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Phonons transmission via atomic impurity chains grafted on 2D lattice
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An analytical and numerical formalism is developed to study the influence of the various positions of atomic chain impurities (of type B)
on the scattering and transmission vibration spectra in a 2D plane structure (of type A). To achieve this, we have opted for the matching
technique. Theoretical formalism provides a complete description of the lattice dynamics and elastic wave propagation through impurity
sites. More particularly, it allows the determination of the dynamical properties and localized vibration states of the atomic chain deposited
on the planar system. Numerical calculations are performed for three different positions of a B-atom chain on a 2D lattice: top, bridge and
hollow. The results show that the phonons associated with the grafted chain are strongly depending on the scattering frequency, elastic forc
parameters and the position of the impurities. In the three considered configurations, the presence of the atomic chain gives rise to localizec
vibration effects. The observed fluctuations spectra are related to vibration resonances due to coherent coupling between traveling phonon
and the localized vibration modes in the neighborhood of the impurity chain sites.
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1. Introduction ics (vibrational properties) of surfaces and low-dimensional

mesoscopic structures have attracted increasing experimental
The study of the lattice dynamics at surfaces and low-and theoretical interest because of their use as components
dimensional systems provides an important tool characteiin high-technology devices [15, 16]. This type of disordered
izing the physical properties of 2D lattices, which is com- surface involves random steps, terraces, and inhomogeneities
plementary to investigations of structural and physicochemen the surface, such as adsorbates and substitutional impuri-
ical properties [1, 2]. Moreover, important surface phenom-ies, etc. The surface dynamics of such defects intriguingly
ena, such as adsorption, diffusion or growth, can be signifshow useful properties [17]. The surface inhomogeneities
icantly influenced by the dynamics of surface atomic sitesand configuration modify the vibrational properties of the
[3,4]. Today, progress in science makes it possible to masystem in two ways: first, they can give rise to new modes
nipulate and place atoms in atypical configurations on sublocalized in their neighborhood, and second, they scatter the
strates [5]. The first demonstration dates back to 1989, whebulk and surface phonons [18]. Consequently, the observed
Eigler et al. [7] were able to deposit 35 individual xenon resonances in the scattering spectrum for an atomic surface
atoms on the surface of a flat Nikel substrate, via a scaneontaining atomic defects are a signature of the localization
ning tunneling microscope to spell out the three letters okffects in the neighborhood of the perturbed domains [20]. In
the IBM company. This was the first time in the history of the present work, we present a model calculation for phonon
scientific research that researchers managed to precisely pseattering and elastic wave transmission across B monatomic
sition atoms of another type on a flat surface. Since the bezhain impurities deposited (grafted) on a 2D-planar lattice,
ginning of the 1980s, interest in surface dynamical propertieat three different positions. Our objective is twofold in this
has been stimulated by the development of two spectroscofvork. On the one hand, we want to understand the effect
ical methods for the detection of surface phonons: inelasef the mass of the impurity B sites as well as their interac-
tic helium scattering (HAS) [8, 9] and inelastic scattering oftions with the perfect waveguide (their environment). On the
electrons (EELS) [10, 11]. Both techniques have been exterather hand, we wish to study the impact of the variation in the
sively described in several review articles. The goal has beeposition of the chain sites on phonon transport. Three possi-
to establish experimental dispersion curves and to provideilities exist for placing the B chain sites on the 2D planar
an accurate interpretation of elastic and mechanical propefattice. The first case corresponds to the top position (situa-
ties [12]. In addition, significant progress in the theoreti-tion where each B atom of the chain is placed above an atom
cal predictability of surface phonons, perturbed mesoscopiof the A lattice), the second case describes the bridge position
structures and dynamical films has been achieved via sever@dach B site is placed between two successive atoms of the A
theoretical methods, such as the slab method, the Green funsites), and the third case corresponds to the situation where
tion method and molecular dynamics. Theoretical modelshe B atom is placed in the center of the four atoms of the
typically employ the model of nearest and next-nearest neighA planar sites (hollow position). The main motivation of our
bors force constants in the harmonic approximation [13]. Al-simulation and numerical calculation work is to predict the
though extensive, this study of surface phonons has beesvolution of the thermo-physical properties of solid materials
limited to ideal surfaces [14]. Recently, the lattice dynam-
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at the atomic scale. Furthermore, the different geometric ament differ from the rest of the perfect 2D lattice in terms of
rangements make it possible to guide experimenters to selettieir masses, which are 4 andm g, respectively, and their
functional atomic devices for possible applications as sensaglastic properties, wherk, a4, k1gg, k148, koaa, koaB
elements in the electronic domain at very specific frequencgtand, respectively, and the next and next-nearest strengths
intervals. To address the problems of lattice dynamics andonstant corresponding to interactions between atomic pairs
vibrational properties of different types of atomic configura-A-A, A-B and B-B. To calculate the normalized frequencies
tions in the presence of defects and/or symmetry breakingn the system, we define the following different ratios for the
our research group has used the matching method [21-2%)anar waveguide and perturbed zone

for a long period of time. By using this technique,we can ma k1B o kiap

study localized phenomena as well elastic-wave diffusion and A= e TUE s T
transport by different types of implanted nanostructures. The B a4 1a4
advantage of the method is that it allows us to treat both as- _ kana ' kaas 1

. . T2 = ) Ty = . ( )
pects using the same mathematical framework. The next sec- k1aa k1aa

tion presents the studied system and describes the dynamigg carry out numerical simulations, we used the normalized
and vibration modes of the model system. In Sub 2.1, wgnteractions between different atomic sites of the considered
begin by introducing the essential features of the formalisninodel system. Our computer programs can operate for all

we have applied. More particularly, we describe the perfechossible values of the normalized interactions and the mass
planar waveguide vibration modes and their group velocitiesation given in Eq. (1).

Subsection 2.2 presents a theoretical outline of scattering in a

domain containing the deposited chain of B atoms. Section 2.1. Dynamical properties of the perfect 2D lattice

revolves around the numerical results of the vibration trans-

port and phononic properties for the three types of positiondhe dynamics of the perfect planar 2D lattice can be de-

of the deposited atomic chain on the planar atomic 2D latticescribed by the equations of motion of atomic sites I, which
in harmonic the approximation [13] may be expressed as fol-
lows

miPua(l) = 33 k9 s (1) s} (@)
B

1Al

2. The model of an atomic chain and its
evanescent modes

To formulate the problem of phonon transmission and reflec- Here,m = ml is the atomic mass of the perfect 2D lat-
tion by a grafted atomic chain and to illustrate the appliedfic® located at sit¢, andu corresponds to its vibration dis-
matching method, we consider an isolated atomic chain oplacement vector. Each atomic site can be identified by two
atom B deposited on a square 2D lattice of atom A. An analindices! = (i, j), where indices and;j count the sites along

ysis is carried out for three different positions of the B atomsiN€ X- and y-axes, respectively. The symbalnd 5 de-

on the A lattice, as indicated in Fig. 1. The three simulated0t€ Cartesian coordinates. The radius vector d between two
positions are, (a) top, (b) bridge and (c) hollow. Theand atomic sites Iocatgd a1and.l’ has Cartesian compor)erail@,.
y-directions are taken in the plane of the surface, whereas tH'dd = |d|. The interactions between any two given sites
z-direction is normal to the planar lattice. For simplicity, we '€ denoted by/, so thatk,,, andk are force constants
take the same distanaebetween all adjacent sites in the two Petween the nearest and next nearest neighbor sites, respec-
Cartesian directions of the perfect A lattice. The lattice dy-tvely. For two different atomic sites and !/’ far from the
namics of each of the three configurations shown in Fig. 1inhomogeneous boundary of the deposited atomic chain il-
are simulated and studied while taking into account the neaftStrated in Fig. 1 (belonging to the perfect 2D lattice), the
est central force constants and nearest neighbors under tf@uations of motion may be castin the following matrix form

harmonic approanatlon.' . . . . [Q2| — My(rs, Z, exp(i%))] lu) = [0), A3)
In the scattering region, which contains the impurity o )
chain sites, the B atomic sites of the chain and their environth€ vectorju) denotes the vibration displacements along the
main axes in a unit cell. The symbbkepresents the iden-

tity matrix having the same rank as the dynamical matrix
M,(2,2) of the perfect planar system. The vecta} is a
..“... column vector containing all displacement of the unit cell of
...... FEBLLS the perfect waveguide 2D lattice.
Along the main axes, we define the Bloch phase factors
by Z = exp(i¢,) andexp(i¢,) between neighboring sites
in the 2D-unit cell. Both notationg, and¢, refer to dimen-
FIGURE 1. Schematic representation of a chain of impurity sites Sionless normalized wave vectors, definedas= ¢,a and
(B) grafted on a 2D structure (A), taking three different positions: ¢, = gya, where the constara defines the lattice spacing
a) top, b) bridge and c) hollow. between all neighboring sites as well as over the perturbed

a) b} i)
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region, neglecting any relaxation effects in the considered
waveguides. The doublét,, ¢,) corresponds to the recip-

25 ] 25
rocal components of the network wave vector. Therefore, the §

component$o., ¢, ) (equivalent tdq,, g,)) describe the an- " ] 2
gle of incidence of phonons in the studied 2D lattice. The last

symbolQ? = (w/wp)? constitutes the normalized frequency. 1= T
Note thatw, is the characteristic frequency for the perfect

planar waveguide. The Eq. (3) allows the diagonalization of [ . |7 20 & 7 1

the matrix),. The solutions - known as eigenvalues, yield

the propagation phonon modes whé&h = 1 and the evanes-

cent vibration modes whei| < 1. Wi . ¢ & L .
The exact solutions are obtained as a function of the nor- _y ! 2 3 s A WS = E28
. . . a) g, b)

malized frequencieQ and of the elastic force constants and . 3

elastic properties of the studied system. These solutions afdGURE 3. Curves of the normalized group velocities of the

obtained when the determinant vanishes, as presented in tRBonon propagation modes in the perfect planar structure, ) as a
equation below function of the wave-vector (on the left-hand side), b) as a function

of the scattering frequendy (on the right-hand side).s

2 ; —
det [Q My(ra, Z, emp(wy))] =0 () modes that satisfy the condition. Otherwise, the modes are

fiivergent. To illustrate the elastic wave dispersion in the sim-

Eq. (3). and we can obtain them via different procedures. “JTJ|ated planar 2D lattice as a function of the normalized wave

the present work, we used the one suggested by A. Khaté’leCtor“:f :ﬁl‘ t|meb5a, Wrr:ereql. rur|15 O\Zje.r t?f f'r;t Brillouin
et al. [26]. For the studied perfect planar lattice, the secula?On€: the phonon branches are plotted in Fig. 2.

equation may consequently be expressed in polynomial form The p_ropagatlon of an elastic wave in a matgrlal medium
occurs with speed. The speed that accompanies the move-

2 ment of the vibration wave in the atomic lattice is called the
Z CsZ° =0, (5) “group velocity of the wave packet”. It corresponds to the
5=0 speed with which energy or information is transported in a

- _ . dispersive medium. If the wave-vectgy takes real values,
the coefficient&’s = Cs((2, ry, ¢, ) are functions of the fre- velocity is defined by the following relation

guencyf?, phase factors and elastic constants of the 2D per-
fect waveguide. Owing to the Hermitian nature of the dynam- Vo o0
ics, the phase factofsZ, Z 1) in the doublet symmetrically 97 dq,’
verify the polynomial forms [27]. We mention that only one - .
of tr?é twopmgdes, which areE sglutions to Eq. (5), is ofyphys-hc the wave vector; is different fr_qm a r_eal nu_mber, we im-
ical interest. Importantly, in all cases of dynamical Iattices,posev.g = 0. The group veloc_:|t|es with Wh'(?h the waves
the propagating vibration modes are referred to by the facmove n the perfect 2D waveguide are shown in Fig. 3.
tor Z, and their inverses (defined & ') constitute phonon 29 | : . . :
S . .. .,2.2.  Impurity atomic chain dynamics
modes propagating in the opposite sense. Furthermore, if the
modes are nonpropagating, we consider only the evanesceRiy analyze phonon transport and elastic wave diffusion via
the chain of B atoms grafted onto a square lattice A, as shown
in Figs. 1a)-1c), it is imperative to consider both the vibra-
tional propagation modes and the evanescent modes in the
systems studied via simulation. In another formulation, for a
given frequency and at a fixed incidence, we need all the
solutionsZ,,, including the solutions describing the propagat-
ing modes and those called evanescent, that isZgF < 1.
The placement of the B impurity chain completely modifies
the vibrational and mechanical properties of the 2D structure.
i The waves scattered by inhomogeneity depend on the ampli-
3 tude and frequency of the incident elastic waves. Since the
% 3 2 3 5 1 5 g y perfect waveguide does not couple all of the eigenmodes, we
2 can treat the wave scattering problem for each mode sepa-
FIGURE 2. Typical phonon dispersion curves for the perfect planar rately. Consequently, we can redo the work for each phonon
Waveguide, with a ratio of force ConstamtS: k2/k1 — 05’ pre_ mode W|th0ut any problem. UI“mately, the diﬁuse waves are
sented over the first Brillouin zone. The chosen valuesafan be ~ composed of reflected and transmitted waves, which generate
encountered in certain real structures. a vibrational field on either side of the zone containing the

Notably, the complex phase factors are the solutions o

(6)

25 ——

AT

05k

Rev. Mex. Fis72 030502



4 F. LEKADIR, B. BOURAHLA, AND M. BOUCHERRAB

chain of impurities, otherwise known as the “scattering re-Mpg size is the inverse af/;. The matrix producf/; x Mg
gion”. In the A planar lattice, the evanescent and propagatingefines a square matrix (denoted M) and transforms the sys-
vibration fields are effectively described by the phase factotem to the linear one to allow its resolution. Specifically, for
doublets[Z,, Z, 1], which describe the solutions when go- the studied positions, we obtain the square matrix dimen-
ing from one column to its nearest neighbors along the x-axisions M(16,16), for the structure of Fig. 1a); M(13,13), for
of the 2D perfect waveguide. When an elastic wave propathe structures of Figs. 1b) and 1c). To solve the inhomoge-
gates from left to right via the scattering zone, in vibrationneous linear system, we calculate

eigenmoder, thea-components of the vibrational amplitude
u(t, 7) for each atomic site located before the scattering zone,
can be written, via the matching method, as a superposition « [Jus) ) » [uz)] = — |inh) ©)
of reflected and incident elastic waves [21, 25]. They are ex- /o PR TR '

pressed as follows where the vector |inh) of the second member contains
all the inhomogeneous terms describing the incoming elastic
wave. The solution to Eg. (8) provides us with the atomic
displacements of the irreducible sites located between the
columns of the intervall,, l5], as well as the reflection and
for an atomic site after the scattering domain, the Cartetransmission coefficient&,,,,, and7,,,» on the perfect 2D
siana-components of the amplitude displacement (i, j),  lattice. The diffusion phenomenon depends on the diffusion
along the x-directiori € [I,l,], can be expressed by an ap- matrix, the elements of which are given by the relative reflec-
propriate superposition of the vibration eigenmodes of thdion and transmission probabilities,,, andt,,, at given2
perfect waveguide transmitted at the frequefitythey are  ande,, which are given by

expressed as follows Vn

02T — M\, 71,7y, 72,75, exp(icéy))}

2
Ua(i,5) = Zhtin + > Runr Zp e, i <1y, (7)
1

T'nn’ (vah’l ) T |Rnn’ ‘2 )
2 ) Y Vg’ﬂ
u(i,j)/ (27.7) = Tnn’Z:ﬂun’a 12l (8) Vons
“ ; tn(Qaphy) = ‘/g |Tnn’ |2 . (10)
gn

To have access to all the solutions of Egs. (7)-(8), we should To guarantee the unitarity of the scattering matrix, the

first know the two quantities’,,,» and R,,,,». Therefore, to  group velocities must normalize the scattered waves. Here,

achieve this objective, we consider a Hilbert space for the/,,, represents the group velocity of the eigenmodes. It is

scattering process, and we have poged) , |ur)] asthe ba-  zero in the case of evanescent modes. We can define the total

sis vectors of the reflection and transmission coefficients angrobabilities of reflection and transmission per given vibra-

[lus >] as the basis vector of the irreducible atomic sites thation mode at a scattering frequenfyand a fixed direction

contain the impurity B chain. Thus, the equations of motiong,, by adding all the contributions

of irreducible sites coupled to the borders of the two perfect

sublattices located on both sides of the disturbed zone, should o (Q, phy) = Z Tnns (82, phy),

be expressed as a function of the vedtarz) , |ur) , |us)]. n'

For the purpose of obtaining the matrix dynamics in the pres-

ence of the grafted chain in each position (as shown in Fig. tn(,phy) =Y tons (2, phy). (11)

1), we should write the equations of motion of the irreducible n’

sites as well as those of the two matching sites. The result i§0 describe the overall transmission of the simulated systems,

the obtaining of rectangular matrix formdd,. The sizes of it is important to define the conductance (also called trans-

the dynamical matrices corresponding to each position of thenittance) of the grafted lattices by summing all the input and

impurity sites are given as follows}/,(16, 20), for the top ~ output modes

position shown in Fig. 1a)M;(13,17) , for the bridge and

hollow positions shown, respe(ctively), in Fig. 1b)-1c). Impor- o(Q2,¢y) = Z Ztnn’(ﬂa by), (12)

tantly, the atomic sites in the scattering zone have a 3D con- non

figuration, and the movement along the z-axis is taken intdhe sum is made over the two propagation phonon modes at

account. a givenQ2 and¢,. However, it is worth mentioning that the
The matching method consists of expressing all theconductance of a given system can be determined experimen-

atomic displacements of the perturbed system as a function &#lly.

the amplitudes of the irreducible sites and the boundary sites

as well as the matching quantities. The latter comes fromthg  Numerical applications and discussions

study of the perfect 2D lattice and contains the characteristics

of the incident wave. The obtained results can be groupedhe curves of the phonon dispersion in the simulated planar

into a matrix Mg, called the matching matrix, whose ele- 2D lattice are presented in Fig. 2, as a function of the nor-

ments are generated by relations (7)-(8). Consequently, thmalized wavevectop,. over the first Brillouin zone. These

Rev. Mex. Fis72030502
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curves can be plotted for any choice of the value-pf In Firstly, to achieve our objective, numerical simulations
addition, the usefulness of the value of the ratidies inthe  are carried out for three possibilities of the mass in rela-
fact that it allows us to illustrate our numerical model calcu-tion to the massn 4 (variations of on the order of 1/10).
lation systems with regard to vibrational properties. In the

perfect waveguide, the choice of the fixed ratig:= 0.5 is a) A < 1, to describe a light mass, (we remember that
arbitrary, not being dictated by any consideration, the inter- A =ma/mp).

action between next nearest neighblors= 1/2 of k; for the

first nearest. Therefore, our calculation programs can run any _ o

value ofr,. Moreover, our simulations are conducted with  P) A = 1, to describe similar masses,

normalized values. The advantage of the latter is that they al-

low computer programs to be executed without knowing the  ¢) ) > 1, the heavy mass is reported.

exact values of the force constants.

As shown in Fig. 2, the two eigenmodes 1,2 tend to prop-
agate in the following frequency intervalQ; = [0.00;1.41]
and Q; = [0.00;2.45]. Figure 2 shows that both modes
are acoustical; they are characterized by limiting behavior

Secondly, to describe the effect of variations in the nanos-
tructured elastic constants on the lattice dynamics, in the nu-
merical calculations, we assumed variations on the order of
i 1/10 compared with those of the perfect 2D waveguide. The
.ten(jmg to Z€ro wheg,, tends to zero. The mode number- choice of 1/10 is motivated by geometric considerations. In
ing is also arbitrary, and we have opted for the length of thE%)ther words, the structure does not deform since it retains

existence interval of each mode as a criterion. Furthermorehs crystalline architecture. Therefore, for eaaly possible

the branches related to the vibration modes have a nonllne‘Brosition, we analyze the three possible situations of the inter-

fqrm bu.t an arbltrary_ shape. This means that the structurel 'Sction constants in the perturbed domain. These possibilities
dispersive. Calculating the slopes of the tangents to the dlsére as follows:

persion curves is a direct measure of group velocities. These
are shown in Fig. 3.

In Fig. 3a), the group velocities are plotted as a function
of the propagating frequency interval, whereas in Fig. 3b),
the group velocities are presented as a function of the wave- ii) r; ~ 1, r/l ~ 1, r; ~ ro (homogeneous - case),
vector. We notice that the limits of each group velocity
(nonzero) correspond well to the interval of excitation or the
existence of the related phonon mode. Additionally, mode
2 (the most energetic mode) generates a large amplitude of
group Ve|ocity’ and the same information is confirmed in Notably, interactions between the atomic sites of the 2D
F|g 3b) Therefore, a |arge involvement of mode 2 in phonor‘lattice and the sites of the chain are described by the con-
transport can be expected. Another important observation igtantkas. We take them as the arithmetic means of A and
that when the slopes of the tangents of the dispersion curve3 whose interaction constants with the nearest neighbors are
are negative, the elastic waves change the direction of propak + kg)/2, and this is also valid for the 1st and 2nd neigh-
gation. In summary, the group velocities are essential to debors. Notably, to our knowledge, no experimental results are
termine because they intervene in the Scattering process, aﬁﬁa“able for use in simulations. Those available are based
this is the main objective of our work. To study elastic waveOn alloy concentrations and not for ideal structures. The ob-
Scattering by the grafted |mpur|ty chain at three different po_tained reSUItS fOI’ Vibration transmission/reﬂection Spectra are
sitions, we consider an incident wave that propagates alongXPressed as a function of the scattering frequéncihey
the x-axis (from left to right) of the perfect 2D waveguide are plotted in Figs. 4, 5 and 6, respectively, for Figs. 1a), 1b)
shown in Fig. 1. The model systems considered are appliednd 1c).
to study the evolution of vibrational properties as a function  To In the previous figures, we represented the transmis-
of the position of the sites of the atomic chain grafted abovesion and reflection coefficients, r, t2, o and their sum
the planar structure (top, bridge and hollow). For each posis;, sz, as a function of the scattering frequency in the two
tion, we numerically simulate the diffusion through the impu- vibrational modes of the systems shown in Fig. 1. They are
rity atoms, and we determine the transmission and reflectioarranged in rows to describe the two phonon modes (from 1
coefficients of the elastic waves on the basis of Egs. (9)-(10)o 2) and in columns to describe the three simulated cases of

) 71 < 1,7, <1,ry <1y, (SOftening - case),

iiiy 71 > 1,7, > 1,r, > ry (hardening - case).

In the present work, we set a twofold objective: elastic environments (cases (i), (ii) and (iii)). The first ob-
servation that stands out is the existence of some common
(1) to determine the impact of the mass of impurities. characteristics for Figs. 4, 5 and 6, and the presence of other

characteristics specific to each configuration or position of
(2) to identify the effect of the variation in force constants the chain of impurities, in all considered cases. Among the
on the dynamics of the system under study. general characteristics, for the three positions of the B chain,

we note the following:

Rev. Mex. Fis72 030502



Transmissiond reflection coefficients

Transmissiond: reflection coefficients

Transmission & reflection coefficients

FIGURE 4. Curves of transmissioty, t» (dotted lines) and reflec-
tion r1, 2 coefficients (dashed lines) and their sum sz (solid
lines) for the first position of the impurity atoms on a planar struc-
ture of Fig. 1a), as a function of the scattering frequeficyThe
results are arranged in rows and columns. The former describe
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FIGURE 5. As in Fig. 4. The curves describe the vibration spec-
tra relating to the impurity atoms grafted onto the 2D lattice, as
Sschematized in Fig. 1b).

the two vibration modes and the latter refers to the simulated force
coupling (from softening to hardening situations). a) The first case

corresponds to a soft magsiz < ma). b) The second case cor-
responds to similar massésig = m4). ¢) The third case corre-

sponds to a heavy maésig > ma).

- Verification of the unitary condition, which reflects en-
ergy conservation, by the transmission and reflection
coefficientss = t,, + r, = 1, wheren = 1,2. This
condition usually serves as a validation test of the nu-
merical calculations, for the scattering matrices.

- All the transmission coefficients do not exceed the fre-
quency interval where the group velocities are nonzero

(2 < 2.45).

- In the transmission and reflection spectra, there is a
displacement of their spectral characteristics toward
higher frequencies, hardening the force constants in
the perturbed domain for the three configurations. This
finding highlights the ability of the impurity chain sites
to leave an intrinsic fingerprint on the transmission
spectra of elastic waves. The configurations can be
used to control (amplify or diminish) phonon transmis-
sion. The same behavior is observed with increasing
the mass of the impurity sites, from soft to heavy (shift-
ing of the spectra proportionally with increasings).
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Since eigenmode 1 does not favor phonon transport, it is
1 1 1 : asymmetrically transverse in nature. The second eigenmode
% N E 5 & tells us about its acoustic and symmetrical nature because it
o5 X s N os| X gives rise to a vibration movement, which takes place hori-
F i S0 o zontally with a wavelength very close to the lattice param-
— > S 3 A > eter. Additionally, in the transmission spectrum of each vi-
el m— bration mode, certain peaks are identified as Fano-type os-
; 5 ; ’ : cillations. More details on Fano resonances can be found
: in Refs. [28,29]. This signals the existence of interactions
in the scattering domain between the propagating phonon
& i modes generated by the perfect 2D lattice and the localized
0 T Sl ) SRR 1] RO B2 states of the perturbed zone, which contains the grafted chain.
e! o Q Localized phonon states are dynamic vibrational states for
2 which the amplitude of the atomic displacement decreases
with distance from the perfect domain, which is consistent
3 A T B T with the evanescent modes of the perfect 2D waveguide. The

W wl E el energies naturally shift to higher frequencies with increasing
i
i

Transmission & relection coefficients

[E ;o
¥ v 9
0s 1 0s i 1 W os
A a ok :
1 1!
i 15!

) AN R elastic constants in the perturbed domain. The other max-
gl R alad® N i ima fluctuations, in the spectra, correspond to the variation
in the phonon transmission between the pinning minima that
are imposed by the limits of the propagation intervals of the
R b S vibration modes. Furthermore, localized phonon states are
i 3 Y dynamic vibrational states for which the amplitude of the
e atomic displacement decreases with distance from the perfect
1) NESSUSEHE 2w domain, being consistent with the evanescent modes of the
o ! o 2D system. The energies naturally shift to higher frequencies
with increasing elastic constants in the perturbed domain.
Figures 5 and 6 show that the transmission spectra evolve
R o % ol % 4 in a similar manner but not identical way. That is regard-
E el ¥ less of the position of the grafted chain (bridge or hollow),
2 Y e it has no impact on phonon transport at low energies in both
ale W ol :u’ plar” M vibration modes 1 and 2. As observed, the influence of the
o —i B atoms of the chain is nonexistent at low frequencieg for
andt, ; when(2 tends toward zero, they tend toward their
N N M, maximum values (1). As we move up the frequency range,
the coefficients are sensitive to the effect of the presence and
; position of the impurity chain. They behave differently at
1] WOSSPRESEE .l the frequency limit, depending on the ratio of the nearest
ol o o and next-nearest neighbor constants. In both cdsesnd
to present spectra that are less rich in oscillations, with the
FIGURE 6. As in Fig. 4. The curves describe the vibration spec- system parameters. In addition, the behavior observed dur-
tra relating to the impurity atoms grafted onto the 2D lattice, as ing the analysis of the results of the top position also remains
schematized in Fig. 1c). valid for the other two positions. In other words, the trans-
mission spectra generated by the two vibration modes shift
proportionally toward the top of the definition interval with
- All transmission coefficients; andt, present fluctu- the hardening of the force constants as well as the increase in
ations and vanish at the limit band frequencies. Thisthe mass of the impurity sites.
is attributed to the coupling of the propagating inci-  The comparison between Figs. 5 and 6 indicates the ex-
dent phonons with a localized vibration mode inducedistence of a frequency range (at the center of the interval
by the atoms of the impurity chain. We also notice a(1.50 < Q < 1.80) where the transmission is very weak in
specific behavior of the phonon, for each of the threethe case of the hollow position. On the other hand, the bridge
configurations examined. More particularly, for the top position only records a slight reduction in transmission. This
position of the chain of B atoms Fig. 4, we observe thatresult is remarkable: a simple variation in the position makes
the transmission, according to mode 1, is very weak att possible to physically manufacture a phonon filter in a very
low frequencies, whereas it is at its maximum in the specific frequency range. We can also identify the frequen-
case of vibration mode 2. cies where phononic transport can be amplified. In the last
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.
L
1 04

Transmission & reflection coefficients

i)

1

1

H 0.a 0s
I

!

Rev. Mex. Fis72 030502



8 F. LEKADIR, B. BOURAHLA, AND M. BOUCHERRAB

25

25

T
— Perfect system

T
—— Perfect system
—— —5oft mass

— == Softening coupling
“““““ Homogenous forces | | 2
Hardening coupling

o)

-
ol
TERRL

Vs
F

——

0sr

B o ¥ .
3 0 05 1
h)

I
145 2

FIGURE 7. Curves of the vibration conductance spectra for the structure in Fig. 1a). They are determined in the propagating frequency
interval of the perfect waveguide. a) We identify only the influence of force constants by simulating similar hasses..). b) We
identify only the m B effect by considering the homogenous interactions case

25 T T T T T 25 T
— Perfect system — Perfect system
= = = Soflening coupling = = =25oft mass
|| Homogenous forces | | o —arerrarsnr~r Y Similar masses
"\.,‘_ Hardening coupling ’“m,?__ Heavy mass
M, T,
T A T -
15 Y i g 15 & B
™ I o 7
o o E & N ;
% b 1 % N =
1 B oie 1 N pogpesan
1 [ ShIE B i N
Rt VS L Ay
Tk X
S %
05 Bl 05 i 1
1
[
[
0 I L 0 I L I I 1
0 05 1 3 0 05 1 1.5 2 25 3
Q

a) b)

FIGURE 8. Like Fig. 7, it displays the phononic conductance of the structure shown in Fig. 1b).
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FIGURE 8. Like Fig. 7, it displays the phononic conductance of the structure shown in Fig. 1c).

part of the present work, we determined the phononic coneomparable masses (in (a)) and homogeneity of force con-
ductances (also called transmittances) through the B sites gtants (in (b)). lllustrate the calculations and to note sepa-
the grafted impurity chain, which are placed at different posi-rately the impact of the variation in mass (from soft to heavy)
tions. It is given by the application of Eq. (11). It representsand the variation in interactions (from softening to harden-
the contribution of both modes (1 and 2) simultaneously tang), we have opted for the representation of two cases among
phononic transport. those presented in the present article. The results are shown
in Figs. 7, 8 and 9, respectively, for the top, bridge and hollow
To illustrate the calculations and to note separately thgyositions. The curves are plotted as a function of the broad-
impact of the variation in mass (from soft to heavy) and thecast frequency2. The figures plotted are, respectively, for
variation in interactions (from SOftening to hardening), Wecomparab|e masses (|n (a)) and homogeneity of force con-
have opted for the representation of two cases among thosgants (in (b)). Figure 7, the conductance starts with one (1).
presented in the present article. The results are shown ifihjs means that one of the phonon eigenmodes has a particu-
Figs. 7, 8 and 9, respectively, for the top, bridge and hollowar behavior. It is transmitted weakly, or not at all; it is almost
positions. The curves are plotted as a function of the broadcompletely reflected in the propagation inter¢ale [0, 1].
cast frequency?. The figures plotted are, respectively, for
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Technically, one may say that the top position filters phononshat for greater experimental relevance, the models should in-
at low frequencies and that the vibration modes are decowzorporate finite size effects in the atomic lattices themselves.
pled.

The intgrvaIQ € [1,.1.4.1} constitutes the band.\./vhere 4. Conclusions
the transmittance is quite importnt for the top position. In
addition, the structural conductance is less than or equal tghe generic properties of elastic wave propagation in a
one. On the other hand, in Figs. 8 and 9, the conductancgéionatomic 2D lattice (A) in the presence of a grafted atomic
spectrum always starts with its higher values at low frequenchain (B), placed at three different positions (top, bridge and
cies (2 tends to zero), fluctuates for intermediate values ofollow), are studied via the matching technique in the har-
Q) and decreases with increasifig then it becomes zero at monic approximation. The results of the study show that the
the Brillouin zone limit. For the studied configurations, we transmission vibration spectra and the phononic conductance
observe that the phonon conductance is less than or equef the system, with different positions of the grafted impu-
to one phonon throughout the propagating interval frequencyity B atoms, are functions of the scattering frequency, the
(Q € [0,2.45]). This demonstrates the ability of the grafted impurity mass and the structure configuration. At lower fre-
atomic chain to restrict the phononic conductance in vernyuencies, the conductance starts with its maximal values for
specific frequency bands. the bridge and hollow configurations, fluctuates in the prop-

To be able to quantitatively determine the total transmis-agating interval frequency and becomes null at the Brillouin
sion gap between the grafted chain (in each position) and theone limit. For the top configuration, the impact of the B
perfect structure (reference), we also traced the conductansites is considerably significant. The capacity of the perfect
of the perfect system. It is presented in the form of a his-waveguide is reduced by half and then it reaches its maxi-
togram. The latter is made up of levels, where each levemum at the center of the interval. One may conclude that
gives the number of vibration modes likely to be excited inthe geometry of the structure can filter certain elastic waves
the definition frequency interval. The number of modes re-at low frequencies. The number of spectral fluctuations re-
lates well to the limits of the dispersion branches found inlated to Fano resonances is in good agreement with localiza-
Fig. 2. Animportant feature of the phonon conductance is théion theory. Each configuration type corresponds to a number
shift of its spectral characteristics to higher frequencies wittof localized modes that interact with the propagating vibra-
increasing hardening of the force constants in the perturbetion modes of the perfect waveguide. Varying the parameters
domain, for the three different positions of the grafted chainof the perturbed zones can modify the vibration properties
(see the figures designated by the letter (a)). On the othdphonons transmission, localized vibration states, transmit-
hand, when the mass increases, the positions of the trantance). This implies the possibility of a nanometric proce-
mittance spectra shift toward lower frequencies (see the figdure to organize the heat transfer from a thermal or coherent
ures designated by the letter (b)). Therefore, increasing theource, preferentially, into different branches of a mesoscopic
B mass acts as a filter for the propagation of elastic waves. system. We mention that 2D structures, surfaces as well as

With respect to the transmission spectra, some of théemi-infinite systems constitute a fruitful area of research.
maximum fluctuations in the conductance spectra correspontihe main reasons are that a variety of interesting effects can
to characteristic Fano resonances in the interval [0,2.45pe artificially built into these types of materials. Addition-
since the atomic vibration states in the scattering zone are eflly, a number of important applications rely on the ability
fectively localized states embedded in the perfect 2D wavegto prepare functional atomic devices for well-defined uses.
uide incident phonon modes. In addition, the number ofThe incorporation of the structural inhomogeneities makes it
spectral fluctuations related to Fano resonances is in godepssible to profoundly modify the physicochemical proper-
agreement with localization theory. In light of what has beerties, in general, and the vibrational properties in particular.
said thus far, one may claim that the conductance spectra cdghowledge of the dynamic matrix of the perturbed structures
thus be considered fingerprints of the specific position of throvides access to spectral densities as well as densities of
grafted chain and therefore be used for characterization. Théfates which have a direct impact on electronic transport and
interaction between the states induced by impurities and thelastic waves scattering.
eigenmodes of the propagating waveguide could constitute an
interesting alternative for studying the structural properties. Aknowledgments
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