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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-Biittiker 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.

1. Introduction

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

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

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

In the present paper, we give an extensive analysis of the magnonic
ballistic transport across the [Fe,_,.Ni_],, homogeneous alloy nanojunc-
tions between Fe/Co leads, where n is the number of the [100] atomic
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layers of the nanojunction. This work is motivated by the fact that the
iron-nickel alloys present a rich phenomenology [20], and a complex
phase diagram [21], allowing them to be produced at the nano scale by
a variety of techniques, via mechanical alloying [22], thermal evapora-
tion [23], electrodeposition [24], or even metal-plasma reaction [25].

Due to their unique low coefficient of thermal expansion, Fe-Ni alloys
have been used in industrial applications for over 100 years [20,22—
25] including thermostatic bimetals, glass sealing, integrated circuit
packaging, cathode ray shadow masks, membranes for liquid natural
gas tankers, read-write heads for magnetic storage, magnetic shielding
and high performance transformer cores amongst many others. In partic-
ular Fe-Ni alloys with 0.29 <¢ <0.36 can be used for measuring instru-
ments requiring magnetic temperature compensation [26]. Alloys with
higher Ni concentrations such as Fe, 19Nij g;, known as the permalloy
are commonly used in motor cases, and in magnetic resonance tomog-
raphy shield covers as well as a model system to analyze the effects of
nanostructuring on the symmetry and dynamics of domain walls [27];
on the other hand, alloys such as FejsNij 5 with 50 % Ni, possess a
Pt-like high catalytic activity [28].

Nowadays experimental research is focusing on the study of inter-
diffusion in nanometric Fe-Ni multilayer films [29]. For instance, mag-
netic transport properties of Fe/SiO,/Ni multilayers grown on Si/SiO,
substrates have revealed a predominant contribution of anisotropic mag-
netic resistance both at room and low temperatures [30]. Multilayers of
Fe/Ni have been thoroughly studied and it has been confirmed that their
magnetic properties depend both on individual layer thickness and the
ratio of the constituents [31]; thus investigating the effect of piling up
more layers could be an improvement by influencing the performance
of the nanojunction device. Up to our knowledge, no theoretical work
has been devoted to examine Fe-Ni nanojunctions coupled to transition
metal leads.

The Fe and Ni bulk metals are both ferromagnetic, with characteris-
tic Curie temperatures of ~ 1050K and 631K respectively. In a previous
work, several TM bulk metals were considered, including Fe and Ni, to
calculate their corresponding magnetic exchange constants and magne-
tizations in the ordered phase, [32], by applying the Ising effective field
theory (EFT) [33-36], within a nearest neighbour exchange interaction
formalism.

Here we will assume that the Fe-Ni bulk alloys have a clear bec struc-
ture for ¢ <0.25, and, in contrast, a clear fcc structure for ¢ > 0.6 thus
avoiding the invar region (close to ¢ = 0.35) [19] at which some anoma-
lies of the physical properties might take place. The Fe-Fe, Ni-Ni, and
Fe-Ni exchange constants (J) were calculated by analytical means mak-
ing use of the virtual crystal approximation (VCA).

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

The layout of the paper is as follows. Section 2.1 presents a brief
presentation of the method used to calculate the Fe-Fe, Ni-Ni, and Fe-
Ni exchange constants using the Ising effective field theory (EFT) and
the virtual crystal approximation for the alloys Fe,_.Ni_; this method
proves to be more suitable and accurate than the one used in a previous
work [47]. The model calculations for the spin dynamics, designed to
obtain the localized spin states at the magnetic nanojunction and their
dispersion using the PFMT, are presented and discussed in Section 2.2.
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Section 3 contains expressions of the sublattice magnetization for the Ni
and Fe sites as well as the total magnetization per layer of the nanojunc-
tions. Section 4 gives a brief analysis of the Landauer-Biittiker scatter-
ing problem for SWs incident from the Fe/Co leads onto the nanojunc-
tion layers. General results including magnon coherent transport at the
nanojunctions along various incident directions and at different temper-
atures, are presented and discussed in Section 5, and are applied for Ni
alloy concentrations ¢ = 0.08, 0.13, 0.16 (bcc nanojunctions) and 0.65,
0.81 (fcc nanojunctions) with thicknesses 1 <n<7. The reason behind
choosing these specific c values is the availability of reliable experimen-
tal parameters needed to extract J for further computations and, as was
mentioned before, to avoid concentrations belonging to the invar re-
gion. Finally a summary of what was achieved in this work is found in
Section 6.

2. Theoretical model for spin dynamics

Fig. (1)(a)-(b) gives a schematic representation of four and seven lay-
ered fcc and bec systems respectively showing the symmetry adopted.
In both cases the atomic layers of pure Fe/Co atoms at the nanojunction
extremities 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-
loy nanojunction itself (blue spheres), are randomly distributed Ni and
Fe atoms, with their corresponding concentration probabilities.

2.1. EFT-VCA method in iron - nickel alloys

The Ising effective field theory (EFT) is known to be superior to the
mean field theory (MFT) [33-36], because it incorporates the contri-
butions of the single-site spin correlations to the order parameter. We
use EFT in this work, in conjunction with the virtual crystal approx-
imation (VCA) for the homogeneous Fe-Ni alloy, to model and deter-
mine the Fe-Fe, Ni-Ni and Fe-Ni exchange constants for different Ni
concentrations.

In a previous work [47], a procedure was adopted to calculate the
exchange constants Jp,_p,, Jy;_n; and Jp,_y;. It was based on exper-
imental values of the stiffness constant D of the Fe-Ni alloy and on ex-
pressions of ensemble averages to compute D for the individual Fe and
Ni constituents, as a first approximation. This might not be entirely cor-
rect and a better approach is in order. Therefore to be consistent with
the choice of a ferromagnetic alloy, such as the Fe-Ni alloy, made up of
two TM ferromagnetic elements and to avoid relying on too much ex-
perimental results gathered from different sources, we have recalculated
the exchange parameters using another method that strictly depends on
the results of the Ising EFT and the assumption of the VCA (discussed
later) for homogeneous TM alloys. The only inevitable experimental in-
gredient that we must have access to is the critical temperature T, for
each concentration c.

Within the realms of this new technique, there are two steps to ex-
tract the exchange constants. In the first step we compute the alloy av-
erage value of the exchange constant J,;,(c) for different concentrations
using the EFT-calculated constitutive relations [32] for bulk magnetic
materials; these can be established as Ry = kpT,/zJ,,S(S + 1) = 0.304
for the bee Fe-Ni alloy with Z =8, S =1 and Ry =0.314, Z =12 and
S =1 for the fcc system, kg being the Boltzmann constant. Since kgT,
varies with ¢ and is known experimentally for the concentrations we
have chosen, [46,48], and considering the spin values for iron and nickel
as Sp, = Syi = 1, J4,(c) can be computed via the above expressions of
Ry.

It has also been shown from neutron scattering measurements in Fe-
Ni alloys [49], that the value of the atomic magnetomechanical ratio
for Ni and Fe does not change upon alloying, while the local mag-
netic 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).

allocate an average spin for all the sites in the Fe-Ni alloy nanojunction, average quantity, independent of i and j, and as a function of c, so that
namely: the configurational average is given by:
Spe)=0—-¢)Sp, +cSy;- (€8]

. o o <J;>=J,)=0=cPTpepo+ INi_Ni
The spins Sg, and Sy; are quantum numbers characteristic of the individ- Y @ Fefe Ni=Ni

ual Fe and Ni atoms, which makes equation (1) a virtual crystal reference +2¢(l = ) pepi- @

for the system. However, the magnetic moments are a function of the

electronic density in the neighborhood of the individual atomic sites of Egs. (1) and (2) are permitted because experimental measurements us-

Fe and Ni, and these vary depending on the concentrations of the two ing the XMCD, SQUID, and VSM techniques have shown [19], that the

atomic species. weighted sum of the individual magnetic moments of the Ni and Fe sites
Despite the fact that the sites can be either iron or nickel, the spin in a Fe-Ni alloy, agrees very well with the average measured moment

interaction between pairs of nearest neighbours may be treated as an per 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 ¢ pertaining to both bec and fcc [Fe,_ Ni.], structures.

c Jre_re(meV) Jyi_ni(meV) Jre_ni(meV)
0.08,0.13,0.16 18.41 -13.49 12.68
0.65,0.81 —6.02 8.46 20.77

As a second step, assuming that the average exchange parameter of
the 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
constants found in Table 1. Our new calculations show that both bcc
and fcc [Fe,_,Ni_], nanojunctions are ferromagnetic contrary to what
was previously obtained in [47]. Interestingly, Jy,_n; and Jp,_p, <0
for bee and fee structures respectively meaning that neighbouring Fe
sites (Ni sites) are aligned antiparallel in the corresponding alloys. This
antiferromagnetic feature has been previously mentioned in the litera-
ture where there is some evidence to suggest that J,_p, is small and
negative for the fcc phase [50,51]. In addition, Fe alloys with solutes
which stabilize the fcc structure to low temperatures and high Fe con-
centrations often exhibit antiferromagnetism [52]. [51] quotes a value
of -6meV for Jp,_p, similar to the one adopted in this work. By the same
token, we believe that the antiferromagnetic characteristics of the Ni-Ni
interactions in bec Fe-Ni alloys can be equally interpreted.

2.2. Heisenberg spin dynamics

It is assumed that the structural morphology of the two interfaces
between the leads and the nanojunctions are ideally flat. This makes it
possible to neglect dipolar interactions at the nanojunctions, as dipolar
coupling between two perfectly flat infinite planes vanishes in the ab-
sence of interface roughness [53]. The local spin magnetic anisotropy
is also smaller than the exchange energy, and can hence be discarded.
Moreover due to the slab geometry of the ultrathin nanojunction, the
dipolar Zeeman energy is evaluated to be at least two orders of magni-
tude smaller than the exchange energy [17,54]. These approximations
[55], can be applied quite generally to layered ultrathin nanojunctions
under the cited conditions.

The spin dynamics of the nanojunction systems is then modeled
through a Heisenberg Hamiltonian with the EFT-generated exchange
constants, expressed as
H=-YJ,S.5,

i#]

3

The sum is over all nearest neighbour pairs {i, j}, where S; and § ; denote
spin vector variables at sites i and j respectively.

Since the alloy nanojunctions 1 <n <7 are ultrathin with n <1 nm,
the VCA is an appropriate approximation for the nanojunction when
considering SW scattering at wavelengths > 10 nm. The values of J;
can be read from Table 1.

Within the PFMT approach, the nanojunctions are generally divided
into three domains [8-10]. The irreducible domain for a four layer nano-
junction consists of the planes within the interval -3 </ < 2, [ being the
plane number as shown in Fig. (1). The convention we adopt is a bit
different for nanojunctions with an odd number of layers, where for
n =17, the irreducible domain is determined by —4 </ < 4 (Fig. (1)(b)).
The matching region separates the alloy from the bulk leads and will be
taken to consist of the two planes on the right and on the left of the ir-
reducible domain for bec nanojunctions and of the three planes on both
sides of the irreducible domain for the fcc nanojunctions. The leads (Fe
or Co in our case) constitute semi-infinite regions located on either side
of the matching regions.

Owing to the presence of the nanojunctions, their 3D spin translation
symmetry is broken along the x axis whereas the bce/fcc symmetries are
retained in the yz plane. Hence, it is possible to define the normalized di-
mensionless phases ¢, and ¢,, corresponding to wave-vectors k, and k,.
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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, =0, k, =0) and (k, = 224,
k,=0)along 0 <k, < 1.09A~!. Propagating waves are identified for 0<Q <16
whereas Q> 16 correspond to evanescent waves. (b) Dispersion curves for the
two characteristic SW modes for hep Co along two different directions in the Bril-
louin zone: I'X corresponding to k, =k, =0,0 < k, < 1.254" and the I'K direc-
tion defined by k, = k, = 0,0 < k, < 1.67A". On the horizontal axis, j = {x, y}.

For the representative sites on the leads, the spin dynamics is governed
by equations of motion for the spin precession amplitudes [8,10,18,56].

2.2.1. bec Fe

The crystallographic structure of bcc iron results in a single irre-
ducible site in the elementary unit cell, thus yielding a single spin wave
mode propagating in the bulk iron lead. The magnon dispersion relation
for this SW mode in the Fe semi-infinite leads of an elementary bcc unit
cell can be cast in the form [10]:

Qr (G by d.) =8 =4 + ") cos(h,/2) cos(,/2), @

where Qp, = ho/(Jpe_pe.SF.), is @ dimensionless energy parameter and
¢ =¢/#x/2 is a Bloch phase factor. Fig. (2)(a) shows the correspond-
ing calculated acoustical dispersion curves for (¢, = ¢, = 0) and (¢,
27, ¢, = 0) as a function of k, where ¢, = kar,, ag, being the lattice pa-
rameter for Fe. Propagating waves correspond to 0 < Q <16 and evanes-
cent waves to Q> 16.
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2.2.2. hep Co

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

(Qcol = Dp(&, ¢y, )| Up >=0. 5)

|Ug> isa2x 1 column matrix comprising two elements u, and v, and
represents the vector of the spin precession amplitudes of the two irre-
ducible sites of the 3D unit cell in bulk Co. I is the identity matrix in 2D
and Q., = hw/(J,S¢,) defines the dimensionless energy parameter for
Co. J¢, and S¢, denote the nearest neighbour Co-Co interaction and the
spin of bulk Co; they take on the values 15.82 meV and 0.99 respectively
obtained via magnetization calculations [16,32,47]. Dg(¢, ¢y, ¢;) is a
spin dynamics matrix of the form:

d12>
dy /)’
where d;; =—-12+2cos¢, +4cos(¢z/2)cos(\/§¢y/2) and dp =+

cH2eity/ V3 cos(, /2) + e/ \/5)]. When the magnon dispersion curves
for the SW modes are calculated from Egs. (4) and (5), the |{]| =1 re-
gion indicates propagating magnon modes, and |¢| < 1 gives evanescent
modes in the leads. Every choice (¢;, ?;) with i, j= x,y,z (i#)) defines
a region in the Brillouin zone (BZ) describing all eigenmode solutions.
Whilst evanescent waves do not transport energy, they are nevertheless
important for the understanding of the scattering at the nanojunction.

For an hep Co lattice, there exists two propagating modes v = 1, 2 for
any value of ¢, and ¢, under the condition |¢,| = 1. The corresponding
magnon dispersion curves are shown in Fig. (2)(b) where two direc-
tions in the first Brillouin zone are displayed: the I'X direction along
k, corresponding to ¢, = ¢, =0 and the I'K direction along k, with
¢, = ¢, =0. For the first case, it is evident that the two propagating
branches of the magnons occur in the intervals 0 <Q <6 and 6 <Q <12
giving [£,| = |{,| = 1, whereas for Q> 6 and (2 <6, Q>12), the waves
are evanescent.

dy
*
i

Dp(C. ¢y, ¢2) = ( ©

3. Sublattice and total magnetizations of the Fe-Ni nanojunctions
with Fe/Co Leads

Knowledge of the sublattice and total magnetizations on the differ-
ent layers of the nanojunctions constitute a preliminary piece of infor-
mation needed to compute the ballistic transport. Whilst the EFT-VCA
approach provides the values of the different exchange parameters, MFT
based equations give expressions of sublattice and total magnetizations
on the various nanojunction layers. It must be noted that although these
features were described in a previous work [47], they will be re-plotted
in the current paper using the new adopted values of J.

The spin variables on the I' plane for the nanojunction alloys
[Fe,_.Ni,], of n layers, are denoted by ¢ and given via Brillouin func-

B,(S,,T,H,)

tions such that:
25, +1
‘12 coth < > - % coth ( >

a denotes the atomic element, namely Fe or Ni, S, the corresponding
spin and H" the molecular field energy for the element « on the I plane
due to interactions with the nearest neighbours. Likewise, the effective

0]
O-Ll

1 HY
28, kpT

28, +1 HY
28, kgT

O]

magnetic moment per site on the I plane, M o

1 » in units of the Bohr
magneton (up) is defined by:

(O]

I i
M;-)/MB =(1_C)gFeG;‘l+CgNiGNi’ (8)

where gz,=2.1 and gy;=2.2 are Landé factors.
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Plotting the sublattice magnetization requires to define expressions
for each of H gz and H 5\',), in terms of oﬁ)e and ‘75\[/),' which also accommo-
date the spin exchange constants. Transcendental equations in ¢\ are
then created and can be solved numerically using FindRoot in Mathe-
matica software. Explicit expressions of UL” and M(TI) for various layers
[ were thoroughly discussed in [17,18,41,47] and thus will not be re-

peated here.

3.0.3. Fe/[Fe,_, Ni.],/Fe nanojunctions

Figs. (3)(a), (c) and (e) show the sublattice and total magnetizations
on seven layered bee nanojunctions with Fe leads for ¢ =0.16 as well as
the change of the total magnetization on a specific layer as more Ni is
injected into the Fe-Ni alloy. We notice that for the bcc case, the sub-
lattice magnetization of Fe remains almost intact on the various layers,
except probably for slight variations between the first and fourth layer
whereas 55\1])1, shows larger differences on the various layers.

3.0.4. Co/[Fe,_. Ni_.],/Co nanojunctions

Additionally, Fig. (3) (b), (d) and (f) represent the sublattice mag-
netization of Fe and Ni with ¢ =0.81 and the total magnetization as ¢
changes, for four layered fcc nanojunctions with Co leads. These present
a more enthralling case where variations in the sublattice magneti-
zations on different layers are more pronounced for both Fe and Ni.
The total magnetization for this type of nanojunctions shows similar
characteristics to the bcc type: It is always larger for the layers at the
boundaries and becomes smaller for the layers sandwiched inside. The
change in the total magnetization for the nanojunctions as ¢ gradually
increases is displayed in Fig. (3)(e)—(): M(T1> decreases as c increases
throughout the whole temperature range; however at room temperature
(kgT = 25.85meV), such differences are negligible.

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

4. The PFMT for magnon ballistic scattering at the nanojunctions

Our interest lies in the energy of the SWs and the total magnon re-
flection and transmission probabilities across the embedded disordered
alloy nanojunctions. The ballistic transport properties are calculated us-
ing the PFMT within the framework of the Landauer-Biittiker formalism
[42,43]. The equations of motion describing the spin dynamics of mag-
netic nanostructures are inspected for the representative sites on each
layer of the alloy nanojunctions. A single inequivalent site per unit bcc
cell will be taken on successive atomic planes for bce nanojunctions
while two inequivalent sites per unit hcp cell will be adopted for the
fcc type nanojunctions. The set of atomic sites that will be considered
for each value of n embodies the intrinsic symmetry of the system in
question.

For the n = 7 bce nanojunctions, we have a set of nine atomic sites
in the irreducible domain whose spin precession amplitudes can be
represented by: {14_4(Fe),u*_'3 (Fe/Ni), u’iz(Fe/Ni), u’il(Fe/Ni), u(’;(Fe/Ni),
u’lk (Fe/Ni), u; (Fe/Ni),u§ (Fe),uy(Fe)}; the superscript * denotes atomic
sites belonging to the alloy and the notation Fe/Ni means that the sites
could either be occupied by an Fe or a Ni atom.

The spin precession amplitudes for the irreducible set of atomic sites
for a 4-plane fcc nanojunction are represented by {v_3(Co), u’iz(Fe/Ni),
vjl(Fe/Ni), uS(Fe/Ni), UT(FE/Ni), u,(Co)}, where u and v refer to the
two inequivalent sites. Atomic planes belonging to the matching regions
contain pure Fe or Co atoms; these are {u_s(Fe),u_q(Fe), us(Fe), and
ug(Fe)} for the n = 7 bee nanojunctions and {u_g(Co), v_s5(Co), u_,(Co),
v3(Co), u4(Co) and v5(Co)} for the n = 4 fcc nanojunctions.

Mathematically, the matching regions are expressed through spin
precession amplitudes denoted by w; | n(V)’ where i labels the atomic
sites, v the frequency of the incident SW, and 7 a fixed number for each
case defining the boundary of the irreducible domain. For n = 4 nano-
junctions, 7 = —3 and 5 = 2 to the left and right of the alloy respectively,
whereas n = —4 and # = 4 for n = 7 nanojunctions.
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Fig. 3. (Color online)(a)-(d) The sublattice o-;’) and total magnetization M;” for n =7 bee (¢ = 0.08, 0.13, 0.16) and n = 4 fce (¢ = 0.65, 0.81) Fe-Ni nanojunctions.
(e)-(f) As the concentration of Ni increases, M(T” slightly decreases on a specific layer [ 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
and related to given wave phase components (¢,, ¢,) and energy €,
the resulting coherent scattering due to the presence of the nanojunc-
tion frontier yields reflected and transmitted SW fields in the two semi-
infinite iron leads. The full description of the SW scattering can be
probed using the PFMT method, where it is crucial to know the evanes-
cent as well as the propagating eigenmodes of the leads to understand
the sophisticated mechanism engaged in the scattering processes.

For a given incident SW mode v from the Fe/Co leads on the left hand
side onto the embedded nanojunction, the spin precession amplitudes
w; 1 ,(v) for the inequivalent atomic bee/fec sites (planes) on the left
side, may be written as the superposition of contributions coming from
the incident SW field and the backscattered fields at the same frequency
and wave-vector components, at that particular plane [, (I<#, 1 <0):

W1, ) = WIS + Ym0 ©
!
v
Likewise, for the inequivalent atomic sites on the right side, into
which the incident SW mode v is transmitted, the emerging spin pre-
cession amplitudes may be expressed by another appropriate superpo-
sition of the contributions from the forward scattered fields at the same
frequency and wave-vector components at that specific atomic plane [
(U>n, n>0).

Wi, (V) = 2 fy e,.(v’)gii"”. (10)
v

The elements r s and ¢, , in the above equations, denote the reflec-
tion and transmission coefficients respectively describing the scattering
from the incident SW mode v into the ensemble of the available eigen-
modes v, and are in conformity with the Landauer-Biittiker formalism.
e;(v) is (are) the eigenvector(s) on the Fe (Co) lead at the given inci-
dent frequency and wave-vector components obtained by solving the
relations leading to Eqgs. (4) and (5) for bulk Fe (Co).

In order to solve for the reflection and transmission inside the nano-
junction, it is instructive to construct a Hilbert space with state vectors,
that we call |U" >, made from the basis vectors |r>, |t> and |Upg, >,
where {|r>, |t>} are the vectors corresponding to the ballistic reflec-
tion and transmission processes and are made up of the elements r,
and ¢, /. |Upgy, > contains the spin precession amplitudes for the irre-
ducible set of atomic sites for the nanojunction. To be more clear, for
the bec Fe/[Fe,_. Ni_],/Fe nanojunction,

IU" > = {u_4(Fe),uy(Fe),u* y(Fe/Ni),u’(Fe/Ni),
u*,(Fe/Ni),u;(Fe/Ni),u* ,(Fe/Ni),
uT(Fe/Ni),uS(Fe/Ni), |r>, |t >},

which has thirteen components whereas for the fcc Co/[Fe,_, Ni.14/Co
nanojunction, it comprises ten components:

IU" > = {v_3(Co).u’ ,(Fe/Ni), v (Fe/Ni),
u(’;(Fe/Ni), Vi (Fe/Ni),uy(Co), |r >, |t >}.

Generally, to obtain the magnonic dispersion curves, one has to solve a
. . . . ’
matrix equation involving |U >:

’
Dﬁ”(y,-, (& by @ nsanlU > sy = —HH, > [11x1p5 11

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

4 ’
DOy, A& L by b poxio|U > ioxn) = =1TH, > froxay- 12)

where in both cases D§4’7) are inhomogeneous square matrices of di-
mensions 10x 10 and 11 x 11. The column vector |IH, >, mapped
appropriately on to the basis vectors in the Hilbert space, collects the in-
homogeneous terms describing the incident spin wave. In more details,
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for nanojunctions with Fe leads and n = 7, the matched spin matrix D§7)
is the product of two rectangular matrices and can be split into:

(7 —_nD (7
D7y AG b dy d211xa11 = Dy 153 PRy (13)

Dg) is made of block matrices and assumes the form:

(T

“\k L)’

where I = Ijg,q, is the Identity matrix, J = Jigxy and K = K459 are

zero matrices and L is a 2x 1 column matrix whose first element is

(50 2
0 ¢
Variously, for an n = 4 nanojunction with Co leads, D§4) can be writ-

ten as a product:

(7
DR,[13><11]

), and second element is (g() ;)2)

p

— p@W
=D R,[12x10]”

d,[10x12] a4

D§4)(7j, (¢} ¢y7 ¢z)[10><10]
where again,
I J
K L)
In this case, I is a 6 x 6 matrix, J a 6 X 4 matrix, K a 6 x 6 matrix and L a
6 x 4 matrix given by:

“4) —
D R =

12x10]

0 0 Cre (D) £re,(2)
Clep()  Gen(2) 0 0
1|0 0 CZey(1)  (Zey(2)
e e 0 0
0 0 Ce(1) ey
Cey(l) ey 0 0

e;(v) (i = 1,2) are the eigenvectors of the dynamic spin matrix on the
semi-infinite cobalt leads. Setting the determinants of D§4’7) equal to zero
allows to determine the propagating and localized spin states of the sys-
tem as well as extract r, » and ¢, ; necessary to calculate the reflectance
and transmittance for a spin wave incident on the nonajunction.

The reflection R, and transmission T,/ cross sections (probabil-
ities), giving a complete description of the scattering process for the
embedded nanojunction, are then written as:

R,y by ) = (0 [0)r 17 (15)

T, () 2, Q) = (V1 /01 1P, (16)

where v,, = dQ/d¢, is the magnon group velocity corresponding to
eigenmode v and is equal to zero for evanescent modes. R and T must be
normalized with respect to v, to ensure the unitarity of the scattering
matrix.

Practically, the total reflection R, and total transmission T, cross sec-
tions, for a certain propagating eigenmode v are retrieved by summing

over all contributions of the scattered eigenmodes v', and written as:

R,(¢).$..Q =Y R /(). $..Q) a7

T.(¢) ¢, ) = (18)

!
v

T, (e 2. Q)

Total reflection and transmission (the so called conductance) parameters
can also be prescribed summing over all input and output propagating
SW modes:

R(¢). ¢..Q) = )" R /(). .. Q) (19)

Ty ¢, Q=Y T,/ (), ¢, Q). (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 ¢ = 0.08, 0.16
plotted along the path (¢, = ¢, =0, 0 <¢, <2r) 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.

Without loss of generality, the conditions R, + T, = 1 for each mode v
and R + T = 1 must always be satisfied. The mathematical tools detailed
above are the same as those adopted in other nanojunction systems with
Fe [18] and Co leads [41].

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

5. Results and discussion

5.0.5. Magnonic dispersion branches

The excitations in the form of spin resonance modes are numer-
ically computed by solving the eigenvalue problem for the inhomo-
geneous PFMT spin dynamics matrix for both types of nanojunctions
whose mathematical details are found in [18,41]. The dispersion curves
for these excitations are given as continuous plots in Fig. (4)(a)-(d) re-
lated to bee nanojunctions whereas Fig. (5)(a)—(e) are those correspond-
ing to fcc nanojunctions with Co leads. Calculations are shown for both
n=4 and n =7 bcc and fcc nanojunctions to examine the effect of in-
creasing the number of layers for a single type of nanojunctions. The
dashed curves are dispersion spectra for the pure Fe/Co leads along the
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irreducible BZ paths shown in Fig. (2). It is essential to state that our
method allows the computation of the dispersion curves along any arbi-
trary direction, as is shown in Fig. (5)(e) where the branches are taken
to belong to a different path (¢, = ¢, = 0,0 < ¢, < 2.3), for fcc nano-
junctions.

Firstly, we realize that the number of dispersion curves increases
with increasing thickness for both nanojunctions. Secondly there are
two types of propagating spin states in both systems. We shall refer to
them as the “in resonance” and localized states. The former represents
modes which propagate in the plane of the nanojunctions whose disper-
sion lies inside the projected Fe/Co bulk magnon modes whereas the
latter also propagate inside the plane of the nanojunction with their
amplitudes in the direction normal to the plane of the nanjunction;
however they appear as branches crossing the projected Fe/Co bulk
magnon modes. While the usual form of the localized magnon modes
observed in other similar systems cut across the lead magnon bands
growing in number as more layers are stacked [18,41], the localized
modes in the Fe-Ni systems present themselves as ordinary branches of
magnons.

At normal incidence, the localized modes are always attributed to the
lowest dispersion branches; for instance in the case of a seven layered fcc
nanojunction with ¢ = 0.81, they belong to the first four branches with
Qe [~0to7.4], [~0.25 to 7.93], [ ~0.75 to 8.73] and [ ~1.68 to 9.45]
respectively. For the path corresponding to (¢, = ¢, = 0,0 < ¢, <2.3),
such localized modes occur in a higher range of Q namely within the
[~12.26 to 15.43] interval for the n = 7, ¢ = 0.65 case.
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Fig. 5. (Color online) Same as Fig. 4) but for fcc nanojunctions with ¢ = 0.65, 0.81 plotted along the y-direction (¢, = ¢. =0, ¢y) and along (¢, = ¢$,=0,0<¢,<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.
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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
(¢, = ¢, =0) for c = 0.08, 0.13, and 0.16. Transmission maxima start to emerge for n>5 in the high frequency regime.

5.0.6. Reflectance (R) and transmittance (T)

Another benefit of solving the PFMT based equations is the ability to
investigate the scattering effects in the nanojunctions by gathering in-
formation about the R and T parameters for a given incident SW mode
v. They are a consequence of the interactions of the incident modes with
the spin resonances on the nanojunction. These were determined along
a few paths in the BZ including the normal incidence case (¢, = ¢, = 0)
for both kinds of nanojunctions. On the other hand, for the fcc nano-
junctions, the Ry and T; curves refer to the lowest frequency incident
mode (lower frequency mode) coming from the bulk Co leads.
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Tables 2 and 3 display the maximum transmittance values associ-
ated with the ballistic scattering at the bcc and fcc nanojunctions, pre-
sented in Figs. (6) and (7). These correspond to a constructive interfer-
ence between the various transmitted magnons. To numerically extract
the maximum positions, the package Select in Mathematica software was
used such that only the spectral peaks satisfying the precision condition,
0.9996 < T<1 are reported.

At normal incidence (¢, = ¢, = 0), the number of maxima, which
start to emerge for n> 2, increases as the fcc nanojunctions gain more
layers. For a fixed number of layers, they tend to shift to a lower



E.A. Moujaes, A. Khater and M. Abou Ghantous et al.

1.0
n=1, temp=300K
0.8% by =¢2=0
0.6%
= =
4 x
0.4 Ry (c=0.65)
— T (c=0.65)
Ri(c=0.81)
0.2 Ty (c=0.81)
0 4 6 & 10 12
Q
1.0
0.8
06 n =4, temp=300K
o by =¢,=0 =
14 —R;(c=0.65) o
0.4 —T,(c=0.65)
—R;(c=0.81)
—T(c=0.81
02 1(C=08 )
0-0 2 4 6 8 10 12

Materialia 4 (2018) 373-387

10 n=2, temp=300K 10 - K ' f
by =¢.=0 H 4 i
0.8 08 £ Af :
| o, =0 0| ¥
&+ T
0.6/ —— Ri(c=065) 06 H—Ric069)}  §
— T1(c=0.65) = !:3:—T,(c=o.ss)§ ¢
Ri(c=0.81) , X H—R=081) § i §
0.4} ——T,(c=0.81) ; 0.4 { —Ti(c=081) §
0.2 02 o
%52 2 8 10 12 0% 6 8 10 12
Q
1.0N 22 \ 1.0
J\
0.8/n =35, temp=300K 08
06 by =9, =0 i 0l =6, temp=300K
. ; = ' oy =0, =0
—R1 (C=0.65) I x
0.4 —Ti(c=0.65) ] 0.41 —R;(c=0.65)
—R, (c=0.81) i — T (c=0.65)
—T(c=0.81) —R(c=0.81)
0.2 0.2t —T(c=0.81)
0-0 2 4 6 12
Q
0.8
B
H
06 n =7, temp=300K g
T by =9,=0 :
—R,(c=0.65)
04" —T,(c=0.65) §
—R,(c=0.81)
—T(c=0.81 3
0.2 1l ) E :
0.0 8

10 12

Fig. 7. (Color online) The reflection R; and transmission T; cross sections for the ballistic transport of the SWs in fcc nanojunctions for mode 1 (lower frequency
mode) at normal incidence (¢, = ¢, = 0) with ¢ = 0.65, 0.81. R, and T, pertaining to the higher frequency mode can be similarly plotted.

Table 2

Values of the normalized energies Q at which 0.9996 < T(Q, by ¢,) <1 for differ-
ent bee nanojunctions of thickness 5 <n <7, concentrations ¢ = 0.08,0.13, 0.16,
computed at normal incident angles (¢, =0, =0) and room temperature 300K.

Concentration ¢ Thickness n

Peak positions Q

0.08

0.13

0.16

NO U N NG,

13.48
13.96
14.25

12.79
13.22
13.51

12.26
12.72
13.01
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Table 3
Same as Table 2 but for different fcc nanojunctions with concentrations ¢ = 0.65
and 0.81 and 2 <n <7, computed at room temperature 300K.

Concentration ¢

Thickness n

Peak positions Q

0.65

0.81

NOU A WN NOU A WDN

11.82

2.51,7.29,9.45

2.85,7.02

1.77, 4.89, 7.91

1.17, 3.51, 6.17, 8.38
0.81, 2.59, 4.81, 6.99, 8.65

11.82

2.28, 6.62, 8.82

2.54, 6.64

1.55, 4.60, 7.59

1.00, 3.24, 5.84, 7.98
0.70, 2.38, 4.52, 6.64, 8.24
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Fig. 8. (Color online) (a)-(b)The transmittance T(Q) for n = 7 bcc nanojunctions corresponding to ¢ = 0.08, 0.13 and 0.16 along two specific directions (¢y =nr/3,

27/3 with ¢,=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 ¢ = 0.65, and 0.81.

frequency value as c¢ increases. This is due to the magnon scattering
which is somehow similar to a Rayleigh scattering of waves by particles
[44,45]; to get more transmission as the size of the particle increases,
one should increase the wavelength and thus lower the frequency. For
bce nanojunctions, the maxima, only starting to occur for n>5 in the
high frequency regime, remain at the same positions. On an experimen-
tal (practical) level, this variety may have implications on the properties
of each of the n-layered nanojunctions. It should be reminded that the
estimated total reflection and transmission cross sections satisfy the uni-
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tarity condition, that is R, + T, = 1 for each SW mode v incident from

the Fe/Co leads.

5.0.7. Variation of the path in the BZ

The variation of the peak positions for which the transmission T is
maximum along different paths of the BZ inside the nanojunctions, as
well as the effect of changing the concentration of Ni on such positions
are both worth investigating. This is advantageous for the study of the
change in transmittance along several directions in the reciprocal space,
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Fig. 9. (Color online) (a) The highest mode, Q,,,., at which the transmittance T is maximum for n = 6 (+) and n = 7 (x) layered bcc nanojunctions with ¢ = 0.16
along a few directions in the BZ. (b) Same as (a) but for fcc nanojunctions with ¢ = 0.81, n =4 (+) and n = 7(x).

in particular to detect at what frequencies maximum transmittance takes
place. This is considered to be extremely helpful while fabricating such
nanojunctions for industrial applications especially in the areas of spin
wave magnonics and spin based nanoelectronics, assuming that we can
technologically tune the wavelength at several energies and incidence
directions.

Fig. (8) involves n = 7 bee and fec nanojunctions along two different
BZ directions, namely ¢, = z/3 and ¢, = 2z/3 with ¢, = 0. For a fixed
direction in the BZ considered in this work,the maxima tend to shift to
lower values of Q as we increase c, a behavior common to both types
of nanojunctions. Yet, for a given c, the maxima along the ¢, = 27/3
direction appear to be shifted to lower values compared to those cor-
responding to ¢, = z/3 in bce nanojunctions. The contrary happens for
fce nanojunctions where the maxima seem to move to higher frequency
values as we go from ¢, = z/3 to ¢, = 2x/3.

This trend continues to be observed when we further explore the BZ
or increase the number of layers as is illustrated in Fig. (9) represent-
ing the variation of Q,,,,, corresponding to a maximum transmittance
(T,..x = 1), as a function of different directions in the BZ at two differ-
ent thicknesses. This was investigated for n = 6,7 and n =4, 7 for bcc
and fcc types respectively. The reason behind choosing n = 6 for the bec
case is that spectral peaks only start to manifest for n>5. As we span
the BZ, Q,,,, for 16% Ni bcc nanojunctions gradually decrease in num-
ber, thus moving to the low frequency regime. On the contrary, those
for fcc nanojunctions with ¢ = 0.81 shift to the high frequency regime as
we move away from the normal incidence direction.

5.0.8. The effect of temperature

The transmission behavior as temperature is increased is the subject
of Fig. (10). Figs. (10)(a)-(c) give the group velocities of the magnon
modes of bulk Fe and Co over their propagating intervals at tempera-
tures higher than the ambient temperature. Raising the temperature of
multilayered bec nanojunctions causes new maxima to emerge and be-
come more defined at a temperature of 881.67K (kzT= 76meV), as op-
posed to the single peaks at ambient temperatures. For ¢ = 0.16, n =7,
seven maximum peaks arise at positions 0.98, 2.55, 4.18, 5.89, 7.72,
9.68 and 11.38. On the other hand, fcc nanojunctions will have all their
five localized maxima, with no new peaks appearing, switch to lower
values as kg T inflates: The maxima located at positions 0.7, 2.38, 4.53,
6.64 and 8.24 at ambient temperature move to 0.52, 2.00, 4.16, 6.12,
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and 7.69 at a temperature of 580.05K (kzT = 50meV) and further de-
crease to 0.41, 1.64, 3.66, 5.37 and 6.90 at 754.06 K (kg T = 65meV). We
expect that at higher temperatures, close to the Curie temperature of Co,
the localized maxima squeeze more towards lower frequencies, hence re-
ducing the transmittance range for the nanojunctions. This makes sense
since any gain in temperature causes the sublattice magnetizations of
Fe and Ni inside the nanojunctions to decrease, destroying the nano-
junctions’ ability to transmit at wide frequency ranges. Despite this fact,
we can still benefit from the nanojunctions (especially bcc ones) at tem-
peratures reasonably larger than 300K if the goal is to target specific
transmission frequencies.

6. Summary and conclusion

In the present work, a full analysis of the scattering effects and bal-
listic transport properties for SW incident from Fe/Co leads across Fe-
Ni alloy nanojunctions Fe;_ Ni, is established for 1 <n<7 and various
concentrations ¢ showing a diversity in the results obtained. For our
purposes, ¢ <0.25 will define a bec nanojunction and ¢ > 0.60 refer to
fce nanojunctions. According to the model we adopted in this publica-
tion, all nanojunctions are ferromagnetic with spins Sy, = Sy; = 1. The
spin exchange parameters were calculated within an Ising-EFT model
making use of the VCA and reliable experimental T, values.

PFMT, a method identical to the non equilibrium Green functions
but considered more transparent and less computationally demanding,
is exploited to examine the scattering effects in compliance with the
Landauer-Biittiker formalism. This is a robust technique used mainly
when one or more directions break the translational symmetry in the
systems and is beneficial to treat other types of waves such as phonons
and electrons. In our current paper, the broken symmetry of the nano-
junctions is only along the x-axis, normal to their plane, giving rise to
several spin wave excitations on that axis and in the vicinity of the nano-
junctions. These excitations that were numerically computed are spin
wave resonance modes forming dispersion curves.

The reflectance and transmittance dictating the ballistic SW trans-
port at the nanojunction for the different multilayered nanojunctions
between the two semi infinite Fe/Co leads were examined by sending
SW along various incidence directions incorporating the trivial normal
incidence case (¢y = ¢, =0). The effects of adding more layers and en-
riching 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 kzT=50, 65 and 76 meV compared to the ambient temperature kzT=25.85 meV for n = 7 bcc nanojunctions

with Fe leads. New transmission maxima appear and become well defined as the temperature approaches k; T, =76 meV. (d) Same as in (b) but for fcc nanojunctions
with Co leads at kzT =50, 65 meV also set in comparison with that at ambient temperature.

that both systems show two types of modes in their dispersion curves:
“in resonance” and “localized” where the latter type also propagates per-
pendicularly to the plane of the nanojunctions, and appear as ordinary
branches of the bulk magnon modes; this is a new feature not depicted in
the magnetic nanojunctions previously considered where the nanojunc-
tions’ magnonic branches clearly cut through the bulk modes. Besides,
the fcc nanojunctions show transmission maxima peaks at specific fre-
quencies which both increase in number and shift towards low energy
modes as ¢ increases whereas for the bcc nanojunctions, the maxima
only occur at high energy modes.

Other properties of the nanojunctions investigated in this work could
also be taken advantage of; for example along a particular incidence di-
rection of the bce nanojunctions, the highest modes at maximum trans-
mission tend to shift to a lower frequency region as we move from one
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direction to another in the BZ. On the contrary, they shift to higher val-
ues in fcc nanojuncions.

Raising the temperature above 300K at normal incidence has a re-
markable effect in multilayered bce nanojunctions: more maxima start
to emerge throughout the whole frequency regime, becoming more de-
fined when the temperature reaches ~ 882K. For fcc nanojunctions, no
new maxima arise but those already existing shift to lower frequencies.

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