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ABSTRACT: In-plane phonon propagation in a 1D periodic polymeric film comprised of poly(methyl
methacrylate) and poly(ethylene terephthalate) layers was studied using Brillouin light scattering. In contrast to
homogeneous-medium-like behavior, five acoustic-like modes with constant phase velocities plus an additional
high-frequency localized mode were observed. Finite element analysis was used to compute the theoretical phonon
dispersion relation and provide interpretation of the observed propagation modes. Complex features of the phonon
dispersion relation were associated with elastic waves propagating within the individual periodic polymer layers.
The temperature dependence of sound velocities of these modes was then used to estimate glass transition
temperatures of individual nanoscale polymer layers in a sandwiched multilayer assembly.

Introduction of individual layers if their wavelengths are comparable to the

Multilayer polymer films comprised of two or more different individual layer thicknes$. Consequently, the elastic wave
olvmers often possess superior characteristics. such as im Excitations in these multilayer structures carry valuable informa-
gro)\//ed chemical F[))ermeabilitypas well as thermal an'd mechanical tion_ ab.Ol.Jt the system, i.e., the elastic pr(_)perties and the structural
properties, and are widely used in coating and packaging perlgdlcny, anc_i are Fhergfo_re of great_lmportaﬁée.

industries. Recently, Weber et’atlemonstrated the potential ~igh-resolution Brillouin light scattering spectroscopy (BLS)

of such films for optical applications by creating broadband Utllizing six-pass tandem Fabrperot interferometry, with its

omnidirectional dielectric stack mirrors that are based entirely oncontact, nondestructive advantages, has proven to be a

on polymer multilayer architectures. The performance of Powerful technique in probing gigahertz frequency phonon

traditional dielectric stack mirrors made of isotropic materials excitqtionflg(thermally excited elastic waves) in various
is limited by Brewster's law, according to which the reflection Materials?™i This technique records the spectrufa,«) of

of p-polarized light at a material interface decreases with lght, which is scattered inelastically by thermal phonons
increasing angle of incidence and ultimately vanishes at a critical ProPagating in the sample. Heges the scattering wave vector
angle (Brewster's angle). In contrast, multilayer mirrors made defined by the wave vectors of the incoming and scattered
of highly birefringent polymers can be designed to maintain or Photons asy = ki — ks, andw is the frequency shift of the

even increase reflectivity with increase in incident angle. Each inelastically scattered light. For homogeneous media, the
birefringent layer is either uniaxial, with equal in-plane y) momentum conservation requires thiat= k, wherek is the

refractive indices, or biaxial, with different refractive indices Wave vector of the acoustic phonon involved in the scattering
along all three directionsx(y, 2). In addition, the in-plane  Process. The frequency shift is given by= =ckas a result of
refractive indices of adjacent polymer layers differ, which gives €Nerdy conservation, wheess the phase velocity of the phonon

rise to so-called giant birefringent optics accompanied by \_/vith longitudinal or transve_rse or mixed pqla_rization_s. For
surprising and useful optical effects. inhomogeneous systems with the characteristic spadifg

. . . O(q™1), BLS spectra display rich features, such as localized
Currently, great interest is focused on the novel optics of these "’ : 9 . . .
. : - . vibration eigenmodes;® dispersive modes, “Bragg” modes
multilayer mirrors, but much less attention has been paid to

S : . 1
their elastic properties. In fact, the giant birefringence of these indicative of the structure in phononic cryst&i, ™ and Lamb

films is an indication not only of optical anisotropy but also of modes in free-standing or supportgd thin f||ilﬁ.31_8 .
mechanical anisotropy. The periodic variation of the refractive _ !N the past BLS has been applied to multilayer thin metal
index along the thickness direction of the film is accompanied films with the main interest directed to magnetic propertfes.

by corresponding variation of the elastic constants and layer 10 the best of our knowledge, the only BLS experiment on
densities. When the elastic and/or density contrast betweenPOlymer fllmls with a multilayer structure was performed by
adjacent layers is sufficiently large, the film behaves as a one- Forrest et akon supported one to five alternating polystyrene/
dimensional (1D) phononic crystaP with stop bands at certain ~ POlyisoprene (PS/P1) spin-coated homopolymer thin films. They
frequencies for elastic waves propagating alongzttigection. did not succeed, however, to mechanically resolve the individual

On the other hand, waves propagating in the sample plgae ( homopolymer layers (2080 nm thick). Instead, their data

plane) are also significantly affected by the elastic properties COrresponded to an effective medium behaving like a single
component thin film despite the large mechanical contrast

between the glassy PS and the rubbery Pl at room temperature.

TMax Planck Institute for Polymer Research. ; i - i

¢ University of Crete and FORTH, Here we report the fl_rst BLS experiment on a free stanldlng
§ Department of Materials Science and Engineering, MIT. polymeric multilayer film. Surprisingly, we resolve up to five
Ulnstitute for Soldier Nanotechnologies, MIT. acoustic-like in-plane propagating phonons even with=
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Figure 1. (a) Low- and (b) high-magnification TEM micrographs of PMMRET multilayer film; PMMA layer thickness iBpmuma = 78 nm and
PET layer thicknesbper = 118 nm.

O(g™Y), a condition under which dispersive layer guided phonons
are expecteé® Theoretical dispersion relations computed using
finite element analysis (FEA) suggest that these modes are

n=1.0
Incident laser

associated with phonons propagating within individual layers. h g

This conclusion is further supported by the measurements of ) i
temperature dependence of sound velocities of these modes,

which reveal two distinct glass transition temperatures that hs A \
correspond to phonons localized in poly(methyl methacrylate) g, ' i+

(PMMA) and poly(ethylene terephthalate) (PET) layers, respec- D
tively. / L
T

Experimental Section ransmission Scatterin

S TS ) Figure 2. Optical path of the incident laser and the scattered light in
Sample._The s_ample analyzed in this investigationis a F”“'“'ayef a two-layer film with refractive indices; andn, for a scattering angle

polymer mirror film manufactured by 3M and kindly furnished by g = >4 wherea is the angle of incidence.

A. J. Ouderkirk. The film is a stack of over 200 identical bilayer

units composed of 78 nm thick PMMA and 118 nm thick PET q”=0_0150nm,1 2 @

layers, as measured by TEM (see Figure 1). PMMA layers are

optically and mechanically isotropic, while PET layers possess 5
uniaxial anisotropy withn, = n, = n, andE, = E, = E,. Heren,,

ny, N, andk,, Ey, E; are refractive indices and Young's moduli along

X, ¥, andz directions, respectively. The degree of birefringence in ] 2

PET layers was estimated from ellipsometry and polarized reflec-
tometry measurements to lden ~ 0.15 . For TEM examination,

Intensity (a.u.)

-1
thin sections of about 60 nm were prepared using a Leica EMUC6 6,=0.0116nm
ultra-microtome employing a diamond knife at room temperature.

TEM experiments were carried out on a JEOL 2010F equipped
with a postcolumn Gatan imaging filter (GIF). The zero loss energy
filtered images were taken with an energy window of 15 eV.
Brillouin Light Scattering . The scattering geometry is chosen
such that the incident angle is half of the scattering angle. In _1'0 _'5 (')
this way q is parallel to the film plane and its magnitude is f (GHz)

independent of the refractive index which leads to the equality ) ) )
) = qu = Q2 = (47/Ao) sin a, as shown in Figure 2 for a double- Figure 3. Typical BLS spectra at two different values of the wave
layer film. This also holds for multilayer films. A high-resolution vectorg at room temperature. The numbers denote the distinct phonons

i) : ; : discussed in the text. For clarity, the central Rayleigh line is not shown.
six-pass tandem Fabrperot interferometer and a light scattering The inset plot emphasizes the weak mode (6) by choosing a logarithmic

setup® allowing bothq and temperature variations were employed - ensity scale. The small featutis the interferometer ghost of the
to record the spontaneous Brillouin spectrum at hypersori&Ql strong mode (4).

GHz) frequencies. Choosing the polarization of the incident laser
beam perpendicular (V) to the scattering plane (saggital plane) andmeasurements. Then BLS data were acquired for abot6@@nin
selecting the polarization of the scattered light either vertical (V) for each scan.

or parallel to the scattering plane, both polarized (VV) and

depolarized (VH) spectra can in principle be recorded. Because of Results and Discussion

the birefringence of the film, there is a scrambling of the incident

and scattered light polarizations, rendering the distinction between . - .
the VV and VH spectra ambiguous. Temperature-dependent spectra measured with tiag scattering geometry at two different

measurements were done by placing the sample into a heating® Values (0.0116 and 0.0150 n#) at ambient conditions. For

chamber, and the sample was heated up from room temperature té better visualization, the central elastic feature due to the
140°C by multiple steps. At every given temperature the sample reference beam (adopted to stabilize the tandem Fabeyot
was stabilized for about 10 min before the beginning of the interferometer) was omitted over the frequency ra#de?2 GHz

Dispersion Relation. Figure 3 shows typical VV Brillouin

CbhV
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q,h well described by an effective medium approach even though
05 1o 15 20 25 TTUMMM the mechanical contrast between the glassy PS and rubbery Pl
PMMA (78 nrp) T T T T T is large at room temperature.

It is evident from the dispersion relation that five out of six
observed modes are strictly acoustic-like. In other words, their
frequency increases linearly witf), which results in a constant
(o-independent) phase velocity, in clear contrast to surface
dispersive modes. According to the two upper abscissas in
Figure 4 displaying theyh values for the two constituent layers,
qgh falls roughly between 0.3 and 2.5. In this range, the elastic
wavelength and the layer thickness are comparable, and under
such conditions, dispersive modes, e.g., Rayleigh, Lamb waves,
are expected for either free-standing or supported fifmn$.21
All these dispersive modes possess both transverse and longi-
tudinal components of the displacement fields, travel parallel
Figure 4. Dispersion relations of the observed elastic excitations in tg the film surface, and are po]arized in the Sagitta| p|ane_ For

the multilayer film. The dashed lines are the linear fits of the five P ; ;
observed acoustic-like modes; mode 6 is insensitiveg, teariations. supported thin films, the displacement field components decay

The upper abscissas show the correspondjhgranges for the two ~ €XPponentially into the substrate, confining the mode energy to
constituent layer thicknesses. the near surface region. In our self-supporting polymeric film,

except the two outmost layers, every constituent layer A of the
aroundf = 0 (f = w/2x). The film displays up to six modes, same type can be regarded as located in the same microenvi-
which are well resolved in the Brillouin spectra of Figure 3a,b. ronment that is sandwiched by another two identical layers B.
These modes are successively labeled from 1 to 6 in order of For each layer the mechanical boundary conditions encountered
increasing frequency. A4, = 0.0116 nni! (Figure 3b), three  are similar to those in supported thin films; thus, similar in-
distinct Brillouin doublets (24) are observed, with mode (4) plane phonon propagations with dispersive characteristics are
being the most intense. At higher frequencies two additional anticipated. The five nondispersive modes showing up in the
spectral features (mode (6) and G) can be identified. Albeit BLS experiment suggest that we observe other types of phonon
barely discernible in the linear intensity scale, their existence propagation in our film. The phase velocities of the five acoustic-
is clearly visualized by plotting the intensity logarithmically, like modes are listed in Table 1.
as shown in the inset of Figure 3b. The faint peak marked as G FEA Modeling of the Phonon Dispersion Relation.To

is identified as the ghost of the strong mode (4) due to higher provide an interpretation for the observed in-plane propagation
order interference effects in the tandem FabiPerot interfer-  modes, we compute the theoretical phonon dispersion relation
ometer. At higher values (Figure 3a) two other modes are ysing finite element analysis (FEA). A two-dimensional (2D)
resolved: the weak low-frequency mode (1) and the high- eigenvalue model was created and solved using the COMSOL
frequency mode (5) with intensity comparable to mode (4). MULTIPHYSICS 3.2 FEA package based on the linear elastic
Moreover, an additional shoulder-like spectral feature appears plain-strain approximation. Since the film is periodic along the
on the high-frequency side of mode (5). Note that this shoulder- z direction, it is sufficient to model a single unit cell consisting
like spectral feature should not be confused with mode (6) of one PMMA and one PET layer and use Bloch boundary
(Figure 3b). conditionTi(x,0) = T(x,d) exp(qzd) for the boundaries parallel

To gain further insight into the physical origin of these modes, to thex-axis. Hereqg;, is the z component of the phonon wave
we require the dispersion relation, which contains important vector andd is the bilayer thickness. The film is homogeneous
information about wave propagation by displaying the phonon and infinite (the sample size is much larger than the phonon
frequencyf experimentally determined as a functioncpf To wavelength) along the andy directions and the phonon wave
obtain these frequencids(i = 1—6), we have represented the vector is taken to be parallel to theaxis. Thus, we look for
BLS spectra by a superposition of up to six Lorentzian line the wave equation solution in the fofiix,2) = U(2) exp(gxx),
shapes shifted to the observed Brillouin peak positions plus onewhich leads to the second boundary condititf®,2) = U(l,2)
central line to account for the Rayleigh peak. Figure 4 illustrates exp(q.l) for the cell boundaries parallel to tlzeaxis. Herd is
the dispersion relation for the in-plane phonon propagation in a length of the modeling domain along tRedirection. This
our polymeric multilayer system. Clearly six modes can be periodicity along thex-axis is artificially introduced in order to
identified and labeled in accordance with the six numbered peaksapply the FEA, and the solution independent of the actual value
in Figure 3. At lowq values, due to the proximity of their  of | is used in further analysis. The model meshing and solver
velocities not all six modes are resolved as is shown in Figure accuracy were previously validated by computing phonon
3b, where merely four modes appear—@® and 6). Their dispersion relations for a homogeneous material and for 2D
identification is based only on the dispersion relation hexagonal phononic crystals and comparing the results with the
(Figure 4). analytical solutions (homogeneous material) and independent

These observations are strikingly different from what would humerical computations (2D phononic crystafsj? In both
be expected if the film (with total thickness s#0um) behaved ~ Cases an excellent match was observed.
as a mechanically homogeneous isotropic medium, where only The amorphous PMMA layer is modeled as an isotropic
two bulk modes (longitudinal and transverse) are anticipated. medium with Young’s modulugpyma = 6.26 GPa, Poisson
The experimental findings unambiguously suggest the explicit ratio vemma = 0.341, and densitgepmma = 1200 kg/nd. These
contribution of the individual constituent layers to the elastic values for elastic constants are based on independent measure-
excitations of this multilayer film. The result is in clear ments of the speed of hypersound in pure PMMA films. On
distinction from the earlier Brillouin study by Forrest et €., the other hand, the PET layer, due to the crystallization ability
where the dispersion relation of the PS/PI multilayer film was of PET, has to be taken as anisotropic (uniaxial). Its e'%B(i/

Frequency (GHz)

0 T T T T
0.000 0.005 0.010 0.015 0.020 0.025
g,(nm™)
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Table 1. Elastic Parameters

mode 1 2 3 4 5

sound velocity (m/s) 896 20 1175+ 23 1415+ 25 2905+ 30 3085+ 30
(T(T<Tg) x 10¢ (K9 3.94+0.2 8.6+ 0.4 9.0+ 0.4 5.84+0.3
(T(T>Tg) x 103 (K1) 1.464 0.05 1.50+ 0.06 1.3+ 0.03 1.23+0.03

constants depend on the degree of anisotropy, which is in turn  There are two relevant length parameters in our problem: the
determined by the history of the sample processing. As a result,bilayer thicknessl = hppmma + hperand the phonon wavelength

it is very difficult to prepare pure PET films with exactly the A. Their ratio5 = d/A4 will determine how the propagating waves
same elastic constants as in our sample for hypersound velocityinteract with the layered medium, i.e., if they experience it as
measurements. For this reason, we were unable to determinea homogeneous medium or if they are sensitive to the structure
elastic constants of anisotropic PET layers independently andof the individual layers. The largé}, the more we can expect
instead used them as fitting parameters to ensure the best matctvaves to be localized within individual layers. In the extreme
between experimental and theoretical dispersion relation. Rich case wherf > 1, waves propagating in each layer become
features of the dispersion relation allow identification of a single completely insensitive to the presence of the other layers.
combination of elastic constants that provides good agreement Figure 5b-e shows a weak dependence for transverse and
between theory and experiment. In particular, we found that longitudinal modes, but not for higher frequerggjndependent

the transverse sound velocity was determined almost entirely modes. This behavior corresponds to the regime where phonon
by shear modulu§,; and the longitudinal sound velocity was propagation is starting to be influenced by the multilayer
influenced primarily by Young’'s moduky, andE, and Poisson structure of the film. It is helpful then to examine now how the
ratiosvyy andvy,, while the position of the-independent mode  features of the wave propagation change upon further increase

(Figure 4) was a function of shear modul@s, and Young's in & paying special attention to acoustic-like modes. Figure 6
moduli E; andE,. Accordingly, the PET layer was modeled as shows the theoretical dispersion relation for the transverse-like
a transverse isotropic medium wily per = E, per= 6 GPa, (dashed lines) and longitudinal-like (solid lines) modes as well
E; per = 4 GPa,vxy per= 0.40,vx; per = 0.48,Gyz per = 2.2 as the extrapolation of the experimental data (dotted lines) based

GPa, angper = 1380 kg/nt; hereGy, petis the shear modulus  on sound velocities of modes (2§5) for g in the range from
in thexzplane. These values are consistent with previous studies0.05 to 0.07 nm?. Interestingly, the existence of three transverse-
of elastic constants of anisotropic PETZ7 like and three longitudinal-like modes is now predicted by the
The theoretical phonon dispersion relation is shown in Figure model. The phase velocities of these modes match the experi-
5a. For the ease of comparison, experimental data are alsanental values quite well. Unlike the case of lowgwalues,
plotted on the same graph (black rectangles). Four modes arethe displacements fields of these modes show steothepen-
expected according to the model prediction: a transverse modedence and are contained either in PET or in PMMA layers. This
(dashed lines), a longitudinal mode (solid lines), and two closely result suggests that the five acoustic-like modes observed
spaced high-frequency quasi-longitudinal guided modes (dottedexperimentally may come from localized longitudinal-like and
lines). The details of their displacement fieldgjpt= 0.012 57 transverse-like phonons propagating within individual layers.
nm~1 are shown in Figure 5be. Note that for both the Itis not entirely clear why the theory predicts the line splitting
longitudinal (Figure 5c¢) and transverse (Figure 5b) waves the for somewhat higher values gfthan observed experimentally.
regions of high deformation are not confined to any individual Imperfections at interfaces, such as interfacial roughness and
layer, but rather are spread such that their displacement vectorsstrain fields, as well as certain degree of uncertainty about elastic
are only weakly dependent an especially for the transverse constants of anisotropic PET layers may be responsible for this
wave. In contrast, for the high-frequency quasi-longitudinal difference.
waves there are two regions of high deformation with the  Temperature Dependence of the Elastic Constant$n the
displacement vectors antiparallel to each other, as shown inprevious section, the observed acoustic-like phonons were
Figure 5d,e. These modes appear as a result of periodicity inassociated with the individual layers. Since PET and PMMA
the film, and their frequency depends on the film lattice constant. possess different glass transition temperatiiggthe variation
Interestingly, the regions of high displacement of their group of the phase velocities of these acoustic-like phonons with
velocity are now localized within individual layers. temperature is anticipated to display the characteristic kink at
The positions of all modes are in good quantitative agreement Tg, which should occur at distinctly different temperatures. This
with the experimental data. However, the model does not predictwould be a direct confirmation of their association to the
the splitting of the transverse and longitudinal lines into three individual layers. In fact, Figure 7, in which the phase velocities
and two components, respectively, as observed experimentally.of the four modes (modes (2]5)) are plotted as a function of
It is well-known that optical birefringence or diffractigimay T, clearly illustrates that the harder layer (PMMA) exhibits
lead to the splitting of Brillouin lines due to the possible higherTy (about 100°C) than the softer layer (PET) witly
generation of light beams propagating in directions other than about 80°C. It is also evident from Figure 7 that maxlg)
the main beam. However, for the present experiment, theseand (4) should be associated with PET layers and sd8le
possibilities can be safely ruled out. Fédm = 0.15, the and (5) with PMMA layers since they exhibit the same values
birefringence induced splitting (ordinary and extraordinary rays) of Tg, respectively. These results are in accordance with our
would be an order of magnitude smaller than what we have attempt to associate these modes with the two types of individual
observed and cannot be resolved experimentally. The smalllayers. The sound velocity of the weak, low-frequency mode
periodicity (compared to the laser wavelength) as well as the (1) shows a very small variation witi that renders the
weak refractive index contrast also excludes optical diffraction identification of the kink feature ambiguous, and it is therefore
interference, as confirmed by the failure of observing any excluded from Figure 7.
abnormal optical beams in our experiment. Therefore, we must The dependence of phase velocities of these modes at
search for the cause of additional modes within the framework temperatures above and beldycan be well described by the

of elastic wave propagation. linear relationc(T) = c(0)(1 — orT) with ¢(0) being theCDV
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Figure 5. (a) Theoretical phonon dispersion relation and experimental data for the in-plane elastic wave propagation in a multilayer polymer film:
solid line, longitudinal mode; dashed line, transverse mode; dotted lines, mixed modes; black rectangles, experimental data. (b) Elasterdisplace
field for a transverse modk,= 0.012 57 nm*. (c) Elastic displacement field for a longitudinal mo#les 0.012 57 nm?. (d, e) Elastic displacement

fields for mixed antiparallel mode&,= 0.012 57 nm™.

extrapolated velocity in the particular polymer at 0 K, angd sensitive to the specific heat chang& gtwas unable to detect

is the proportionality coefficient, which describes how rapidly the higherTg, displaying only a singlély ~ 75—80 °C. We

the sound velocity of a particular mode changes with temper- recall that the BLS measures the adiabatic compressibility of
ature. Since the longitudinal sound velocity is related to the the system and could, in principle, be utilized to probe The

adiabatic compressibilityss of the material,or of the two at different layer thicknesses in this sandwiched multilayer
longitudinally featured modes 4 and 5 in different layers arrangement.
characterize the temperature dependencef0bf the two For the transverse mode (2) and (3) in the PET and PMMA

component materials. In addition, the high-frequency low strain layer, respectively, the coefficiemtr (Table 1) is somewhat
tension/compression and shear moduli are directly determinedlarger than for the longitudinal modes in the rubbery regime.
by the longitudinal and transverse velocities respectively. This is expected, since the shear modulus should eventually
Therefore o for the four modes also provides the information decrease to zero in the liquid state in contrast to the tension/
about the temperature dependence of these two very importantcompression modulus. In the glassy regime, these material
material properties, whose values are given in Table 1 for the properties reflect different deformation of the matter and a
glassy T < Ty and the rubberyT > Tg) regimes. These values  prediction on the relative magnitude af for the two moduli
were obtained by performing a linear fit of experimental is not possible.

sound velocities before and after the glass transition. Data that Mechanical Anisotropy. The existence of mechanical ani-
are in the vicinity of Ty were excluded from the fit. In this  sotropy in this polymeric multilayer film is quite probable on
context, we should mention that the DSC, a nonlocal technique the basis of the birefringent nature of the PET layers. Ind&e&l
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Figure 6. (a) Phonon dispersion relation fgj = 0.50-0.68 nnT: 0.00 _1'5 ) _1'0 ) 25 ) (') j é j 1‘0 j 1'5
solid lines, theoretical longitudinal modes; dashed lines, theoretical f(GH
transverse modes; dotted lines, extrapolation of experimental data based (GHz)
on sound velocities for modes (2{5). Figure 8. BLS spectrum for the scattering geometry shown in the

inset. At the scattering angle 15@nd the reflection angle close to

3000 - \%\)6 15°, q (=0.035 nn1?) is almost perpendicular to the plane of the film.
| The peak at about 14.7 GHz corresponds to the longitudinal phonon
2800 - "&~, Mode 5 propagating along the surface normal. The weak feature at about 6 GHz
— 1 Mode 4 is the ghost of the strong longitudinal peak.
% 2600 - Mg\
Z a0 &A\&&& the single phon_on spectrum of Figure 8 d_isplaying a_longitud_inal
5 ] wave propagating with a phase velocity in an effective medium
% 2200 5 é appears to contradict the layered structure of the film. This
; 1400 - apparent contradiction with the in-plane phonon propagation
S ; % Mode 3 (Figures 3 and 4), where the two layers do exhibit distinct in-
& 1200+ \*\*\,\‘ plane sound velocities, is easily removed by assuming a
1000_' Mode 2 N sufficiently low elastic contrast between the two layers in the
) direction of the film normal. For the out-of-plane phonon
800 +————1——1—4 ——— propagation, we are actually dealing with a 1D phononic crystal.
280 300 320 340 360 380 400 420 The phononic band structure of this 1D phononic crystal can
T(K) be calculated by FEA with the use of the same sets of elastic

Figure 7. Variation of the phase velocities of the four main modes in  constants for PMMA and PET_, WhiC_h ho_wever reveals negli-
the PMMA/PET multilayer film as a function of temperature. The gible small Bragg gaps at the first Brillouin zone boundayy,
numbers correspond to the mode numbers in Figure 3. The vertical = 0.0196 nnT%. To a good approximation, the phonon propaga-

shaded regions denote the region of the respective glass transitiono, 410ng the film normal is isotropic, in accordance with the
temperatures of the two polymers. Solid lines represent the least-square ’

fit to the experimental data before and after the glass transition; data SINdle experimental phonon spectrum (Figure 8). The experi-
points in the vicinity of Ty were excluded from fitting. mental and theoretical phase velocities of this single phonon

are 2650 and 2580 m/s, respectively. The small difference is
the mechanical anisotropy has already been recognized in thehot significant considering the uncertainty of the experimental
previous modeling of the PET layer in FEA. The reason that Velocity due to the assumption of = 1.5; an increase of
the main focus of this work is on phonon propagation parallel would further narrow this disparity. The absence of the
to the layers ) instead of normal to the layerg) is due to anticipated transverse phonon in the spectrum of Figure 8 is
the geometrical restriction that allows to probe only a very rationalized by the weak elasto-optical coupling at this large
narrow range ofqn. Therefore, it is impossible to record a  Scattering anglel ¢~ cog(6/2),  is the scattering anglé)which
complete dispersion relation = w(qo), as was done for the  leads to very low scattering intensity from transverse waves.
case of in-plane phonon propagation.

Nonetheless, the mechanical anisotropy can still be revealedStmmary

with a single measurement at a particular valuggfwithout We report on the features of in-plane phonon propagation in
having to resort to the dispersion relation. In contrast to the a 1D periodic anisotropic multilayer polymer film. We use BLS
presence of six modes (Figure 3) for the in-plane phonon tg experimentally measure the dispersion relation for gigahertz
propagation, only a single longitudinal phonon is resolved in phonons and find that it is sensitive to the structure of individual
the spectrum of Figure 8 witly perpendicular to the layers.  |ayers. Thus, BLS can be used to obtain valuable information
Note that for this scattering geometry (inset to Figure 8) the apout elastic constants of individual layers in nanoscale mul-
value ofg and hence the phase veloatly= 2xf/q of the phonon  tjlayer assemblies. We observe five acoustic-like propagation
depends on the refractive indexof the film2® with largern modes with constant phase velocities and an additional mode
leading to largerg. Since npuma = 1.49 andnper = 1.57 with frequency that is nearly independent of the wave vector.
(noncrystalline, isotropic), it is quite safe to assume the lowest FEA is employed to provide the interpretation for the observed
limit of n of the film (even after stretching) is 1.5, which gives  propagation modes. We find that rich features of BLS spectra
q = 0.035 nntt. come from phonons propagating within individual layers and
This g value corresponds to a phonon with a wavelength of not throughout the whole film as a homogeneous medium. In
about 180 nm, which should be short enough to resolve (180 addition, we study the temperature dependence of sound
nm vs 196 nm) the mechanically different two layers. However, velocities and show that BLS can be used to estimate %ﬁs/
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transition temperatures of polymer layers with different thick-

nesses in sandwiched multilayer arrangements. Finally, we show
BLS also successfully reveals the mechanical anisotropy of this

multilayer film accompanied by its giant birefriengence.
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