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ABSTRACT: The material choice, layer thickness, and twist angle widely enrich the family of van der Waals
heterostructures (vdWHs), providing multiple degrees of freedom to engineer their optical and electronic properties. The
moiré patterns in vdWHs create a periodic potential for electrons and excitons to yield many interesting phenomena, such
as Hofstadter butterfly spectrum and moiré excitons. Here, in the as-grown/transferred twisted bilayer MoS, (tBLMs),
one of the simplest prototypes of vdWHs, we show that the periodic potentials of moiré patterns also modify the
properties of phonons of its monolayer MoS, constituent to generate Raman modes related to moiré phonons. These
Raman modes correspond to zone-center phonons in tBLMs, which are folded from the off-center phonons in monolayer
MoS,. However, the folded phonons related to crystallographic superlattices are not observed in the Raman spectra. By
varying the twist angle, the moiré phonons of tBLM can be exploited to map the phonon dispersions of the monolayer
constituent. The lattice dynamics of the moiré phonons are modulated by the patterned interlayer coupling resulting from
periodic potential of moiré patterns, as confirmed by density functional theory calculations. The Raman intensity related
to moiré phonons in all tBLMs are strongly enhanced when the excitation energy approaches the C exciton energy. This
study can be extended to various vdWHs to deeply understand their Raman spectra, moiré phonons, lattice dynamics,
excitonic effects, and interlayer coupling.

KEYWORDS: twisted bilayer MoS,, moire phonons, phonon dispersion, interlayer coupling, lattice dynamics, exciton
ompared to conventional semiconductor heterostruc-
tures, van der Waals heterostructures (vdWHs) based

C on two-dimensional materials (2DMs) are readily

fabricated by direct chemical vapor deposition (CVD) growth ">
or wet/dry transfer.” > These vdWHs have ultraclean and
atomically sharp interfaces, providing a versatile platform for
studying interface-related properties.””® Also, the material
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choice of the components, layer thickness, and interlayer twist

angle 0 widely enrich the family of vdWHs and provide multiple
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Figure 1. Crystallographic superlattice and moiré pattern in (a) (1,2)-tBLM with = 21.79° and in (b) (5,7)-tBLM with € = 10.99°. Dashed
(red) and solid (green) parallelogram corresponds to the moiré unit cell and crystallographic superlattice unit cell of the tBLMs, respectively.
The reciprocal lattice of (c) (1,2)-, and (d) (5,7)-tBLMs. The large blue and orange hexagons are the first BZ of top and bottom MoS, layers, and
the dashed (red) and solid (green) hexagons represent the Wigner-Seitz cells of the reciprocal lattices corresponding to the moiré and
crystallographic superlattices, respectively. (e) Schematic diagram of moiré basic vectors (g, i = 1, 2, 3) when 6 < 30°.

degrees of freedom to engineer their optical and electronic
properties.”” ™' The vdWHs of transition metal dichalcoge-
nides (TMDs) are particularly exciting for optoelectronic and
light-harvesting applications, '* because many monolayer
TMDs are direct-bandgap semiconductors with remarkably
strong light—matter interactions.'®'” In the vdWHs, the two
constituents with nearly the same lattice constant are overlaid
with a relative twist angle of 6, leading to the generation of moiré
patterns.”'*™>* The moiré patterns in vdWHs will create a
periodic potential based on the patterned interlayer interactions,
which can impose modulation on the electronic structures of the
constituent, for example, giving rise to the moiré bands in
twisted bilayer graphene (tBLG) with a result that the two layers
coupled strongly and Dirac velocity crosses zero several times
with the twist angle reduced.”” This periodic moiré potential can
also dramatically modify the electron—electron interaction of its
constituents, yielding a variety of fascinating physical behaviors.
For example, direct interlayer hybridization induces van Hove
singularities in tBLG, and a Hofstadter butterfly spectrum and
mini-Dirac cones were observed in graphene/hBN bi-
layers.””***The interlayer excitonic states in TMD-based
vdWHs also experience a moiré-patterned potential, and the
so-called moiré excitons exhibit signatures of the moiré pattern
in the optical properties.”

The formation of vdWHs also affects phonons,
electron—phonon coupling (EPC),”> and phonon—phonon
interactions’® in the constituents and the vdWH itself.
Exploiting their lattice dynamics and properties of phonons
enables pathways to control EPC and quantum behaviors in
vdWHs. For example, the optically silent hBN phonons emerge
in Raman spectra with strong intensities through resonant
coupling to the electronic transitions of the WSe, constituent via
interlayer EPC in WSez/hBN;37’38 intralayer/interlayer EPC
can be probed by Raman spectra of tBLG and graphene/hBN;*
the shear (S) modes in the constituents of twisted multilayer

30—34
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graphenes can be probed by resonant Raman scattering with
their optically allowed electronic transitions.’” In the MoS,/
graphene vdWHs, the S modes from the MoS, constituents and
the layer-breathing (LB) modes from the whole vdWHs can be
observed, insensitive to 0 at the interface.*°

The twisted bilayer 2DMs (tBL) can be formed when the two
identical monolayers are stacked with a relative twist angle of 6.
In contrast to vdWHs formed by two different 2DMs, the lattice
structure of the tBL can be commensurable, such that the tBL
forms a crystallographic superlattice whose superlattice period is
determined by 6.*' Therefore, a serial of folded optical and
acoustic phonons should be observed in the Raman spectra of
the tBL because of the phonon folding effect by the
crystallographic superlattice, as reported by previous works on
various superlattices.””~*> Additionally, moiré patterns of tBLs
can also introduce a periodic potential acting on the interlayer
coupling between two monolayers of the tBL, which results in
the formation of a moiré superlattice. The period of moire
superlattice can be equal to or smaller than that of the
crytallographic superlattice in the tBL. The periodic potential
induced by moiré patterns should modify the lattice dynamics of
monolayer constituents to generate additional phonons in tBLs.
Similar to the moiré bands®® and moiré excitons,”’ these
additional phonons modulated by the moiré patterns in tBLs can
be referred as moiré phonons. Twisted bilayer TMD is one of the
simplest prototypes to reveal the fundamental properties of
vdWHs. For example, the interlayer coupling of twisted bilayer
TMD depends on §*° and modifies the S and LB modes.*”**
However, the expected moiré phonons and crystallographic-
superlattice related phonons have not been observed in the
Raman spectra of twisted bilayer TMD. It is not clear which
kinds of phonons are dominant in the Raman spectra of twisted
bilayer TMD.

Here, we use the twisted bilayer MoS, (tBLMs) obtained by
CVD growth or precise transfer techniques as a model system to
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investigate the expected moiré phonons and crystallographic-
superlattice related phonons in twisted bilayer TMDs. The 6-
dependent Raman modes are observed in tBLMs, which are
assigned to Raman scattering of moiré phonons, rather than that
of crystallographic-superlattice related phonons. Due to the
weak vdW interlayer coupling between two monolayers, the
phonon dispersion of monolayer MoS, (1LM) has been mapped
by the O-dependent frequency of moiré phonons in tBLMs,
which are in line with the theoretical results by DFT calculations.
Furthermore, the patterned interlayer interactions are imprints
on the lattice dynamics of the moiré phonons by local atomic
registries. The observations of Raman modes related to moiré
phonons in tBLMs can be attributed to the resonance Raman
effect with the C exciton.

RESULTS AND DISCUSSION

To discuss the possible phonon folding effects in the tBLM, we
need to first analyze its crystallographic and moiré superlattices.
The lattice structure of tBLM can be rigorously periodic to form
the crystallographic superlattice, where the superlattice vectors
of the two monolayer constituents match with each other, giving
a finite unit cell. The lattice structure of the crystallographic
superlattice can be represented by a pair of mutual prime
numbers (m,n)(m # n) and denoted as (m,n)-tBLM, as shown in
Figure Sla of the Supporting Information (SI). The lattice
structures of the (1,2)- and (5,7)-tBLMs are shown in Figure
la,b, while those of the (2,3)- and (5,8)-tBLMs are shown in
Figure S1b,c. The unit cells of the crystallographic superlattices
relative to the monolayer constituent are marked by green
m* + 4mn + n”
2>m*+mn+n?)’
Thus, the corresponding lattice constant can be represented by

alm —nl
L=IL)| =1L, = YD

of the 1LM. The symmetry of Dy, of 1LM restricts the analysis
for 0 < 0 < 60°.* In addition to the crystallographic
superlattices, the periodic moiré patterns are also generated in
tBLMs, as depicted by red rhombus. The unit cell for the moiré
pattern with lattice vectors L}' and L)' can be defined, and its

2 This
2sin(6 / 2)
indicates that the moiré pattern directly results from the
misalignment between the top and bottom monolayers. For any
6, a moiré superlattice can be constructed, leading to the
corresponding moiré reciprocal lattice. At commensurate angles,
the unit cell of the crystallographic superlattice exactly matches
that of the moiré superlattice if Im — nl = 1, as shown in Figure la.
However, when Im — nl = 2 and Im — nl = 3, the corresponding
IMis1/2and 1/3 of L,*" as depicted in Figure 1b and Figure Slc,
respectively.

In the reciprocal space, the Wigner—Seitz cells corresponding
to crystallographic and moiré superlattices of the (1,2)- and
(5,7)tBLMs are shown in Figure lc,d, respectively. In each
figure, the large blue and orange hexagons correspond to the first
Brillouin zones (BZs) of the top and bottom monolayers,
respectively. The small green and red dash hexagons represent
the Wigner-Seitz cells in reciprocal space corresponding to the
crystallographic and moiré superlattices, respectively. The
reciprocal lattice vectors of the top and bottom MoS, layers
can be defined as by, bj and b,, b;, respectively, where the length
of these four vectors are equal, b = 47/ \/ 3a. The two basic
vectors of moiré reciprocal lattice can be evaluated as g = b, — b,
and g’ = b — b3, with an absolute value Igl = Ig’l = 2bsin(0/2), as
shown in Figure 1c and section 2 of the SI. In the case of Im — nl

rhombus. The twist angle @ is given by cos 6 =

, where a is the in-plane lattice constant

lattice constant is given as L™ = ILY| = IL}| =
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#1, the reciprocal lattice of the moiré superlattice is
incommensurate with the first BZ of 1LM and the basic vector
of moiré reciprocal space should be lm — nl times as large as that
of crystallographic superlattice, as shown in Figure 1d. Because
the basic vector of moiré reciprocal lattice is smaller than that of
1LM, there are many lattice vectors of moiré reciprocal space in
the first BZ of the monolayer constituent. Since 1LM exhibits
D), symmetry, all the tBLMs exhibit D, symmetry with a three-
fold rotation axis perpendicular to the hexagon plane. There are
six lattice vectors with the equal length in the moiré reciprocal
lattices, for example, I';; and I'{; (i = 1, 2, 3) in Figure 1c for the
(1,2)-tBLM. The case for other tBLMs is more complicated, and
there are many sets of I'; (i=1,2,3) and ["y,j=1,2, .. from
zone center to the zone edge of 1ILM. For each j, there are three
equivalent I';;and three equivalent I'"; (i=1,2,3), but [';and '’}
are inequivalent to each other. In Figure 1d, the sites of I';; (i=1,
2, ..., 6) are labeled. The length of I';; and I'}; is equal to Igl. By
varying 0, the trajectory of g can be obtained, as shown by the
dashed line in Figure le. Figure le shows the basic vectors of
moiré reciprocal lattice, g;, g,, and g3, for tBLMs with twist
angles of 30° — 3, 30° — f3,, and 30°, respectively, and those for
tBLMs with twist angle larger than 30°, for example, 30° + j,
and 30° + f3,, are shown in Figure S2.

It should be noted that the moiré superlattice with twist angles
30° — f and 30° + f are two commensurate partners, whose
supercells have the same lattice constant in a primitive cell. For
example, the (1,4)-tBLM with twist angle, 6, ;) = 38.21°, is the
commensurate partner of that with 6, ,) = 21.79°, as shown in
Figure S3. In addition, the basic vectors of moiré reciprocal
lattices of the two commensurate partners with the twist angle
30° — f and 30° + f3 are mirror symmetrical to each other with
regard to the '—K" axis, as depicted in Figure S4. Since the 1LM
belongs to the Dy, symmetry, the basic vectors of moiré
reciprocal lattices of these two commensurate partners are
equivalent to each other.

In the tBLs, the moiré patterns can introduce periodic
potentials on each constituent and form moiré superlattices.
Indeed, in the tBLGs and tBLMs, such periodic modulation on
the interlayer interactions makes the in-plane displacement of
the two layers not produce any overall restoring force so that the
shear frequency is almost zero and therefore not de-
tected.””*”**% Because the interlayer interaction in the tBLs
is not strong enough to form a lattice-matched coherent
structure, the moiré potentials introduce a perturbation into the
phonon modes of the two constituents. Thus, the phonons in the
BZ interior of the monolayer constituent linked with the lattice
vectors I'; and I';; of the moiré reciprocal space can be folded
onto the zone center I', and these phonons may become Raman
active in the tBLs. Furthermore, a cystallographic superlattice
can be naturally formed in tBLs, which induces a smaller
reciprocal unit cell in tBLs relative to that of the monolayer
constituent. The formation of the superlattice will not
significantly modify the phonon frequency of the monolayer
constituent too. Therefore, some zone-center phonons of tBLs
can be folded from the off-center phonons of the monolayer
constituent linked with the reciprocal lattice vectors of the
crystallographic superlattice. These zone-center phonons may
also become Raman active in tBLs. In contrast to monolayer
constituent, more Raman modes are expected to be observed in
tBLs no matter whether the folded phonons are from
crystallographic superlattices or moiré superlattices. Therefore,
the detailed Raman experiments on the tBLs should be done to
clarify this effect.
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Figure 2. Optical images of the tBLM samples with twist angles of @ = (a) 0° and (b) 12°. The sample in (a) is produced by transferring a CVD-
grown 1LM onto another one, while that in (b) is produced by direct CVD synthesis. (c) The Raman spectra of 3R- and 2H-BLMs and other
tBLM:s in the ultralow-frequency region, E,, = 2.54 eV. The vertical dashed lines are guides to eyes. (d) Raman spectra of tBLMs with different
and 1LM in the region of 60—240 cm ™' under 2.54 €V excitation. The dark red and blue dashed lines are guides to eyes to represent the two
series of Raman modes with §-dependent frequencies. The vertical dash-dotted lines correspond to the peak positions of the second-order
Raman modes. The (e) 0- and (f) Igl-dependent frequencies of the FLA modes, where Igl is the basic vector of moiré reciprocal lattice. The 6-
dependent LA phonon frequencies along the I'-K (pink) and I'-M (orange) directions are also plotted in (e), where the relations between
wave vector and 0 are gl = 2bsin(6/2) if 0° < 6 < 30° and Igl = 2bsin((60 — 6)/2) if 30° < @ < 60°. The blue dashed line in (f) is the phonon
dispersion of LA phonon branch along g. The crossed diamonds represent the experimental Pos(FLA) of tBLMs. The LA phonon dispersions

along I'-K (pink) and I'-M (orange) directions are also plotted.

We measured Raman spectra of tBLMs produced by
transferring one piece of CVD-grown 1LM onto another one
or by direct CVD synthesis. The typical optical images of the
transferred and as-grown tBLMs with different  are depicted in
Figure 2a,b, respectively. Because the grain-boundary formation
is driven by growing kinetics of MoS,, the single crystalline MoS,
tends to form an equilateral triangle with specific atomic
arrangements at the edge.SI_53 Therefore, the twist angle of the
tBLMs can be determined by the relative directions of triangle
edges, " as shown in Figure 2a,b. It had shown that the LB mode
of two-dimensional vdWHs provides a direct evidence for the
good interfacial coupling between the constituents,*® therefore,
we first checked the S and LB modes of tBLM under 2.54 eV
excitation to confirm the good interfacial coupling of the
transferred and as-grown tBLMs in this study, as shown in Figure
2c¢. The 2H stacking at 6 = 60° and 3R stacking at 8 = 0° are the
first and second most stable stacking for bilayer MoS, (BLM),
and thus tBLMs tend to exhibit 3R and 2H stacking when its
twist angle is @ = 0° and @ = 60°, respectively. It was predicted
that the S mode, S,;, of 3R-stacked BLM (3R-BLM) should be at
the same peak position as that of 2H-stacked BLM (2H-BLM)
but exhibit weaker Raman intensity relative to the LB mode
compared with that of 2H-BLM,"” which had been considered as
a pathway to distinguish the 3R from 2H stacking. Indeed,
Figure 2c¢ shows that the S,; mode in the tBLM with 6 = 0°
exhibits weaker intensity relative to the corresponding LB mode
and identical peak frequency with respect to that in the tBLM
with 8 = 60°. Therefore, the tBLMs with § = 0° and 6 = 60° in
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this study are in 3R and 2H stacking, respectively. The absence
of the S,; modes in all the tBLMs with 0° < 8 < 60° suggests that
the interlayer shear coupling is not enough to produce an overall
restoring force between the two monolayer constituents, in good
agreement with the previous studies.””*® The modes, LB,,,
emerge in the Raman spectra of all the BLMs. For each
transferred tBLM studied in this work, the frequency of the LB
mode is very uniform in the whole tBLM area, which indicates
the uniformity of the interfacial coupling for the transferred
tBLMSs. This had also been confirmed by the case of BLM/
graphene heterostructures.”” The peak position of LB,; mode
(Pos(LB,;)) of 3R-BLM (~39 cm™") is smaller than that of 2H-
BLM (~41 cm™"), which is in line with the previous theoretical
results.”” This further confirms our assignments of 3R and 2H
stacking for tBLMs with 6 = 0° and 6 = 60°. Furthermore, the
LB,; modes of all the tBLMs with 0° < @ < 60° are located at the
same position (~36 cm™") and slightly smaller than that of 2H-
BLM, no matter if they are produced by the direct CVD
synthesis or wet transfer. This indicates that the interfacial LB
couplings between the two monolayer constituents of all the
tBLMs are comparable with that of 2H-BLM, which is essential
for the formation of the moiré patterns and crystallographic
superlattice in all the tBLMs to observe the corresponding
folded phonons.

Figure 2d shows the Raman spectra in the region of 60 to 240
cm™' of the tBLMs with € ranging from 9° to 49° under the
excitation energy E,, = 2.54 eV. In contrast to 1LM, the Raman
modes associated with the second-order Raman scattering of the
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Figure 3. Raman spectra of tBLMs in the region of (a) 50—365 cm™ and (b) 370—425 cm™'. Different shapes and color symbols represent the
Raman modes in different phonon branches. The Raman spectra of 1LM and 3R-BLM (@ = 0°) are plotted for comparison. (c, d) The
comparison of calculated and experimental frequencies of moiré phonons dependent on € (c) and Igl (d). The solid gray lines are the calculated
phonon frequencies by the interpolation between those along the I'-M and I'=K directions in 1LM, and the scatter symbols are the
experimental results. (e) 6- and (f) Igl-dependent frequencies of FA] mode. The error bars of Pos(FA;) are also shown. The Pos(A;) of the 3R-
BLM and other tBLMs (crossed circles) and 1LM (pink square) are also summarized in (e). The theoretical phonon dispersion of the A; mode
in 1LM along the 'K and I'-M directions (gray) are also plotted in (f). The dashed line is the phonon dispersion of the Aj-related branch
along g in 1LM. The stars represent the experimental Pos(FA;) in tBLMs with 0 ranging from 0° to 60°.

longitudinal acoustic (LA), transverse acoustic (TA), out-of-
plane acoustic (ZA), longitudinal optical (LO), and transverse
optical (TO) phonons at K and M points of BZ were observed in
the Raman spectra of 3R-BLM (6 = 0°), which can be assigned
as the second-order Raman modes, A;(M)-E”(M)™°" (~120
ecm™), E'(M)"9-LA(M) (~150 cm™), Aj(M)-LA(M) (~178
ecm™!), and TA(K) (~190 cm™).**® These modes have been
observed in other tBLMs, independent of 6, as indicated by the
vertical dash-dotted lines. Apart from these second-order Raman
modes, two series of f-dependent Raman modes are also
observed in both the as-grown and transferred samples, as
depicted by the triangles and diamonds, respectively. In
principle, these modes can be attributed to the folded phonons
of 1LM due to the presence of moiré or crystallographic
superlattices in the tBLMs. No matter which folding mechanism
is dominant in the tBLMs, the folded phonons should be from
the same physical origin. The two additional modes observed in
the range of 120—240 cm ™" with strong intensity for each sample
are in the frequency region of LA and TA branches of 1LM.
Therefore, these two additional Raman modes can be attributed
to folded LA (FLA) and folded TA (FTA) phonons of 1LM.
The peak positions of the FLA modes are summarized in Figure
2e as a function of 6, showing a mirror behavior with regard to 8
= 30°. Notably, all the FLA modes are fitted with the same full
width of half-maximum. The fitting errors in Pos(FLA) are
smaller than the sizes of symbols so they are not included in
Figure 2e,f. The maximum peak position of this serial of modes is
located at ~225 cm™!, close to the maximum frequency of LA
phonon branch, further confirming our assignment.

To figure out the physical origin of the folded phonons, we
carefully check Raman spectrum of the tBLM with 6 = 12°,
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approximate to that of the (5,7)-tBLM in Figure 1b,d. In
principle, the FLA phonons with lattice vectors in reciprocal
space corresponding to the moiré superlattice (Fji) j=1,2,..,6;i
=1, 2, 3) and crystallographic superlattice (the centers of all
small green hexagons) can be activated in the Raman spectra by
phonon folding effect, whose frequency ranges from 70 to 230
cm ™" according to the length of the lattice vectors. However,
only one peak (at ~153 cm™') from the FLA phonon is
observed, which indicates that only one LA phonon is folded
onto the zone center of monolayer constituent. According to the
phonon dispersion of LA branch along I'—K direction,™ the
frequency of the FLA mode at 153 cm™ corresponds to the
vector of 0.49 A™!, almost equal to the basic vector of moiré
reciprocal lattices (Igl) of 0.48 A™". This vector is about twice in
length as much as that of the basic vector in the reciprocal space
of crystallographic superlattice. Therefore, the LA phonon
linked with the basic vector of moiré reciprocal space is involved
in the phonon folding effect of tBLMs, while that in the
reciprocal space of crystallographic superlattice is not involved.
The LA phonons corresponding to other lattice vectors in
reciprocal space of moiré and crystallographic superlattices are
also suppressed in the Raman spectra. Based on the 6-dependent
basic vectors of moiré reciprocal lattices Igl=2bsin(6/2), the LA
dispersions along I'=K and I'=M directions can be transformed
to f-dependent LA phonon frequencies, which are plotted in
Figure 2e. The experimental Pos(FLA) are in line with the 6-
dependent LA phonon frequencies along I'-K and I'-M
directions, especially those along I'=K direction. By comparing
the Pos(FLA) with the phonon frequency along '—K direction,
the twist angle of tBLM can be estimated.
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To further understand the #-dependent Pos(FLA), we plotted
the phonon dispersion of the LA phonon branch in 1LM*° along
the I'=M and I'=K directions in Figure 2f. With the relation
between 6 and g addressed above, the phonon dispersion of the
LA-related branch along g in Figure le can be interpolated from
the LA phonon frequencies along the '=M and I'=K directions.
The detailed demonstrations of the interpolation can be found
in Figure SS. The derived g-dependent experimental Pos(FLA)
is depicted in Figure 2f by the diamonds, which is in agreement
with the calculated LA dispersion along the g trajectory. This
further confirms that the additional observed modes are the
folded LA phonons related to the basic vectors of moiré
reciprocal lattices of tBLMs. Therefore, these folded phonons
are actually the so-called moiré phonons. The invisibility of the
phonons with other vectors in reciprocal lattices corresponding
to the moiré and crystallographic superlattices may be attributed
to the incommensurate twist angle or weak electron—phonon
coupling. The phonon dispersion of FLA moiré phonons along
the g trajectory approximates to that along I'=K direction in
1LM. This indicates that the phonon dispersion of the LA
branch along the I'=K direction in monolayer constituent can be
estimated by the frequencies of the corresponding moiré
phonons in tBLMs.

In the tBLM, there are six moiré phonons for each phonon
branch, which originate from the phonons related to six basic
vectors of moiré reciprocal lattice with equal length, I';;and T'}; (i
=1, 2, 3) of the monolayer MoS, constituent, similar to those
shown in Figure 1c. We define the six moiré phonons as MP(I'};)
and MP(I'}}) (i = 1, 2, 3), respectively. If we neglect the
interlayer interaction in the tBLM, the frequencies of these six
moiré phonons of the LA branch should be degenerate and only
one Raman mode corresponding to the FLA phonon can be
observed. This is in good agreement with the Raman
experiment. Thus, the observed frequency of moiré phonons
in the tBLM is expected to show small deviation to that of the
corresponding phonons of the monolayer constituent, providing
a way to trace the corresponding phonon dispersion.

In addition to the moiré phonons related with the LA phonon
branch, the Raman modes related to the moiré phonons of other
phonon branches have also been observed, as shown in Figure
3a,b. We first assign the #-independent Raman peaks in tBLMs.
Considering the D; symmetry of the tBLM, the corresponding
irreducible representation of Raman modes at the BZ center
shouldbeI'= A, + A, + E. In order to clearly show the origins of
these Raman modes, here we denote them by the irreducible
representation of Raman modes at I in 1LM. The two
prominent peaks at about 385 and 405 cm™" in Figure 3b are
attributed to the nonfolded E and A; modes. The two modes
originate from the E’ and A; modes at I of the monolayer
constituent, therefore, the nonfolded E and A; modes in the
tBLM are denoted as E’ and Aj, respectively. In the region of
50—365 cm™, the Raman signals from 1LM are very weak. For
the 3R-BLM (0 = 0°), the E” mode (at ~284 cm™") and other
Raman modes labeled by crosses are observed. These Raman
modes are also observed in other tBLMs, whose frequency is
independent of 8. The E”(I") mode is related to the degenerate
LO and TO phonons at zone center, which is Raman active but
not present in 1LM in the back-scattering configuration. Its
observation in tBLMs can be attributed to the lower symmetry in
comparison with 1LM. Besides the second-order Raman modes
assigned above, the peak at ~268 cm™" can be assigned as the
second-order Raman modes of A}(M)-TA(M).>
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In the region of S0—365 cm™, the six series of O-dependent
Raman peaks are observed in total in the tBLMs. In addition, a
weak O-dependent peak is observed around 410 cm™' as a
shoulder on the high-energy side of each A] peak. The 6- and g-
dependent phonon frequencies of all the additional observed
modes are summarized in Figure 3c,d, respectively. The phonon
dispersion curves of 1LM along g are also included in Figure 3d,
which are interpolated from the theoretical ones of 1LM along
the '-M and I'—-K directions.”® The theory—experiment
comparison indicates that from low to high frequency, the
seven series of @-dependent Raman modes are identified as
Raman scattering from moiré phonons associated with ZA, TA,
LA, E'(TO,), E"(LO,), E'(TO,) and A] branches in 1LM,
respectively. They are folded onto the zone center and become
Raman active. Accordingly, the corresponding Raman modes
can be assigned as FZA, FTA, FLA, FE'(TO,), FE"(LO,),
FE'(TO,) and FAj, respectively, by using symmetry denotation
of 1LM. All these moiré phonons exhibit a mirror behavior with
regard to @ = 30°, similar to the FLA peaks. It should be noted
that the Raman modes related to these moiré phonons share
several common features, such as the weak intensity, narrow line
width, and 6-dependent frequency. Therefore, it is easy to
distinguish the Raman modes associated with the moiré
phonons from other phonon modes. The good agreement
between experimental frequencies of moiré phonons and
theoretical dispersion curves traced by the basic vectors of
moiré reciprocal lattice indicates that the moiré phonons can
serve as a fingerprint to determine 6 of the tBLMs.

Pos(A}) in the tBLM was found to be sensitive to its 6.*° The
observation of the FA] mode makes it possible to probe the
phonon dispersion of the Aj-related branch. We summarized the
0-dependent Pos(FA{) and Pos(A;) of tBLMs in Figure 3e. The
Pos(A}) in 1LM is also presented. Because the periodic moiré
potential in tBLMs introduces a perturbation into the interlayer
distance and thus a perturbation into the interlayer coupling
between the two constituents,*” Pos(A}) undergoes fluctuations
in tBLMs with various 6, exhibiting barely a “V-shape” behavior,
as shown in Figure 3e. Due to the presence of interlayer coupling
in tBLMs, its Pos(Aj) is larger than that of 1LM. If supposing
that the interlayer-coupling induced frequency shift of Pos(FA{)
is the same as that of Pos(A}) for the same tBLM, Pos(FA}) can
be calibrated by the frequency difference of Pos(A}) between
tBLMs and 1LM, and Pos(FA{) related with g in reciprocal
lattice of ILM can be obtained, as shown in Figure 3f along with
Pos(A{) of ILM at I. The interpolated phonon dispersion of the
Aj-related branch in 1LM along the g trajectory is also
represented in the Figure 3f together with that of the Aj-related
branch along the '=M and I'=K directions.’® When the gvector
is larger than 0.6 A™', the experimental Pos(FA}) dependent on
g is in agreement with the interpolated phonon dispersion along
the g trajectory in the BZ of 1LM. However, the experimental
data show deviations from the interpolated phonon dispersion
along g trajectory when the vector is below ~0.6 A™'.
Considering the Pos(A}) of ~403.4 cm™*’ is lower than the
calculated frequency of phonon at I', the real phonon dispersion
should decrease more sharply toward I than the interpolated
phonon dispersion when it approaches g = 0 (I'). Therefore, we
can map the real phonon dispersions of the Aj-related branch in
the monolayer constituent from the 6-dependent Pos(FA!) of
tBLMs, as indicated by the solid line in Figure 3f. The present
experimental data show that further theoretical works should
make an effort to improve the accuracy of the phonon dispersion
of the Aj-related branch close to the I" point in 1ILM.
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Figure 4. (a) The atom vibration of A] mode in AA-stacked BLM and the lattice structure of tBLM with 6 = 21.79°. The distribution of vibration
amplitude of the topmost S atoms (Ag) of the top MoS, layer related to nonfolded A] modes at (b) I and FA] modes at (c) I';;, (d) 'y, (e) '3,
(f) Ty, (g) Ty and (h) 5 in a 3 X 3 supercell of the tBLM. The Ag is normalized by the vibration amplitude of the A] mode (A$) in 1LM.
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Figure S. Raman spectra of (a) FTA, FLA, (b) E’, A}, and FA] modes of the tBLM with 6 = 41° excited by E,, from 1.83 to 2.81 eV. Each spectrum
is normalized by the intensity of its A] mode. The crosses represent the second-order Raman modes which are also observed in the 3R-BLM (6 =
0°). (c) I(FTA), I(FLA), and I(A;) as a function of E,,. The intensity of the three Raman modes is normalized by that of the Si peak at ~520
cm™ . The gray vertical lines represent the energies of A, B, and C excitons in 1LM.

In tBLMs, the periodic moiré potentials induced by moiré mode in the (1,2)-tBLM as an example. Figure 4a plots the
patterns produces the locally different interlayer registry, which schematic diagram of atom vibrations for the A] mode in AA-
are expected to impose a patterned modulation onto the lattice stacked BLM and the lattice structure of the (1,2)-tBLM with

dynamics of the moiré phonons. We employ the density 01,5 = 21.79°. Figure 4b—h shows the vibration amplitudes of
functional perturbation theory (DFPT)>* (see Methods and the topmost S atoms (Ag) of the top MoS, layer in a 3 X 3

Experiments for details) to study the effect of the patterned supercell for the nonfolded A] mode and the six FA| moire
interlayer interaction on the lattice dynamics, taking the FAj phonons in the tBLM, respectively. The Ag in the tBLM is
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normalized by the vibration amplitude of the topmost S atoms
for the A] mode (A) in 1ILM. As shown in Figure 4b, after
twisting from the AA-stacked BLM, the atom vibration of the
topmost S atoms for the nonfolded A] mode is localized at the
four corners of the unit cell of the tBLM, while for the FA] moirée
phonons, the amplitude of the S atoms at the four corners is
quite small. The atomic vibration of MP(I'j;) is more
nonlocalized in the unit cell than that of MP(T'};), and the
vibration amplitude of MP(I'};) is also weaker than that of
MP(I'};). Although the frequencies of these six moiré phonons
are degenerate to lead to one Raman mode, the vibration
amplitude distributions of each moiré phonon are strongly
modified by the local atomic environments. This implies that the
moiré patterns can impose a nanometer-scale patterned
interlayer interaction to modulate the lattice dynamics of the
moiré phonons by local atomic registries, providing a way to
manipulate the interlayer coupling in the tBLM.

In tBLGs, additional Raman modes were observed in the
Raman spectra in comparison with the monolayer constitu-
ent.**? 135393990 Geveral groups reported that these Raman
modes correspond to the phonons in the monolayer graphene
selected by the basic vector of moiré reciprocal lattice via rich
resonance effects. Furthermore, the LB modes linked with the
basic vector of moiré reciprocal lattice were also observed in the
ultralow-frequency Raman spectra.’’ In fact, based on our
analysis above, these Raman modes correspond to the moiré
phonons in tBLGs, which are induced by the phonon folding
effect in tBLGs. The Raman intensity related to these moiré
phonons exhibits significant dependence on 8 due to rich
resonance effects in tBLGs.°”°*®® However, the Raman
intensity of moiré phonons in the tBLM weakly depends on 6.
As shown in Figure 3, the Raman modes related to the moiré
phonons of all the samples with different @ are obviously
observed under E,, = 2.54 eV, quite different from the case in
tBLGs. In order to clarify whether the resonance effect exists in
the Raman scattering of moiré phonons in tBLMs, nine
excitation energies in the range of 1.83—2.81 eV were applied
to measure the Raman spectra of the FTA, FLA, and FA| modes
in the tBLM with 0 = 41°, as shown in Figure Sa,b, whose Raman
intensity is normalized by that of A] (I(A})). The resonant
Raman profiles of the A}, FTA, and FLA modes are plotted in
Figure Sc, in which the intensities of all the Raman modes are
normalized by the intensity of the Si peak at ~520 cm™ to
eliminate the effect of different efficiencies of Raman system at
different E,,. The FLA, FTA, A}, and FA| modes excited by
different E,, are fitted by Lorentizian lineshapes with the fixed
peak positions and line widths, respectively. When E,,
approaches the A (~1.89 €V) and B (~2.06 eV) excitons of
1LM, the second-order Raman peaks (the peaks marked with
crosses) are significantly enhanced via the double resonance
Raman scattering, resulting in the difficulties to distinguish the
Raman modes of moiré phonons and A mode from the second-
order Raman peaks. This can also be depicted by the increase of
fitting errors shown in Figure Sc. Thus, the resonance behaviors
of the moiré phonons with the A and B excitons are beyond this
study. As depicted in Figure Sb, FA] mode exhibits similar
resonance behavior to the corresponding nonfolded A; mode,
whose intensity is enhanced when E,, matches the energy of C
exciton. The FTA and FLA modes are also enhanced when E, is
close to the energy of the C exciton, as shown in Figure Sc. This
implies that the resonance Raman effect of moiré phonons
results from the excitonic effects.”*®” Although the Raman
intensity of moiré phonons is insensitive to 6, the proper
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selection of E,, is needed to observe Raman scattering of moiré
phonons.

As discussed above, due to the weak interlayer coupling in
tBLMs, the moiré phonons can be used to map the phonon
dispersions of its monolayer constitute. In general, by varying
the 0, the frequencies of moiré phonons related to LA and TA
phonon branches in tBLs based on 2H-TMDs approximate to
the corresponding phonon dispersion along I'=K direction in
the corresponding monolayer 2H-TMDs due to the quasi
isotropy of these phonon dispersions in the basal plane.
Conversely, the twist angle of tBLs based on 2H-TMDs can
be approximately estimated by comparing the peak positions of
FLA and FTA modes with the corresponding phonon frequency
along the I'=K direction of the monolayer constituent. The
detection of moiré phonons in twisted bilayer TMDs is not so
critical as the case in tBLGs, and only one E,, can be used to
detect all the Raman modes corresponding to the moiré
phonons in twisted bilayer TMDs with different 6 under the
resonant or near-resonant conditions. Therefore, this approach
can be applied to other types of tBLs. Besides the tBLs, twisted
multilayer 2DMs can also be prepared, such as twisted (m + n)-
layer gra\phenes.”’68 The moiré phonons related to each
constituent should also be observed in the Raman spectra,
making it possible to probe the phonon dispersion of the
multilayer constituents. Furthermore, moiré superlattices can
still be generated between the two constituents with nearly the
same lattice constant, and thus moiré phonons are expected in
these vdWHs. This study makes it possible to probe the moire
phonons in various vdWHs.

CONCLUSIONS

In conclusion, we have observed Raman modes related to moire
phonons in the as-grown/transferred tBLMs. The moiré
phonons originate from the phonons in monolayer constituents
with the basic vectors of moiré reciprocal lattices, which are
folded onto the zone center due to the modulation of the
periodic moiré potentials. Because of the weak interlayer
coupling in tBLMs, the phonon dispersions of the monolayer
constituent can be probed by the 6-dependent frequency of
moiré phonons. In addition, the moiré patterns can impose a
nanometer-scale patterned interlayer interaction, which signifi-
cantly influences the lattice dynamics of moiré phonons by local
atomic registries, as supported by the DFT calculation. The
Raman modes of moiré phonons in the tBLMs are significantly
enhanced when E,, matches to the C exciton energy, showing a
similar resonant profile to that of nonfolded Raman modes.
Because the phonon folding effect related to moiré phonons is
mastered by the basic vector of moiré reciprocal lattices, rather
than by that in the reciprocal lattices of crystallographic
superlattices of tBLs, this study can be extended to other tBLs
and the related vdWHs.

METHODS AND EXPERIMENTS

Sample Preparation. The samples are produced by direct CVD
synthesis and by wet transfer. For as-grown tBLMs, molybdenum oxide
(MoO5) powder (99.9%, 35 mg, Aladdin) and sulfur powder (99.95%,
0.4 g, Aladdin) were placed on different temperature zones, while the
Si/SiO, substrate was placed about 2—4 cm away from the MoO,
precursor in a high-temperature zone (~670°C) with a heating ramp of
15 °C/min after being cleaned. The reaction time was kept for 20—25
min under atmospheric pressure with the argon gas flow 10—20 sccm.
With the enhanced gas stream (15—20 sccm), the proportion of BLM
was increased. After the growth, the furnace was cooled to the room
temperature. For the transferred samples, the 1LM was first produced
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by CVD using similar process as described above. However, the S
powder was placed at the upstream side 13 cm from the MoO; powder,
while the SiO,/Si substrate was placed upon the crucible containing
MoO; powder. The CVD process was performed under ambient
pressure, controlled ultrahigh-purity Argon gas. The recipe is kept at
105 °C, 500 sccm gas flow for 1 h, ramped to 775 °C with 15 sccm gas
flow in 44 min, kept at 775 °C with 15 sccm gas flow for 10 min, and
then naturally cooled down to room temperature. After that, the 1LM is
transferred onto another piece of 1LM by wet transfer.” All the
transferred samples were annealed after the transfer process to remove
the residues from samples during transferring.

Raman Measurements. Raman spectra are measured at room
temperature using a Jobin-Yvon HR800 micro-Raman system equipped
with a liquid-nitrogen-cooled charge couple detector (CCD), a X100
objective lens (numerical aperture = 0.90). The excitation energies are
2.54 and 2.71 eV from Ar* laser; 1.83, 2.18, 2.34, and 2.41 eV from Kr*
laser; 1.96 and 2.09 eV from He—Ne laser; and 2.81 eV from He—Cd
laser. The 1800 lines/mm grating is used in the Raman measurements,
which enables each CCD pixel to cover 0.62 cm™ at 2.54 V. A typical
laser power of 0.3 mW is used to avoid sample heating.

Density Functional Theory Calculation. Density functional
theory calculations were performed using the generalized gradient
approximation for the exchange—correlation potential, the projector
augmented wave method,’”’ and a plane-wave basis set as
implemented in the Vienna ab initio simulation gackage (VASP).”!
Density functional perturbation theory (DFPT)*" was employed to
calculate phonon-related properties. Vibrational frequencies and
amplitudes at the I' point were calculated using VASP with the
DFPT method. The phonon dispersion relations were computed using
the Quantum Espresso (QE) code”” with the ultrasoft pseudopoten-
tials”>"* for describing ion—electron interactions, while other details
are the same as those in the VASP calculations. The kinetic energy
cutoff for the plane-wave basis set was 400 eV for all calculations. A k-
mesh of 9 X 9 X 1 was adopted to sample the first Brillouin zone of the
tBLM with 6 = 21.79° in both geometric optimization and phonon
calculations. In structural optimizations, van der Waals interactions
were considered under the framework of the vdW-DF method”>”® with
the optB86b exchange functional.”””® The vacuum thickness was set
large enough (17 A) in the z-direction to avoid interactions between
periodic sheets of tBLMs. The shape (in-plane lattice parameters) of
each supercell was fully optimized, and all atoms in the supercell were
allowed to relax until the residual force per atom was <0.001 eV/ A. The
amplitude distributions of the A] and FA| modes were interpolated by
vibrational amplitudes of sulfur atoms in the two outmost sulfur layers.
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