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Abstract

Raman spectroscopy is the prime non-destructive chaizatien tool for graphene and
related layered materials. The shear (C) and layer breathiodes (LBMs) are due to rela-
tive motions of the planes, either perpendicular or pdrétieéheir normal. This allows one
to directly probe the interlayer interactions in multilaygamples. Graphene and other two-
dimensional (2d) crystals can be combined to form variousitg and heterostructures, cre-
ating materials on demand with properties determined byirtteglayer interaction. This is
the case even for a single material, where multilayer staciksdifferent relative orientations

have different optical and electronic properties. In tedstnultilayer graphene samples there
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is a significant enhancement of the C modes due to resonatiteaw optically allowed elec-
tronic transitions, determined by the relative orientatid the layers. Here we show that this
applies also to the LBMs, that can be now directly measureaolosh temperature. We find that
twisting has a small effect on LBMs, quite different from ttase of the C modes. This implies
that the periodicity mismatch between two twisted layerstig@ffects shear interactions. Our
work shows that Raman spectroscopy is an ideal tool to umabeeinterface coupling of 2d
hybrids and heterostructures.

Keywords: twisted multilayer graphene, layer breathing modes riate coupling,first-
principles calculations, resonant Raman spectroscopygimensional materials, two-dimensional

heterostructures.
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Layered materials can be assembled to form heterostrgchald together by van der Waals
interactions. For a given assembly, the relative orieomatf the individual layers can change
the optical and electronic properti&s’ This is also the case when a single material is consid-
ered. In multilayer graphene (MLG) samples, for a given nendf layers (N), a wide range
of properties is accessible by changing the relative cai#n of the individual layers:38-14Wwe

refer to these as twisted-MLG (tMLG), to indicate a mutual orientation of the planes differ-
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ent from the naturally occurring orfé, with a twist angle @).1! The twist vector p,q) is de-
fined as the lattice vector of a supercell havopgp coordinates with respect to the basis vec-
tors of single layer graphene (SL&).The twist angle can be derived from the twist vector as:
cos=(q>+4qp+p?)/2(a*+ap+p?). 101

By assembling Bernal stack®m-layer (mLG, m > 1) andn-layer (ILG, n > 1) flakes, a
(m-+ n)-system is formed, which we indicate dsnt+ n)LG.! In this notation, a Bernal-stacked
BLG is denoted as 2LG, while a twisted one as t(1+1)LG. A flakesisting of a Bernal-stacked
BLG placed at a generic angle on a Bernal-stacked three layer graphene (TLG) is indicased
t(2+3)LG. This has significantly different properties wrampared to a Bernal-stacked 5LG, or
to a t(1+4)LG, or t(1+1+3)LGetc, even though all these have the same N=5. For a given total N,
the choice ofm,n, etc. (with mtn+...=N) and relative angles between each m,n,...LGs leads t
family of systems with different optical and electronic pesties. Probing the coupling between
the interface layers ahLG andnLG in t(m+n)LGs, and its impact on band structure and lattice
dynamics, is crucial to gaining fundamental understandirigese systems and to tuning them for
novel applications.

Raman spectroscopy is one of the most used characterizagbniques in carbon science
and technology® The Raman spectrum of graphite and MLG consists of two furetdatly dif-
ferent sets of peaks. Those, such as D, G, &b, present also in SLG, and due to in-plane
vibrations18-20 and others, such as the shear (C) médemd the layer breathing (LB) modes
(LBMs),20:22.23dye to relative motions of the planes themselves, eithgrgmeticular or parallel
to their normal. In NLG, all vibrational modes split due tetbonfinement in the direction per-
pendicular to the basal plang,and, for a given N, there are N-1 C or LB modes, which we denote
asCyn_i and LBMnn-j (i = 1,2,...,N—1), respectively. HereCyn1 and LBMy1(i.e., i =N —1)
are the C and LB modes with the highest frequencies, respéctHowever, due to the low elec-
tron phonon coupling (EPC) and different symmetry, it hasrbeot possible, thus far, to detect
LBMs for samples at room temperature, unlike the highestgg3n€ modes that can be measured

in Bernal-stacked samples at room temperafd®.In Ref. 11 we have shown that, by performing



multi-wavelength Raman spectroscopy on tMLGs, an energyow exists, where a significant
intensity enhancement of the C peaks happens, due to resondthh new optically allowed elec-
tronic transitions, determined by the relative orientatas the layers. This resonance effect is
confirmed by the twist-angle dependence of the G and 2D iities&13.14
Here we directly measure the LBM in tMLGs at room temperawith multi-wavelength Ra-

man spectroscopy, and confirm their assignment by symmeetryalarization analysis combined
with density functional theory (DFT). Similar to the C modéise LBMs exhibit a significant
intensity enhancement determined by the relative oriemtaif the layers. However, unlike the
C modes, the observed LBMs are mainly determined by N, whigjgssts that the breathing
coupling at the tMLG interfaces is almost independent ofréhative layer orientation. The exper-
imental positions of all LBMs can be described by a lineanrcimaodel considering next-nearest
interlayer interactions, as verified by DFT. A charge dgnaitalysis reveals that the different be-
havior of C and LB modes in tMLGs is due to the in-plane pegdgimismatch at the twisted

interface.

Results and Discussion

The twisted samples are prepared as follows. Highly oréepigolytic graphite (HOPG) is me-
chanically exfoliated on a Si/SiOsubstrate?® During exfoliation mLG flakes are folded onto
nLG flakes to form t(m+n)LG flakes, such as the t(1+1+1)LG+R)LG, t(3+3)LG, t(4+4)LG and
t(5+5)LG used in this study. Alternatively, a mLG flake fromeosubstrate can also be trans-
ferred onto a nLG flake on another substrate to form t(m+n%&&nples t(1+2)LG, t(2+2)LG and
t(2+3)LG are prepared in this way. We follow the transfer moet described in Ref® A flake is
exfoliated onto a polymer stack consisting of a water-selldyer (Mitsubishi Rayon aquaSAVE)
and PMMA, and the substrate is floated on the surface of a eidnvater bath. During transfer,
the target substrate is heated to 1@Qo drive off any water adsorbed on the sample surface, as

well as to promote good adhesion of PMMA to the target sutestrll in all initial and twisted
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Figure 1: @) Stokes/anti-Stokes Raman spectra in the C and LB speatrgér and Stokes Raman
spectra in the G peak region for 1.96 and 2.33eV excitatianiarRed Raman spectra are also
shown. b) Peak area o€31, Cso ,LBM4; and LBMy, as a function of excitation energy. Solid
diamonds, open squares and triangles are the experimatéalkohd solid and dashed lines are the
simulations. The peak area of the Bode at 127 cm! of quartz,Aq(E1), is used to normalize
all peaks. €)A(LBM 41) as a function of excitation polarization direction. Opeiarigles are

o

w

N

A(C4 VA L(E,), A(C5,)A(E,)

& LBM,, Exp.
—— Theo.
60

(c)

150

-
[o]
o

210

240

270

experimental data and solid lines are the expected treedsytihmetry analysis.



MLGs is identified by Raman spectroscopy and optical confrad’—2°

Raman spectra are measured in back-scattering at room itatemgewith a Jobin-Yvon HR800
Raman system, equipped with a liquid-nitrogen-cooled gd&oupled device (CCD), a 180
objective lens (NA=0.90) and several gratings. The exoite¢nergies are 1.58 and 1.71eV from a
Ti:Saphire laser, 1.96, 2.03, 2.09 and 2.28eV from a He-Bler)d..83, 1.92, 2.18, 2.34 and 2.41eV
from a Kr™ laser, and 2.54, 2.67eV from anAfaser. A 1800 lines/mm grating enables us to have
each pixel of the charge-coupled detector cover 0.54cat 488nm. Plasma lines are removed
from the laser signals using BragGrate Bandpass filtersessridbed in Ref. 21. Measurements
down to 5¢nt? for each excitation are enabled by three BragGrate notelndiith optical density
3 and with full width at half maximum (FWHM)=5-10cm. 2! The typical laser power is0.5mwW
to avoid sample heating. The accumulation time for eachtsgpeds~600s.

We first consider a t(1+3)LG measured at 1.96 and 2.33eV, raBifre 1(a). This shows
peaks at1510 and-1618cntl. We assign these to the R and iRodes as described in Refs.
30,31. From their position we deducefa~10.6" between the SLG and TLG in this t(1+3)LG,
see Methods for details. This corresponds to a twist vedi@®).( Two C modes(3z; andCsy)
are observed in t(1+3)LG, mainly localized in 3LG constitiyeas previously discussed.Two
additional modes are observed in t(1+3)LG 416 and~93cnT L.

For a given N, the LBM position, Pos(LBI) can be written ag%-32

Pos(LBM)\ n-i = Pos(LBM), sin {;—n} , Q)

where Pos(LBM) is the LBM in bulk graphite-128cnt1.33 We note that the N-1 LBM fre-
guencies predicted by Eq. (1) do not necessarily transtatieet experimental observation of the
corresponding C and LBM Raman peaks, as these become Rathanuader specific selection
rules and symmetry constraints, as discussed in Methods.

From Eq. (1) we get Pos(LBM)=90.5cm ! and Pos(LBM1)=110.8cnt!. The experimental

value 116cmtis, however, larger than the predicted Pos(LBMbut closer to Pos(LBI)=118cnT L.



This implies that the LBM is consistent with that of a 4LG, bot with that of the 3LG constituent
in the t(1+3)LG, unlike the case of the C modes, where thergbdeeaks correspond tg{and
Csp, 11 as indicated in 1. Thus, we assign the two LBMs in t(1+3)LG &M, and LBMyy.
Unlike the D and 2D modes, the LBMs are non-dispersive wittitakon energyEey, as shown

in Figure 1(a). This is expected, since they come from thédsiin zone (BZ) center. The peak
area of LBMy1, A(LBM41) measured at 1.96eVAs30 times higher than at 2.33eV, indicative of
a resonant Raman behavior. We assign the L,B&hd LBM,, enhancement to resonance with
new optically allowed electronic transitions in t(1+3)L&s in the case of the C and G modes dis-
cussed in Ref. 11. The C and LB modes are normalized to thradgle of quartZ2* Its position
(~127cnTl) is so small that the CCD efficiency difference between C, hB B modes for each
excitation energy can be ignored. The resonant profile of LBislalmost identical to that of £3,
and the profile of LBMy is similar to that of G, as shown in Figure 1(b). This indicates that the
LBM 41 resonant behavior can be also assigned to the resonancsdpetve van Hove singularities
in the joint density of states of all optically allowed tréimens in t(1+3)LG and the laser excitation
energy, similar to the C modes in tMLGS.

Figure 1(a) shows that the C and G modes are present in balgbdXX) and cross (XY)
polarization. However, the LBMs in t(1+3)LG vanish in the X6nfiguration. This can be ex-
plained as follows. A{m+ n)LG (m# n) has aC3 symmetry, and the corresponding irreducible
representatio?? is FT=A+E. All LBMs have A symmetry, all of C modes have E symmetry, and

both the A and E modes are Raman acfiv@he A Raman tensor i2®

a 0o
A=|10ao (2)
00D

This implies that, in backscattering, all LBMs should notda=n in the XY configuration, see
Methods, and that their intensity is a function of the anghe ljetween the polarization of the

incident light and the polarization (Y) of the Raman signél,BM) = a2cos(@)? (see Methods).



Figure 1(c) plotd (LBM 41) as a function ofp. The experimental data (open triangles) are in good

agreement with the symmetry analysis.
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Figure 2: Stokes/anti-Stokes Raman spectra in the C and BB @gion and Stokes spectra in the
G spectral region for six tMLG <,y is also indicated. The spectra are scaled and offset fatyclar
The scaling factors of the individual spectra are showntid@rlines are guides to the eye.

Figure 2 plots the Raman spectra of six tMLGs: t(1+2)LG, i(11)LG, t(1+3)LG, t(2+2)LG,
t(2+3)LG and t(5+5)LG. To facilitate comparison, all arermalized to have the same intensity
of the G peak, I(G). The spectra show the C modesioG (m >1) andnLG (n >1), localized
inside themLG or nLG constituents:! However, this it is not the case for the LBMs. E.g., in
t(1+1+1)LG there is no observable C mode, because the tivisterface significantly weakens
the shear coupling and pushes the C frequency towards theigayine, outside the measured
spectral regiort: However, in the LBM region, t(1+1+1)LG shows a peak 208.8cn1?, close to
the predicted LBM; ~110.8cnT?!. A similar peak at~109.9cnt? is observed in t(1+2)LG. Since
both t(1+1+1)LG and t(1+2)LG are two possible t3LG emboditeewe assign the two LBMs
in t(1+1+1)LG and t(1+2)LG to LBM;. The t(2+2)LG sample shows a LBML15.5cnT?, very



close to the observedl16cnT?! in t(1+3)LG, and to the expected value for LBM However,
unlike t(1+3)LG, t(2+2)LG has a Psymmetry, and LBM; and LBM,3 are Raman-active A
modes, while LBM_y is a Raman-inactive Amode, see Methods. Thus, LBMin t(2+2)LG is
not detected due to symmetry. In a similar way, we assign BiMd.in t(2+3)LG and t(5+5)LG as
LBMs1, LBMs, and LBMyo 1, respectively. Based on symmetry, all C modes m-+#(n)LGs are
Raman active. Consequently, the C modes of the Bernaletao@nstituents are also observed,
such as §, Csz and G4 in t(5+5)LG.

The above data suggest that, unlike the the C modes, Pos(lBM in a tNLG (N = m+n+
...) is mainly determined by N and not by the number of layers efitidividual Bernal-stacked
constituentsr,n,...). This means that the LBMs in tMLG are not localized desits constituents,
but are a collective motion involving all layers. We strdsatt; for the six tMLGs in 2 is not the
same, as determined by the respectiVamil R positions. Varioug give different band structures
with different values for optically-allowed resonancensaions!13 Therefore, for each sample
we detect LBMs at different excitations.

We now consider the effects of changing interlayer intéoaston the LBM positions. To do
so, we solve the equation of motion for a linear chain systéifhe frequencieso (in cm—1) and

displacement patterns can be calculated by solving lineardgeneous equatior$21

1
oqzui = mDUia (3)

whereui; is the phonon eigenvector of tfitn mode with frequencys, u=7.6x10"2’kgA—2 is the
SLG mass per unit arees3.0x 10'%m s 1 is the speed of light, and is the force constant matrix.
In our previous works, we adopted a simple linear chain m@deM) with only nearest-neighbor
interlayer interaction$l-32This allowed us to explain the observed C modes in BernalMheGs,

as well as the LBMSs in several 2d materidls?*32:36For tMLGs, this also predicts the C modes
by introducing a weaker shear force constant)(at the twisted interfacé!

The top panel of Figure 3(a) plots the schematic LCM for LBMst(2+3)LG if only the
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Figure 3: @)Linear chain model (LCM) and LCM withsecond-nearest interlayer coupling
(2LCM). (b) Theoretical (LCM, open triangles; 2LCM, open diamonds)s@®&My1) and
Pos(LBMyy») in 4LG and 5LG, and experimental (Exp., crosses) and thieatg2LCM, open
diamonds) Pos(LBM;) and Pos(LBM;») in t(2+2)LG, t(1+3)LG and t(2+3)LG.d) Experimental
(Exp., open crosses) and theoretical (2LCM, open diamoRdsjLBMy1) and Pos(LBM;2) in
tNLG. (d) Normal mode displacements and frequencies of t(1+3)LGtE#B)LG based on the
2LCM.
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nearest-neighbor layer-breathing interlayer interan('a&) is considered. The experimental fre-
guencies of t(2+2)LG, t(1+3)LG and t(2+3)LG are plotted igu¥e 3(b) as crosses, and those of
all tMLGs are summarized in Figure 3(c), including LBMs fra(8+3)LG and t(4+4)LG, whose
Raman spectra are presented in Methods. By taking the avémaguency (115.8cmt) of the
experimental LBM; measured in t(1+3)LG and t(2+2)LG, we ggf=106x10'® Nm~3, which
would give 119.2cm? for Pos(LBMs;) in 5LG, consistent with the value measured in t(2+3)LG.
Figure 3(b) also gives Pos(LBM)=88.6¢cnt! for 4LG and Pos(LBM)=101.4cn?! for 5LG,
which are 4.3 and 2.9cn? lower than those observed in t(1+3)LG and t(2+3)LG, respeist

These lower frequencies suggest that the LCM, with onlyesaneighbor interlayer interac-
tions, may be insufficient to reproduce the interlayer meat coupling in tMLGs. If a weakened
coupling at the twisted interface is included in the LCM, itlwesult in LBM red-shift for both
LBM 1 and LBMy2 (N=4,5), making the agreement worse, see Methods. We thuxlute an
interlayer breathing force constant between the secoadeseneighbor IayersB@%). The new
model is denoted as 2LCM, and is schematically shown in Eid{a) for LBMs in t(2+3)LG.
2LCM with By ~ 9.3 x 10'® Nm~3 fits the experimental data best, as indicated by diamonds in
Figure 3(b). With 2LCM we can well fit the frequencies of thesetved LBMs in all tMLGs, as
shown in Figure 3(b,c). Additionally, we can expand the 2L@Mdictions to bulk graphite, based
on the parameters fitted on our experiments. The silent LBfj)(in graphite is derived to be
~125.3cnL, very close to~128cnt ! determined by neutron spectrometdy.

The normal mode displacements and frequencies of each LBK+#3)LG and t(2+3)LG as
derived by the 2LCM are summarized in Figure 3(d). In LM the relative motions of the
nearest-neighbor layers are always out-of-phase, ane thfate second-nearest-neighbor layers
are always in-phase. This would suggest Pos(hBMto be insensitive to the second-nearest-
neighbor interlayer coupling. However, the relative mos®f the second-nearest-neighbor are
out-of-phase for LBM; in t(1+3)LG and LBM;; in t(2+3)LG. Thus, the reason why Eq. (1) fits
Pos(LBMy) well, but predicts lower frequencies for Pos(LRb) is, most likely, due to the lack

of interaction from second-nearest-neighbor layers.
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The 2LCM gives the same LB coupling for twisted and Bernatked interfaces. However,
the shear coupling at twisted interfaces 20% of that at Bernal-stacked interfacésiVe now use
DFT and density functional perturbation theory (DFP'Ttp validate this model, and to understand
the difference between the C and LBMs in tMLG. Becausénaftn)LG with a twist vector of
(1,2),i.e, atwist angle of 21.8 is a simplest twist structure, we consider t(2+3)LG and2(1.G
with this twist angle for DFPT.

Table 1:Ab initio interlayer force constants between each couple of layergyalfor t(2+3)LG.
Twisting happens between the second (denoted 2a) and tldmbi{ed 3b) layers. Two categories
of Bernal-stacked layers are grouped as "a" and "b", resdgct

Force constant

(x 1018 Nm_g) la 2a 3b 4b 5b

la - - - - -

2a 114.2 - - - -
3b 4.3 1147 - - -
4b 3.9 34 120.1 - -
5b 4.0 6.1 26 1134 -

We first calculate the frequencies of LBMs in t(2+3)LG with1g2) twist vector. They are
126.3cn ! (LBMs1), 107.3cmt! (LBMsy), 79.9cmi (LBM53) and 47.9cm? (LBMsy), respec-
tively, overall consistent, but a few crh larger, than the experiments reported in Figure 3, owing
to the slightly overestimated interlayer interactiéi?® A full comparison between calculated and
measured frequencies is reported in Methods. Figure 3@ysthe five layers and four inter-
faces in t(2+3)LG. We denote them as 1a, 2a, 3b, 4b, and 5bl&firto right. Twisting happens
between layers 2a and 3b, and we call this interface 2a-3k. iftkrlayer force constant (IFC)
alongzis a measure of the interlayer breathing coupling and isutated as for Methods. The
IFC alongz between 2a and 3b (the twisted interface) is 1¥4.G*¥Nm~3, close to that of other
Bernal stacked interfaces, pointing to a similar breattuiogpling at the twisted interface as that
of the Bernal stacked interface. We ggt=115.6x10'8Nm~3 by averaging the computed IFCs
alongz at the four interfaces, which agrees with the experimendssth the value derived using

the 2LCM (116<10*¥Nm—3)
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Figure 4: @) Atomic structure of t(1+2)LG with6,=21.8. The twisted and Bernal-stacked inter-
faces are indicated by green solid and dashed lines, resggct(b) Charge density contour for
the t(1+2)LG sample ia. (c) Layer-averaged charge density alang

We now address the substantial force constant differenc#néoC and LBMs in twisted and
Bernal-stacked layers. Van der Waals forces, specifidagydispersion forcé? rule the interlayer
interactions, and play a key role in the difference betweean@ LBMs in tMLG. Figure 4(a)
plots the sideview of the fully-relaxed atomic structured{1+2)LG with a (1,2) twist vector. We
also consider t(1+2)LGs with twist angles of 13.38.2 and 46.8. Four stacking configuration
are considered for each angle. The average interlayendist@r every configuration is 3.39A,
with a variation less than 0.01A. Réf.reported a similar result for twisted Meg8ilayers, with the
calculated interlayer distances nearly identical in theoe@®0 range. Our calculations are also con-
sistent with the interlayer distance in t(1+1)LGs calcetbin Ref.#2 showing a larger interlayer
distance at the twisted interface when compared to Betaaked layers, and little correlation
between interlayer distance and twist angle. The interldigtance between the twisted interface
and the Bernal-stacked interface in t(1+2)LG-@1A , much smaller than in Me8VioSe het-
erostructures~0.6A),3 where the interface hagi% lattice mismatch. This is directly relevant
for the out-of-plane breathing vibration aloagas represented by the LBM frequency. Eq. (4)
and Eg. (5) in Methods indicate that the interaction streigis a positive correlation with charge
density, nearly identical at the two interfaces of Figurb)4(A small difference is revealed by
calculating the mean charge densities at the two interfades interlayer breathing interaction at

the twisted interface is very close to that of Bernal-stddkeerfaces, again supporting the 2LCM.
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(@)

Bernal
stacking /

Figure 5. Atomic structure ofd) Bernal-stacked 2LG on the top of t(1+2)LG arg (he t2LG
at the bottom of t(1+2)LG. The corresponding charge der{sjtyat the Bernal-stacked interface
in (@) and () at the twisted interface inbj. Schematic diagram for the charge distributieh (
at the Bernal-stacked interface ia) @nd €) at the twisted interface irbj. The latter shows the
mismatched periodicity between the two layers.

We turn to consider the C modes in t(1+2)LG with a (1,2) twistter. Top views of the
Bernal-stacked and twisted interfaces are shown in Figi@d®}h while their corresponding charge
densities in the middle of two SLGs is shown in Figure 5(c,Bnth plots indicate that the {
symmetry at the Bernal-stacked interface is broken at thetea interface (Figure 5(b)), and the
local density periodicity is also lifted (Figure 5(d)). ™ting forms a Moiré pattern, resulting in
a locally mismatched periodicity of the charge densityatons. Figure 5(e,f) plots a schematic
diagram illustrating the effect of periodicity mismatchtbie C vibrations. In Bernal-stacked inter-
faces the interatomic restoring forces are all along théigeslirection for a small displacement,
Figure 5(e). With the elimination of the local periodicieyMoiré pattern at the twisted interface
makes the interatomic restoring forces negative or p@siag shown in Figure 5(f). Therefore,
shear restoring forces are nearly canceled at the twistedface, resulting in a much weaker
shear coupling than in Bernal-stacked interfaces. Theassdftening of the C modes is due to the

periodicity mismatch at the twisted interface.
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Conclusions

We measured by resonant Raman spectroscopy the LBMs of tih@rchetype heterostructure.
We showed that a second-nearest neighbor linear chain reggklins all the measured spectra,
as validated by ab-initio calculations. The interlayerastewupling strength declines at twisted in-
terfaces due to the periodicity mismatch between two twiktgers, while the interlayer breathing
coupling remains nearly constant. Beyond tMLGs, the iatgat interaction of other heterostruc-
tures can also be measured by Raman spectro$édgylike graphene, the interlayer coupling
modes of other 2d layered materials, like transition metalagenide®-36-44.45(e.g. MoS, and
WSe) and others, such as NbS#¥ and BbSe;** and BbTes,** can be measured more easily,
due to the stronger electron-phonon coupling. Thereftiee] BMs should be also measurable in
heterostructures with clean interfaces, such as grapMe$2/ graphene/Wg MoS,/WSe, thus
allowing one to probe the interlayer coupling of these twoponent layered heterostructures and,
possibly, even more complex structures. By studying botim¢lEB modes together, it should be
possible to detect the detailed components, number ofdaferach component, and the coupling
amongst the components, a crucial step for both fundameat@hce and technology based on

these materials.
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M ethods

Calculations

Structural relaxation and charge density calculationsparéormed using the DFT code Vienna
ab-initio simulation package (VASP) within the projector augmented wave metfdé® and a
plane-wave basis. The exchange-correlation potentiabatad within the generalized gradient
approximation. Van der Waals interactions are consideretbuthe framework of the vdW-DF
method© with the optB86b exchange function® This exchange-correlation combination is more
accurate in predicting lattice parameters in 2d materglsh as black phosphorotisand boron
nitride3® than other vdW-DF approaches, while it is known to slightier@stimate interlayer
binding energy?®-3? In vdW-DF the description of the dispersion force requites inclusion of

the non-local correlation enerdy:

EN = g//drdr’n(r)CD(r,r’)n(r’) (4)

3¢t
2mPan(r ) an(r’)[an(r) + ao(r’)]do

D(r,r') — (5)

with n(r) the charge densityp the correlation interaction kernel addhe distance between two
SLGs. Ford — o, ® 0 n~15d-6, which mean€! 0 n®5d~6. The non-local correlation energy
between two SLGs is determined by charge density and lagtardie.

A 29x29x 1 k-mesh is used to sample the BZ for Bernal-stacked superred an 1k 11x1
one for twisted supercells, due to th& larger lattice constant. The energy cutoff for the plane-
wave basis is 400eV. All atoms are fully relaxed until thedweal force per atom is smaller than
0.001eVA~1. Vibrational frequencies are calculated using DFPBs implemented in VASP.
In an interlayer vibrational mode, the whole layer can battd as one rigid body. The IFC is
constructed by summing inter-atomic force constants dvat@ns from each of the two adjacent
layers. The matrix of inter-atomic force constants, esakytthe Hessian matrix of the Born-

Oppenheimer energy surface, is defined as the energetamn®sjo a distortion of atomic geometry
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in DFPT 37

Figure 6 plots the LBM positions calculated from the LCM in.E) and by DFT for Bernal
Stacked samples (with DFT data rigidly shifted sy0cnm 1) implemented in the QuantumE-
SPRESSO packag®. The in-plane lattice constant is set to 2.43 A and the inyeralistance
3.26 A to match the experimental Z&@equency at théd point. A norm-conserving Martins-
Troullier pseudopotential within the local density appmation (LDA) is used, and the plane
waves were expanded up to a 80Ry cutoff. The BZ is sampled asir2< 12x4 Monkhorst-Pack
mesh and Methfessel-Paxton smearing with 0.03Ry width ésl tigr the electronic occupations
close to the Fermi level. The dynamical matrices are contporiea 8<8x 3 mesh. The modes are

either Raman (R) or Infrared (IR) active.
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Figure 6: LBMs for Bernal stacked NLGs. Gray lines indicdtte talculated LCM.

Figure 7 compares DFPT and experimental Pos(C) and Pos(luB¥yious tMLGs.

Figure 8 compares the experimental LBMs in tMLGs with thoakewated with the LCM of
Eg. (1) and those using a LCM with a weakened coupling at thietew interface (tLCM). A 10%
weakened coupling red-shifts both LByland LBMy> (N=4 and 5), resulting in a worse fit to the

experimental data.
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Relation between 6 and the frequency of R and R’ modes

The observation of R and’Reaks in the Raman spectra of tBLG is due to the superlattam m
ulation activating phonons in the BZ interigf:3 6, dictates the wavevector for this modulation,
with q(6&) the difference between the basic vectors of two SLGs in theTBi& wavevectoq( 6 )

selects the phonons along the phonon dispersion that belRaman active. The relation between

ark (6;) and thef; is given by:

4

ark () = 3—2 <1— \/7—2\/§sin6[ — 60056[) , (6)

wherea=2.46A is the SLG lattice constant. From Pos(R) and PYs@iR« (6) can be determined
from the SLG phonon dispersion. Eq. (6) then gigesFor the assignment, we use phonon dis-
persions calculated from DF? corrected with GW (Greéa function G of the screened Coulomb
interaction W), which well reproduces the experimental TO-splitting.>*>°

Figure 9 plots the optical image and Raman spectra of t(I#13-5and t(1+1)LG. There are
two couples of R and Rmodes in t(1+1+1)LG due to twice folding a SLG. The Rode of
t(1+1+1)LG is at 1529cm', the same position as the R mode of t(1+1)LG. This means ltieat t
R; and R’ are from the bottom twisted bilayer of t(1+1+1)LG and thati&kfrom the top twisted
bilayer of t(1+1+1)LG.

Figure 10 plots the optical image and Raman spectra of t(33and t(4+4)LG 6 of t(3+3)LG
and t(4+4)LG are 114and 12.0, respectively, determined by the respectiver®des.

Symmetry and Raman activity of C and LBMsin t(m+n)LG (m# n) and
t(n+n)LG (n>2)

t(m+n)LG (m# n) have G symmetry, the corresponding irreducible representa8di=A+E,
and bothA andE modes are Raman active.In t(m+ n)LG with (m# n), all non-degenerate

LBMs haveA symmetry, and all of double-degenerate C modes belofgsymmetry3®

t(n+n)LG (n > 2) have 3 symmetry, and the corresponding irreducible represemtas
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Figure 9: Optical image and Raman spectra of t(1+1+1)LG @éhel)LG.
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Figure 10: Stokes/anti-Stokes Raman spectra in the C pgadrand Stokes spectra in the LBM
and G spectral regions for t(3+3)LG and t(4+4)LG. The twisila and laser energy is marked for
each sample.
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[=A1+A+E.%> A; andE modes are Raman active, white are Raman inactivé®? In t(2+2)LG,
LBM41 and LBMy3 haveA; symmetry, while LBM»; hasA, symmetry, and all the C modes are
E 35

The Raman intensity is proportional @ - R; - es\z, whereg andeg are the unit vectors describ-
ing the polarizations of the incident and scattered light] B; is Raman tensof® In our work,
the polarization of the incident light is at an angie 6et by aA/2 wave plate =[cosp sing 0]),
and the polarization of the scattered light is fixed alonghtwzontal €s=[1 0 0]). Therefore, the

Raman tensors of for the LBMs iirh+n)LG (m# n) is:3°

ao0o0
A=|0ao (7)
0 0O0b
Thus, [(LBMS) in {m+n)LG (m# n) is:
2
a 0 0f |1
| (LBMs) O |[cospsing 0] |0 a 0| |o|| = a’cos(¢)? (8)
0O 0 b| (O

As discussed above, the LBMs in the t(1+3)LG are Raman gee=pt LBM;, (Raman inactive).
LBM41 and LBMy3 in t(2+2)LG are Raman active. Both LB and LBM,, are observed in
t(1+3)LG, see Figure 2. However, only LBlis observed in t(2+2)LG. The absence of LM
in t(1+3)LG and t(2+2)LG may result from a weaker EPCThe Raman tensor of th& mode in

t(2+2)LG is the same as that of themode in t(1+3)LG3® thus the I(LBM) in t(2+2)LG is also

laser-polarization dependent.
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