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a b s t r a c t 

We analyze the scattering and ballistic transport of spin waves (SW) of Fe/Co leads across iron-nickel alloy nano- 

junctions, for different nanojunction nickel concentrations. The analytical and numerical analysis is developed for 

variable thicknesses n of the (100) atomic layers of the homogeneous Fe-Ni alloy nanojunctions, where 1 ≤ n ≤ 7. 

The ordered magnetic states are treated in the virtual crystal approximation (VCA) and computed using the Ising 

EFT-MFT method. The spin dynamics and the SW scattering at the nanojunctions are examined by implementing 

the phase field matching theory (PFMT) for the Heisenberg Hamiltonian. Ballistic coherent reflection and trans- 

mission probabilities of the SWs incident from the Fe/Co leads onto the nanojunctions, are calculated using the 

Landauer-Büttiker formalism. Resonance assisted maxima of the ballistic SW transmission spectra are also along 

various directions of the Brillouin zone. The characteristics of these maxima can be modified by varying several 

factors including the nanojunction thickness, the number of layers, the propagation path, the alloy concentrations 

and temperature. 
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. Introduction 

The tremendous research effort to understand and manipulate the
roperties of magnetic nanomaterials is stimulated by the objective to
nhance the performance of physical devices using these materials as
heir constitutive elements. In particular, nanostructures of magnetic
aterials, with specifically required properties, are urgently needed to
esign more advanced devices for information processing and storage,
nergy applications, and permanent magnets [1–3] . The discovery of
ew types of magnetic nanostructures, whose behavior is often very
ifferent from that of bulk, has also revealed new aspects of known
henomena, and led to important progress in the fields of spin wave
agnonics [4,5] , and spin-based electronics [6] . 

Equally spin wave excitations have attracted increasingly great at-
ention, and are used and analyzed in several areas, ranging from spin-
olarized scanning tunneling microscopy [7] to modelling the magnonic
oherent transport for systems of interest via atomic contacts and nano
cale junctions [8–12] . Recently the experimental research in magnonics
oncentrates primarily on the study of magnetic systems and the trans-
ort properties of their SWs, at the microscopic scale [13] . However,
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espite the compelling attempts dedicated to this growing field, the ex-
erimental work for the emission and detection of short-wavelength SWs
t the nano scale is limited and continues to be a key challenge [14,15] .

Several types of nanomaterials are being studied to obtain optimum
haracteristics for the efficiency of the magnetic devices. In this respect,
t is well known that the use of magnetic transition metals (TM) to pre-
are bimetallic multilayers has been a successful approach to modu-
ate and control the magnetic properties of such nanomaterial systems.
ence, one can expect that magnetic nanostructures of TM alloys can be
f significant interest. The investigation of the magnonic ballistic trans-
ort across homgeneous TM alloy nanostructures has therefore been
nitiated recently with this target, in particular to identify the mag-
etic ground states of the Fe-Co alloy nanojunctions [16,17] , using a
ombination of Ising Effective field theory (EFT) and Mean field theory
MFT) methods. The same authors also computed the magnonic ballistic
ransport across such nanojunctions [8–10,18] , employing the theoreti-
al PFMT method. 

In the present paper, we give an extensive analysis of the magnonic
allistic transport across the [Fe 1− 𝑐 Ni c ] n homogeneous alloy nanojunc-
ions between Fe/Co leads, where n is the number of the [100] atomic
ber 2018 
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n  
ayers of the nanojunction. This work is motivated by the fact that the
ron-nickel alloys present a rich phenomenology [20] , and a complex
hase diagram [21] , allowing them to be produced at the nano scale by
 variety of techniques, via mechanical alloying [22] , thermal evapora-
ion [23] , electrodeposition [24] , or even metal-plasma reaction [25] . 

Due to their unique low coefficient of thermal expansion, Fe-Ni alloys
ave been used in industrial applications for over 100 years [20,22–
5] including thermostatic bimetals, glass sealing, integrated circuit
ackaging, cathode ray shadow masks, membranes for liquid natural
as tankers, read-write heads for magnetic storage, magnetic shielding
nd high performance transformer cores amongst many others. In partic-
lar Fe-Ni alloys with 0.29 ≤ c ≤ 0.36 can be used for measuring instru-
ents requiring magnetic temperature compensation [26] . Alloys with
igher Ni concentrations such as Fe 0.19 Ni 0.81 , known as the permalloy

re commonly used in motor cases, and in magnetic resonance tomog-
aphy shield covers as well as a model system to analyze the effects of
anostructuring on the symmetry and dynamics of domain walls [27] ;
n the other hand, alloys such as Fe 0.5 Ni 0.5 with 50 % Ni, possess a
t-like high catalytic activity [28] . 

Nowadays experimental research is focusing on the study of inter-
iffusion in nanometric Fe-Ni multilayer films [29] . For instance, mag-
etic transport properties of Fe/SiO 2 /Ni multilayers grown on Si/SiO 2 

ubstrates have revealed a predominant contribution of anisotropic mag-
etic resistance both at room and low temperatures [30] . Multilayers of
e/Ni have been thoroughly studied and it has been confirmed that their
agnetic properties depend both on individual layer thickness and the

atio of the constituents [31] ; thus investigating the effect of piling up
ore layers could be an improvement by influencing the performance

f the nanojunction device. Up to our knowledge, no theoretical work
as been devoted to examine Fe-Ni nanojunctions coupled to transition
etal leads. 

The Fe and Ni bulk metals are both ferromagnetic, with characteris-
ic Curie temperatures of ∼ 1050K and 631K respectively. In a previous
ork, several TM bulk metals were considered, including Fe and Ni, to

alculate their corresponding magnetic exchange constants and magne-
izations in the ordered phase, [32] , by applying the Ising effective field
heory (EFT) [33–36] , within a nearest neighbour exchange interaction
ormalism. 

Here we will assume that the Fe-Ni bulk alloys have a clear bcc struc-
ure for c ≤ 0.25, and, in contrast, a clear fcc structure for c ≥ 0.6 thus
voiding the invar region (close to 𝑐 = 0 . 35 ) [19] at which some anoma-
ies of the physical properties might take place. The Fe-Fe, Ni-Ni, and
e-Ni exchange constants ( J ) were calculated by analytical means mak-
ng use of the virtual crystal approximation (VCA). 

The model computations for the spin dynamics in the nanojunction
ystems, the SW scattering at the nanojunctions, and the magnonic bal-
istic transport, are developed using the Heisenberg Hamiltonian repre-
entation of the magnetic ground states of the systems, and employing
he phase field matching theory (PFMT) [8–10,18] based on the appro-
riate phase matching of the Bloch states of the leads to the localized
tates in the nanojunction scattering region. The PFMT method, equiva-
ent to the non-equilibrium Greens function method but more transpar-
nt, was developed as an imperative tool [18,37–41] to solve the scat-
ering problems of elementary excitations, notably magnons, phonons,
nd electrons, across nanostructures and molecular junctions. It thus
ields the Landauer-Büttiker, [42,43] , reflection R and transmission T
robabilities for the SW incident from the leads onto the nanojunction
ystems. 

The layout of the paper is as follows. Section 2.1 presents a brief
resentation of the method used to calculate the Fe-Fe, Ni-Ni, and Fe-
i exchange constants using the Ising effective field theory (EFT) and

he virtual crystal approximation for the alloys Fe 1− 𝑐 Ni c ; this method
roves to be more suitable and accurate than the one used in a previous
ork [47] . The model calculations for the spin dynamics, designed to
btain the localized spin states at the magnetic nanojunction and their
ispersion using the PFMT, are presented and discussed in Section 2.2 .
374 
ection 3 contains expressions of the sublattice magnetization for the Ni
nd Fe sites as well as the total magnetization per layer of the nanojunc-
ions. Section 4 gives a brief analysis of the Landauer-Büttiker scatter-
ng problem for SWs incident from the Fe/Co leads onto the nanojunc-
ion layers. General results including magnon coherent transport at the
anojunctions along various incident directions and at different temper-
tures, are presented and discussed in Section 5 , and are applied for Ni
lloy concentrations 𝑐 = 0 . 08 , 0.13, 0.16 (bcc nanojunctions) and 0.65,
.81 (fcc nanojunctions) with thicknesses 1 ≤ n ≤ 7. The reason behind
hoosing these specific c values is the availability of reliable experimen-
al parameters needed to extract J for further computations and, as was
entioned before, to avoid concentrations belonging to the invar re-

ion. Finally a summary of what was achieved in this work is found in
ection 6 . 

. Theoretical model for spin dynamics 

Fig. (1) (a)-(b) gives a schematic representation of four and seven lay-
red fcc and bcc systems respectively showing the symmetry adopted.
n both cases the atomic layers of pure Fe/Co atoms at the nanojunction
xtremities are the limits of the Fe/Co leads on the left and on the right
orange spheres) of the nanojunction. The sites in the homogeneous al-
oy nanojunction itself (blue spheres), are randomly distributed Ni and
e atoms, with their corresponding concentration probabilities. 

.1. EFT-VCA method in iron - nickel alloys 

The Ising effective field theory (EFT) is known to be superior to the
ean field theory (MFT) [33–36] , because it incorporates the contri-

utions of the single-site spin correlations to the order parameter. We
se EFT in this work, in conjunction with the virtual crystal approx-
mation (VCA) for the homogeneous Fe-Ni alloy, to model and deter-
ine the Fe-Fe, Ni-Ni and Fe-Ni exchange constants for different Ni

oncentrations. 
In a previous work [47] , a procedure was adopted to calculate the

xchange constants 𝐽 𝐹 𝑒 − 𝐹 𝑒 , 𝐽 𝑁 𝑖 − 𝑁 𝑖 and 𝐽 𝐹𝑒 − 𝑁𝑖 . It was based on exper-
mental values of the stiffness constant D of the Fe-Ni alloy and on ex-
ressions of ensemble averages to compute D for the individual Fe and
i constituents, as a first approximation. This might not be entirely cor-

ect and a better approach is in order. Therefore to be consistent with
he choice of a ferromagnetic alloy, such as the Fe-Ni alloy, made up of
wo TM ferromagnetic elements and to avoid relying on too much ex-
erimental results gathered from different sources, we have recalculated
he exchange parameters using another method that strictly depends on
he results of the Ising EFT and the assumption of the VCA (discussed
ater) for homogeneous TM alloys. The only inevitable experimental in-
redient that we must have access to is the critical temperature T c for
ach concentration c . 

Within the realms of this new technique, there are two steps to ex-
ract the exchange constants. In the first step we compute the alloy av-
rage value of the exchange constant J av ( c ) for different concentrations
sing the EFT-calculated constitutive relations [32] for bulk magnetic
aterials; these can be established as 𝑅 𝑁 = 𝑘 𝐵 𝑇 𝑐 ∕ 𝑧𝐽 𝑎𝑣 𝑆( 𝑆 + 1) = 0 . 304

or the bcc Fe-Ni alloy with 𝑍 = 8 , 𝑆 = 1 and 𝑅 𝑁 = 0 . 314 , 𝑍 = 12 and
 = 1 for the fcc system, k B being the Boltzmann constant. Since k B T c 
aries with c and is known experimentally for the concentrations we
ave chosen, [46,48] , and considering the spin values for iron and nickel
s S Fe = S Ni = 1, J av ( c ) can be computed via the above expressions of
 N . 

It has also been shown from neutron scattering measurements in Fe-
i alloys [49] , that the value of the atomic magnetomechanical ratio

or Ni and Fe does not change upon alloying, while the local mag-
etic moment does. This experimental evidence implies that we can
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Fig. 1. (Color online) Schematic representations of four and seven layered disordered nanojunctions with Co and Fe leads. Systems with a different number of layers 

can be sketched in the same way. The orange balls represent Fe/Co leads on both sides of the nanojunctions. The planes of Fe or Ni atoms inside the disordered alloy, 

whose abundances depend on the concentration c , are represented by blue balls in the nanojunctions with Co and Fe leads respectively. Not all planes involved in 

the calculation are demonstrated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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llocate an average spin for all the sites in the Fe-Ni alloy nanojunction,
amely: 

 𝑎𝑣 ( 𝑐) = (1 − 𝑐) 𝑆 𝐹𝑒 + 𝑐𝑆 𝑁𝑖 . (1)

he spins S Fe and S Ni are quantum numbers characteristic of the individ-
al Fe and Ni atoms, which makes equation (1) a virtual crystal reference
or the system. However, the magnetic moments are a function of the
lectronic density in the neighborhood of the individual atomic sites of
e and Ni, and these vary depending on the concentrations of the two
tomic species. 

Despite the fact that the sites can be either iron or nickel, the spin
nteraction between pairs of nearest neighbours may be treated as an
375 
verage quantity, independent of i and j , and as a function of c , so that
he configurational average is given by: 

 𝐽 𝑖𝑗 > = 𝐽 𝑎𝑣 ( 𝑐) = (1 − 𝑐) 2 𝐽 𝐹 𝑒 − 𝐹 𝑒 + 𝑐 2 𝐽 𝑁 𝑖 − 𝑁 𝑖 

+ 2 𝑐(1 − 𝑐) 𝐽 𝐹𝑒 − 𝑁𝑖 . (2) 

qs. (1) and (2) are permitted because experimental measurements us-
ng the XMCD, SQUID, and VSM techniques have shown [19] , that the
eighted sum of the individual magnetic moments of the Ni and Fe sites

n a Fe-Ni alloy, agrees very well with the average measured moment
er site, for the whole range of alloy concentrations 0 ≤ c ≤ 1. 
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Table 1 

Values of the several first neighbour exchange parameters (in meV) using EFT 

for various values of c pertaining to both bcc and fcc [Fe 1− 𝑐 Ni c ] n structures. 

c J 𝐹 𝑒 − 𝐹 𝑒 (meV) 𝐽 𝑁 𝑖 − 𝑁 𝑖 (meV) 𝐽 𝐹𝑒 − 𝑁𝑖 (meV) 

0.08,0.13,0.16 18.41 - 13.49 12.68 

0.65,0.81 − 6.02 8.46 20.77 
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Fig. 2. (Color online) (a) Dispersion curves representing the SW bands gener- 

ated by the single mode of the Fe leads for ( 𝑘 𝑥 = 0 , 𝑘 𝑧 = 0 ) and ( 𝑘 𝑥 = 2 . 2 �̊� −1 , 
𝑘 𝑧 = 0 ) along 0 ≤ 𝑘 𝑦 ≤ 1 . 09 �̊� −1 . Propagating waves are identified for 0 ≤ Ω≤ 16 

whereas Ω> 16 correspond to evanescent waves. (b) Dispersion curves for the 

two characteristic SW modes for hcp Co along two different directions in the Bril- 

louin zone: ΓX corresponding to 𝑘 𝑦 = 𝑘 𝑧 = 0 , 0 ≤ 𝑘 𝑥 ≤ 1 . 25 �̊� −1 and the ΓK direc- 

tion defined by 𝑘 𝑥 = 𝑘 𝑧 = 0 , 0 ≤ 𝑘 𝑦 ≤ 1 . 67 �̊� −1 . On the horizontal axis, 𝑗 = { 𝑥, 𝑦 }. 
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As a second step, assuming that the average exchange parameter of
he Fe-Ni alloy coming from EFT is equal to the VCA value given by Eq.
2) allows to derive the configurational average values for the exchange
onstants found in Table 1 . Our new calculations show that both bcc
nd fcc [Fe 1− 𝑐 Ni c ] n nanojunctions are ferromagnetic contrary to what
as previously obtained in [47] . Interestingly, 𝐽 𝑁 𝑖 − 𝑁 𝑖 and 𝐽 𝐹 𝑒 − 𝐹 𝑒 < 0

or bcc and fcc structures respectively meaning that neighbouring Fe
ites (Ni sites) are aligned antiparallel in the corresponding alloys. This
ntiferromagnetic feature has been previously mentioned in the litera-
ure where there is some evidence to suggest that 𝐽 𝐹 𝑒 − 𝐹 𝑒 is small and
egative for the fcc phase [50,51] . In addition, Fe alloys with solutes
hich stabilize the fcc structure to low temperatures and high Fe con-

entrations often exhibit antiferromagnetism [52] . [51] quotes a value
f -6meV for 𝐽 𝐹 𝑒 − 𝐹 𝑒 similar to the one adopted in this work. By the same
oken, we believe that the antiferromagnetic characteristics of the Ni-Ni
nteractions in bcc Fe-Ni alloys can be equally interpreted. 

.2. Heisenberg spin dynamics 

It is assumed that the structural morphology of the two interfaces
etween the leads and the nanojunctions are ideally flat. This makes it
ossible to neglect dipolar interactions at the nanojunctions, as dipolar
oupling between two perfectly flat infinite planes vanishes in the ab-
ence of interface roughness [53] . The local spin magnetic anisotropy
s also smaller than the exchange energy, and can hence be discarded.
oreover due to the slab geometry of the ultrathin nanojunction, the

ipolar Zeeman energy is evaluated to be at least two orders of magni-
ude smaller than the exchange energy [17,54] . These approximations
55] , can be applied quite generally to layered ultrathin nanojunctions
nder the cited conditions. 

The spin dynamics of the nanojunction systems is then modeled
hrough a Heisenberg Hamiltonian with the EFT-generated exchange
onstants, expressed as 

 = − 

∑
𝑖 ≠𝑗 

𝐽 𝑖𝑗 𝑆 𝑖 . ⃗𝑆 𝑗 . (3)

he sum is over all nearest neighbour pairs { i, j }, where 𝑆 𝑖 and 𝑆 𝑗 denote
pin vector variables at sites i and j respectively. 

Since the alloy nanojunctions 1 ≤ n ≤ 7 are ultrathin with n ≲1 nm,
he VCA is an appropriate approximation for the nanojunction when
onsidering SW scattering at wavelengths ≥ 10 nm. The values of J ij 
an be read from Table 1 . 

Within the PFMT approach, the nanojunctions are generally divided
nto three domains [8–10] . The irreducible domain for a four layer nano-
unction consists of the planes within the interval −3 ≤ 𝑙 ≤ 2 , l being the
lane number as shown in Fig. (1) . The convention we adopt is a bit
ifferent for nanojunctions with an odd number of layers, where for
 = 7 , the irreducible domain is determined by −4 ≤ 𝑙 ≤ 4 ( Fig. (1) (b)).
he matching region separates the alloy from the bulk leads and will be
aken to consist of the two planes on the right and on the left of the ir-
educible domain for bcc nanojunctions and of the three planes on both
ides of the irreducible domain for the fcc nanojunctions. The leads (Fe
r Co in our case) constitute semi-infinite regions located on either side
f the matching regions. 

Owing to the presence of the nanojunctions, their 3D spin translation
ymmetry is broken along the x axis whereas the bcc/fcc symmetries are
etained in the yz plane. Hence, it is possible to define the normalized di-
ensionless phases 𝜙y and 𝜙z , corresponding to wave-vectors k y and k z .
376 
or the representative sites on the leads, the spin dynamics is governed
y equations of motion for the spin precession amplitudes [8,10,18,56] .

.2.1. bcc Fe 

The crystallographic structure of bcc iron results in a single irre-
ucible site in the elementary unit cell, thus yielding a single spin wave
ode propagating in the bulk iron lead. The magnon dispersion relation

or this SW mode in the Fe semi-infinite leads of an elementary bcc unit
ell can be cast in the form [10] : 

𝐹𝑒 ( 𝜁, 𝜙𝑦 , 𝜙𝑧 ) = 8 − 4( 𝜁 + 𝜁−1 ) cos ( 𝜙𝑦 ∕2) cos ( 𝜙𝑧 ∕2) , (4)

here Ω𝐹𝑒 = ℏ𝜔 ∕( 𝐽 𝐹 𝑒 − 𝐹 𝑒 𝑆 𝐹𝑒 ) , is a dimensionless energy parameter and
= 𝑒 𝑖𝜙𝑥 ∕2 is a Bloch phase factor. Fig. (2) (a) shows the correspond-

ng calculated acoustical dispersion curves for ( 𝜙𝑥 = 𝜙𝑧 = 0 ) and ( 𝜙𝑥 =
 𝜋, 𝜙𝑧 = 0 ) as a function of k y where 𝜙𝑦 = 𝑘 𝑦 𝑎 𝐹𝑒 , a Fe being the lattice pa-
ameter for Fe. Propagating waves correspond to 0 < Ω≤ 16 and evanes-
ent waves to Ω> 16. 
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.2.2. hcp Co 

On the other hand, the crystallographic structure of hcp Co results
n two inequivalent irreducible sites in the elementary unit cell, giving
wo spin wave modes that propagate in the bulk Co lead. The system
f equations for the spin dynamics for pure semi-infinite Co leads of
lementary unit hcp cells may be written in matrix form as [41] : 

Ω𝐶𝑜 𝐼 − 𝐷 𝐵 ( 𝜁, 𝜙𝑦 , 𝜙𝑧 )) |𝑈 𝐵 > = 0 . (5)

 U B > is a 2 × 1 column matrix comprising two elements u 0 and v 0 and
epresents the vector of the spin precession amplitudes of the two irre-
ucible sites of the 3D unit cell in bulk Co. I is the identity matrix in 2D
nd Ω𝐶𝑜 = ℏ𝜔 ∕( 𝐽 𝐶𝑜 𝑆 𝐶𝑜 ) defines the dimensionless energy parameter for
o. J Co and S Co denote the nearest neighbour Co-Co interaction and the
pin of bulk Co; they take on the values 15.82 meV and 0.99 respectively
btained via magnetization calculations [16,32,47] . D B ( 𝜁 , 𝜙y , 𝜙z ) is a
pin dynamics matrix of the form: 

 𝐵 ( 𝜁, 𝜙𝑦 , 𝜙𝑧 ) = 

( 

𝑑 11 𝑑 12 
𝑑 ∗ 12 𝑑 11 

) 

, (6)

here 𝑑 11 = −12 + 2 cos 𝜙𝑧 + 4 cos ( 𝜙𝑧 ∕2) cos ( 
√
3 𝜙𝑦 ∕2) and 𝑑 12 = ( 𝜁 +

−1 )[2 𝑒 𝑖𝜙𝑦 ∕ 
√
3 cos ( 𝜙𝑧 ∕2) + 𝑒 − 𝑖𝜙𝑦 ∕ 

√
3 )] . When the magnon dispersion curves

or the SW modes are calculated from Eqs. (4) and (5) , the |𝜁 | = 1 re-
ion indicates propagating magnon modes, and | 𝜁| < 1 gives evanescent
odes in the leads. Every choice ( 𝜙i , 𝜙j ) with i, j ≡ x,y,z ( i ≠ j ) defines
 region in the Brillouin zone (BZ) describing all eigenmode solutions.
hilst evanescent waves do not transport energy, they are nevertheless

mportant for the understanding of the scattering at the nanojunction. 
For an hcp Co lattice, there exists two propagating modes 𝜈 = 1 , 2 for

ny value of 𝜙y and 𝜙z under the condition |𝜁𝜈 | = 1 . The corresponding
agnon dispersion curves are shown in Fig. (2) (b) where two direc-

ions in the first Brillouin zone are displayed: the ΓX direction along
 x corresponding to 𝜙𝑦 = 𝜙𝑧 = 0 and the ΓK direction along k y with

𝑥 = 𝜙𝑧 = 0 . For the first case, it is evident that the two propagating
ranches of the magnons occur in the intervals 0 ≤ Ω≤ 6 and 6 ≤ Ω≤ 12
iving |𝜁1 | = |𝜁2 | = 1 , whereas for Ω> 6 and ( Ω< 6, Ω> 12), the waves
re evanescent. 

. Sublattice and total magnetizations of the Fe-Ni nanojunctions 

ith Fe/Co Leads 

Knowledge of the sublattice and total magnetizations on the differ-
nt layers of the nanojunctions constitute a preliminary piece of infor-
ation needed to compute the ballistic transport. Whilst the EFT-VCA

pproach provides the values of the different exchange parameters, MFT
ased equations give expressions of sublattice and total magnetizations
n the various nanojunction layers. It must be noted that although these
eatures were described in a previous work [47] , they will be re-plotted
n the current paper using the new adopted values of J . 

The spin variables on the l th plane for the nanojunction alloys
Fe 1− 𝑐 Ni c ] n of n layers, are denoted by 𝜎( 𝑙) 𝛼 and given via Brillouin func-
ions such that: 

( 𝑙) 
𝛼 = 𝐵 𝛼( 𝑆 𝛼, 𝑇 , 𝐻 𝛼) 

= 

2 𝑆 𝛼 + 1 
2 

coth 

( 

2 𝑆 𝛼 + 1 
2 𝑆 𝛼

𝐻 

( 𝑙) 
𝛼

𝑘 𝐵 𝑇 

) 

− 

1 
2 
coth 

( 

1 
2 𝑆 𝛼

𝐻 

( 𝑙) 
𝛼

𝑘 𝐵 𝑇 

) 

. (7) 

denotes the atomic element, namely Fe or Ni, S 𝛼 the corresponding
pin and 𝐻 

( 𝑙) 
𝛼 the molecular field energy for the element 𝛼 on the l th plane

ue to interactions with the nearest neighbours. Likewise, the effective

agnetic moment per site on the l th plane, 𝑀 

( 𝑙) 
𝑇 , in units of the Bohr

agneton ( 𝜇B ) is defined by: 

 

( 𝑙) 
𝑇 
∕ 𝜇𝐵 = (1 − 𝑐 ) 𝑔 𝐹𝑒 𝜎

( 𝑙) 
𝐹𝑒 

+ 𝑐 𝑔 𝑁𝑖 𝜎
( 𝑙) 
𝑁𝑖 
, (8)

here g = 2.1 and g = 2.2 are Landé factors. 
Fe Ni 
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Plotting the sublattice magnetization requires to define expressions
or each of 𝐻 

( 𝑙) 
𝐹𝑒 

and 𝐻 

( 𝑙) 
𝑁𝑖 

in terms of 𝜎( 𝑙) 
𝐹𝑒 

and 𝜎( 𝑙) 
𝑁𝑖 

which also accommo-

ate the spin exchange constants. Transcendental equations in 𝜎( 𝑘𝑙) 𝛼 are
hen created and can be solved numerically using FindRoot in Mathe-
atica software. Explicit expressions of 𝜎( 𝑙) 𝛼 and 𝑀 

( 𝑙) 
𝑇 

for various layers
 were thoroughly discussed in [17,18,41,47] and thus will not be re-
eated here. 

.0.3. Fe/[Fe 1− 𝑐 Ni c ] n /Fe nanojunctions 

Figs. (3 )(a), (c) and (e) show the sublattice and total magnetizations
n seven layered bcc nanojunctions with Fe leads for 𝑐 = 0.16 as well as
he change of the total magnetization on a specific layer as more Ni is
njected into the Fe-Ni alloy. We notice that for the bcc case, the sub-
attice magnetization of Fe remains almost intact on the various layers,
xcept probably for slight variations between the first and fourth layer
hereas 𝜎( 𝑙) 

𝑁𝑖 
shows larger differences on the various layers. 

.0.4. Co/[Fe 1− 𝑐 Ni c ] n /Co nanojunctions 

Additionally, Fig. (3) (b), (d) and (f) represent the sublattice mag-
etization of Fe and Ni with 𝑐 = 0.81 and the total magnetization as c
hanges, for four layered fcc nanojunctions with Co leads. These present
 more enthralling case where variations in the sublattice magneti-
ations on different layers are more pronounced for both Fe and Ni.
he total magnetization for this type of nanojunctions shows similar
haracteristics to the bcc type: It is always larger for the layers at the
oundaries and becomes smaller for the layers sandwiched inside. The
hange in the total magnetization for the nanojunctions as c gradually
ncreases is displayed in Fig. (3) (e)–(f): 𝑀 

( 𝑙) 
𝑇 

decreases as c increases
hroughout the whole temperature range; however at room temperature
 𝑘 𝐵 𝑇 = 25 . 85 meV), such differences are negligible. 

Besides no compensation temperature was observed for any of those
ystems. 

. The PFMT for magnon ballistic scattering at the nanojunctions 

Our interest lies in the energy of the SWs and the total magnon re-
ection and transmission probabilities across the embedded disordered
lloy nanojunctions. The ballistic transport properties are calculated us-
ng the PFMT within the framework of the Landauer-Büttiker formalism
42,43] . The equations of motion describing the spin dynamics of mag-
etic nanostructures are inspected for the representative sites on each
ayer of the alloy nanojunctions. A single inequivalent site per unit bcc
ell will be taken on successive atomic planes for bcc nanojunctions
hile two inequivalent sites per unit hcp cell will be adopted for the

cc type nanojunctions. The set of atomic sites that will be considered
or each value of n embodies the intrinsic symmetry of the system in
uestion. 

For the 𝑛 = 7 bcc nanojunctions, we have a set of nine atomic sites
n the irreducible domain whose spin precession amplitudes can be
epresented by: { 𝑢 −4 (Fe), 𝑢 ∗ −3 (Fe/Ni), 𝑢 ∗ −2 (Fe/Ni), 𝑢 ∗ −1 (Fe/Ni), 𝑢 ∗ 0 (Fe/Ni),
 

∗ 
1 (Fe/Ni), 𝑢 ∗ 2 (Fe/Ni), 𝑢 ∗ 3 (Fe), u 4 (Fe)}; the superscript ∗ denotes atomic
ites belonging to the alloy and the notation Fe/Ni means that the sites
ould either be occupied by an Fe or a Ni atom. 

The spin precession amplitudes for the irreducible set of atomic sites
or a 4-plane fcc nanojunction are represented by { 𝑣 −3 (Co), 𝑢 ∗ −2 (Fe/Ni),
 

∗ 
−1 (Fe/Ni), 𝑢 ∗ 0 (Fe/Ni), 𝑣 ∗ 1 (Fe/Ni), u 2 (Co)}, where u and v refer to the
wo inequivalent sites. Atomic planes belonging to the matching regions
ontain pure Fe or Co atoms; these are { 𝑢 −5 (Fe), 𝑢 −6 (Fe), u 5 (Fe), and
 6 (Fe)} for the 𝑛 = 7 bcc nanojunctions and { 𝑢 −6 (Co), 𝑣 −5 (Co), 𝑢 −4 (Co),
 3 (Co), u 4 (Co) and v 5 (Co)} for the 𝑛 = 4 fcc nanojunctions. 

Mathematically, the matching regions are expressed through spin
recession amplitudes denoted by w i, l, 𝜂( 𝜈), where i labels the atomic
ites, 𝜈 the frequency of the incident SW, and 𝜂 a fixed number for each
ase defining the boundary of the irreducible domain. For 𝑛 = 4 nano-
unctions, 𝜂 = −3 and 𝜂 = 2 to the left and right of the alloy respectively,
hereas 𝜂 = −4 and 𝜂 = 4 for 𝑛 = 7 nanojunctions. 
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Fig. 3. (Color online)(a)–(d) The sublattice 𝜎( 𝑙) 
𝛼

and total magnetization 𝑀 

( 𝑙) 
𝑇 

for 𝑛 = 7 bcc ( 𝑐 = 0 . 08 , 0.13, 0.16) and 𝑛 = 4 fcc ( 𝑐 = 0 . 65 , 0.81) Fe-Ni nanojunctions. 

(e)–(f) As the concentration of Ni increases, 𝑀 

( 𝑙) 
𝑇 

slightly decreases on a specific layer l for both types of nanojunctions. Such changes are negligible at room 

temperature. 
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Generally speaking for an incoming magnon mode, along the x axis
nd related to given wave phase components ( 𝜙y , 𝜙z ) and energy Ω,
he resulting coherent scattering due to the presence of the nanojunc-
ion frontier yields reflected and transmitted SW fields in the two semi-
nfinite iron leads. The full description of the SW scattering can be
robed using the PFMT method, where it is crucial to know the evanes-
ent as well as the propagating eigenmodes of the leads to understand
he sophisticated mechanism engaged in the scattering processes. 

For a given incident SW mode 𝜈 from the Fe/Co leads on the left hand
ide onto the embedded nanojunction, the spin precession amplitudes
 i, l, 𝜂( 𝜈) for the inequivalent atomic bcc/fcc sites (planes) on the left

ide, may be written as the superposition of contributions coming from
he incident SW field and the backscattered fields at the same frequency
nd wave-vector components, at that particular plane l , ( l < 𝜂, 𝜂 < 0): 

 𝑖,𝑙,𝜂( 𝜈) = 𝑒 𝑖 ( 𝜈) 𝜁 ( 𝑙− 𝜂) 𝜈 + 

∑
𝜈
′
𝑟 
𝜈𝜈

′ 𝑒 𝑖 ( 𝜈
′ ) 𝜁 ( 𝜂− 𝑙) 

𝜈
′ . (9)

Likewise, for the inequivalent atomic sites on the right side, into
hich the incident SW mode 𝜈 is transmitted, the emerging spin pre-

ession amplitudes may be expressed by another appropriate superpo-
ition of the contributions from the forward scattered fields at the same
requency and wave-vector components at that specific atomic plane l
 l > 𝜂, 𝜂 > 0). 

 𝑖,𝑙,𝜂( 𝜈) = 

∑
𝜈
′
𝑡 
𝜈𝜈

′ 𝑒 𝑖 ( 𝜈
′ ) 𝜁 ( 𝑙− 𝜂) 

𝜈
′ . (10)

The elements 𝑟 
𝜈𝜈

′ and 𝑡 
𝜈𝜈

′ in the above equations, denote the reflec-
ion and transmission coefficients respectively describing the scattering
rom the incident SW mode 𝜈 into the ensemble of the available eigen-
odes 𝜈

′
, and are in conformity with the Landauer-Büttiker formalism.

 i ( 𝜈) is (are) the eigenvector(s) on the Fe (Co) lead at the given inci-
ent frequency and wave-vector components obtained by solving the
elations leading to Eqs. (4) and (5) for bulk Fe (Co). 

In order to solve for the reflection and transmission inside the nano-
unction, it is instructive to construct a Hilbert space with state vectors,
hat we call |𝑈 

′
>, made from the basis vectors | r > , | t > and | U nano > ,

here {| r > , | t > } are the vectors corresponding to the ballistic reflec-
ion and transmission processes and are made up of the elements 𝑟 

𝜈𝜈
′

nd 𝑡 
𝜈𝜈

′ . | U nano > contains the spin precession amplitudes for the irre-
ucible set of atomic sites for the nanojunction. To be more clear, for
he bcc Fe/[Fe 1− 𝑐 Ni c ] 7 /Fe nanojunction, 

𝑈 

′
> = { 𝑢 −4 ( 𝐹 𝑒 ) , 𝑢 4 ( 𝐹 𝑒 ) , 𝑢 ∗ −3 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑢 

∗ 
3 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 

𝑢 ∗ −2 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑢 
∗ 
2 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑢 

∗ 
−1 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 

𝑢 ∗ 1 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑢 
∗ 
0 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , |𝑟 >, |𝑡 > } , 

hich has thirteen components whereas for the fcc Co/[Fe 1− 𝑐 Ni c ] 4 /Co
anojunction, it comprises ten components: 

𝑈 

′
> = { 𝑣 −3 ( 𝐶𝑜 ) , 𝑢 ∗ −2 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑣 

∗ 
−1 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 

𝑢 ∗ 0 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑣 
∗ 
1 ( 𝐹 𝑒 ∕ 𝑁𝑖 ) , 𝑢 2 ( 𝐶𝑜 ) , |𝑟 >, |𝑡 > } . 

enerally, to obtain the magnonic dispersion curves, one has to solve a
atrix equation involving |𝑈 

′
> : 

 

(7) 
𝑠 ( 𝛾𝑗 , { 𝜁𝜈} , 𝜙𝑦 , 𝜙𝑧 ) [11×11] |𝑈 

′
> [11×1] = − |𝐼𝐻 𝜈 > [11×1] , (11) 

or a 7 layered bcc nanojunction with Fe leads. On the other hand, for
 4-layer fcc nanojunction with Co leads, the matrix equation has a dif-
erent dimension and looks like: 

 

(4) 
𝑠 ( 𝛾𝑗 , { 𝜁𝜈} , 𝜙𝑦 , 𝜙𝑧 ) [10×10] |𝑈 

′
> [10×1] = − |𝐼𝐻 𝜈 > [10×1] . (12) 

here in both cases 𝐷 

(4 , 7) 
𝑠 are inhomogeneous square matrices of di-

ensions 10 × 10 and 11 × 11. The column vector | IH 𝜈 > , mapped
ppropriately on to the basis vectors in the Hilbert space, collects the in-
omogeneous terms describing the incident spin wave. In more details,
379 
or nanojunctions with Fe leads and 𝑛 = 7 , the matched spin matrix 𝐷 

(7) 
𝑠 

s the product of two rectangular matrices and can be split into: 

 

(7) 
𝑠 ( 𝛾𝑗 , { 𝜁𝜈} , 𝜙𝑦 , 𝜙𝑧 ) [11×11] = 𝐷 

(7) 
𝑑, [11×13] 𝐷 

(7) 
𝑅, [13×11] . (13) 

 

(7) 
𝑅 

is made of block matrices and assumes the form: 

 

(7) 
𝑅, [13×11] = 

( 

𝐼 𝐽 

𝐾 𝐿 

) 

, 

here 𝐼 = 𝐼 [9×9] is the Identity matrix, 𝐽 = 𝐽 [9×2] and 𝐾 = 𝐾 [4×9] are
ero matrices and L is a 2 ×1 column matrix whose first element is
𝜁 0 
0 𝜁

)
, and second element is 

(𝜁2 0 
0 𝜁2 

)
. 

Variously, for an 𝑛 = 4 nanojunction with Co leads, 𝐷 

(4) 
𝑠 can be writ-

en as a product: 

 

(4) 
𝑠 ( 𝛾𝑗 , { 𝜁𝜈} , 𝜙𝑦 , 𝜙𝑧 ) [10×10] = 𝐷 

(4) 
𝑑, [10×12] 𝐷 

(4) 
𝑅, [12×10] , (14) 

here again, 

 

(4) 
𝑅, [12×10] = 

( 

𝐼 𝐽 

𝐾 𝐿 

) 

. 

n this case, I is a 6 ×6 matrix, J a 6 ×4 matrix, K a 6 ×6 matrix and L a
 ×4 matrix given by: 

 = 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

0 0 𝜁1 𝑒 1 (1) 𝜁2 𝑒 2 (2) 
𝜁1 𝑒 2 (1) 𝜁2 𝑒 2 (2) 0 0 

0 0 𝜁2 1 𝑒 1 (1) 𝜁2 2 𝑒 1 (2) 
𝜁2 1 𝑒 1 (1) 𝜁2 2 𝑒 1 (2) 0 0 

0 0 𝜁3 1 𝑒 2 (1) 𝜁3 2 𝑒 2 (2) 
𝜁3 1 𝑒 2 (1) 𝜁3 2 𝑒 2 (2) 0 0 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
. 

 i ( 𝜈) ( 𝑖 = 1 , 2 ) are the eigenvectors of the dynamic spin matrix on the
emi-infinite cobalt leads. Setting the determinants of 𝐷 

(4 , 7) 
𝑠 equal to zero

llows to determine the propagating and localized spin states of the sys-
em as well as extract 𝑟 

𝜈𝜈
′ and 𝑡 

𝜈𝜈
′ necessary to calculate the reflectance

nd transmittance for a spin wave incident on the nonajunction. 
The reflection 𝑅 

𝜈𝜈
′ and transmission 𝑇 

𝜈𝜈
′ cross sections (probabil-

ties), giving a complete description of the scattering process for the
mbedded nanojunction, are then written as: 

 

𝜈𝜈
′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) = ( 𝑣 

𝑔𝜈
′ ∕ 𝑣 𝑔𝜈) |𝑟 𝜈𝜈′ |2 (15)

 

𝜈𝜈
′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) = ( 𝑣 

𝑔𝜈
′ ∕ 𝑣 𝑔𝜈 ) |𝑡 𝜈𝜈′ |2 , (16)

here 𝑣 𝑔𝜈 = 𝑑 Ω∕ 𝑑 𝜙𝑥 is the magnon group velocity corresponding to
igenmode 𝜈 and is equal to zero for evanescent modes. R and T must be
ormalized with respect to v g 𝜈 to ensure the unitarity of the scattering
atrix. 

Practically, the total reflection R 𝜈 and total transmission T 𝜈 cross sec-
ions, for a certain propagating eigenmode 𝜈 are retrieved by summing
ver all contributions of the scattered eigenmodes 𝜈

′
, and written as: 

 𝜈 ( 𝜙𝑦 , 𝜙𝑧 , Ω) = 

∑
𝜈
′
𝑅 

𝜈𝜈
′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) (17)

 𝜈 ( 𝜙𝑦 , 𝜙𝑧 , Ω) = 

∑
𝜈
′
𝑇 
𝜈𝜈

′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) (18)

otal reflection and transmission (the so called conductance) parameters
an also be prescribed summing over all input and output propagating
W modes: 

 ( 𝜙𝑦 , 𝜙𝑧 , Ω) = 

∑
𝜈,𝜈

′
𝑅 

𝜈𝜈
′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) (19)

 ( 𝜙𝑦 , 𝜙𝑧 , Ω) = 

∑
𝜈,𝜈

′
𝑇 
𝜈𝜈

′ ( 𝜙𝑦 , 𝜙𝑧 , Ω) . (20)
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Fig. 4. (Color online) (a)-(d) The blue curves are the magnon dispersion curves for 𝑛 = 4 , 7 bcc nanojunctions with Fe leads at room temperature for 𝑐 = 0 . 08 , 0.16 

plotted along the path ( 𝜙𝑥 = 𝜙𝑧 = 0 , 0 ≤ 𝜙y ≤ 2 𝜋) showing both the “in resonance ” and localized SW modes. The dashed dispersion curves outline the SW bands 

generated by the single mode of the Fe leads. 
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ithout loss of generality, the conditions 𝑅 𝜈 + 𝑇 𝜈 = 1 for each mode 𝜈
nd 𝑅 + 𝑇 = 1 must always be satisfied. The mathematical tools detailed
bove are the same as those adopted in other nanojunction systems with
e [18] and Co leads [41] . 

The conductance, corresponding to a physically measurable quan-
ity, as well as the thermal transport across the embedded nanojunc-
ion [8,54] can be also deduced from our results which could be other-
ise calculated by means of non equilibrium Green functions formalism,
r DFT using maximally localized Wannier functions (MLWF) [57,58] .
owever PFMT is computationally more efficient, easier to implement
nd allows to solve different scattering problems [59] in a straightfor-
ard manner. 

. Results and discussion 

.0.5. Magnonic dispersion branches 

The excitations in the form of spin resonance modes are numer-
cally computed by solving the eigenvalue problem for the inhomo-
eneous PFMT spin dynamics matrix for both types of nanojunctions
hose mathematical details are found in [18,41] . The dispersion curves

or these excitations are given as continuous plots in Fig. (4) (a)–(d) re-
ated to bcc nanojunctions whereas Fig. (5) (a)–(e) are those correspond-
ng to fcc nanojunctions with Co leads. Calculations are shown for both
 = 4 and 𝑛 = 7 bcc and fcc nanojunctions to examine the effect of in-
reasing the number of layers for a single type of nanojunctions. The
ashed curves are dispersion spectra for the pure Fe/Co leads along the
380 
rreducible BZ paths shown in Fig. (2) . It is essential to state that our
ethod allows the computation of the dispersion curves along any arbi-

rary direction, as is shown in Fig. (5) (e) where the branches are taken
o belong to a different path ( 𝜙𝑥 = 𝜙𝑦 = 0 , 0 ≤ 𝜙𝑧 ≤ 2 . 3 ), for fcc nano-
unctions. 

Firstly, we realize that the number of dispersion curves increases
ith increasing thickness for both nanojunctions. Secondly there are

wo types of propagating spin states in both systems. We shall refer to
hem as the “in resonance ” and localized states. The former represents
odes which propagate in the plane of the nanojunctions whose disper-

ion lies inside the projected Fe/Co bulk magnon modes whereas the
atter also propagate inside the plane of the nanojunction with their
mplitudes in the direction normal to the plane of the nanjunction;
owever they appear as branches crossing the projected Fe/Co bulk
agnon modes. While the usual form of the localized magnon modes

bserved in other similar systems cut across the lead magnon bands
rowing in number as more layers are stacked [18,41] , the localized
odes in the Fe-Ni systems present themselves as ordinary branches of
agnons. 

At normal incidence, the localized modes are always attributed to the
owest dispersion branches; for instance in the case of a seven layered fcc
anojunction with 𝑐 = 0 . 81 , they belong to the first four branches with
∈ [ ∼0 to 7.4], [ ∼0.25 to 7.93], [ ∼0.75 to 8.73] and [ ∼1.68 to 9.45]

espectively. For the path corresponding to ( 𝜙𝑥 = 𝜙𝑦 = 0 , 0 ≤ 𝜙𝑧 ≤ 2 . 3 ),
uch localized modes occur in a higher range of Ω namely within the
 ∼12.26 to 15.43] interval for the 𝑛 = 7 , 𝑐 = 0 . 65 case. 
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Fig. 5. (Color online) Same as Fig. 4 ) but for fcc nanojunctions with 𝑐 = 0 . 65 , 0.81 plotted along the y-direction ( 𝜙𝑥 = 𝜙𝑧 = 0 , 𝜙y ) and along ( 𝜙𝑥 = 𝜙𝑦 = 0 , 0 ≤ 𝜙z ≤ 2.3) 

representing both the “in resonance ” and localized SW modes. The dashed dispersion curves are SW bands generated by the two modes of the Co leads. 

381 
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Fig. 6. (Color online) (a)–(g) The reflection R and transmission T cross sections for the ballistic transport of SWs within the bcc nanojunctions at normal incidence 

( 𝜙𝑦 = 𝜙𝑧 = 0 ) for 𝑐 = 0 . 08 , 0.13, and 0.16. Transmission maxima start to emerge for n ≥ 5 in the high frequency regime. 
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.0.6. Reflectance (R) and transmittance (T) 

Another benefit of solving the PFMT based equations is the ability to
nvestigate the scattering effects in the nanojunctions by gathering in-
ormation about the R and T parameters for a given incident SW mode
. They are a consequence of the interactions of the incident modes with
he spin resonances on the nanojunction. These were determined along
 few paths in the BZ including the normal incidence case ( 𝜙𝑦 = 𝜙𝑧 = 0 )
or both kinds of nanojunctions. On the other hand, for the fcc nano-
unctions, the R 1 and T 1 curves refer to the lowest frequency incident
ode (lower frequency mode) coming from the bulk Co leads. 
382 
Tables 2 and 3 display the maximum transmittance values associ-
ted with the ballistic scattering at the bcc and fcc nanojunctions, pre-
ented in Figs. (6 ) and ( 7 ). These correspond to a constructive interfer-
nce between the various transmitted magnons. To numerically extract
he maximum positions, the package Select in Mathematica software was
sed such that only the spectral peaks satisfying the precision condition,
.9996 ≤ T ≤ 1 are reported. 

At normal incidence ( 𝜙𝑦 = 𝜙𝑧 = 0 ), the number of maxima, which
tart to emerge for n ≥ 2, increases as the fcc nanojunctions gain more
ayers. For a fixed number of layers, they tend to shift to a lower
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Fig. 7. (Color online) The reflection R 1 and transmission T 1 cross sections for the ballistic transport of the SWs in fcc nanojunctions for mode 1 (lower frequency 

mode) at normal incidence ( 𝜙𝑦 = 𝜙𝑧 = 0 ) with 𝑐 = 0 . 65 , 0.81. R 2 and T 2 pertaining to the higher frequency mode can be similarly plotted. 

Table 2 

Values of the normalized energies Ω at which 0.9996 ≤ T ( Ω, 𝜙y , 𝜙z ) ≤ 1 for differ- 

ent bcc nanojunctions of thickness 5 ≤ n ≤ 7, concentrations 𝑐 = 0 . 08 , 0.13, 0.16, 

computed at normal incident angles ( 𝜙𝑦 = 𝜙𝑧 = 0 ) and room temperature 300K. 

Concentration c Thickness n Peak positions Ω

0.08 5 13.48 

6 13.96 

7 14.25 

0.13 5 12.79 

6 13.22 

7 13.51 

0.16 5 12.26 

6 12.72 

7 13.01 

Table 3 

Same as Table 2 but for different fcc nanojunctions with concentrations 𝑐 = 0 . 65 
and 0.81 and 2 ≤ n ≤ 7, computed at room temperature 300K. 

Concentration c Thickness n Peak positions Ω

0.65 2 11.82 

3 2.51, 7.29, 9.45 

4 2.85, 7.02 

5 1.77, 4.89, 7.91 

6 1.17, 3.51, 6.17, 8.38 

7 0.81, 2.59, 4.81, 6.99, 8.65 

0.81 2 11.82 

3 2.28, 6.62, 8.82 

4 2.54, 6.64 

5 1.55, 4.60, 7.59 

6 1.00, 3.24, 5.84, 7.98 

7 0.70, 2.38, 4.52, 6.64, 8.24 
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Fig. 8. (Color online) (a)-(b)The transmittance T ( Ω) for 𝑛 = 7 bcc nanojunctions corresponding to 𝑐 = 0 . 08 , 0.13 and 0.16 along two specific directions ( 𝜙𝑦 = 𝜋∕3 , 
2 𝜋/3 with 𝜙z = 0) in the BZ emphasizing both the effect of sending the SW along directions other than the normal direction and the response upon increasing the Ni 

concentration c . (c)-(d) Same as (a)-(b) but for fcc nanojunctions with 𝑐 = 0 . 65 , and 0.81. 
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a  
requency value as c increases. This is due to the magnon scattering
hich is somehow similar to a Rayleigh scattering of waves by particles

44,45] ; to get more transmission as the size of the particle increases,
ne should increase the wavelength and thus lower the frequency. For
cc nanojunctions, the maxima, only starting to occur for n ≥ 5 in the
igh frequency regime, remain at the same positions. On an experimen-
al (practical) level, this variety may have implications on the properties
f each of the n -layered nanojunctions. It should be reminded that the
stimated total reflection and transmission cross sections satisfy the uni-
 c  

384 
arity condition, that is 𝑅 𝜈 + 𝑇 𝜈 = 1 for each SW mode 𝜈 incident from
he Fe/Co leads. 

.0.7. Variation of the path in the BZ 

The variation of the peak positions for which the transmission T is
aximum along different paths of the BZ inside the nanojunctions, as
ell as the effect of changing the concentration of Ni on such positions
re both worth investigating. This is advantageous for the study of the
hange in transmittance along several directions in the reciprocal space,
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Fig. 9. (Color online) (a) The highest mode, Ωmax , at which the transmittance T is maximum for 𝑛 = 6 ( • ) and 𝑛 = 7 ( × ) layered bcc nanojunctions with 𝑐 = 0 . 16 
along a few directions in the BZ. (b) Same as (a) but for fcc nanojunctions with 𝑐 = 0 . 81 , 𝑛 = 4 ( • ) and 𝑛 = 7(×). 
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n particular to detect at what frequencies maximum transmittance takes
lace. This is considered to be extremely helpful while fabricating such
anojunctions for industrial applications especially in the areas of spin
ave magnonics and spin based nanoelectronics, assuming that we can

echnologically tune the wavelength at several energies and incidence
irections. 

Fig. (8) involves 𝑛 = 7 bcc and fcc nanojunctions along two different
Z directions, namely 𝜙𝑦 = 𝜋∕3 and 𝜙𝑦 = 2 𝜋∕3 with 𝜙𝑧 = 0 . For a fixed
irection in the BZ considered in this work,the maxima tend to shift to
ower values of Ω as we increase c , a behavior common to both types
f nanojunctions. Yet, for a given c , the maxima along the 𝜙𝑦 = 2 𝜋∕3
irection appear to be shifted to lower values compared to those cor-
esponding to 𝜙𝑦 = 𝜋∕3 in bcc nanojunctions. The contrary happens for
cc nanojunctions where the maxima seem to move to higher frequency
alues as we go from 𝜙𝑦 = 𝜋∕3 to 𝜙𝑦 = 2 𝜋∕3 . 

This trend continues to be observed when we further explore the BZ
r increase the number of layers as is illustrated in Fig. (9) represent-
ng the variation of Ωmax , corresponding to a maximum transmittance
T 𝑚𝑎𝑥 = 1 ), as a function of different directions in the BZ at two differ-
nt thicknesses. This was investigated for 𝑛 = 6 , 7 and 𝑛 = 4 , 7 for bcc
nd fcc types respectively. The reason behind choosing 𝑛 = 6 for the bcc
ase is that spectral peaks only start to manifest for n ≥ 5. As we span
he BZ, Ωmax for 16% Ni bcc nanojunctions gradually decrease in num-
er, thus moving to the low frequency regime. On the contrary, those
or fcc nanojunctions with 𝑐 = 0 . 81 shift to the high frequency regime as
e move away from the normal incidence direction. 

.0.8. The effect of temperature 

The transmission behavior as temperature is increased is the subject
f Fig. (10) . Figs. (10 )(a)–(c) give the group velocities of the magnon
odes of bulk Fe and Co over their propagating intervals at tempera-

ures higher than the ambient temperature. Raising the temperature of
ultilayered bcc nanojunctions causes new maxima to emerge and be-

ome more defined at a temperature of 881.67K ( k B T = 76meV), as op-
osed to the single peaks at ambient temperatures. For 𝑐 = 0 . 16 , 𝑛 = 7 ,
even maximum peaks arise at positions 0.98, 2.55, 4.18, 5.89, 7.72,
.68 and 11.38. On the other hand, fcc nanojunctions will have all their
ve localized maxima, with no new peaks appearing, switch to lower
alues as k B T inflates: The maxima located at positions 0.7, 2.38, 4.53,
.64 and 8.24 at ambient temperature move to 0.52, 2.00, 4.16, 6.12,
385 
nd 7.69 at a temperature of 580.05K ( k B T = 50meV) and further de-
rease to 0.41, 1.64, 3.66, 5.37 and 6.90 at 754.06 K ( k B T = 65meV). We
xpect that at higher temperatures, close to the Curie temperature of Co,
he localized maxima squeeze more towards lower frequencies, hence re-
ucing the transmittance range for the nanojunctions. This makes sense
ince any gain in temperature causes the sublattice magnetizations of
e and Ni inside the nanojunctions to decrease, destroying the nano-
unctions’ ability to transmit at wide frequency ranges. Despite this fact,
e can still benefit from the nanojunctions (especially bcc ones) at tem-
eratures reasonably larger than 300K if the goal is to target specific
ransmission frequencies. 

. Summary and conclusion 

In the present work, a full analysis of the scattering effects and bal-
istic transport properties for SW incident from Fe/Co leads across Fe-
i alloy nanojunctions Fe 1− 𝑐 Ni c is established for 1 ≤ n ≤ 7 and various
oncentrations c showing a diversity in the results obtained. For our
urposes, c ≤ 0.25 will define a bcc nanojunction and c ≥ 0.60 refer to
cc nanojunctions. According to the model we adopted in this publica-
ion, all nanojunctions are ferromagnetic with spins 𝑆 𝐹𝑒 = 𝑆 𝑁𝑖 = 1 . The
pin exchange parameters were calculated within an Ising-EFT model
aking use of the VCA and reliable experimental T c values. 

PFMT, a method identical to the non equilibrium Green functions
ut considered more transparent and less computationally demanding,
s exploited to examine the scattering effects in compliance with the
andauer-Büttiker formalism. This is a robust technique used mainly
hen one or more directions break the translational symmetry in the

ystems and is beneficial to treat other types of waves such as phonons
nd electrons. In our current paper, the broken symmetry of the nano-
unctions is only along the x-axis, normal to their plane, giving rise to
everal spin wave excitations on that axis and in the vicinity of the nano-
unctions. These excitations that were numerically computed are spin
ave resonance modes forming dispersion curves. 

The reflectance and transmittance dictating the ballistic SW trans-
ort at the nanojunction for the different multilayered nanojunctions
etween the two semi infinite Fe/Co leads were examined by sending
W along various incidence directions incorporating the trivial normal
ncidence case ( 𝜙𝑦 = 𝜙𝑧 = 0 ). The effects of adding more layers and en-
iching the nanojunctions with Ni were also considered. It was remarked
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Fig. 10. (Color online) (a)–(c) Group velocities of the magnon modes at normal incidence for the Fe and Co leads respectively at the chosen temperatures.(b) 

Transmission along the normal incidence direction at k B T = 50, 65 and 76 meV compared to the ambient temperature k B T = 25.85 meV for 𝑛 = 7 bcc nanojunctions 

with Fe leads. New transmission maxima appear and become well defined as the temperature approaches k B T c = 76 meV. (d) Same as in (b) but for fcc nanojunctions 

with Co leads at k B T = 50, 65 meV also set in comparison with that at ambient temperature. 
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hat both systems show two types of modes in their dispersion curves:
in resonance ” and “localized ” where the latter type also propagates per-
endicularly to the plane of the nanojunctions, and appear as ordinary
ranches of the bulk magnon modes; this is a new feature not depicted in
he magnetic nanojunctions previously considered where the nanojunc-
ions’ magnonic branches clearly cut through the bulk modes. Besides,
he fcc nanojunctions show transmission maxima peaks at specific fre-
uencies which both increase in number and shift towards low energy
odes as c increases whereas for the bcc nanojunctions, the maxima

nly occur at high energy modes. 
Other properties of the nanojunctions investigated in this work could

lso be taken advantage of; for example along a particular incidence di-
ection of the bcc nanojunctions, the highest modes at maximum trans-
ission tend to shift to a lower frequency region as we move from one
386 
irection to another in the BZ. On the contrary, they shift to higher val-
es in fcc nanojuncions. 

Raising the temperature above 300K at normal incidence has a re-
arkable effect in multilayered bcc nanojunctions: more maxima start

o emerge throughout the whole frequency regime, becoming more de-
ned when the temperature reaches ∼ 882K. For fcc nanojunctions, no
ew maxima arise but those already existing shift to lower frequencies.

Ultimately, it is important to state that our results are accurate
n the range between nanometric SW wavelengths, greater than the
anojunction width, and macroscopic wavelengths. The relevance in
xperimental magnonics research are spectral transmission values for
ow frequency SW which in fact correspond to longer submicroscopic
avelengths. However, for short SW wavelengths, the VCA-PFMT
odel fails to exactly describe the ballistic transmission properties of
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he nanojunction. Within this wavelength range, a different approach
uch as the Dyson formalism and possibly a non local CPA technique
60] should be applied. 
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