio and model-Hamiltonian investigations of THz magnon propagation in a transition metal
adatom decorated one-dimensional nanoscale strip derived from a holey graphyne (HGY) sheet. Using
density functional theory (DFT) for the ab initio study of the system and then applying a tight binding
model through Wannier functions, we obtain localized magnetic moments that can be studied using the
Heisenberg spin model and linear spin wave theory. Our results show magnon propagation in the
material with velocities reaching up to 5.5 km s~ along with bandgaps that can be tuned by up to 10%
using an external magnetic field. These findings suggest that transition metal decorated one-dimensional

HGY nanostrips act as atomically thin magnonic crystals with field tunable transmission bands, making
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Accepted 22nd February 2026 em promising platforms for next-generation magnonic and wave-based computing devices operating

in the terahertz range. Experimental realization through bottom-up synthesis, combined with spin wave

DOI: 10.1035/d5ra09647b spectroscopy or scattering measurements, could open new opportunities for exploring ultrafast spin
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1. Introduction

The transfer of angular momentum in the form of spin waves
can be used to transmit information without transferring elec-
tronic charge. The quanta of these spin waves are bosonic
quasiparticles called magnons, which form the basis for mag-
nonics. Utilizing magnons for data transfer eliminates the
ohmic losses associated with electrons, which in turn facilitates
greater miniaturization and more energy-efficient devices.'™
Furthermore, the versatility of magnons opens up a frequency
range from GHz to THz, as well as the possibility for novel wave-
based computing.® A primary objective is to achieve the directed
propagation of magnons, where their speed, direction, and
propagating frequencies can be precisely tuned.

The propagation of magnons depends primarily on crystal
structure and material composition, which may be dynamically
tuned by temperature gradients, strain, or external magnetic
fields. Significant research efforts have combined these degrees
of freedom to achieve desired properties. Propagation velocity
and frequency have been manipulated using temperature
gradients, external magnetic fields, strain, or topological
properties.®** However, the focus has predominantly been on
GHz magnonics using yttrium iron garnet (YIG) or permalloy,
which are unlikely to fulfill the requirements of miniature, high-
frequency, ultrafast spin wave guides.***** This motivates the
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search for alternative templates over which high-frequency spin
waves can propagate. The emergence of altermagnetism in
monolayers like VPSe; offers new avenues for spin splitting and
valley control via electric fields and Janus structures.'® Simul-
taneously, the study of ultrafast, terahertz spin waves is ex-
pected to bridge the scientific gap in our understanding of the
THz frequency range as they lie between the electronic and
photonic regimes.*”*

THz spin waves offer the potential for ultrafast signal pro-
cessing, denser integration due to shorter wavelengths, and
direct compatibility with emerging THz communication tech-
nologies.””*® This can be achieved when spin wave propagation
is dominated by exchange interactions, which lie at a higher

1920 Recent

energy level than other magnetic interactions.
investigations into FePS; and NiPS; monolayers have utilized
first-principles calculations and machine learning to establish
exact spin Hamiltonians, revealing how competing exchange
interactions and anisotropy define their unique spin-wave
spectra.® Exchange interactions dominate over dipolar and
other long-range interactions as the size of a magnetic material
decreases. Hence, ultrathin nanostructures have been identified
as ideal candidates for tuning exchange spin waves.** Theoret-
ical and experimental works exploring atomically thin films for
exchange-dominated spin wave propagation®>* show prom-
ising results through material nanostructuring. In particular,
magnonic waveguides confined in one dimension are more
efficient, as cross-propagating waves are absent due to the
geometry.
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A requirement for the directed propagation of select THz
frequencies is the availability and tunability of bandgaps, which
allow for the selection of transmitted frequencies, noise avoid-
ance, and the filtering of unwanted signals.** Bandgaps in
a magnonic crystal arise when the Bragg resonance condition is
fulfilled, leading to destructive interference and the creation of
a “forbidden zone” in energy where no spin waves can propa-
gate.” As such, the simplest way to tailor them is by controlling
periodicity in a waveguide or using line defects.”® Other
proposed methods to engineer the magnonic bandgap include
altering geometric parameters or coupling two magnonic crys-
tals.”®*® Bandgaps can also be dynamically tuned during oper-
ation using temperature gradients, pressure, or magnetic
fields.®** Specifically, an external magnetic field introduces
a Zeeman term in the spin Hamiltonian, predictably shifting
the magnonic dispersion and allowing for straightforward
tuning of the bandgap position. A THz frequency waveguide
combined with dynamically tunable bandgaps would be of
enormous utility in computing systems.

One-dimensional (1D) magnonic crystals are especially
relevant for confining and filtering spin wave modes and for the
nanoscale control of dispersion.”®** The widths and center
frequencies of magnonic bandgaps in 1D crystals can be finely
adjusted by varying component materials, stripe width, and
magnetic field orientation.*® Such crystals have been created via
width modulation, spatial patterning, or microcavity creation to
produce sharp frequency peaks and well-defined bandg-
aps.****3* The discovery of ferromagnetism in single-layer van
der Waals materials has highlighted how nanoscale systems can
support ultrafast THz magnons.****® Moreover, materials such
as OsBr, monolayers demonstrate the coexistence of magnetic,
ferroelectric, and ferrovalley orders, which can be dynamically
manipulated through phase transitions or interlayer sliding.*’
While the Mermin-Wagner theorem states that long-range
magnetic order cannot exist in an infinite 1D or 2D system,
Jenkins et al.** found that finite-sized materials (up to several
micrometers) can still maintain magnetic ordering. Therefore,
it is prudent to nanostructure 1D ultrathin materials to host
directed THz spin waves.

The abundance of low-dimensional, carbon-based materials
is well-suited for this purpose due to carbon's versatile chem-
istry, which allows for precise geometric engineering via nano-
fabrication.*” The addition of dopants and functionalization of
carbon allotropes has yielded stable materials with useful
properties for energy storage, catalysis, or magnetism.**** First
principles calculations indicate that transition metal (TM)
atoms chemisorb strongly on graphyne-like sheets, particularly
at acetylenic bridges, resulting in magnetic moments.**
Furthermore, TM-doped graphyne nanoribbons are predicted to
exhibit ferromagnetism and even half-metallicity; for instance,
Mn- or Co-doped graphyne ribbons show 100% spin polariza-
tion at the Fermi level.*®

A stable 1D allotrope of carbon with periodic magnetic
patterning is therefore expected to function as a THz-range,
band-tunable magnonic crystal. The recent synthesis of holey
graphyne (HGY) by Liu et al.”” provides such an opportunity.
HGY is a porous 2D carbon allotrope composed of alternating
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benzene rings and diacetylenic linkers, featuring uniformly
distributed sp and sp>hybridized carbons.*® Interest in this
material is growing for energy storage, topological states, and
magnonic applications.'®*>* First principles calculations by
Bhat et al. indicate that TM atoms form stable systems with
HGY through Dewar interactions.*

In this study, we propose a transition metal decorated holey
graphyne strip as a novel 1D magnonic crystal capable of
hosting ultrafast THz-range spin waves and field tunable
bandgaps. The strip structure follows the precursor to the HGY
sheet during synthesis, suggesting the feasibility of synthe-
sizing a 1D material strip. We explore the available frequency
bands and dynamic characteristics, such as propagation
velocity, using linear spin wave theory (LSWT). Furthermore, the
effect of the magnetic field on the bandgap is examined. Our
results indicate that these HGY strips exhibit appropriate
magnetic interactions and the potential for high-frequency
magnon propagation, making them promising candidates for
magnonic applications.

2. Methodology

We first design the holey graphyne (HGY) strip by confining it in
two dimensions and verify its stability using ab initio molecular
dynamics (AIMD). We employ density functional theory (DFT) to
investigate the electronic structure of these strips functional-
ized with transition metal (TM) adatoms (V, Cr, Mn, Fe, Co, and
Ni). To determine the localized contributions to magnetism, we
construct maximally localized Wannier functions (MLWFs).*®
The exchange interactions are then extracted using the Tight
Binding to Exchange (TB2J) method,”® and the magnon
dispersion relations are calculated using linear spin wave theory
(LSWT).>>

The electronic structure and geometry of the HGY strip with
magnetic adatoms were calculated using spin-polarized DFT as
employed in the Vienna Ab Initio Simulation Package (VASP)
with the Perdew-Burke-Ernzerhof (PBE) GGA functional.**** To
account for on-site correlation effects, we employed the DFT+U
approach with U = 2 eV for Fe/Co/Mn, U =1 eV for V, and U =
0 for Ni.>®* We used a unit cell of 40 carbon atoms and intro-
duced 11 A of vacuum on either side of the strip to avoid
interactions between periodic images. A1 x 4 x 1 Monkhorst-
Pack k-point grid was used to sample the Brillouin zone. The
convergence criteria were set to 0.005 eV A" for the relaxation
of Hellmann-Feynman forces and 10> eV for total energy. A
kinetic energy cutoff of 520 eV was used for plane-wave expan-
sion. AIMD simulations were performed to check the stability of
the strip-adatom system at 300 K using a 5 ps production run
with a time step of 0.07 fs. The temperature was maintained
using a Nosé-Hoover thermostat.

MLWFs were constructed from the DFT Bloch states using
the Wannier90 package.> As the bands near the Fermi level
showed dominant contributions from the d orbitals of the TM
adatoms, the disentanglement window was chosen to encom-
pass these states, ensuring the resulting Wannier functions
were primarily projected onto the d-orbital manifold.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To extract the exchange interactions between magnetic
atoms, we use Green's functions in the Wannier basis as
implemented in the TB2] package:**

Gmn,RR’U(E) = <WmRa‘(E - Ha)il |wnR’O-> (1)

where H’ is the Hamiltonian for spin ¢, and wmRo are spin-
dependent Wannier functions. The exchange parameter J; is
then obtained via the Liechtenstein formula:*

1 (5
Jy=— J dEIm|[Tr (A (E)G;’(E))] (2)
where AY_* represents the exchange splitting at site {. We map
these interactions to a Heisenberg model, including a Zeeman
term for external magnetic fields:

H=-y J;S;i'S;—gusy _BS; (3)
(i) i

where g is the Landé g-factor, B is the applied magnetic field,
and S;, S; are the spins at sites 7 and j, respectively.

The ground state of the magnetic structure is obtained by
using a conjugate gradient method to minimize the energy of
the spin system defined by eqn (3). Magnon dispersion was
obtained by applying LSWT to this Heisenberg spin Hamilto-
nian. We followed the formalism of Téth and Lake,*® which
handles arbitrary magnetic structures via Holstein-Primakoff
transformations and local coordinate rotations, as imple-
mented in the Sunny.jl library.>* Following the detailed deriva-
tion provided in Section 3 of the SI, the resulting non-
interacting second-quantized Hamiltonian is:

H=> w(k)a(k)a,(k) (4)

Finally, we calculate the dynamic structure factor S(q, w)
with a Gaussian resolution broadening, which provides a direct
link between theory and inelastic neutron scattering (INS)
experiments. It is defined as the space- and time-Fourier
transform of the spin-spin correlation function:

1 ) « .
o — tql(r‘—r,-) iwt o B8
S @0) = gy D | weiseso).
where «, 8 € {x, , z} denote spin components, r; is the position
of spin i, and N is the total number of spins. Under LSWT, the
correlations are dominated by single-magnon processes:

59(q,0) = Y F(@)8(w — w,()), (6)

where w,(q) is the energy of the magnon in branch », and F,**(q)
is the corresponding spectral weight.

The measured intensity is proportional to the transverse
component of the dynamic structure factor:

Sy (q7 w) = Z(éﬂéﬁ - qaéﬁ)saﬁ (q> w)? (7)
a,B

where § = q/|q|. The relative intensities F,**(q) contain infor-
mation about the polarization and eigenvector structure of the
magnon modes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Representative optimized structure of the TM-decorated holey
graphyne strip system, where TM (V, Cr, Mn, Fe, Co, Ni) atoms (purple)
and carbon atoms (brown). The numbers label the atoms as used in the
text; the upper image is the top view and the lower image is the side
view of the optimized structure of the Mn-decorated system.

3. Results and discussion

The ground-state structure of the strip was first optimized using
density functional theory (DFT), yielding lattice parameters
a=20.02A, b=20.02A4A,c=2170 A, a = 90.25°, 8 = 85.59°,
v =119.99°. Transition-metal adatoms (TM =V, Cr, Mn, Fe, Co,
Ni) were then symmetrically placed above and below the plane
at a distance of 2 A and the structures were re-optimized to
obtain their electronic and magnetic properties. Fig. 1 depicts
the front and side view of the optimized structure which is
representative of the structurally optimized systems. Corre-
sponding optimized structures for all systems are included in
the SI (Fig. S1). Thermal stability at ambient conditions was
verified via ab initio molecular dynamics (AIMD) simulations at
300 K for each structure; as shown in SI (Fig. S2), the total
energy remained constant and the temperature, stable
throughout the duration of the run. During the AIMD simula-
tion, the carbon-transition-metal bond lengths fluctuate from 2
A to 2.5 A for all systems except Ni, which drifts away from the
strip (see SI Fig. S3), indicating that the Ni-adatom system,
which has weaker interaction with the main strip, is rather
unstable at higher temperatures. The reason being that the
transition metal is held on to the surface by Dewar interaction.
It involves the donation of electrons from carbon atoms and
then donation back from the d orbitals of transition metal
atoms.* The interaction depends on the availability of unpaired
d-orbital electrons of transition metal atoms, which increases
from vanadium to manganese and then decreases; being nearly
filled in Ni.

3.1. Magnetic moments and exchange interactions

From the density of states (DOS) in Fig. 2, the asymmetry in
spin-up and spin-down states around the Fermi level is majorly
due to the d-orbital of the transition-metal adatom. Therefore,
from the electronically optimized wave functions from DFT, we
project the d-orbitals of transition-metal adatoms to get the
maximally localized Wannier functions. This gave us the
magnetic moment localized over each adatom. Table 1 and

RSC Adv, 2026, 16, 12759-12767 | 12761
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Fig. 2 The density of states for the s, p, and d orbitals obtained from DFT for a holey-graphyne strip with different transition-metal (TM) ada-

toms: V, Cr, Mn, Fe, Co, and Ni.

Fig. 3 show the magnetic moments on the transition metal
atoms over holey graphyne strip. The magnetic moments
increase from vanadium to manganese and then start
decreasing. This volcano trend is in agreement with previous
studies on 3d transition-metal adatoms on y - graphyne which
is a similar system.** This is due to the transition metals in the
middle of the series having more unpaired electrons while the

12762 | RSC Adv, 2026, 16, 12759-12767

magnetic moments in either end is quenched giving rise to the
volcano plot.

Table 2 shows the nearest neighbor exchange interactions J;
between the transition metal atoms. Since the scale of the strip
is in tens of angstroms, dipolar interactions between the
magnetic moments are negligible and exchange interaction
dominates. A detailed plot of these interactions against distance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Tablel Magnetic moments (in ug) of transition-metal adatoms on the
holey graphyne strip

Atom \'% Cr Mn Fe Co Ni
1 0.17 2.80 3.55 3.88 1.95 0.96
2 0.11 2.06 3.25 3.00 1.95 0.86
3 0.66 1.81 2.46 2.93 2.91 0.97
4 0.73 1.95 3.69 4.13 3.05 1.11
5 0.70 2.84 3.19 1.98 1.95 1.03
6 0.33 2.23 4.49 3.91 3.06 1.15
7 0.48 0.55 1.18 1.21 1.93 0.85
8 0.45 1.80 2.44 2.01 1.94 0.85
Atom Index
- 1
=4 :
3 a
~ L
JE | 6
T3 .
€
o
€
v 2 - i
2
()
) |
o 1 i
) l I
o= .
\ Cr Mn Fe Co Ni
Elements

Fig. 3 Magnetic moments of the transition-metal adatoms in holey
graphyne strip shows a volcano plot.

is provided in SI Fig. S4 of the SI. All systems have a ferrimag-
netic order with strong interactions of ferromagnetic nature
and weaker ones of anti-ferromagnetic nature except for Vana-
dium which is not significantly magnetic. Using the magnetic
moments and exchange interactions, we calculated the magnon
dispersion relations.

3.2. Magnon spectra of holey-graphyne strip with transition-
metal adatoms

3.2.1. Magnon spectrum of C,,Crg holey-graphyne strip.
Fig. 4a shows the magnon bands along the [0, K, 0] directions

Table 2 Nearest-neighbor exchange interactions (J; in meV)
between transition-metal adatoms. The table header lists adatom
elements, and the left column specifies atom pairs. Positive J;; values
indicate ferromagnetic alignment, and negative values indicate anti-
ferromagnetic alignment

Pair(i-j) V Cr Mn Fe Co Ni

1-3 0.00 14.03 6.23 21.22 92.48 17.42
1-7 1.35 5.61 19.22 —-1.76 2.97 0.00
2-4 3.72 4.55 12.90 18.61 91.73 17.92
2-8 2.32 9.14 10.08 6.14 2.69 —0.02
3-5 1.54 1.94 11.98 1.61 —3.96 0.28
4-6 4.40 —-1.70 13.00 2.33 —0.96 —0.45
5-8 —-1.14 —0.40 -11.71 5.35 88.71 41.41
6-7 —0.67 11.42 —7.36 —15.25 91.25 42.33

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the two zone-boundary points (0, —5, 0) and (0, 0.5, 0).
The color map shows the normalized scattering intensity ob-
tained from the dynamic structure factor, S(g, w). Eight distinct
branches appear in the plotted window which are due to the
eight distinct Cr moments in the magnetic unit cell. The lowest
branch among these are gapless at the zone center identifying it
as the acoustic Goldstone magnon. This acoustic branch
exhibits a dispersion with bandwidth of 0.13 THz. The nature of
the acoustic branch qualitatively follows that of a one-
dimensional ferromagnetic spin chain as given by the rela-
tion, E=]-S cos(qa),” where J is the exchange constant between
two spins, S is the spin, a is the lattice constant and g the
wavevector. It diverges from the ideal solution as the contribu-
tions are from 8 unequal exchange interactions and magnetic
moments which are not equidistant to each other.

Right above the acoustic mode, an optical mode of 0.20 THz
bandwidth exists separated by 0.47 THz of acoustic-optical
bandgap. The mode has a negative curvature relative to the
Goldstone mode. At small g, the contribution to scattering
intensity from each site cancels off for these optical modes
which is seen as vanishing of the color maps near I' point in
Fig. 4. Of the series of optical magnon modes occurring above
the first optical mode, the lowest one at 1.05 THz has a band-
width of 0.10 THz while the rest are nearly dispersionless. These
modes are localized intra-unit spin excitations produced by the
holey motif and inequivalent Cr environments and do not
contribute to propagation.

3.2.2. Magnon spectrum of C4oMng holey-graphyne strip.
Similar to the C4Crg, the spin wave dispersion of C,Mng
(Fig. 4b) has a Goldstone mode but with a much larger band-
width of 0.95 THz as it has stronger nearest-neighbor exchange
interactions as seen in Table 2. There is no bandgap between
the first optical mode and acoustic mode as the first optical
mode has eigenvectors that are in phase with the acoustic mode
which makes their curvatures similar and causes the energy
windows of the bands to overlap. The second optical mode
however, curves upwards and gives rise to a bandgap between
the first and second optical mode of 0.48 THz. It also has
a significant bandwidth of 0.47 THz. Unlike the case of Cr, the
third optical mode is also quite dispersive with a bandwidth of
0.19 THz. There is also a significant bandgap between the
second and third optical mode of 2.7 THz which can act as
a good frequency filter. All higher modes are nearly flat as the
intra-unit spin interactions take over. Compared with the
C40Crg strip, the Mn system shows both larger stiffness and
higher-energy magnon modes with much larger bandgaps in
between. This can be seen as an effect of Mn lying at the middle
of the volcano plot in Fig. 3 and having greater values for
exchange interactions. It is apparent that Mn-functionalized
holey graphyne can host more robust and higher-frequency
magnon excitations.

3.2.3. Magnon spectrum of CyFes. Although the full
energy window between Mn, Fe, Co based systems are numer-
ically similar due to similar magnetic moments; the nature of
dispersion relations in Fe-based system (Fig. 4c) shares much in
common with the Cr-based system. The acoustic Goldstone
mode has a smaller dispersion of 0.34 THz and the curvature of

RSC Adv, 2026, 16, 12759-12767 | 12763
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Fig. 4 Calculated magnon bands at O K for the C40TMg (TM = Cr, Mn,
Co, Fe, Ni) holey-graphyne strip along (0, K, 0) between X'(0, —0.5, 0)
and X(0, 0.5, 0). There are eight branches (one acoustic and seven
optical). The color indicates the normalized intensity of inelastic
neutron scattering as obtained from the dynamic structure factor.
Subfigures: (a) Cr, (b) Mn, (c) Fe, (d) Co, (e) Ni.
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the first optical mode is inverted with respect to the acoustic
mode. It lies above a bandgap of 0.35 THz from the acoustic
mode. Even though the magnetic moments of Fe are similar to
Mn, there is a significant antiferromagnetic contribution in the
exchange interactions of Fe-based system which decreases the
stiffness of the modes. After the first optical mode which has
a bandwidth of 0.34 THz, all higher energy modes are mostly
dispersionless which results in only the acoustic and first
optical mode to contribute to any spin wave propagation sepa-
rated by an acoustic-optical bandgap.

3.2.4. Magnon spectrum of C,Cog. From Fig. 4d, the
magnon dispersion of the Co-based strip exhibits similar
features to Mn based strip in that the first mode is a Goldstone
mode and the first optical mode shares its nature. This causes it
to overlap its energy window with the acoustic mode which
stops the acoustic-optical bandgap from forming. It also shares
quantitative similarities as the acoustic mode has a bandwidth
of 0.94 THz. The first bandgap occurs between the first and
second optical modes of 0.84 THz. While the second optical
mode is dispersive with bandwidth of 0.46 THz; unlike the Mn-
based system the third optical mode is quite flat and has little
prospects for spin wave propagation. Even as the spectrum
extends up to 15 THz, the Co-based system is much less
dispersive than Mn and all the higher optical modes are due to
strongly localized magnons.

3.2.5. Magnon spectrum of C4Nig. The Ni adatoms have
the lowest magnetic moments among the five systems studied.
The small magnetic moments and exchange interactions in the
Ni-based strip leads to all magnon modes existing under 0.7
THz as shown in Fig. 4e. All optical modes are nearly di-
spersionless and only the acoustic mode has a bandwidth of
0.03 THz. This is a natural consequence of Ni being at the right
end of the volcano plot in Fig. 3. Combined with the Ni-adatom
being the most unstable among all studied systems, it can be
discarded as a candidate for magnonic applications when
compared to strips based on other transition metal elements.

The five C4TMg holey-graphyne strips follow a similar
pattern of dispersion relations. The lowest mode is gapless at
the I' point which is a characteristic of the Goldstone mode.
This mode has a nature similar to the one-dimensional ferro-
magnetic spin chain. An evolution of the magnon spectra can be
seen across the 3d transition-metal series (Fig. 4). The change of
the energy scale and magnon dispersion is such that; Ni forms
the low-energy limit, Cr is intermediate in energy and disper-
sion while Co, Mn and Fe produce the largest magnon band-
widths. Cr features a narrow acoustic band, a relatively
dispersive first optical mode and then multiple relatively flat
optical modes, consistent with weak inter-site exchange and
strongly localized intra-cell excitations at higher energy eigen-
values. The flat bands are the spin precessions localized to their
own unit-cell and hence do not propagate.®® Moreover, the
scattering intensity of the optical modes interfere destructively
at the center of the Brillouin zone and hence seem to be van-
ishing. Mn, Co and Fe display the strongest effective exchanges,
with high acoustic bandwidths and magnon frequencies
extending up to 15 THz. Their spectra combine dispersive
acoustic modes which are favorable for long lifetime with well-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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separated optical groups with the caveat that only the lowest
modes are propagating. The bands in Ni collapse into nearly
dispersionless bands tightly clustered at extremely low energies,
indicating very weak exchange and highly localized spin
excitations.

From an applications perspective, Mn- and Co-
functionalized strips are promising where higher-frequency
magnonic response or long-range magnon transport is
required; Cr is more suited to low-frequency, localized resonant
magnonic elements. The existence of acoustic-optical magnonic
bandgaps between acoustic mode (n = 0) and first optical mode
(n = 1) of the Fe and Cr based strips has the advantage of being
able to use the acoustic magnons which possess longer lifetimes
along with optical modes to filter or select frequencies. In the
optical region, significant bandgaps exist between first and
second optical modes of Cr, Mn, Co which may prove to be quite
useful. However, this is not the case for Fe-based system. Since
the third optical mode for Mn is dispersive, the bandgap
between second and third optical mode is also important for
Mn while not so for the other adatoms.

3.3. Group velocities

The group velocity was calculated to obtain the propagation
velocity of spin waves in the strip for each adatom. It is the
gradient of the eigenenergy of each mode with respect to the
wavevector.

- d_q’ (8)

where E(g) is the magnon energy at a given wave vector g. The
resulting velocities for all transition-metal (TM) adatoms are
presented in Fig. 5.

The spin waves propagate symmetrically in both directions
around the I'-point, due to the symmetric nature of the magnon
dispersion relations. The group velocity goes to 0 at the I'-point,
which also includes thermal excitations, and at the Brillouin-
zone edges, reaching its maximum at intermediate wave

Mode
5 mmm Mode 1
Mode 2
s Mode 3
4 mmm Mode 4
0D mmm Mode 5
E B Mode 6
kv Mode 7
3
~ mm Mode 8
>
=
3
9 2]
>
1 4

Cr Mn Fe Co Ni
Element

Fig. 5 The highest group velocity available for propagation in each
mode for each adatom decorated holey graphyne strip.
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vectors (g = 0.3-0.5 A™"), where the slope of the dispersion
curve is steepest.

From Fig. 5, it can be seen that Mn- and Co-decorated strips
exhibit the largest group velocities as these have the highest
exchange interaction energies and therefore greater stiffness.
The acoustic branch in these systems reaches up to 5.2 km s™*
for Mn and 5.0 km s~ for Co. Their first optical branches also
sustain high propagation speeds exceeding 3 km s~ . Both these
systems also display velocities >2 km s~ for modes n = 3 and n
= 4, suggesting that multiple channels can contribute to mag-
non transport. The coexistence of several high-velocity modes
can be understood from high stiffness modes seen in the
dispersion relation in Fig. 4b and d. These along with suitable
bandgaps are advantageous for coherent spin wave trans-
mission and potential magnonic device operation.

Meanwhile, the Fe-decorated strip shows moderate group
velocities of approximately 2 km s™* for the acoustic and first
optical modes. Although its highest magnon mode lying at 10
THz is comparable to that of Mn and Co; the contribution from
antiferromagnetic exchange interaction in Fe reduces the
effective stiffness of the dispersion of Fe-decorated strip and
therefore lowers the group velocity leading to slower spin wave
propagation. The Cr- and Ni-based systems exhibit the lowest
velocities; in particular, Ni shows nearly flat modes across the
Brillouin zone, as it has weak exchange coupling and dimin-
ished spin stiffness.

3.4. Tuning dispersion using a magnetic field

We analyze the evolution of the three low-lying magnon modes
and the associated bandgaps under an external magnetic field
applied perpendicular to the direction of propagation from 0 to
1 T. The applied field, B, introduces a Zeeman term, gupBMes(q),
which couples with the effective magnetization, Mg, at each
wavevector ¢g. In our case with only exchange interactions, the
effective magnetization does not change significantly with g as
shown in Fig. 6.

The introduction of the Zeeman term into the magnon
Hamiltonian shifts the magnon energies of the acoustic mode
upward, which corresponds to a finite energy requirement to
excite the mode even at the I' point. Meanwhile, the effect on
other modes depends on the relative magnetization and
amplitude of the mode with respect to the field direction. As
each mode has a different effective magnetization given that
there are 8 interacting sublattices, the effective magnetization
and hence the shifts due to magnetic field are different for
different modes which leads to opening or closing of bandgaps.

As seen in Fig. 6c, all three modes of chromium respond
uniformly to the external field, leaving the bandgaps between
mode 1 and mode 2 at 0.13 and 0.47 THz between mode 2 and 3
effectively unchanged between 0 and 1 T. In iron (Fe), the gap
between mode 2 and mode 3 decreases with increasing field and
almost closes around B = 1 T. This happens as mode 3
decreases when magnetic field is increased. In case of Mn, the
bandgap between acoustic and optical mode doesn't exist, and
the trend is for the first optical mode to shift downward as can
be seen in Fig. 6b. The same shift however, creates about 11%
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Fig. 6 Evolution of the first three modes of the dispersion relation when the magnetic field is applied along the z-axis for the C40TMg systems
with adatoms: (a) Cr, (b) Mn, (c) Fe, (d) Co. The colormap shows the gradient from highest (dark blue) to lowest (yellow).

change in the bandgap between mode 2 (first optical mode) and
mode 3 reaching 0.54 THz. The Co-adatom system mimics Mn
but the change is only about 6% as the first optical mode
couples weakly with external field.

4. Conclusion

We have investigated the structural and magnetic properties of
transition metal (TM = V, Cr, Mn, Fe, Co, Ni) adatoms on
a holey graphyne strip using DFT and linear spin-wave theory.
The optimized structures are thermally stable at ambient
conditions. Magnetic moments show a volcano trend across the
series of transition metals, peaking at Mn due to the availability
of more unpaired electrons after Dewar interactions. Exchange
interactions indicate ferrimagnetic ordering with strong ferro-
magnetic couplings, while V exhibits negligible magnetism.

Magnon dispersions show eight modes per unit cell with
a gapless acoustic branch. Mn and Co adatoms have several
dispersive optical modes with high group velocities, making
them the most promising for spin wave applications. Bandgaps
between acoustic and first optical modes, as well as between
higher optical modes, can be tuned with an external magnetic
field, enabling selective frequency control. Hence, Mn- and Co-
decorated graphyne strips emerge as promising platforms for
high-speed, tunable spin wave devices requiring experimental
verification. Fe and Cr offer moderate performance, whereas Ni
shows limited propagation due to flatter bands and lower
velocities.
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