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Paper presents the results of theoretical analysis ofitzhhcoustic modes, which can be
generated in Au/V nanolayers with “heavy” capping layereTransfer-matrix method was
used to evaluate frequencies of localized acoustic mod#sese nanostructures. Up to now
the condition of generation of localized modes in nanolatarcture was that the acoustic
impedance of capping layer is lower then the acoustic impeel@f top (next) layer. This
condition was in agreement with experimental results. Pajger demonstrates the possibility
of generation of localized acoustic modes in case of higheustic impedance of capping
layer. The frequencies of localized modes for differentkhess of capping layer were ob-
tained.
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1. Introduction

The periodical nanolayer structures have interesting elastic vibratioopegies
[1-3]. The vibrational modes of periodic multilayer structure are thaiy described
by dispersion curve. Dispersion curve for such periodical strueixinéits a folding of
the phonon branches in mini Brillouin zones [4]. The dispersion relatopériodical
two component layered structure of infinite extent first was obtained bRWtov [5].
Dimension of mini Brillouin zones depends on thickness of the period nblager
structure. Due to the mismatch of acoustic impedances of both complayens fre-
guency gaps appear at the center and at the edge of these zonesfragtlency gap
zones longitudinal and transversal acoustic modes cannot propagate

In the previous papers [6-8] picosecond ultrasonic technique wak tasstudy
acoustic properties of nanolayers. In the Au/V nanolayers acoustitatisas of high
frequency were observed [7]. These oscillations are connectedotesta localized
modesThetheoryof localizedmodesn layeredstructuresvasconsideredy DIAFARI—
RouHANI [9]. We have applied Djafari-Rouhani theory and transfer-matrix oueth
[10], known from optics, to receive frequency dependences afiloed acoustic modes
for layered structures [11]. Frequency dependencies for Au/\6lagars for case of
vanadium capping layer were calculated numerically.
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Experimental study has showed, that acoustic localized modes appdams case
when capping layer has smaller acoustic impedance then next lay&][Th this pa-
per case of capping layer with heavier (bigger acoustic impedancepimiesd the-
oretically. It was proved that existence of localized acoustic modes igakssible in
considered case. The frequency dependences of localized acostes in first and
second gaps on thickness of capping layer for Au/V nanolayers weseipted.

2. Theory of acoustical localized modes in periodical nanolayer

The considered nanostructure consists of alternative layers of twoiatatermi-

nated by capping layer with thicknegs The geometry of semi-infinite nanostructure
is shown in Fig. 1.
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Fig. 1. Geometry of Au/V nanostructure.

We are looking for solution of elasticity equation:
Qu(z,t)  Jo(z,t)
o2 9z (1)

whereu — displacementy — density,c — stress.
We take solution of (1) in the form

uw(z,t) = (Apisinfki(z — 2m)] + B coslki(z — zm)]) e~ Wt 2

whereA,, ;, By, ; are constant amplitudes of theth bilayer,k; — wave vectorj = 1, 2
denotes first or second layer,, — beginning ofm-th bilayer. After applying continu-
ity conditions dependences between constays i i, By,+1, andA,, ;, By, ; may be
expressed by transfer matfix as follows:

Am+1 1 Am 1
) — T ’ . 3
[Bm+1,1 ] [Bm,l } 3)

Using Bloch’s theorem we obtain:

Am+1 1 Am 1
P 4
|: Bm+171 :| |: Bm7l :| ( )
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Taking trace of matrixXT it is easy to obtain Rytov equation [5, 11]:

b\ 1+p? b
cos(qL) = cos(w—a> cos<w—> L Sin<%> Sin<w—>, ®)
c1 Co 2p 1 C2

whereq — wave vector for whole nanostructurg,andc; — sound velocities for first and
second layers of bilayerg, — bilayer thicknessy andb — thickness of first and second
layers,p — ratio of acoustic impedances of bilayer components.

After applying boundary condition on capping layer (stress equalg gehation of
EqQ. (4) is obtained [11]:

de de 1-p? b
) ) )
tan<62>+ptan(cl> ,(wdc> (wdc> 0, (6)
sin{ — ) cos| —
C2 C2
(wa) <wb> ) (wa) ' (wb)
A = cos[ — ) cos| — | —psin|[ — | sin| —
C1 (] c1 Co
-1 wd, . (wa wb wa\ [ wb
—p tan| — sm|( — Jcos| — ) +pcos| — | sin| — . (7)
C2 Cc1 co c1 o

Solution for localized mode of Eq. (6) exists only fof < 1.

3. Results of calculation and discussion

The dispersion dependence for Au/V nanostructure with thicknesglof/aoadium
and gold layers equal to 100 A obtained from Eq. (5) is presented in Fig. 2

The values of the densities and sound velocities were psed 9320 kg/m?, ¢ =
3154.9 m/s andp = 6110 kg/m?, ¢ = 6108.7 m/s for Au and V, respectively [13, 14].
The frequencyf is calculated in THZ f = w/2).

The parameters of calculated frequency for first and second gaghawn in Ta-
ble 1.

Table 1. Values of lower, upper edges and width of first and second fgagsu/V nanolayers.

gap f— [GHz] f+ [GHZ] A [GHz]
1 89 117 28
2 195 223 28

The area of existence of solution for localized modes can be obtainmdEp (7).
This region in the plane frequency versus thickness of capping laygif¢Ananolayers
Au/V (100 A/100 A) is presented in Fig. 3.

While basing on Eq. (6) frequency dependences of acoustic localizeldsnon
thickness of capping layer in first and second frequency gaps asensim Fig. 4.
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Fig. 2. Dispersion curve for longitudinal acoustic wavesgagating in Au/V (100 A/100 A) multilayer
structure.
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Fig. 3. Region of existence of solution for localized modgeey color) in plane top layer thickness-
frequency.

The exact view of frequency dependences on thickness of capgiegftam 0 to 140 A
are exposed in Fig. 5. The analysis of these dependences allows exisfdncalized
modes for some interval of capping layer thickness simultaneously inflEbhency
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gaps. Moreover for certain values of thickness localized mode eXistroone gap and
there are also such values of thickness where localized modes notielsistiorth to
note that when thickness of capping layer is equal to thickness of egpuiiviaternal
layer (Au) of nanostructure Au/V localized mode is not present. Up to aoly this
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Fig. 4. Frequency of localized acoustic modes as functiorthafkness capping layer for Au/V
(100 A/100 A) nanolayer with Au capping layer for first and sed gap.
022 A S Poog,
f [THz] o, \
0.20 1 >,
. U
018 4
016 -
014 -
012 4
. =
N e
010 { ey
%Oow
0.08 ; ; ; ; . —ddA]
0 20 40 60 80 100 120 140
Fig. 5. Frequency of localized acoustic modes as functiorthafkness capping layer for Au/V

(100 A/100 A) nanolayer with Au capping layer fdg in range: 0-150 A.
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case was experimentally confirmed in the literature while theoretical contimles re-
lated to no existence of localized modes for nanolayers with “heavy’icggyer were
in general not correct.

For the thin Au capping layer (thickness up to 0.5 of internal layer for diap and
up to 0.1 for second gap) localized modes exist. This is opposite to Au/dstraicture
with thin vanadium capping layer case. Then for thickness of vanadiypirog layer
(up to 0.5 of internal layer) acoustic localized modes not exist [11].

4. Conclusions

In the paper the conditions of generation of localized acoustic modes énafas
higher acoustic impedance of capping layer in multilayer structure wersaered. De-
termination of excitation conditions for localized vibration modes and coofrtieir
placement in frequency gap, which corresponds to energetic levietpofities of semi-
conductors is very important due to possibility of application in nanophicra®vices.
Nanolayers also can be used as high frequency acoustic filters.

References

[1] CARDANA V.M., GUNTHERODT G., Superlatices and other microstructureSpringer-Verlag,
Berlin 1989.

[2] GRIMsSDITCH M., Effective elastic constants of superlatti®hys. Rev. B31, 6818-6819 (1985).
[3] SRivasTOVA G. P.,The physics of phononBlilger, Bristol 1990.

[4] ALEKSIEJUK M., Dispersion dependence for longitudinal waves in Au/V riaykirs Mol. Quant.
Acoust.,25, 9-16 (2004).

[5] RyTov S. M.,Acoustic properties of fine layered meiiaRussian], AkustZurn.,2, 71-83 (1956).

[6] ALEKSIEJUKM., BONELLO B., BACZEWSKI T., WAWRO A., The picosecond ultrasonic waves in
Cu-Co multilayersProceedings of Tenth ISCMP, Thin Film Materials and Desie®evelopments
in Science and Technology, World Scientific, 453—-457, Shioga 1999.

[7] ALEKSIEJUK M., BACZEWSKI T., BONELLO B., REJMUND F., Laser excited 100 GHz localized
acoustic modes in Au/V nanolayer structy@soceedings of SPIE, 5828, 154-163 (2005).

[8] ALEKSIEJUK M., The picosecond ultrasonic waves in Au/V multilaydrechn. Phys45, 3, 211—
216 (2004).

[9] DJAFARI-ROUHANI B., DOBRZYNSKI L., HARDOUIN DUPARC O., CAMLEY R. E., MARADU-
DIN A.A., Sagittal elastic waves in infinite and semi-infinite supiidas Phys. Rev. B28, 4,
1711-1720 (1983).

[10] BorNM., WOLF E.,Wave propagation in layered med[a:] Principles of Opticsp. 66, Pergamon
Press, Oxford 1966.

[11] ALEKSIEJUK M., Influence of nanolayer geometry on frequency of localizeoustic modes
Archives of Acoustics30, 4 (Supplement), 103—-106 (2005).

[12] PERRINB., BONNELOB., JEANNET J.,Picosecond ultrasonic study of metallic multilaygPhys-
ica B,219 681 (1996).

[13] CHANG Y. A., HIMMEL J. A., Temperature dependences of the elastic constants of Cind\ga
J. Appl. Phys.37, 3567 (1966).

[14] LANDOLT-BORNSTEIN, Numerical data and functional relationships in science aachnology
Springer-Verlag, vol. 11, pp. 9 and 11, Berlin 1971.



