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Supplementary 1
Structure of generalized Rayleigh-type surface acoustic wave on a superlattice

stratified normal to its surface

The mathematical formalism for the theoretical investigation of the surface acoustic waves (SAWSs)
which propagate in the direction of the superlattice (SL) stratification along mechanically free surface
which is normal to SL layers (Fig. S1) was developed nearly 40 years ago [S1]. In Fig. S1 a bilayer
SL with individual semi-infinite plane layers oriented parallel to x1 axis is schematically presented.
In general, the layers are of different thicknesses d and d® and are of materials with different

densities p+2) and elastic moduli tensors €2}
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Fig. S1. Scheme of a bilayer superlattice stratified normal to the mechanically free surface.

In the geometry presented in Fig. S1 the generalized Rayleigh-type SAWSs, which are denoted in the
main text of the manuscript as gR waves, are polarized in the sagittal plane (x1,x3). In an acoustic
wave of cyclic frequency w two particle displacements components u, (X, t) = u,(¥)e~t , where

(a = 1,3), satisfy the system of two coupled Helmholtz equations —w?p(¥)u, = a [ Capys(X )6x5]

Note, that the density and the elastic moduli in these equations are periodic functlons of X1 coordinate
and are independent of two other coordinates. In [S1] the Helmholtz equations were specified for the
case where the materials composing the SL are both of cubic symmetry, with crystallographic axes
oriented along the coordinate axes in Fig. S1:

N 0Cq1(xq) 0u 0C1,(xq) 0u 9%u 0%u
—w?p(x)uy(X) = ll;x(l 1)a_xi ;Zx( 1 ax3 [C12(x1) + C44(x1)] — + C11(x1) ox? F+ Caa(xy) axgl,

S 0C44(xq) Ou 0Cua(x1) Ou 0%u, 2%u
—wzp(xl)u3 x) = 2‘;1 . a_x: ;11 . a_x: + [Cr2(x1) + Can(x))] m—— 9%, 0x3 Cll(xl) 6 2 >+ C44(x1) 3

The boundary conditions at stress-free surface x3=0 are:

[644(x1) (9u1 ‘3_’2)] 0:0, [Clz(xl) +C“(x1)a_x3 —0.

These equations and boundary conditions are valid for all the SLs in our experiments. In [S1] the
mathematical formalism for revealing the gR SAWSs was developed for an arbitrary periodic
distributions of density p(x,) and elastic moduli C;;(x;), C;2(x;) and C,4(x;), expanding them in
the Fourier series:

o , 1 rdsi/2 >
f(x1) = Xm=—oo f(M)e™91, f(m) = d—ﬂf_;;/z dxy f(xy)e ™M, (S1)
where f denotes either the density or the elastic modulus, dg, = d™® + d® and qg, = 21/dy;



are the SL period and SL wave number, respectively. In accordance with Bloch-Floquet property
of the waves in the spatially periodic media [S2] the solution of the Helmholtz equations for the bulk
eigen modes has the following form:

Ug (X1, xS):Z;.;)l:—ooua (m: x3)eikmx1’ (SZ)

where k,,= k + q5;m. Thus, each component of the mechanical displacement is a periodic function
along x1 axis composed of the component with wave number k, corresponding to m = 0 in Eq. (S2)
and independent of the SL periodicity, and an infinite number of the components with wave numbers
shifted relative to k by a gs;m (m = +£1, £2, ....). Saying differently, each component u, (x;, X3) of
the mechanical displacement vector is composed of an infinite number of contributions from all the
« diffraction orders » m. The periodic inhomogeneity of the material couples all the « diffraction
orders » and it also couples different components of the mechanical displacement additionally to their
coupling by the boundary conditions. Substitution of the spatially periodic distributions of the
material parameters, Eq. (S1), and of the mechanical displacements, Eq. (S2), in the system of the
Helmholtz equations results in the infinite system of coupled algebraic equations for u,(m, x3) [S1].
For the particular frequencies w, the evanescent bulk eigen modes, i.e., those decaying with the
increasing distance x3 from the surface (x1,x2), can be combined with particular relative amplitudes
to satisfy the conditions at the stress-free surface. In [S1] an infinite system of equations for the
amplitudes of the bulk components contributing to the surface acoustic wave was derived. These
equations are compatible only for the particular values of frequencies, which are the eigen frequencies
of the SAWSs. Because all the wave numbers k,,,= k + qm of the displacement field are equivalent,
the dispersion relations w = w (k) of the acoustic waves in the structure presented in Fig. S1 can be
folded inside the Brillouin zone —m/dg, < k < m/dg,, Wwhere m/dg, = kg4, denotes the Brillouin
zone edge (Fig. S2 and Fig. 2 (c) of the manuscript).
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Figure S2. Schematic presentation of the surface Rayleigh modes (red lines) and surface skimming transverse and
longitudinal bulk modes (green and blue lines, respectively) in the Brillouin zone, obtained by formal folding the
dispersion relations of the surface and bulk modes in an “average” homogenous medium. The lowest (acoustical-type)
branches of the surface skimming bulk waves describe the boundaries for the existence of the bulk modes. The Rayleigh
SAW w(k = 0) = wg obtained in the limit u = 0 is marked as Rayleigh zone center mode. In the limit u # 0,1 < 1,
the SAW weakly interacts with the bulk acoustic modes. The parts of the SAW spectrum that are expected to be modified
by these interactions are symbolically shaded in grey. The developed theory predicts that this interaction results in small
shift of the frequency and in weak attenuation of the gR wave in the Brillouin zone center, i.e.,
ARe(wg)/wgr~u?, Im(wg)/wr~u?. The revealed gR wave in the limit 4 # 0, u < 1 is, in general, a three-component wave,
while in the limit 4 = 0 it is a two-component wave. Additionally, u # 0 generally results in frequencies splitting of
symmetrical and anti-symmetrical gR waves in the center and the edge of the Brillouin zone (not presented in the scheme,
but evidenced in Fig. 2 (c) of the manuscript).
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The derived systems of algebraic equations were solved in [S1] only numerically and only non-
attenuated SAWSs, i.e., with real valued frequencies, were in the scope of [S1]. Thus, mostly the lowest
(acoustical-type) branch of the SAW dispersion relation was evaluated from the zone center, where
for thismode w(k = 0) = 0, tothe zone edge k = k.44.. The possibility of the gap opening between
acoustical-type SAW branch and the nearest in frequencies (first) optical-type SAW branch at the
Brillouin zone edge was revealed. The first optical-type SAW branch was studied in [S1] only rather
close to the zone edge. With the diminishing wave number, the first optical-type SAW branch
intersects the lowest (acoustical-type) branches of the bulk modes, e.g. Fig. S2 and Fig. 2 (c) of the
manuscript. At wave numbers smaller than the first intersection point, the SAW is supersonic relative
to some of the bulk modes and emits energy in the bulk of the sample. Purely real solution for the
SAW eigen frequency disappears. The attenuated SAWSs, including optical-type SAW modes in the
zone center (k = 0) and nearby, which are playing the dominant role in our experiments, were not
studied in [S1] at all.

In our experiments, the k spectrum of the photo-generated SAWSs is controlled by the spatial
distribution of the stresses that could be photo-induced by the pump laser pulses. Of course, in
general, the distribution of the photo-induced stresses depends on the physical mechanisms of
optoacoustic conversion (thermoelasticity, electron-phonon deformation potential, inverse
piezoelectric effect, electrostriction, etc. [S3, S4]). The dominant physical mechanisms in each
particular case are determined by the physical properties of the materials composing the SL and the
energy quanta of the pump laser radiation. For example, the pump light penetration depth in the
materials composing the SL can importantly influence the depth distribution of the photo-induced
stresses [S3, S4]. The universal influence on the lateral distribution of the photo-induced stresses, i.e.,
along the free surface, and, respectively, on the k spectrum of the photo-induced stresses, stems from
the lateral distribution of the pump laser radiation penetrating inside the SL. In our experiments, the
lateral modulation of the photo-induced stresses at nanometer spatial scales is due to the difference
in the optical properties of the two layers. In the infinite SL composed of spatially homogeneous
layers the stresses photo-induced by the laterally homogeneous incident pump laser radiation will
have the periodicity of SL and will exhibit the Bloch-Floquet property. Thus, in this limiting case the
folded k spectrum of the photo-induced stresses would contain only zone center components, k = 0.
Focusing of the pump laser radiation localizes initial optical excitation laterally at the scale which is
larger or comparable to the pump optical wavelength. Consequently, in our experiments the k
spectrum of the photo-induced stresses would be broadened. However, in our experiments, the period
of the SL, d, is much smaller than the optical wavelengths. Therefore, this broadening is much
narrower than the width of the Brillouin zone m/dg;, = k.q4.. Consequently, the photo-generated
SAWSs k spectrum is expected to be strongly localized near the Brillouin zone center k = 0.

In order to get a physical insight relevant to our experiments, we drastically simplified the general
approach for the description of the gR waves [S1]. Firstly, based on the above-described arguments,
we evaluate analytically only k = 0 modes. Secondly, assuming the layers of equal thickness, we
take into account only the first two lowest order components of the waves, i.e., corresponding to m =
0 and m = +1, in Eq. (S2). This simplification is based on the following arguments. If dV = d®,
then only m = 0 and odd m contribute to the Fourier spectra of the material parameter distributions
in Eq. (S1), while the Fourier components with [m| > 1 are significantly smaller than [m| =1
components. The same is valid for the lateral components of the pump laser intensity penetrating
inside the infinite SL because they are controlled by the periodic distribution of optical reflection
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coefficient. Consequently, the dominant components in the SAWSs are expected to be m = 0 and
|m| = 1, coupled inside the SL by the Fourier components |m| = 1 of the density and of the elastic
moduli distributions. Thirdly, as the laser spot size on focal plane is much larger than the SL period,
the lateral variations of the photo-induced stresses across an individual layer thickness are small in
comparison with the stresses themselves. This leads to the expectations that the symmetric motions
of the individual SL layers are photo-excited with larger amplitudes than antisymmetric ones. A
symmetric mode exhibits, relative to the central plane of the individual layer, an odd distribution of
the horizontal mechanical displacement, u,, and an even distribution of vertical mechanical
displacement, u;. Combining the above assumptions, we search the solutions of the Helmholtz
equations for the bulk modes in the following simplified form:

uy (1, X3) = 2ug sin(qs x1)e” "3, uz(xy, x3) = [ug + 2uccos(qs x,) Je™*3,

f(x1) = () + 241 cos(qsy), ()=(f P + fP)/2,0f = (f® = f@)/m. (S3)

Here a denotes the depth propagation/penetration constant [S1], related to the projection of the
acoustic wave vector on the x3 direction. Substitution of the displacement field (S3) and the spatial
distributions of density p(x;) and elastic moduli C;;(x;), C12(x;) and Cy44(x;) in the Helmholtz
equations and separation of the constant terms and the terms proportional to sin(gx;) and to
cos(qxy), results in the system of equations for the displacement amplitudes ug, u, and u.:

[w?p + a?Cas — q5,C14] aqg; (Ciz + Caa) aqs;ACs, Us 0
—aqg; (Ciz + Cys) [w?p + a®Ciy — q§,Caa]  [w?Ap + a®ACy,] (uc>:<0>.
—aqg, AC, [w?Ap + a®ACi4] %[‘UZP +a?Cyy] ) N 0

The compatibility condition for these equations defines the bulk eigen modes in the geometry
presented in Fig. S1. Although the compatibility condition can be solved exactly, we use here the
method of the successive approximations, based on the following assumption of a weak modulation
of the material parameters: Ap/{(p)~AC;,/(C12)~AC;1/{Ci1)~u < 1. This inequality is satisfied
sufficiently well in our samples and leads to very insightful estimates. Additionally, to avoid rather
cumbersome formulas and get even more insightful predictions, we assume that the SL is composed
of elastically isotropic layers, Cj,= C;1-2C44. Therefore, relations between the elastic moduli and
the velocities of the bulk acoustic waves are significantly more compact than in the cubic crystals:
C;1 =pC? and C,, =pC2. Here C, and C; denote the velocities of the longitudinal and the
transverse bulk acoustic waves, respectively. The equations for the eigen modes take the from:

[0 +a®CR — a3 C2] aqa(CE - CP) =\ s 0
—aqs, (CE — C3) [w? + a®CZ — q%,C3] ~U (uc>:<o>, (S4)
~H ~H “[w? +a2c?]) o/ N0

where the small parameter p is defined as u~Ap/{p)~AC./{C.)~ACr/{C;) < 1. In the limit of
infinitely small, i.e., disappearing, modulation of the sample parameters, we assume u = 0. Then, the
compatibility condition for Eq. (S4) predicts three bulk acoustic modes differing by their depth
propagation constants @, r: laterally unmodulated bulk longitudinal k = 0 mode (a3 = —(w/
C,)? = —k?), laterally modulated bulk longitudinal k = 0 mode (af = q5, — (w/C.)* = q2, — kf)
and laterally modulated bulk transversal k = 0 mode (a2 = qéL —(w/Cp)? = qéL — k2). Saying
differently, the theory predicts a single wave (longitudinal) in the zeroth diffraction order (m = 0)

and two waves (longitudinal and transverse) in the first diffraction orders (m = +1). Note that the
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transverse acoustic mode is absent in the zeroth diffraction order via symmetry considerations,
because we have limited our analysis to the symmetric modes only. In the presence of a weak
modulation of the material parameters in the SL, u << 1 # 0, the revealed three modes become
coupled because of the scattering on the SL spatial periodicity. However, this scattering leads only to
small modifications of the depth propagation constants, i.e., ~u?: Azt = az’L’T(l — ﬁZ,L’Tyz) =

aéf‘L),T. Here B, 1 is of the order p°.

Each of the above-derived eigen modes includes the components ug, u,. and u, (in a particular
proportions), and, as a consequence, the components of the mechanical displacement include, in
general, the contributions from all three eigen modes:

()]

—_g€ _a®
Uy = Yj=zi1 24) Sin(gsL)e R ug = Yj=z L1 4] [(ﬂ) + 2 (Z—Z) _ COS(qSLxl)l e % 3. (S5)
J J

us

In the considered case of the weak modulation, u << 1, the proportions of the different components
in the displacements structure are controlled in the leading order by the following relations:

uc ~y0 (%
u L u
$7z,L,T S7L,T

(S5) provides opportunity to satisfy the boundary conditions at mechanically free surface.
Substitution of the displacement fields (S5) and the spatial distributions of the elastic moduli
C11(xy), Cy5(x1) and C44(x1) in the boundary conditions and separation of the constant terms and the
terms proportional to sin(qs;x;) and to cos(qs;x1), results in the system of equations for the
displacement amplitudes A,, A;, and Ay:

~U, (u—o) ~u~L. The choice of the amplitudes Aj in the displacement fields
zZ

us

Va1 + 6211%  Vaz + 6pal® Va3 + Gp3u? Ar 0] (S6)

Y11 t+ 511#2 Y12 + 512.“2 Y13 + 513.“2 (AL> (O)
V31l V32l Vst~ + 833p/) \Az 0

In Eq. (S6) y;; and §;; are the constants of the u° order, and only the terms of the first two leading
orders are kept in each of the equations composing the system (S6). In accordance with (S6), when
u=0, the laterally unmodulated mode, i.e., z mode, does not contribute to the SAW (4,=0), while the

Y11 V12 AL> (0 . (Y11 Y12\ .
Va1 sz) (AT = (0) Here the matrix (y21 )’zz) 1S

2
, , 2a; - aT-Hi/aT)- The
(cf — 2¢7)qsy — ciai/qse —2c7qsy,

Rayleigh determinant is zero, (ZqéL - k%)z - 4q§LaLaT = 0, at the frequencies wg of the Rayleigh
SAW eigenmode. This solution, obtained in the limit u = 0, predicts that the gR wave at w = wy
with the propagation vector equal to k = qg;, = 2m/dg;, i.e., with the initially expected periodicity,
belongs in the scheme of folded Brillouin zone to the optical-type branch of the gR wave, w(k =
0) = wg (Fig. S2). It propagates at the Rayleigh velocity cg of an « average » medium.

modes A; and Ay are coupled via: (

proportional to the Rayleigh SAW matrix (

When p #0 all three amplitudes of the bulk modes A;, Ay and A4, in Eq. (S5) are coupled in the gR
wave, which contains a laterally unmodulated part, although smaller than the modulated ones:

Uy~ p0sin(qsyx1), us~u + p° cos(qsyx1)- (S7)

Equation (S7) describes the lateral structure of the horizontal and vertical components of the
mechanical displacement on the free surface. The complete description of the spatial structure of the
generalized Rayleigh SAWs in the limit u # 0,4 < 1 could be obtained from Eq. (S6), which
predicts that in this limit A,~u2A;~u?Ar. Therefore, if the corrections ~u? are omitted, in the
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description of the gR wave, the spatial structure of the generalized Rayleigh wave can be described
by

Ug

Wy = Y jopr 24 sin(qsyx)e” 3 uz = ¥ r A; I(u_s) +2 (Z_z) . COS(CISLXDI e” s, (S8)
j j

where the ratio of A; and Ay can be evaluated in the limit u = 0. Thus, if the corrections ~u? are
omitted, then the generalized Rayleigh wave is a two-component wave similar to the Rayleigh wave
in the limit ¢ = 0, however the two evanescent bulk components (modes) of the gR wave contain, in
comparison with the Rayleigh wave in averaged medium, the laterally unmodulated contributions,
i.e., Eq. (S8). In comparison with the frequency of the Rayleigh wave predicted in the absence of the
parameters modulation, wr = qg . Cr = 2mcr/qs, , the frequency evaluated with parameters
modulation shifts by ARe(wg)/wg~u? and it acquires an imaginary part Im(wg)/wg~u>.

The above-presented simplest theory, predicts that surface confined modes on a semi-infinite SL
stratified normal to its surface contain laterally homogeneous components in their mode structure.
This means that, potentially, these modes could be excited even by a laterally homogeneous (averaged
over the SL period) part of the distributed photo-induced stresses and even in the case of a SL without
any optical contrast between the layers. This also suggests that they could be detected by normally
incident probe radiation as oscillating motion of the laterally homogeneous (averaged over the SL
period) near-surface layer of the sample. Importantly, in the case of weak modulation of the materials
parameters in the SL, these generalized Rayleigh-type SAWs exhibit weak attenuation.

[S1] Djafari-Rouhani, B., Maradudin, A. A., & Wallis, R. F. (1984). Rayleigh waves on a superlattice
stratified normal to the surface. Physical Review B, 29(12), 6454.

[S2] Kittel, C., McEuen, P., & McEuen, P. (1996). Introduction to solid state physics (Vol. 8, pp. 105-
130). New York: Wiley.

[S3] Akhmanov, S. A., & Gusev, V. E. (1992). Laser excitation of ultrashort acoustic pulses: New
possibilities in solid-state spectroscopy, diagnostics of fast processes, and nonlinear acoustics. Soviet

Physics Uspekhi, 35(3), 153.

[S4] V. Gusev and A. Karabutov, Laser Optoacoustics (AIP, New York, 1993).
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Supplementary 2
Optical detection of generalized Rayleigh-type surface acoustic wave on a superlattice

stratified normal to its surface

In picosecond laser ultrasonics, the acoustic waves in the GHz-THz frequency range are detected via
the interference on the photodetector of the probe light scattered by them and the probe light scattered
by the stationary surfaces/interfaces of the sample. The general approach to predict the transient
acoustically induced optical reflectivity changes, monitored by the photodetector, consists of the three
following stages. Firstly, the probe light fields reflected by the sample and transmitted into the sample
in the absence of the coherent acoustic waves should be evaluated. The probe light reflected by the
sample and incident on the photodetector should be predicted. Secondly, the probe light scattered by
the acoustic wave either at the sample surface or in the bulk of the sample, or both should be
evaluated. The scattered light reaching the photodetector should be predicted. Thirdly, the component
of the probe light intensity incident on the photodetector, which is proportional to the product of the
amplitudes of the reflected and scattered light should be found. The components of the intensity,
which depend only on the intensity of the reflected light, do not provide information on the acoustic
waves, while the intensity components which depend only on the intensity of the acoustically
scattered light are negligibly small, because of the small amplitude of the acoustically-scattered probe
light, in comparison with the amplitudes of the reflected probe light.

To get insightful predictions on the detection of the generalized Rayleigh-type SAWSs, which are
denoted in the main text of the manuscript as gR waves, in the SL presented in Figs. S1 and S3, we
retain all the simplifying assumptions predicting the gR SAWSs, leading to their description in Eq. S8,
and we introduce both specific and similar simplifying assumptions for the description of the probe
light field.

Ebackscattered(xl-/ r3 < 0) Eincident(mh Zs3 < 0) Ereflected(xl,xg < 0)
= tSL/airE"seikoz3 = Eie_mox?’ — Ereiko:c;;
= A'I’Eieikoms —_ T,Eieiko:c:a

u »T1
TN N
d=d® 1 g0 5d< ) 5ol< ) 42 40
T 2 (1)
(c_( ) 3
Ebackscattered(mla T3 > O)t l Etransmitted(xl’x?) > 0)
_ ikx ! .
= FEge'™"® ';373 = Eje ikxs _ ai'r/SLEie ikx3

Figure S3. Schematic presentation of the Brillouin scattering of probe light by the gR SAW in the SL stratified normal
to the mechanically free surface. In the considered case of sub-optical SL, only plane laterally unmodulated reflected,
transmitted and scattered waves should be accounted for the description of the leading order optical and acousto-optical
Processes. ts;/qir and tq;/s;, denote the transmission coefficient of light from the SL into the air and in the opposite
direction, respectively. The acoustically induced changes in transient optical reflectivity monitored by the photodetector
result from the heterodyning at the photodetector of the acoustically backscattered probe light ~ArE; by the probe light
reflected at the air/SL interface ~rE;.
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The first specific assumption, which makes the problem significantly less cumbersome, while
retaining the main features of the detection process, is the postulation that the normally incident probe
light field is polarized parallel to the surfaces of the individual layers, i.e., in the (x2,x3) plane. Under
this assumption, although the layered half-space under consideration is, in general, an optically
anisotropic/birefringent medium [S6], the probe light incident along the optical symmetry axis, does
not exhibit any mode conversion in the reflection/transmission by the SL, and can be described by a
single component of the electric field, i.e., Eincigen: = E» = E;. The reflected probe light incident on
the photodetector, which provides heterodyning of the acoustically scattered light, is the light
polarized as the incident one. Therefore, if the probe light is mode converted in its scattering by the
acoustic field, then the second process of its mode conversion would be required to allow its
interference with the reflected light. This second mode conversion could be also only due to the
acoustic waves. Each mode conversion introduces additional smallness in the resulting light field,
because the SAWSs are of small amplitude. Thus, we omit here the contributions to the transient
reflectivity signal of the probe light mode conversion processes. However, it is worth noting that a
modified optical scheme, i.e., of the depolarized transient reflectivity measurements, can be suggested
for the dedicated study of these processes and the detection of SAWSs via these processes, if required.

The probe light in the geometry of Fig. S3 is described by the following Helmholtz equation:
a2 92 2
(a_xf + a_xg) E + k§e(xq,x3)E = 0. (S9)

Here k, is the probe wave number in vacuum, (x;, x5 > 0) is the relative permittivity of the SL,
while the permittivity of air is €(x;,x3 < 0) = 1. Under the assumptions identical to those leading
to Eq. (S3), the distributions of the relative permittivity in the SL and the probe light eigen modes in
the system presented in Fig. S3 have the following simplest descriptions

dW e @) (2
&(x1,x3 > 0) = (&) + 2Ae cos(qg x1), (e(x3 > 0)) = ﬁ,
1 m |[dW-d?)
AS(Xg > 0) = ;(8(1) — 8(2))COS [Em )
E(x;,x3) = [(E) + 2Eccos(qs,xy) Je™F¥s. (S10)

Here 8 denotes the propagation/penetration constant, related to the projection of the optical wave
vector on the x5 direction. The approximation suggested in Eq. (S10), results in the following solution
of Eq. (S9) for the reflected probe light,

) . k2_ 2
Erefiectea(X1,x3 < 0) = (E}) etkoxs 4 ZET,CCOS(QSLxl)elJ o, (S11)

Note, that the second contribution to the reflected light in Eq. (S11) is an evanescent wave for the
considered-by-us sub-optical SLs, as k, < g5, . Thus only the plane (laterally unmodulated)
component of the reflected probe light reaches the photodetector for the interference with the
acoustically scattered probe light and, consequently, only the plane components of the scattered light
reaching the photodetector could contribute to the transient reflectivity signal. The substitution of Eq.
(S10) into Eq. (S9) leads to the description of the optical eigen modes inside the SL

2 2 2 Ag\ ;o
B 95, t k ((5)) k (EC)

2(Z)k2 pr4ie JME)

= (g), k? = (e)ki = n’kd. (S12)
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Equation (S12) predicts inside the SL two optical modes with the different propagation/penetration
constants,

2 2
pz = —q%, += q” 17F Jl +2 (2 kzz) ((%) = —k?+ % [1 F /1 + 252]. Here acompact notation

sy,

o [ K2\ (2e dELZ
n is introduced for a parametern = (2 ( ) 2= ( )<<1 which is small in sub-optical
az,) \(e) ()

SLs with k? « qéL even in the case of strong optical contrast between the individual SL layers, i.e.,
Ae~(e). The existence of a small parameter n is another difference in the theory of the optical
detection of SAWSs in comparison with the theory of the SAW eigen modes in Supplementary S1.
Neglecting the corrections of the order n? to the propagation constants and to the modes structure in
general, the transmitted and acoustically backscattered probe light fields inside the SL can be
presented in the following forms

Etransmittea (X1, X3 > 0) = A? [—n + 2cos(qsyxy1) Je™95L%s + Aék[l + ncos(qspx1) ]e—ikx3 (S13)

Ebackscattered (x11x3) - [ n + ZCOS(QSLxl) ]eqSLx3 + A5 lk[l + UCOS(QSLJQ) ] lkX3' (814)

In the single scattering approximation, valid due to the smallness of the acoustic strain, it is possible,
first, while neglecting the acoustically scattered field, to find (from the conditions of the continuity
at the interface of the electrical field component E, and of the magnetic field component
H,~0E,/0x3) the reflection/transmission coefficients, defining the amplitudes of the
reflected/transmitted probe fields

_ 5
(Ey) n-1 Ak 2 Al n <n+ ' i’
— (Er) o _ £~ t~ T ~ n < 1. (S15)

E; n+1’ LT B n+1’ E n+1 P =\ 2(n+1)
22, |1 Mo
22 2

The solutions in Eq. (S15), where only the leading order terms in the powers of the small parameter
n<<1 has been retained, indicate the smallness of the probe optical field transmitted in the first
diffraction order, i.e., of the evanescent part of the transmitted field, and the direct relation of this
smallness to the sub-optical periodicity of the SL.

The weakness of the coupling between the different diffraction orders (when light is transmitted
across the air/SL interface in the considered sub-optical SL) revealed by Eq. (S15) suggests that, if
the detection process is possible in the asymptotic case n = 0, then accounting for the corrections of
its description in the case n # 0,7 « 1 would be unnecessary. In the limit n = 0, the transmitted
light field in Eq. (S13) reduces t0 Epgnsmittea (X1, X3 > 0,17 = 0) = Ai¥e~%*s and only the plane
unmodulated acoustically backscattered field, i.e., in the zeroth diffraction order in Eqg. (S14), can
contribute (after the transmission from the SL into air) to the signal of our interest,
E packscatterea (X1, X3 > 0, = 0) = A7%*e*s These light fields are coupled due to the acoustic
field in the following Helmholtz equation

(_ + ) E+ kO [e(x1) + €acoust (X1, X3)1E

where €,.0ust (X1, X3 > 0) denotes acoustically induced changes in the relative permittivity. In the
single scattering approximation, this equation describes the emission of the scattered probe light by
the acoustically-induced non-linear polarization:
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6_x§ES + kg<£>Es = _kg<£acoust(x1:x3))Etransmitted- (816)

Here the lateral averaging over the period of the SL takes into account the fact that the plane (laterally
unmodulated) transmitted probe light field E; can be scattered into the plane (laterally unmodulated)
light only by the laterally unmodulated (averaged) component of the acoustically induced changes of
permittivity. Note that Eq. (S16) accounts for both forward and backward propagating scattered light
but only the evaluation of the backward scattered probe light incident on SL/air interface is required
for the evaluation of the signal. The required solution of Eg. (S16) leads, finally, to the following
presentation for the amplitude of the acoustically scattered probe light contributing to the changes in
the transient optical reflectivity monitored by the photodetector (Fig. S3)

Ar = —E(l —r2) f°° (€acoust(X1,X3)) e~2ikxs gy (S17)

2 0 (€)

If we introduce the notation &f for the acoustically induced variation of the physical parameter f and
assume that the SLs for the generation and the detection of SAW are identical (as it is in our
experiments), then, in the gR SAW, Eq. (S8), acting on the electrical permittivity, Eq. (S10),
(€acoust (X1, x3)) can be written as

<£ac0ust(xlrx3)) = <6£(x1'x3)) = <6<€> + ZS(AS) COS(CISLxl))-

The first term in this expression describes the possibility to detect generalized Rayleigh SAWSs due
to the fact that its spatially unmodulated component modulates in time the spatially-averaged part of
the SL electrical permittivity. The second term predicts the possibility to detect generalized Rayleigh
SAWs due to the interaction (parametric) of the spatially modulated (~cos(gx;)) component of
SAWs with the spatially modulated part of the electrical permittivity.

An intermediate result, which is obtained with the use of Eqg. (S10) for the SL with the equal
thicknesses of two layers, d¥ = d@® reads

§dWV-5a@ §eMW45e(2) n 255(1)—6‘8(2)

<5acoust(x1'x3)> = (5(1) - 8(2)) 2dgy, 2

cos(qs,x1))- (S18)

Here the terms ~(8d—8d®)) and ~(5e™® + §@) are contributions from (5(e)). Equation (S18)
attracts our attention to the fact that acousto-optic detection of SAWS, even in the SLs with constant
period, which is not modified by the symmetric generalized Rayleigh SAW under consideration here
and 5d™M+85d@ = 0, could take place not only due to the photo-elastic effect in the individual
layers. If € = £®@) | the detection can be also due to the geometrical effect of the acoustically
induced variations in the thicknesses of the layers. For the SAW in Eq. (S8), this geometrical
contribution can be evaluated as follows

—4si, —_ds1 dsL
(eacoust(¥1,X3))geom _ 8dD ul(xl_T' x3)_u1(x1—_T' x3) 2u1(x1=%,x3)

(eM-e@) T g ds, dsy,

4 —a
=d_5LZj=L’TAje a]xs. (819)

The derivation of Eg. (S19) assumes that only the horizontal components of the mechanical
displacement in SAWSs contribute to the modification (breathing) of the layers thicknesses. The
contributions into (&,.0us: (x3)) from the photo-elastic effect in the individual layers are described by

. . N O0u;  du L 0u;  du
) = ()2, (_1 _3) = 51 (_1 _3)
o () P2y 0x; * 0x3 p 0x; * 0x3

. u u
=pW¥ Z 4 {—a,- <—O> +2 [q - q (—C)
= Us/ Us

] cos(qSLxl)} e,
J



12

Here p(l) denote the relevant component of the photo-elastic tensor [S7]. Substitution of this result
into Eq. (S18) and averaging over the SL period lead to the description of photo-elastic contribution

into (Sacoust (x1; X3))

5(1) 45(2) W_5@) _
(Sacoust(xS))photo—elastic = 2j=L,TA { «; (uo) ) % + 2 [CI G ( ) l%} e, (820)
j j
The first combination in the figure brackets of Eq. (S20) predicts the detection due to the SL averaged

@
photo-elasticity, i +p

, of the laterally unmodulated (averaged) component of the generalized

0

Rayleigh wave, ~ (Z—) ~u (see Egs. (S7) and (S8)). The second combination in the figure brackets
S7j

of Eq. (S20), is due to the averaging of the product of the laterally modulated components of the strain
in SAW and laterally modulated component of the SL photo-elasticity. It appears
due to {cos?(qs.x1)) = 1/2 # 0 and predicts the changes in the averaged acousto-optical response
of the SL due to the coupling of the SL periodicity to the laterally modulated components of the SAW.
It is worth mentioning here that we call Eg. (S20) the photo-elastic contribution because it would

disappear with diminishing components of the photo-elastic tensor p2 , however the parameter
controlling th|s contrlbutlon, i.e., p® | is additionally proportional to the square of the permittivity,

The results in Egs. (819) and (S20) demonstrate that even when dg, /1 — 0, i.e., in deeply sub-
optical SLs, the detection of deeply sub-optical generalized Rayleigh SAWSs is possible. It is
theoretically possible even in the absence of the contrast between both the permittivity and photo-
elastic constants of the individual layers. In this case, the SAW is detected via its laterally
unmodulated component, which is an essential feature of the generalized Rayleigh waves in the
considered nanostructured sample. However, in the case of weak contrast between both the densities
and the elastic moduli of the individual layers, i.e., in the regime u <« 1 evaluated in details in
Supplementary 1, the dominant contributions to the detection of SAWs are expected due to the
contrast in either permittivity, or photo-elastic constant, or both, of the individual layers. This contrast
has not been assumed a weak one in the above-presented theoretical approach. Moreover, for the
effective generation of SAWSs by the pump laser pulses, the optical contrast between the individual
layers is profitable to increase, e. g., combining the layers opaque and transparent to pump light. Thus,
in the limiting case, where both 4 — 0 and dg; /1 — 0, the acoustically-induced changes in electric
field reflectivity are described by:

A ] d
o (=Y S0 - ) 4[5 [ g g

This solution is obtained by substitution of Egs. (519) and (S20) in Eq. (S17). If we take into account
that the penetration depths of the gR SAW components are of the order of the SAW wavelength, i.e.,
aj~1/dg,, then, in the considered limit d /A — 0, Eq. (S21) additionally simplifies to

ot (N ) (U S

demonstrating that Ar/r~dg; /A. Thus, the SAW induced transient reflectivity signal inevitably
diminishes with the diminishing pitch of the SL even in its leading order retained in Eq. (S22).
However, this diminishing is much slower than in some other processes of light scattering by sub-
optical inhomogeneities/objects. For example, the Rayleigh scattering of light by sub-optical spheres
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scales ~(dg; /A)*. Moreover, it is important to mention here that to reach the regime, which we denote
for the simplicity of the above discussions as dg;, /A — 0, could be not that easy under some practical
circumstances. In fact, the precise condition for the transition from Eq. (S21) to Eq. (S22) is not
d/A < 1, but 4w|n|dg, /1y < 1, where |n| denotes the modulus of the averaged refractive index of
the SL for the probe light of the wavelength A, in vacuum. In the considered SL with the equal
thicknesses of the individual layers, even if one of the two different layers strongly absorbs or reflects

. Ao
probe light, then p

in the SLs with the single digit nanometers period.

~ 20 — 30 nm. In this case, the asymptotic Ar/r~ds; /A could be reached only

To conclude, it is worth reminding here that in our optical scheme only the amplitude of Ar/r and
not its phase is monitored. The signal in this optical scheme is due to the changes in the light intensity
reflectivity, R = rr*, dR/R = 2Re(Ar/r) [S8], where “*” denotes the complex conjugation. This is
one of the reasons for omitting, in the above-presented theory, the contribution to the detection
process of SAWSs from the motion of the air/SL interface induced by them [S9]. In fact, in analogy
with the above-presented theoretical analysis, one could expect that the generalized Rayleigh SAW,
in addition to lateral surface ripples, could induce the average surface displacement. However, this
averaged surface displacement modifies only the phase and not the amplitude of Ar/r. This averaged
surface motion could be monitored by the optical interferometry or by the beam deflection technique,
if required. At the same time the SAW induced ripples with the sub-optical periodicity are diffracting
the incident probe light into the evanescent orders (see the second term in Eq. (S11)), where it does
not reach the photodetector.
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