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1 Twist angle estimation from E,

The electronic band structure and the corresponding density of states are evaluated for different twist angles. The energy position
of the calculated vHs and ISB electronic transitions for holes and electrons are reported in Fig. S1 as function of the twist angle.

In analogy with Ref. 1 we find a convenient expression of 0 fitting the theoretical data in the inset in the range 6.8° < 0 < 8.6°
with the function 6 [°] = A-V(B-C E.u: [eV]), with A = 45.380, B = 2.030 x 10°, C = 4.186 x 102
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Figure S1  Calculated energy of vHs for electrons E,;; (red dots and line) and holes E,;,, (magenta dots and lines) and of ISB transitions for electrons E;g;
(black dots and lines) and holes Ejj; (blue dots and lines) as a function of the twist angle. The inset shows for the vHs energy in our experimental region

of twist angles together with the best fit function (red solid line).

To calculate the uncertainty in the angle estimation we derive the expression:

o= —— S s

2JB—CE,[eV]

considering the JE as the uncertainty in the PLE peak position. From the PLE results, the fitted Gaussians give 6E < 0.01 eV for
all the stacks. For the bilayer stack with E.u = 1.388 + 0.007 eV, for example, we find that 0= 7.31° + 0.04°.
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2 Fluence dependence of transient absorption spectra

The ISB transitions energetically overlap with the IB optical transitions. The hot-electron distribution causes simultaneously the
bleaching of IB absorption due to Pauli blocking and the activation of ISB absorption with contributions to the transient
transmissivity of opposite signs. The interplay of these contributions depends on the fluence and, at high density of photo-excited
carriers, we observe that the bleaching is dominating over the photo-induced absorption over the entire probe photon energy
range.

Accordingly, while the TA of SLG scales linearly with fluence, the spectra of tBLG change shape with fluence, as reported in Fig. S2(a)
for four different tBLG samples. The dynamics as function of pump-probe delay and probe wavelength is reported in Fig. S2(b) at
the two compared fluences for the stack with 6 = 7.93°, taken as prototype of tBLG.

(a) 7 (b)
LA o - 350 pJ/
4076=8.57 T {BLG 6=7.93°
o‘o\
208 Foogen,, e 7 g Low fluence v
L y 0 \ Ke)
w:“.fo"o"Qowo i /o/ \O‘o o )
o et et - e e & 5
40 -0=8 28° 0350 piem?| 7 4
| ] 050§ 50 pdiem? GE’ 4 b
20 ° S = A
o r OO00,0 00000000 . 10;' oo 2
"9 I o - ‘,“ a9 - ‘
\';’ 0 "Nr."’°°“l°°°iwula 20 ".I i 0 ‘ 0
|: 40+ 6:7 93° -0-350 pJfem’] 750 800 850 900 950 '
< | ) £ /o\ -e- 50 plicm? 5
AN High fluence
20+ od [ °
000> o u/ \D/' O\o/"}g‘o ¢ 25
[ O'0000 e 50/ \O\)‘O\o T’)\
O . ““00%.099’/ -a g 6 2
L o) O/U - 2 [} i
Wo=rezr g\ TR B J
[ 00% ¢ /°\ O—o\o ~ :
20+ oof 4% e\ 2
o o/o ® ./G‘o/ \,,o \5 o‘o—o\ 05
[ % / o9 o
A Y O — et B
12 13 14 15 16 1.7 18 Mo W w w0
Energy (eV) Probe Wavelength (nm)

Figure S2 (a) AT/T spectra of tBLG at incident fluence of 350 pJ cm™ (open symbols) and 50 pJ cm? (full symbols) for different twist angles 6; (b) AT/T
as a function of probe wavelength and time delay at low incident fluence 50 uJ cm™ (upper panel) and high incident fluence 350 pJ cm™ (lower panel) for
the tBLG with 6 = 7.93°.
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Figure S3 Transient transmissivity dynamics at different excitation power at probe photon energy (a) Eprobe = 1.240 eV corresponding to the ISB and (b)
Eprobe = 0.958 eV in the low-energy PB band. Normalised dynamics at Eprobe = 1.240 €V are reported in the inset of panel a.

While the photobleaching signal increases with excitation power, due to the increase in initial electron temperature and to the
superlinear dependence of AT/T on T, the instantaneous PA signal decreases. In Fig. S3 we report the pump power dependence
of relaxation dynamics of the stack with § = 7.31° at probe energy Eprore = 1.240 eV corresponding to the ISB, and Eyrore= 0.956 eV
in the low-energy PB band.
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3 Calculation of the electron temperature

In order to obtain the electron and phonon temperatures as a function of time we adopt a three temperature model [2]. This
model considers that after a transition to an out-of-equilibrium state the electrons rapidly exchange energy with phonons via
electron-phonon interaction achieving a quasi-equilibrium Fermi distribution. Considering the occupation number of electrons
and phonons as Fermi-Dirac and Bose-Einstein distributions respectively, we can associate an effective temperature for the
electrons, Te, and for phonons, T, which are separated into strongly coupled (v = sc) and weakly coupled (v = wc) phonons. Thus,
a system of coupled equations for the three temperatures (T., Ts, Tw) is used to simulate the dynamics of the electrons and
phonons after the laser pulse excitation. For a Gaussian pulse I(t) with fluence F and pulse duration 7,, the temporal dependence
of the effective temperatures is given by:
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where { is a dimensionless parameter which determines the fraction of the pulse energy absorbed by the electrons and 1, = 2.5 ps
is the optical phonon lifetime [3-4]. The respective specific heats for the electrons (c.), strongly coupled phonons (c.) and weakly
coupled phonons (cw.) are obtained by the following integrals:

c. —f eN(e )afD(ET) )
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Here, N( e ) and F.(w) are the density of states for electrons, strongly coupled (v = sc) and weakly coupled (v = wc) phonons
obtained, for both SLG and tBLG, from tight-binding [5,6] and force constant [7] methods parameterized by first principles
calculations, and f,, (n,) is the Fermi-Dirac (Bose-Einstein) distribution. The difference between weakly and strongly coupled
phonons in graphene is addressed considering that the optical A’y (TO) and Es (LO) phonons in the vicinity of K and I points of
the Brillouin zone are those with high electron-phonon coupling. In this way, in our model for SLG, only phonons with
frequency close to (1350 + 2) cm™ and (1580 + 2) cm™ are considered in the calculation of the strongly coupled quantities, while
the other modes are used for the weakly coupled ones. For tBLG, the additional low frequency and high density phonon modes
close to ZA, (88 + 2) cm™ at the T point are also considered as strongly coupled phonons. This mode is not present in the SLG
because its polarization represents the out-of-plane breathing between two adjacent layers due to the weak van der Waals
interaction.
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Figure S4 Temperature dependence of the specific heat for electron and phonons and the electron-phonon coupling factors for SLG and tBLG. The
indexes sc and wc stand for strongly coupled and weakly coupled phonons, respectively.

The temperature dependent electron-phonon coupling factor can be calculated as in Ref. 8 by:

nhks,(@*), > 20\ Ofp(6T)
- ) j: N?*(e) I de

& = NG, (4)

Figure S4 shows the temperature dependence of the specific heat for electron and phonons and the electron-phonon coupling
factors for SLG and tBLG. We used A_(w?), = 566 meV*and A, (w?),. =69 meV? that are the same used for SLG [2].

Figure S5 shows the evolution of the effective temperatures for an incident fluence of 50 pJ cm™ and a pulse duration 1, = 200 fs.
To consider the difference in optical absorption for SLG and tBLG, we used B = 50 for the former and B = 25 for the latter. These
values were chosen to compare with the experimental results.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Nano Res.

2000 2000

—
(&)
(=]
(=]

1500+

—T,

%) )
D] [<H)
— —
= =
= =
2 T dsc o
<] [<H)
Q. =
g g
D) (D)
= =

1000+

500/ |

5001 |

Time (ps) Time (ps)

Figure S5 The temporal evolution of the electron and phonon effective temperatures after excitation for a laser fluence of 50 pJ cm™.

4 Relaxation dynamics of tBLG stacks

Similar relaxation dynamics is measured in all the probed tBLG stacks presented in Figures 2 and 3 as long as the probe energy is
tuned to match the energy of the three different bands we have discussed. The dynamics of tBLG are reported in Fig. S6 as
colored dots compared to that of SLG, displayed as black symbols. The probe energies are specified in the graphs, and correspond
to the vHs (pink dots), the peak of the PA band (red symbols) and the low energy tail (blue).
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Figure S6 AT/T dynamics of tBLG (full colored dots) and SLG (open black symbols) for the stacks with 6 = 8.31°, 8.01°, 7.69°, 7.45°, at the probe
energies indicated in the graphs.
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