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ABSTRACT: In twisted van der Waals (vdW) bilayers, intrinsic strain
associated with the moiré superlattice and unintentionally introduced
uniaxial strain may be present simultaneously. Both strains are able to lift
the degeneracy of the E,; phonon modes in Raman spectra. Because of
the different rotation symmetry of the two types of strain, the
corresponding Raman intensity exhibits a distinct polarization depend-
ence. We compare a 2.5° twisted MoS, bilayer, in which the maximal
intrinsic moiré strain is anticipated, and a natural MoS, bilayer with an
intentionally introduced uniaxial strain. By analyzing the frequency shift
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of the E,; doublet and their polarization dependence, we can not only

determine the direction of unintentional uniaxial strain in the twisted bilayer but also quantify both strain components. This simple
strain characterization method based on far-field Raman spectra will facilitate the studies of electronic properties of moiré
superlattices under the influence of combined intrinsic and external strains.
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S train engineering plays a key role in tuning the properties
of epitaxial materials in general." In atomically thin van der
Waals (vdW) materials, strain tuning can be particularly
effective because these materials are often mechanically strong
and highly sensitive to external stimuli (e.g., electric field and
doping),”” including strain. In the case of transition metal
dichalcogenides (TMDs), strain engineering has been applied
to modify band gaps* and valley polarization,” to induce the
exciton valley Hall effect,’ to engineer phonon dispersion,”™”
and to define locations of quantum emitters.'’”'* An exciting
development in the field of vdW quantum materials is the
realization that moiré superlattices (MSLs) can be used as a
versatile platform to realize correlated electronic phases'®™ "
and photonic functionalities.'® Formed by vertically stacking
two thin layers with either different lattice constants or a
precisely controlled twist angle, a periodic pattern of atomic
alignment between the two layers leads to in-plane supercells
of sizes ranging from a few nanometers to a few micro-
meters."’~"” In mechanically stacked MSLs, extrinsic and
intrinsic moiré strains may coexist and cause different
modifications to electronic bands and phonon properties.*’
Here, we establish a method for quantifying both intrinsic
and extrinsic strains in a twisted MoS, bilayer. We use
polarization resolved Raman spectroscopy to characterize
strain in a series of twisted MoS, bilayers prepared with a
standard tear-and-stack method that allows the twist angle to
be controlled with an accuracy better than 0.1°.>" The 2-fold
degenerate E,; mode splits into a Ej, and E;, doublet, which
can be used to quantify the strain. The distinction between the
intrinsic moiré strain and an extrinsic uniaxial strain introduced
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unintentionally in the bilayer is reflected in the polarization
dependence of the Raman intensity. Due to the 3-fold
symmetry in MSLs assembled from two hexagonal monolayers,
the intrinsic moiré strain possesses the same 3-fold symmetry.
Correspondingly, the intensity of the E,, doublet is isotropic;
i.e, it does not change with the polarization of an analyzer in
the detection path. In contrast, an extrinsic uniaxial strain
stretches a bilayer in a particular direction, leading to a 2-fold
symmetry and anisotropy in the polarization-dependent
intensity of the E,, modes.”>** By fitting the split E,; modes
and their polarization patterns, we can quantify both types of
strain and determine the direction of the extrinsic uniaxial
strain. Because of the relative simplicity of the far-field Raman
measurements, this approach is broadly applicable to evaluate
strain in vdW bilayers with ~1 pm spatial resolution, thus
providing a convenient characterization method useful for
guiding strain engineering of vdW materials in general.
Because of the varying interlayer coupling and strain at
different twist angles, the evolution of the lattice reconstruction
at small twist angles can be categorized into three different
regimes.24 In TMD homobilayers, such as MoS,, there is a
substantial lattice reconstruction in a surprisingly large range of
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twist angles. In the relaxed regime (0° < 0 < 2°), triangular
domains with the energetically favorable AB (BA) stacking (or
3R stacking)”>”® are separated by sharp domain walls with
energetically unfavorable AA stacking sites as topological
defects.”’ Beyond 0 = 2°, the MSL enters the transition regime,
where the boundary between the domains becomes blurry.
Finally, the twisted bilayer reaches the rigid regime at large
twist an%les (0 > 6°) with minimal lattice distortion in each
layer.”**® In the following, we focus on a MoS, bilayer with a
twist angle € = 2.5°, where the intrinsic moiré strain is close to
its maximum according to our previous study.”* In the
Supporting Information, we include measurements from a
series of twist bilayers with twist angles ranging from 0° to 20°
to demonstrate a systematic evolution of intrinsic moiré strain
as manifested in Raman spectra.

Without considering lattice relaxation, the local atomic
stacking in an MSL is determined by rotating pristine two-
dimensional (2D) lattices. In the case of a 2.5° twisted MoS,
bilayer, a hexagonal superlattice pattern forms (see Figure 1a).
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Figure 1. Atomic reconstruction of moiré superlattice in MoS,
twisted bilayers. (a) Schematics of atomic stacking of rigid lattices
with a twist angle of 2.5°. (b) Relaxed moiré superlattice with a twist
angle of 2.5°. Local atomic alignments are shown at three locations,
corresponding to a topological defect (AA), a domain center (AB),
and a domain wall or saddle point (SP). (c) Schematic diagrams of
local high-symmetry stacking configurations. AB and BA stackings are
equivalent except for an inversion along the z direction. For AB (BA)
stacking, S (Mo) atoms are directly on top of Mo (S) atoms, and the
other Mo and S atoms are at the center of the hexagon. For AA
stacking, all Mo (S) atoms of one layer are directly on top of Mo (S)
atoms of the other layer. For SP stacking, it is an intermediate
configuration between AB and BA stacking. This arrangement is
characterized by the alignment of all the S atoms and also all the Mo
atoms in the armchair direction, as indicated in the top view. (d)
Distribution of the interlayer energy corresponding to the relaxed
moire superlattice with a twist angle of 2.5°.

However, driven by the relatively strong interlayer coupling at
small twist angles,””*”*" the twisted bilayer reconstructs to
reduce the interlayer stacking fault energy while incurring a
penalty of strain and a corresponding increase in the strain
energy. The lattice reconstruction minimizes the sum of the
interlayer energy and the strain energy, resulting in a regular
triangular pattern with three distinct types of local high-
symmetry stacking configurations: AA, AB (BA), and domain
walls (saddle point, SP) that separate the AB and BA regions
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(see Figure 1b, c). After lattice reconstruction, the distribution
of the interlayer energy exhibits a triangular pattern (Figure
1d) similar to that calculated via a continuum model (see
section III in the Supporting Information).

The lattice reconstruction induces a spatial distribution of
shear strain in the twisted bilayer, as shown in Figure 2a for a
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Figure 2. Shear strain in a moiré superlattice leading to splitting of the
E,, phonon. (a) The effective shear strain distribution in a moiré
superlattice formed by a MoS, bilayer with a twist angle of 2.5°
(upper panel). Top view of an unstrained MoS, monolayer (lower left
panel) and the distorted MoS, lattice under a shear strain (lower right
panel). The lower panels illustrate lattices at two locations: a red circle
along the domain wall and a yellow star at the center of a domain.
Arrows show the relative displacements of Mo and S atoms. (b)
Representative Raman spectra measured from MoS, bilayers with
different twist angles: 0, 2.5, and 20°. The E,, mode splitting is clearly
observed from the bilayer with a twist angle of 2.5°. Atomic motions
corresponding to two phonon modes Ag and E,, are illustrated as an
inset.

2.5° twisted MoS, bilayer calculated by using the continuum
model. Closer examination of the local atomic structure reveals
conserved hexagonal symmetry of the MoS, lattice in the AA
and AB domains without shear strain (marked by a yellow star
in Figure 2a), while the hexagons become distorted at the
domain walls due to shear strain (marked by a red circle,
Figure 2a). In the distorted lattice structure, shear strain breaks
the hexagonal symmetry with lattice elongation in one of the
armchair directions and simultaneous lattice contraction in the
perpendicular zigzag direction (Figure 2a).

Raman spectroscopy is an effective technique for probing
symmetries and strain in 2D materials, particularly through the
2-fold degenerate E,, mode.””*! In the presence of a 2D strain
tensor ¢;, the 2D secular equation for Raman spectra takes the
form

pe. + qe, — 1 2re,,

2re,, pe, + e, — A 1)
where (p, q, r) are three components of the phonon
deformation potential, 1 = @* — 0§ & 2w,Aw, w, is the
frequency of the optical phonons in the absence of strain, and
Aw is the frequency shift.”> Solving eq 1, we obtain two
eigenvalues and the corresponding frequency shifts:
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Due to the Dj, symmetry of the MoS, monolayer, the
frequency shifts under a pure shear strain (e,, = €, €., = €,, =
0) are equivalent to those under a biaxial strain of equal and
opposite components (&, = €, £, = —¢, &, = 0). Thus, we
must have 2r = p — ¢, and there are only two independent
components of the phonon deformation potential in 2D. With

this relation, the frequency shifts can be rewritten as

+ —
Aw,, = p qem + p quf
’ 20, 4, ° 3)
where &, = (g, + €,)/2 is the 2D mean strain, and
Ve = +) (B — Syy)2+48;, is the effective shear strain in 2D.

Correspondingly, the Griineisen parameter and the shear
deformation potential are
1 0w ptq

2w, Ot 4wg (4)

B = 20w | _lp—d
Wo | Ny 2w ()

Thus, the frequency shifts in terms of the Griineisen
parameter and the shear deformation potential are

1
Aw, ,=—2wyae, + Ewoﬁye " ©)

Based on eq 6, we anticipate that the E,, peak splits into a
doublet once the intrinsic shear strain in the twisted bilayer
reaches a certain magnitude. To experimentally probe and
understand the intrinsic moiré strain through E,; modes, the
high-frequency Raman spectra from samples with twist angles
of 0, 2.5, and 20° are shown in Figure 2b. Two dominant
Raman modes in MoS, are attributed to the E,, and A,
modes™ that correspond to in-plane and out-of-plane atomic
motions as illustrated in the inset of Figure 2b. While the A,
mode exhibits only a slight shift as a function of the twist angle,
the E;; mode undergoes a significant change. The E,;, mode
exhibits a single resonance with a narrow line width in both the
0 and 20° bilayers. In contrast, the E,, mode in the 2.5° bilayer
splits into a doublet, E3; and E,,. By fitting the data with two
Lorentzian functions, the splitting is extracted to be 3.2 + 0.2
cm™!, which indicates a sizable moiré strain in this bilayer. We
also include measurements from another sample with
nominally the same twist angle @ = 2.5° to demonstrate the
reproducibility (section V in the Supporting Information).

A natural question arises: how does one disentangle
splittings due to intrinsic moiré strain caused by lattice
reconstructions from an extrinsic strain often unintentionally
applied to the bilayer? The key difference lies in the symmetry
of the strain distribution. Due to the 3-fold symmetry in a
MSL, Raman spectra taken over a laser spot of diameter ~1
p#m would average over multiple supercells with domain walls

oriented along three different directions, leading to an isotropic
intensity of the E,; mode. By contrast, an additional, extrinsic
uniaxial strain in the 2.5° twisted bilayer results in an
anisotropic polarization-dependent intensity of the E,,
modes. The domains are smaller than the laser spot size.
While we anticipate some variations of the strain between
different domains, such variations are likely smooth and
gradual. We confirm the sample’s spatial uniformity by taking
the Raman intensity map of low-frequency shear and breathing
modes (section VI in the Supporting Information).

A series of polarization-resolved Raman spectra are taken on
both the 2.5° twisted bilayer and a natural bilayer with an
intentionally introduced uniaxial strain, as shown in Figure 3.
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Figure 3. Comparison between polarization-resolved Raman spectra
taken from a MoS, twisted bilayer with a twist angle of 2.5° and a
natural MoS, bilayer subject to an externally applied uniaxial strain.
Raman spectra when a polarizer in the path of the incident light is
rotated from colinear to cross-linear polarization w.r.t. the analyzer
polarization measured from (a) the 2.5° twisted bilayer and (b) the
natural bilayer subject to an external uniaxial strain. The spectra are
collected every 10°. The insets illustrate the main method of
introducing strain via (a) intrinsic moiré and (b) uniaxial mechanical
strain, respectively (additional details in the Supporting Information).
Normalized polar plots of spilt E,, modes from (c) the 2.5° twisted
bilayer and (d) the strained natural bilayer.

In the 2.5° bilayer, the intensity of the A;; mode shows a
drastic change with incident light polarization, owing to its
scalar matrix of Raman tensor.””>* In contrast, there are only
minimal intensity changes observed for the E,, doublet (Figure
3¢, d). Since the E,; doublet reacts more sensitively to strain,
we extract the intensities of the E;, and E;, contributions as a
function of incident light polarization (Figure 3¢, d). The polar
plot features an elliptical shape with a long (D) and a short (d)
axis. In the case of a natural bilayer with an intentionally
applied uniaxial strain, the lattice is elongated along a specific
direction. Polarization-resolved Raman spectra, taken on such a
strained bilayer, were subjected to a uniaxial strain of 1.4% (see
section I in the Supporting Information), and they exhibit clear
2-fold symmetry in the intensity of both the Ej; and E3; modes
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Figure 4. Strain analysis based on polar-Raman spectra. (a) The shear strain in a twisted bilayer is equivalent to a biaxial strain of equal and
opposite components in the 45° rotated directions, treated as a superposition of two uniaxial strains in perpendicular directions. Here, y represents
the shear strain. The polarization of the incident and scattered lights, represented by vectors ¢; and e, deviate from the strain directions by angles y,
and ¥, and ¢, and ¢,, respectively. (b) Polar-Raman plots of different strain states: a uniaxial strain (left), superposition of a shear strain and a
uniaxial strain (middle), and a shear strain (right). The symbols d and D represent the short and long axes, respectively, of the polar plot.

(Figure 3d). The intensity of the E;'g mode becomes maximal
(minimal) when the polarization of incident light is parallel
(perpendicular) to the direction of uniaxial strain.

The distinct polarization patterns between the uniaxial strain
and the intrinsic moiré strain allow us to disentangle different
types of strain in the twisted bilayers. Evidently, the evolution
of the E,, modes with polarization direction (Figure 3c) shows
that the intensity of the E,, modes is not strictly isotropic,
suggesting that an additional extrinsic strain coexists with the
intrinsic moiré strain. To quantify both strains in the twisted
MoS, bilayers, we first consider a twisted bilayer with no
extrinsic strain. In this idealized case, the shear strain
dominates (7), as illustrated in the left panel of Figure 4a.
The shear strain is equivalent to a biaxial strain of equal and
opposite components if we rotate the reference coordinates by
45° (the middle panel of Figure 4a). The biaxial strain can be
treated as a superposition of two mutually perpendicular
uniaxial strains (right panel of Figure 4a). This superposition
can be observed in the polarization-resolved Raman spectra.
Therefore, the polarization dependence in the case of shear
strain can be determined by superimposing the polarization
dependence due to two mutually perpendicular uniaxial strains.
The upper right panel of Figure 4a shows a hexagonal lattice
under a uniaxial tensile strain (¢, = y/2) at an angle 8, with
respect to the x-axis, while the lower right panel shows the
lattice under a uniaxial compressive strain (&, = —y/2) at an
angle 6, = 6, + 90° with respect to the x-axis. The polarizations
of the incident and scattered light are represented by vectors ¢
and e, respectively, with the angles between ¢ (e;) and the
uniaxial strain directions denoted by w; and y, (¢, and ¢,).

Each uniaxial strain leads to a polarization-dependent
intensity of the E,; modes:*

IE;g(e)  dy* cos*(¢p + w+30) %

IE;g(E) (¢4 doz sin2(¢ + l//+30) (8)
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where @ is the angle between the direction of the uniaxial strain
and the x-axis and y (@) is the angle between ¢; (e,) and the
uniaxial strain, and d, represents the magnitude of the intensity
due to the uniaxial strain.

By superimposing the intensities of the E,, modes due to the
two mutually perpendicular uniaxial strains (¢, = y/2 and ¢, =
—y/2), we obtain the intensities due to the equivalent shear
strain as

IE;g(Y) = IE;E(%) + IE;g(ez) x dy* (9)
IE;g(Y) = 1553(61) + IE;g(ffz)  dy’ (10)

which exhibit no polarization dependence for either mode.
Therefore, the intrinsic shear strain in the twisted bilayer
would lead to an isotropic Raman intensity for the E,, modes.

Next we consider a MoS, bilayer combining both extrinsic
uniaxial and intrinsic moiré strains. The intensities of the E,,
modes are obtained by superposition as

Iy, = Igg (v) + Iy (6) o d] + d; cos’(h + y+30,)

(11)
IE;g = IE;g(V) + IE;g(e) x d}% + df sin2(¢ + w+36,)

(12)

where d; and d; represent the magnitudes of the intensity due
to the intrinsic shear strain (y) and uniaxial strain (g),
respectively. 6, is the angle between the direction of the
uniaxial strain and the x-axis. Since the polarization-dependent
Raman spectra reflect a combination of the intrinsic shear
strain due to twist and the unintentionally introduced uniaxial
strain, the ratio between the short and long axes of the polar
plot (d/D) characterizes the ratio between the intensities due
to the two types of strain. In Figure 4b, the left panel
represents the case of a uniaxial strain (y = 0, d/D = 0), and the
right panel represents the case of an intrinsic shear strain (¢ =
0, d/D = 1). The middle panel represents an intermediate case
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when the twisted bilayer is under combined shear (intrinsic)
and uniaxial strains (0 < d/D < 1). From the measured
polarization dependence in Figure 3¢, we obtain a fitted d/D
value of 0.91, which indicates that the 2.5° bilayer is primarily
subject to an intrinsic shear strain with a small unintentional
uniaxial strain contribution.

Examining the polarization dependent intensities of the two
E,; modes (Figure 3c) it is possible to extract both the
direction and the magnitude of the uniaxial strain in a moiré
superlattice. The direction of the uniaxial strain corresponds to
the long (short) axis in the polar plot of the E}, (E5,) mode. As
shown in Figure 3c for the 2.5° twisted MoS, sample, the short
axis for the E5; mode lies in the direction with an angle of ~70°
from the x-axis, which reveals the direction of an unintentional
uniaxial strain in the twisted bilayer.

To further quantify the uniaxial strain in the 2.5° twisted
MoS, sample, we calculate the mean strain and the effective
shear strain using the measured frequency shifts for the E,,
modes (Figure 2b). Based on eq 6, we obtain

_ AotAwe,
T o (13)
and
_ Aw-Aw,
Yt = wf (14)

We take the Griineisen parameter a = 1.1 and the shear
deformation potential f = 0.78 for MoS, based on previous
studies.”” The presence of a single E,yg peak in the 0° sample
suggests that the strain in this sample is minimal if any.
Therefore, we take @, = 384.7 cm™" from this single Eyg peak.
For the 2.5° twisted MoS, sample, the frequency shifts of the
doublet are Aw,, = 0.78 and —2.37 cm™". Then, using eqs 13
and 14, we obtain the mean strain ¢, = 0.00094 and the
effective shear strain .4 = 0.0105.

Since the mean strain due to the intrinsic shear strain
vanishes, the nonzero contribution must result from the
presence of an extrinsic uniaxial strain as revealed by the
elliptic polar plot. The magnitude of this uniaxial strain is thus
estimated as €, = 2¢,, = 0.0019 (or 0.19%). The effective shear
strain ¥.¢ includes contributions from both the uniaxial strain
and the intrinsic moiré strain. If we assume a simple
superposition of the two effective shear strains, we obtain
the intrinsic moiré strain as Y. = Ve — £, = 0.0086 (or
0.86%). The value of the intrinsic moiré strain agrees well with
our numerical calculations (y, = 0.88%; see section III in the
Supporting Information). While the magnitude of the uniaxial
strain is small compared to the intrinsic moiré strain, its
presence is clearly observable in the polarization dependent
intensities of the E,, modes (Figure 3c). Remarkably, the ratio
between the short and long axes of the polar plot can be
correlated with the relative magnitudes of strain as

d/D = /1 = 2¢,/y, for the 2.5° twisted MoS, sample as
well as the two theoretical limits with d/D = 0 and 1 for a
uniaxial strain and a pure shear strain, respectively.

In summary, we demonstrated that the polarization-resolved
Raman spectra of E,, modes can be used to quantitatively
assess both the intrinsic moiré strain and an unintentionally
introduced uniaxial strain in a twisted MoS, bilayer. Both types
of strain locally break the hexagonal symmetry of the crystal,
causing a splitting of the E,, mode. By analyzing the
polarization dependence and the frequency shift of the E,,

doublet relative to the 0° sample, one can thus disentangle and
quantify both the intrinsic moiré strain and the extrinsic
uniaxial strain that may vary from sample to sample. Within the
Raman spot size, the different directions of the intrinsic moiré
strain average out, yielding an isotropic signal, while uniaxial
strain features a clear directional dependence. Such a
quantitative strain characterization method enables effective
control of the rich ground states of MSLs including
superconductivity and correlated insulator states.”****
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