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This supplementary information extends some points discussed in the main text, and presents
additional data that could be of interest for some readers. Section I discusses the sample, addressing
how the “free-standing” (unsupported) samples are distinguished. The processing and analysis of
the measured AR/R transients are explained in section II. The reason for the chosen pump-probe
fluence used in the experiment is explained in section III. Section IV provides a brief description of
the linear chain model used to describe the vibrational modes in combination to additional Raman
experiments in few-layer MoSes to derive the out-of-plane acoustic sound velocities. The particular
case of the thicker bulk-like samples, their analysis and simulations are described in section V. In
sections VI A and VI B we address the two models used to simulate and fit the scattering decay rates
of acoustic phonons in bulk MoSez, briefly discuss their limitations in VI C, and in section VI D some
considerations related to the surface roughness phonon decay mechanism, of critical importance for
the thinner samples, are analysed. Finally, a brief analysis of the quality factor of the Bi modes,
assumed as a simple mechanical oscillator, is presented in section VII.
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I. SAMPLE ADDRESSING

The exfoliated MoSe, flakes are scattered on a 90 nm SiO2 /Si substrate wafer, which has been previously patterned
with regular circular holes of ~6 um in diameter. As a result, some flakes were randomly deposited on top of the
holes, and were therefore only supported by the holes’ borders, i.e. were in a “free-standing” condition.

20 To ensure the correct addressing of the spot on top of the samples, our experimental system allows to acquire
simultaneously the white light image and the time-resolved measurement. Figure S-1 on the left, shows the optical
microscope images for a 22L. MoSey flake through the 100x objective, where the laser spot is clearly observed next
to a patterned hole (Fig. S-la, left), and centred on top of this hole (Fig. S-1b, left). The corresponding measured
transient reflectivity AR/R, for each condition, is shown on the respective right panels. The origin of the observed
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Figure S-1. Typical “as measured” transient reflectivities AR/R for a supported sample (a) and a suspended sample (b). The
optical images left to the transients, taken through the 100x objective, show the precise addressing of the laser spot on top of
the sample for the respective cases.
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Figure S-2. As measured AR/R transient for samples with 5L MoSe; (a) and 18L MoSez (b). The grey symbols correspond
to the measurement and the red curves are the multi-exponential fitting. For the 18L sample the sum of three decaying
exponentials was needed to fit the experiment, while for the 5L sample only one decaying exponential was enough to well
describe the curve.

transient signal is mainly due to the changes in the optical constants resulting from the impulsively modified electronic
states within the samples at ¢t = 0, i.e. at the arrival of the pump pulse.

Both transient signals are relatively strong, but evidently different for each of the situations. On top of the hole,
the onset (at ¢ = 0) changes abruptly from its unperturbed position towards positive values (Fig. S-1b, right) and
relaxes back towards its equilibrium. Besides the hole, within the first few picoseconds, the transient reflectivity has
an initial impulsive deflection towards negative values (see the arrow in Fig. S-la, right), and rapidly changing to
positive values. This initial negative impulsive deflection, the slightly lower initial positive value reached before the
signal’s quasi-exponential decay towards equilibrium, and the smaller exponential decay are a systematic behaviour
displayed by the transients obtained for the supported flake, and is a fingerprint -in addition to the optical image-
that enables unambiguously to distinguish in which situation we are, i.e. if the spot is on a supported or suspended
(free-standing) position in the flake.

II. SIGNAL PROCESSING

Figure S-2 shows the untreated (“as measured”) AR/R transient for 5L, and 18L MoSes, panels a) and b) respect-
ively. The contribution to the transient reflectivity due to the phonon modes in the sample needs to be extracted
by subtracting a fitted multi-exponential function, where the exponential decay constants are related with electronic
processes, such as the decay of excitons and intervalley scattering, or exciton dephasing [1]. The red curves in the
figure S-2 are the corresponding multi-exponential fittings and show a good agreement with the experiment. It is im-
portant to point out that the measured temporal window for each experiment was modified depending on the phonon
dynamics, extending the window when the phonon lifetime was longer, reducing the relative noise of the measure-
ment. To perform the fitting, we used the sum of up to three decaying exponential functions to have the best possible
description, and consequently the cleanest contribution of the phonon mode oscillations. For the sample with 5L a
single exponential is enough to well fit the decay (71 ~ 37 ps). For the sample with 18L, three exponential functions
were needed to describe the curve. For the later case, the best agreement was found using: sz Ap exp(—t/Tm),
with 42 = 0.890, 42 = 0.711, 7y = 14.8ps, 7 = 75.3 ps, and 73 = 432ps.

The extracted oscillations for the samples with 5L is shown in Figure 2 of the main text, and for the case of the 18L
MoSes sample, the result and consequent treatment obtained after the subtraction process described above is shown
in Fig.S-3.

The filtered phonon contribution to the transient is displayed in Fig.S-3a. It is possible to clearly observe the
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Figure S-3. Signal processing for 18L MoSe». a) filtered AR/R (red) and fitted exponential decay envelope (grey). b) numerical
Fourier transform of AR/R. c) density map of the wnFT of the phonon signal AR/R (gliding window 50 ps). d) Bi mode’s
intensity extracted from the density map of the wnFT (red) and fitted exponential decay (grey).

decrease of the acoustic oscillation’s amplitude associated to the phonon damping. The exponential envelope is
indicated (gray curve) and a 7p, of 404.7 ps is obtained.

The spectral components of this signal can be better analyzed by performing the numerical Fourier transform
(nFT), which is presented in Fig.S-3b. The spectrum displays a single peak at ~121 GHz corresponding to the B
mode of the suspended flake. To have a hint of the temporal dynamics in the spectral domain, a windowed numerical
Fourier transform (wnFT) is presented in Fig.S-3c. This wnFT was performed using a gliding window of 50 ps, as
indicated in the figure. This density plot shows the behavior of the intensity of each spectral components and its
evolution in time. The intensity of the B; mode at ~121 GHz decreases exponentially, vanishing below the noise level.
Figure S-3d displays the B; mode intensity extracted from the density map of the wnFT together with the same
exponential envelope presented in panel a) and yielding the same acoustic exponential decay time. The low frequency
noise appearing in Fig.S-3c for frequencies < 25 GHz, are probably an artifice that remains from subtracting the
electronic contribution.

III. PUMP LASER FLUENCE DEPENDENCE

All the transient reflectivity pump-probe measurements presented were performed with a 100x objective of
NA=0.90, that was used to focus the laser down to a spot of ~1pum diameter. Figure S-4 shows the pump laser
fluence dependence of the spectral intensity of the fundamental mode, for a 22 layer MoSes. The blue vertical arrow
indicates the fluence of the probe laser used in all the measurements, which was set to 0.16 mJ/cm?. As observed, the
phonon intensity grows rather linearly with the generating incident power until its maximum at about ~1.20mJ/cm?.
When further increasing the pump power, the spectral intensity saturates and decreases afterwards until ~3 mJ/cm?,
where the sample breaks. The red dashed line indicates the approximately linear within the initial range. The pump
fluence used in the experiments for the phonon lifetime determination, is marked by the red arrow, and was set to
0.64mJ/cm?. It was chosen to be significantly larger than the probe power, but far enough from the saturation. The
pump-probe fluence ratio (4:1) is coincidently similar to those values used in other reported works for experiments
that are alike [1, 2].
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Figure S-4. Fluence dependence of the AR/R intensity of the B; mode with the pump laser. The fluence of the probe beam
was set to 0.16 mJ/cm? (blue arrow). The red dashed line shows the approximately linear dependence, and the red arrow
indicates the pump laser fluence used in the phonon lifetime measurements.

IV. LINEAR CHAIN MODEL FOR INTERLAYER MODES

The 2H-MoSe; is a two dimensional material in which the atoms within each layer are connected by covalent bonds
while the bulk crystal is formed by the stacking of these layers via van der Waals interactions. The interlayer shear
(S) and the interlayer breathing (B) modes are characterized by the relative motion of the different layers but leaving
the internal structure within each individual layer intact [3, 4]. The phononic properties of a multilayer MoSes depend
critically on the number of layers N and thereby, this makes Raman scattering a useful technique to characterize these
two-dimensional materials [4-7].

Under a simple linear chain model to describe the shear and breathing modes, the atomic details within each layer
are not necessary and are replaced by parameters that characterize the interlayer van der Waals interactions. As it
is presented in figure S-5a, each layer of the material is replaced by an equivalent effective mass p per unit area and
a nearest-neighbouring interlayer force constant K per unit area. This approximation implies the substitution of the
original layered crystal for a chain of effective masses. Since the acoustic modes do not imply the relative motions of
atoms within each layer, each unit cell of the material could be analyzed as having two effective masses (ng = 2). It
is clear that this approximation cannot describe the optical phonons of the system, that imply the relative motion of
atoms within each layer.

Solving the elastic equation of motion for the linear chain model and accounting free surface (stress-free) boundary
conditions, results the well known dispersion relation for the frequency of the modes as function of the number of
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Figure S-5. a) linear chain model, each layer is replaced by an equivalent effective mass p per unit area and a nearest-
neighbouring interlayer force constant K per unit area. b) schematic of interlayer S; and Bi modes for N = 2,3 and 4, the
arrows indicate the vibration direction of each rigid layer.
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Figure S-6. a) B and S mode energies for Raman experiments performed for the thinner samples. b) calculated velocities for
the corresponding B and S modes identified by Raman. The interpolation of the fitted values is shown with dashed grey lines
and the blue(red) line is the bulk speed of sound for longitudinal(transversal) modes.

layers: [3, 4, 8]

. [ kn.id
fB(S)N,j = fB(S)o s (N;O) ) (1)

for the B(S) mode. The interlayer distance is d, ~ ¢/2, where ¢ = 12.918 A is the bulk lattice parameter in the

stacking direction [9, 10], kn ; = f—” is the acoustic wavevector for the associated wavelength A\, = 2]\;& and j the

phonon branch index. fp(g), is related to the interlayer force constant per unit area K (K) and p as

K
fB(s) = \/ - (2)

The identification of the B and S modes in Raman scattering requires the measurements of polarized and cross-
polarized Raman spectra. According to the Raman tensors, while the B mode could be observed only under parallel
polarization measurements, the S mode is observed in both configurations [4]. Figure S-6a shows the B and S mode
energies for Raman experiments performed in the thinner samples (N = 2,3,4,5 and 6). The observed S; and
So modes belong to branches whose frequency increase with increasing N and correspond to the phonon branches
j =N —1and j = N — 3 respectively. The B; mode instead belong to branches whose frequency decreases with
increasing N and correspond to j = 1. This observations are in accordance with experiments performed in other
TMDCs [4, 8]. Figure S-5b presents the schematics of interlayer S; and B; modes, the arrows indicate the vibration
direction of each rigid layer.

The results presented in Fig. S-6a are fitted with the expression (1), where the only free parameter corresponds to
fB, for the B mode and fs, for the S mode. The interpolation of this fitted curve is shown with dashed grey lines. The
fitted values are fp, = (1.39 = 0.03) THz and fs, = (0.81 £ 0.03) THz. An estimation for the in-plain effective mass
for each layer, accounting the atomic masses and the MoSey in-plane unit cell [9, 10], results u ~ 4.41 x 10~% kg/m?.
From the above fit, we can estimate using eqn.(2) the effective interlayer elastic force constants K| = 8.42x 10'? N/m3
and K|| = 2.85 x 10'? N/m?. These values are of the order of those obtained for similar TMDCs 2D-systems [11, 12].

The acoustic propagation group velocity vp(g)s could be calculated from (1) applying the derivative with respect

W

to the wavevector as vp(g)s = ‘;—w and results

vB(5)s(IV, §) = 7 fB(s),do cos (‘kNéj do) : (3)

Figure S-6b shows the calculated velocities for the corresponding B and S modes identified by Raman. The dashed
grey curves show the interpolation of eqn.(3). As the B and the S modes belong to different kind of branches, the
regarding group velocity have different behaviour. The speed of sound along the stacking direction tends to the bulk
speed of sound for the branch of index 7 = 1. For this reason, the vp grows as function of N asymptotically to
the value of the longitudinal acoustic velocity along the stacking direction (vr4), while vg decreases tending to zero
when increasing N. The “bulk” longitudinal(transversal) acoustic velocity along the stacking direction vz 4(vra)
could be obtained as a limit of vg(vs) [eqn.(3)] for j = 1 and N — oo. The estimated “bulk” speed of sound are
vra = 1630m/s and vp4 = 2820m/s (ve. in the main text). The latter is in accordance with the pump-probe
measurements (see main text, Fig. 3).
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Figure S-7. a) Extracted oscillations (red curves) in the time-domain showing, corresponding to a 57L-MoSe; sample. b)
Normalized numerical Fourier transform of the previous transient. The black curves are the simulations that best fit the
experiments simultaneously in both domains.

V. PUMP-PROBE EXPERIMENTS IN THICK SAMPLES

By “thick samples” we mean thicknesses (d) of the flakes that are of the order or larger than the optical penetration
depth

Aop

O = ArSm(n)’ )
where \,, = 805nm is the central wavelength of the laser and 7 the complex refractive index taken from Ref.[13]. It
is in these conditions that the model used for the simulations displays mayor advantages over an empirical function of
the form U(t) = Aexp(—t/7)sin(27 ft + ¢), as it is usually used to derive the amplitude, frequency, and phase of the
modes. The pump-pulse, roughly following its absorption profile, excites longitudinal acoustic strain pulses, which
are launched into the sample. Analogously, the detection is thus sensitive to the presence of this propagating strain
pulse within the volume given by the optical penetration depth of the probe laser [14, 15].

Such a propagating strain pulse, needs to be described as a certain superposition of the vibrational eigemodes of the
flake (see Section IV). The important consequence is that the AR/R resulting from a combination of several modes
cannot be described by the simple empirical U(t) function, and mandatory needs to include the effect of the higher
frequency modes that are excited within the flake. For consistency, we have used the same more complex model [16]
that fully calculates AR/R to analyse all the measurements, and leaving the sample thickness (number N of layers)
and the phonon lifetime (75,) as fitting parameters.

In what remains of this section we will show two cases where it becomes evident that the simple empirical U ()
function fails to describe the observations: The first case corresponds to a MoSes flake of N = 57L, leading to a
thickness of d = 36.8nm (d, ~ 100 nm). And the second, corresponds to the thickest MoSes sample found, N ~ 519L
(d = 335nm > ¢,), and basically behaves as “bulk” MoSes.

A. 57L MoSe>

Between a thin flake and the bulk case, there are sample thicknesses that could not be catalogued in neither of
these two groups. This is the case where the penetration depth is of the order of the MoSe, sample.

Figure S-7a shows the measurement (red) and the simulation (black) for a 57L MoSes free-standing sample. After
the first ~ 150 ps, where the signal has kind of an irregular behaviour, the simulation has a relatively good agreement
with the experiment. The nFT of this transient is presented in figure S-7b and the calculated curve is very well
reproduced. Two peaks dominate the spectrum. The intense peak at ~38 GHz corresponds to the fundamental
confined mode, while the weaker one at ~76 GHz to its second harmonic. This situation is clearly an intermediate
one, where the penetration depth is of the order of the flakes thickness. Here the asymmetry of the induced initial
stress is responsible for the generation of both, odd and even modes, as observed.
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Figure S-8. a) phonon signal (red curves) in time-domain showing the extracted oscillations corresponding to a thick sample
(519 layers MoSez). b) Numerical Fourier Transform of the corresponding transients. The black curves are the simulations
that best fit the experiments simultaneously in both domains.

As we have chosen for the simulation the phonon lifetime proportional to 1/f, the second harmonic mode at
~76 GHz presents a faster relaxation time, that is observed in time domain for the lower times in the simulations and
also in the measurement. In the spectral domain, the faster relaxation time for the higher frequencies is responsible
for the intensity ratio between the peaks, that fits with the experiment. The value of N = 57 + 2 layers MoSe,
together with the Bj relaxation time 7 = 1.52 + 0.03 ns are critical for the fitting of this model. Note the excellent
agreement of experiment and theory.

B. “Bulk” MoSe;

Figure S-8a presents the extracted AR/R (red) in time domain for the pump-probe measurement of this sample.
The signal does not correspond to a beating but to multiple reflections of the generated acoustic pulse at the flake’s
back and front surfaces of the sample, i.e. the MoSes-SiO5 and the air-MoSes interfaces. The acoustic pulse is
generated at the flakes surface and propagates into the sample with a speed vy 4. As the pulse penetrates the sample,
since the penetration of light decreases exponentially with depth, the detection is diminished (signal AR/R decreases).
At around 124 ps the pulse gets reflected back at the back side of the sample and returns to the surface. By doing
so, the acoustic pulse reenters the region where the probe laser is again sensitive to its detection (AR/R increases)
[14]. At t ~ 248 ps the acoustic pulse is reflected at the air-MoSey interface and is again directed into the sample,
were the process is repeated. It turns out that within this regime, the vibrational modes that are addressable have
the frequencies described by [14]

4dmvp o Re(n
fb22kovaANLAA7()a (5)
op

where k,,, is the optical wavevector of the probe laser. In the literature, the acoustic pulse are usually called “Brioullin”
mode and is generated with the allowed frequency modes in the sample described by eqn.(1).

In the limit N > 2 the allowed modes within the sample are equi-spaced defining the free spectral range (the
acoustic mode’s separation) [17]

Af =wvra/(2d), (6)

where A f matches the lower mode frequency (By) of 4.2 GHz. Figure S-8b presents the Fourier analysis of the signal
shown on S-8a. The nFT basically shows a set of peaks with the frequency of the modes existing in the acoustic pulse
and separated by Af = 4.2 GHz, that according to eqn.(6) implies d ~ 335 nm ~ 519 layers of MoSe,.

In addition, considering the pulse travelling time of At ~ 238 ps within the samples, using the sound velocity
obtained in section IV, one can estimate the thickness of this particular flake being

d= % Uge ~ 333nm 2~ 516 layers MoSes . (7)
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This value is reasonable and not far from the thickness obtained before.

The simulation of AR/R performed for this sample is presented in figure S-8 with black curves, and shows a good
agreement with the experiment. The frequency modes and the multiple reflections of the acoustic pulse at the flake’s
surfaces of the sample are well reproduced in the temporal and spectral domain. As mentioned, the thickness of the
MoSes is a critical fitting parameter. Here we obtained N = 519 + 5 layers MoSey and is also in accordance with the
estimations above.

As is also evidenced here, the complex behaviour of the signal cannot be reproduced by the empirical function U (¢),
and it is necessary to introduce the model for AR/R to correctly interpret the experimental results.

VI. DIFFERENT DAMPING MECHANISM CONSIDERED IN THE ACOUSTIC LIFETIME
MODELLING

Three mechanism have been accounted for to describe the damping rate of the coherently generated B; modes in
the MoSes flakes. The first two involve the interaction of these mode with other thermal phonons of the sample at
the given experimental temperature (subsections VI A and VIB); and the third, related to the losses due to surface
effects when the samples gets thinner (subsection VID).

A. Anharmonic 3-phonon scattering mechanism for the decay of phonons in anisotropic materials

The description of a crystal lattice accounting only a harmonic potential can not reproduce the phonon-phonon
interaction, which provides one main mechanism responsible for the phonon decay in pure crystals. The relaxation
time of a phonon due to three-phonon processes arises from the inclusion of anharmonic terms in the lattice Hamilto-
nian, casting away the concept of non-interacting phonons [18-20].

One model that captures the essence of these kind of three-phonon processes for calculating the acoustic decay
times, based on a Landau-Rumer—type of approach [20-22], in combination with the single mode relaxation time
(SMRT) approximation [18, 19, 23]. In particular, this approach using a Debye-type approximation proved to give
reasonable results in similar systems for low frequency acoustic phonons [18, 19]. The conventional Debye model works
fine for isotropic systems, where the velocities of sound are equal in all directions. Cases such as bulk one-dimensional
Van der Walls crystals, e.g. bulk MoSe, or graphite, have quite different in-plane/out-of-plane velocities of sound and
are thus anisotropic.

Based on the Debye model for anisotropic systems, proposed by Z. Chen, et al. in Ref.[24], we adapted the single
mode relaxation time model in combination with a first order time-dependent perturbation to the anharmonic ionic
potential [18, 19] to calculate the observed phonon damping time as function of its frequency.

The initial state of the phonon system is described by [i) = |ngs, ngrs, Ngrs), where ¢ and s identify the wave
vectors and polarizations of each phonon mode, respectively, and ngs indicates the number of phonon in the state
q, s. The anharmonic perturbation H,,; causes the system to scatter to a final state. Within a three-phonon process,
two possibilities should be taken into account: First, the combination of two initial phonons to a third one (class-I
process), i.e. wq s + Wy ,s —> Wy s, case in which the final state is |f) = |ngs — 1, ngs — 1,n47¢ + 1). And second,
the annihilation of a phonon into two remaining (class-II process), i.e. wq s — Wy s + wgr s, where the final state is
of the form |f) = [ngs — 1,ngs +1,ngvs + 1) [18, 20]. Figure S-9a shows the Feynman diagrams for both processes.
The rate of occurrence Ps,), of them, is given by Fermi’s golden rule [18]

2T

P3ph = % |<f‘Hanh‘i>‘26(Ef - Ei)v (8)

where the delta function ensures the conservation of energy between initial and final state.

Since our interest is centred at a state with an initial phonon with wavevector ¢ and polarization state s (the B
longitudinal acoustic mode), its total single mode relaxation rate is proportional to Ps,p, and is given by [18]

o o Z ’ ss's"12 _qq'q"” Ng's! (ﬁq”S” + 1)
T = ‘q’! 5 4 ne —(S(OJ +W//—w 1 //)—’—
qs 3 q99'q" | vevg v, Yata+a”, — qs q's q""s
4p NOQ q's'q'"s" srsl s nqs + 1 (9)
7_1 ! /ﬁ 11 ol
1°°q"s"'"q""s
576((,%3 — Wq's — qusn) R

Tgs
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where the first term within brackets corresponds to transitions of class-I, while the second term to transitions of
class-IL. g5 = [exp(hwys/kpT) — 1]7! are the Bose-Einstein distribution functions for phonons in the state ¢,s and
temperature T, G is a vector of the reciprocal lattice, Ny the number of unit cells of volume ) and density mass

2
AZ;/Z(/
three-phonon process. Under some assumptions this strength can be approximated as a ¢ independent magnitude,
as [18]

p, and the factor

is the three-phonon scattering strength of the anharmonic perturbation (Hg,y) for the

i
| ss's

2 4P2 2.2 .2 2
qqlq// (10)

= 72 — 'US'US/U 78

Here v is the mode independent Griineisen constant, #2 the phonon average group velocity and v, vy and vy the
corresponding phonon group velocities for each of the involved acoustic phonon modes.

To evaluate eqn.(9) it is necessary to sum over all different phonon states ¢’, s’ and ¢”,s” within the Brillouin
zone. This involves the knowledge of the full acoustic phonon dispersion relation. In order to get more insight and
understand the phenomenology underlying the involved processes, we follow the well known Debye approximation
that states a linear dispersion relation for transverse and longitudinal phonon modes [18, 19]. It is important to
mention that the Debye approximation is an approach that accounts for a strictly continuous Brillouin zone, and
the modes in the flake’s out-of-plane direction are in fact discrete. Consequently, it is expected to have a rather
closer agreement with this model for thicker samples, i.e. where the acoustic free spectral range of the flake in the
perpendicular direction is smaller, and for lower frequencies. Clearly, these kind of model excludes acoustic shear
modes such as those present in atomically thin layered materials (e.g. Z-modes with parabolic dispersion relation).
Being aware of these limitations, we intend to obtain a rather qualitative description that allows to get a better
understanding of the processes involved in the decay of the coherently generated acoustic modes.

In an attempt to capture the essence of these kind of layered materials, we introduce the anisotropic Debye ap-
proximation [24]. A layered system such as the one we analyse in this work, has an important anisotropy, which is
evidenced by the different velocity of sound in the in-plane direction (v)) and in the stacking (out-of-plane) direction
(vy1). Neglecting the in-plane differences, the model proposes an ellipsoidal iso-energy as function of the wavevector
q of the form

2 _ 2 2 2 2
Wys = V) sq),s T V1 91 s (11)

where w is the angular frequency of the acoustic phonon, g (q1) the wavevector in the in-plane(out-of-plane) direction
and v| ; should be taken as an average of the in plane sound velocities for the polarization s.

Considering the relation given by eqn.(10), replacing the sum over ¢” evaluating the Kronecker delta function,
changing the sum over ¢’ in eqn.(9) to >, — 87'r‘5 2 [ d®q, expressing the integral in cylindrical coordinates d®q’ —
ql’| dql/‘ dpgdq, , and the anisotropic dlspersmn relation given by eqn.(11), we get

_ ™ (’I’L 11611 + 1)
qu 47er2 ;G/USUS/USHQBIQ q” l d anqg: 1 (S(quls + Wq’s’ - WLJNSH)—"_ (12)
N’ s’ Mg!? gt
%%5(&)(]515 — Wq's! — Wq''s //) ql/‘dqll‘dqj_ y
Ngp,s

where ¢ in eqn.(9) was replaced by ¢p,, since it corresponds to the generated and observed B; mode that is a
longitudinal acoustic mode (Lp, ) along the z direction.
The conservation of the momentum leads then to

= /et + (an, £ 4, (13)

for the normal (G = 0) class-I (+) and class-IT (-) processes. The Umklapp processes (G # 0) are discarded for
reasons that will be explained later.

The integral over ql" in eqn.(12) can be further evaluated by using the Dirac delta function through the substitution

A= OJquS + Wqrs! — Wq'rg!y (14)
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Figure S-9. a) Feynman diagrams for the class-I and class-II processes. b) areas that define the integration limits for eqn.(16),
for the variable ¢’ /gp as function of the L, phonon frequency, for the different three-phonon processes.

d gt
dA = (j: - quﬂ. )dql’ (15)

wqr s depends on q"| through the relation given by eqn.(13). Expression (12) reads then

leading to

d/wasl

dgj

-1 _ 'I’Lq/s/ (nq//S// + 1) wq’s'wq”s” .
Tys 4 —9 Usvs’vs”quq q
TPU

2 2
anls + 1 ’U‘,| wq//s// — ’Ullll wq/s/ 4
o (
] 16)
1 ’]’LqIS/’I’LqNS// waslwq// 1 d ’
§ ,2 q1,
anl s ’UH wq”s” =+ ’UH wq/s/ ,

jjo |
where q|/\0 is the value of ql’| that makes the argument of the Dirac delta functions in eqn.(12) zero, i.e. A = 0. The
explicit expression for ql’IO depends on the class of process and the polarizations of the involved phonon modes.

It remains to be evaluated the limits of the integral (16) in ¢/, . As the Debye approximation implies a cut-off
frequency wp for acoustic waves in a crystal, in an anisotropic material it is possible to define the characteristic Debye
frequencies of the plane (wp|) and perpendicular to the plane (wp. ) as [24],

Wp| =Y|4p|, WDL =V1qDL, (17)
where ¢p|(gp1) is the in-plane (perpendicular to the plane) cut-off wavevector. The ellipsoid
2
q 2
ot g =1 (18)
dpy 9p1

defines the cut-off wavevector for directions that are neither parallel nor perpendicular to the plane. The number
density of the primitive cell (n) relates the total number of acoustic modes with the cut-off wavevectors as [24]
n= 3110/9 =

1
@Q%”(IDJ_» (19)
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Figure S-10. Calculated phonon lifetime as a function of the frequency for MoSez, and the calculation for an equivalent isotropic
material.

where ng is the number of effective masses in the unit cell and §2 its volume. As explained in section IV, ng = 2. The
cut-off wavevector ellipsoid (18) is completely defined through (19) and the anisotropy ratio gp|/¢p., that can be
approximated by the extents of the first Brillouin zone in the corresponding directions [24],

4oy _ ¢

= -, 20
qD L a ( )

where ¢ (a) is the lattice parameter in the direction perpendicular (parallel) to the layers.

The limits in the integral (16) are determined by the possible real values of ql" and ¢/, defined by the Dirac delta
function (A = 0) and by imposing that ¢’ belongs to the cut-off wavevector ellipsoid.

From the different possible interactions giving raise to the B; mode’s decay, only some of them need to be accounted
for, namely: Lp, + L' — L”, Lg, + T — L” for the class-I processes, and Lg, — L'+ L", Lg, — T'+ T,
L, — L'+ T", and L, — T’ + L"” for the class-II processes. L', L (T', T") are the corresponding longitudinal
(transversal) acoustic phonons involved in the three-phonon scattering processes.

Figure S-9b shows the areas that define the integration limits for the variable ¢/, in eqn.(16) normalized to gp, .
For a given B; mode frequency, the integration in ¢/, is constrained depending on the different possible interactions.
Ounly the Lp, + L' — L”, and L, — L' + L” processes are limited by the cut-off wavevector ellipsoid and, since
they are collinear (q"| = 0), the integration in ¢/, goes from -1 to 1. As these ranges of integration are much bigger
than in the other processes, the main contribution to the phonon lifetime are due to them.

Different possible Umklapp processes that could be taken into account are: Lg, +T" — L” for the class-I processes,
and L, — T'+T", Lp, — L'+ T", and Ly, — T’ + L” for the class-II processes [18]. However, the calculation
shows that the Umklapp processes are not accessible since there are no ¢’ that fulfil the energy and momentum
conservation for the involved B; mode frequencies, as it was observed in Ref.[19] for an isotropic material.

For the calculations, the in-plane speeds of sound for bulk MoSe; were estimated from the simulated phonon
dispersion relation from Ref.[25], where we derived vz ~ 5800m/s and vj7 ~ 2900m/s for the longitudinal and
transversal velocities, respectively. For the out-of-plane components, we used the velocities estimated in the main
text and in section IV. We perform the explicit evaluation of the integral in eqn.(16), including the processes sketched
in Fig.S-9. The result for the inverse B; modes lifetime (771) for MoSes is shown in Fig.S-10 (blue lines), and also
in Fig.4 of the main text. For the latter the proportionality factor was fitted to match the experimental data. Since
many of the parameters involved are unknown (Griineisen parameter, three-phonon scattering strength, etc.), 771
in Fig.S-9 is shown relative to the value obtained for an equivalent isotropic material, where the isotropic L and
T speeds of sound are calculated as the average of those used for the MoSes: vy, = %UH L+ %v 17 = 4800m/s and

Op = %UHT + %vlT = 2450 m/s, and total averaged speed of sound is given by v = %@L + %@T.

An important point to be mentioned is, that both calculated curves (anisotropic and isotropic) result linear with
the frequency (77! o f). As many of the parameters included in the proportionality factor are unknown, it is not
possible to compare both calculations with the measurements. It follows from Fig.S-10 that the anisotropic simulation
gives scattering rates that are significantly lower than the isotropic equivalent, i.e. the lifetimes for the anisotropic
system is increased with respect to the equivalent isotropic system. The reason for this is that, as explained before,
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the mayor contributions to the lifetime comes from the collinear processes (q"| = 0). Its magnitude depends on the
cut-off wavevector in this direction: gp| for the anisotropic case, and gp for the isotropic case. Since gp < qpj|, the
lifetime is consequently increased for the anisotropic case.

B. Ahkieser-type mechanisms for the decay of phonons

The second approach considered to describe the acoustic decay rate of the coherently generated B; modes, is the
Ahkieser—type mechanism [26]. In general this mechanism is usually described in terms of the attenuation (aq.) of
the generated mode propagating in the system as[20-22, 27, 28|

- C»UT szth
© 2p03, 1+ w?TE

aac

(v ). (21)

Using the fact that 7 = (204cvac) 71 [20], it is straight forward to get to the expression for 745 displayed in the main
text [see eqn.(6)]. This expression relies basically on two parameter that are not as simple to obtain experimentally,
i.e. the mean lifetime of the thermal excitations (thermal phonon lifetime) 74, and the effective Griineisen parameter,
which is given as (/%)% = (y2) — ()2, and the {...) brackets stand for thermal averages (see Refs.[20, 27] for details).
Note, that the definition for v* is somehow different to the one described in eqn.(10).

C. Validity of both mechanism: 3-phonon vs. Akhiezer

In the accepted validity of the two above mentioned mechanism relies strongly on the observed modes frequency
(f = w/2m), the analysed temperature (T'), and the value for the thermal inter-phonon mean collision time or thermal
phonon lifetime (7¢p).

It is generally accepted that the Akhiezer—type of ultra-/hyper-sonic attenuation is valid in the limit where [20-22]
W Tth < 1. (22)

On the other hand, the Landau-Rumer—type of approach [20, 21], accounts for the quantum mechanical nature of
the involved acoustic phonons. In general this approach is accepted to be valid when the mean free path (A4y,) of the
thermal phonons is larger than the acoustic wavelength (A,.) associated to the generated modes:

Ath > /\ac . (23)
Since Ay, = U1y, (being o the average phonon velocity) and A\, = %’T Vae, the above expression is equivalent to [20-22]
w T > 1. (24)

In order to roughly estimate the actual value of 7y, for our particular case at room temperature, we use the
expression for the thermal conductivity (x) from the kinetic theory, & = $C,0?7¢5,[20-22] and values for the different
parameters at room temperature (T ~ 300K) which have been published in the literature.[297 ] The estimated
magnitude results

Tth ~ 3.3 ps. (25)

Considering that the acoustic frequencies of the B; interlayer breathing modes are between 10'® and 10'2 Hz, the
product

wTp =27 f 7 ~ 0.2 — 20. (26)

Hence, it is rigorously not possible to state the the limit wry, < 1 (validity for the Akhiezer-type), and neither
is it completely correct to consider the reciprocal case (w7, > 1). As a consequence, we find our system to be
at an intermediate transition region where wry, ~ 1. Under these circumstances we might incline towards the
Landau-Rumer—type of approach. Several attempts for extending and matching both theoretical approaches have
been tried.[21, 22] Although both mechanism rely on the same basic interaction, i.e. scattering with other thermal
phonons, non of both extended descriptions have been quantitatively successful in accounting for the whole frequency
range. Anyhow, these long-standing and intense debate and discussion is out of the scope of this work.
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Figure S-11. Calculated relaxation time due to the boundary scattering for the linear chain model (blue) and the continuum
mechanics model (dashed green line). The experimental data is shown with blue squares.

D. Surface roughness mechanism for the decay of phonons

The effect of the roughness on the phonon lifetime becomes more important when reducing the flake’s thickness. In
order to model this effect, we follow the approach of Ziman [30], described in the main text, that takes into account the
surface asperity n and the associated imperfect (non specular) reflection of the acoustic wave at the flake’s surfaces.
The relaxation time due to the boundary scattering effects takes the form [19, 30]

_Nd01+p

27
T v, 1—p’ (27)
where p(Ag.) = exp[—1672n% /A2 ] is the wavelength dependent specularity [19, 30].
Reordering (27), it is possible to express this contribution to the phonon lifetime as
Aac 8m2n?
T, = %0, coth ( v} ) . (28)

Within a continuum elastic limit, the acoustic pulse follows a linear dispersion relation. Under this approximation,
as mentioned in the main text vs — v,., and the wavelength (A,.) of the acoustic phonons relates to its frequency
as A\ge = Vqc/ f. Replacing this relation into eqn.(28) and assuming that the argument of the hyperbolic cotangent is
small enough, the first order Taylor expansion yields

oo (20)
16m2n2"

~

Note that under these circumstances, the boundary contribution 7, results proportional to f~3. This rough approxim-
ation is used by some authors [19]. However, it is not entirely correct for our case, since the argument of the hyperbolic
cotangent (8m2n?/A2.) is not small enough for the frequency region corresponding to the thinnest samples. In Figure
S-11, the comparison between the calculation of 7, with eqn. (28) and using (29) is shown, displaying the range where
the difference between both expressions is more notorious. The continuous line is the one used in Fig.4 of the main
text, and the dashed lines corresponds to the approximated expression. The blue squares are the experimental data,
that correspond to 2L, 3L and 4L-MoSes. As observed the difference is small.

VII. ACOUSTIC QUALITY FACTOR

A parameter that is of interest for applications, e.g. for the optomechanics community is the quality factor (O-
factor) of the system considered as a mechanical oscillator. The Q-factor of such an oscillator, given the measured
lifetimes as a function of the mode frequency, can be obtained by the simple expression:

Q=mrfr. (30)
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Figure S-12. Acoustic quality factor Q as a function of the Bi-mode frequency. The color coding is the same as the one
displayed in Fig.2 and 4 of the main text.

Figure S-12 presents this magnitude for the measured membranes as a function of the frequency f of the Bi;-mode
calculated from the obtained modes’ lifetime 75, (see Fig.4 in the main text), and eqn.(30). The colors for the
experimental points and simulated lines coincide with those in Fig. 2 and 4 of the main text. The constant behaviour
for lower frequencies when accounting the 3-phonon process results from the linear dependence with 1/ f of the phonon
lifetime T3, in this frequency range, that cancels out with the multiplying f in eqn.(30). For the same reason, the
AXkhiezer process results in a linear dependence with 1/f for lower frequencies. For the thinner samples, in which the
phonon decay is dominated by the boundary scattering and the phonon lifetime becomes 7 o< 1/f3, the Q-factor is
progressively reduced. Again, by means of Matthiensen’s rule [30], the quality factors in the entire range are plotted
with the grey lines. The O-factor obtained in this work, considering the range where the phonon lifetime depends as
1/f with the frequency, is of the order of those obtained for single crystalline silicon membranes in Refs.[31] and [19].
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