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Abstract

Band nesting occurs when conduction and valence bands are approximately equi-
spaced over regions in the Brillouin zone. In two-dimensional materials band nesting
results in singularities of the joint density of states and thus in a strongly enhanced opti-
cal response at resonant frequencies. We exploit the high sensitivity of such resonances
to small changes in the band structure to sensitively probe strain in semiconducting
transition metal dichalcogenides (TMDs). We measure and calculate the polarization-
resolved optical second harmonic generation (SHG) at the band nesting energies and
present the first measurements of the energy-dependent nonlinear photoelastic effect in
atomically thin TMDs (MoSa, MoSe2, WSy, and WSey) combined with a theoretical
analysis of the underlying processes. Experiment and theory are found to be in good

qualitative agreement displaying a strong energy dependence of the SHG, which can



be exploited to achieve exceptionally strong modulation of the SHG under strain. We
attribute this sensitivity to a redistribution of the joint density of states for the optical
response in the band nesting region. We predict that this exceptional strain sensitivity

is a general property of all 2D materials with band nesting.
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Introduction

The unique electronic, optical, and mechanical properties of atomically thin crystals con-
tinue to attract considerable interest motivated in part by both fundamental aspects of
low-dimensional physics and future technological applications. The novel properties of these
two-dimensional (2D) materials constitute a versatile playground for material science and
provide new opportunities for device development. One of their outstanding physical proper-
ties is the strong electron-photon interaction: a single transition metal dichalcogenide (TMD)
monolayer can absorb up to 20% of light in the spectral region of the so-called C-exciton.?
This strong absorption is attributed to singularities at critical points in the joint density of
states (JDOS) whose signature are nearly constant energy spacings between the conduction
and the valence bands that vary little over extended regions of the Brillouin zone, an effect
also known as band nesting.??3

In addition to strong photoabsorption, atomically thin crystals exceed their bulk coun-
terparts also in their high tolerance to strain. While bulk silicon breaks at around 1.5%
strain,? 2D crystals can sustain extremely high levels of strain® of up to 25%. Strain strongly
changes material properties enabling strain engineering to tailor device properties:® homo-
geneous strain in TMDs modulates the bandgap,” softens or hardens phononic modes,® and

changes the electron-phonon-coupling.® Even more intriguing effects appear in inhomoge-



0 excitons funnel

neously strained 2D materials: pseudomagnetic fields emerge in graphene, !
along strain gradients, ! and single-photon emitters form in WSe, and WS,. 12717 While some
devices such as highly efficient solar cells'® and single photon sources!® exploiting inhomo-

geneous strain have been proposed or already realized, many of the above effects still remain

to be fully explored.
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Figure 1: a) Band nesting leads to a peak in the optical response at resonance frequency
wr = Qr/n. Left: bond stretching lowers wgp. Right: deformation of bonds changes the
absorption strength and width. b) Band structure and c) strained joint density of states

JDOS(Q2) of MoS,. d) Calculated second harmonic response | 2, (w)| in armchair-direction
of MoS, and MoSe, under varying uniaxial tensile strain.

Previous investigations have emphasized the effect of strain on the lower-lying A and
B excitons in 2D semiconductors near band maxima or minima at the K point.?* 2?3 For
some materials, recent studies found a high strain sensitivity at a fixed energy close to
the C-exciton using second harmonic generation (SHG),?4% a nonlinear process where two
photons of frequency w are converted into one photon of frequency 2w. However, little is

known about the strain-dependence of the band nesting resonance.



In this letter we provide the first microscopic explanation for the strong strain dependence
of SHG in two-dimensional semiconductors for which, until now, only phenomenological de-
scriptions are available.?* We identify band nesting as the origin of the extraordinary strain
sensitivity, and thus provide the means to optimize strain sensitivity by probing at the ap-
propriate resonant energies. Our results demonstrate that the impact of band nesting on the
light-matter interaction in two-dimensional materials can be of similar importance as the
well-known enhanced excitonic interaction. We verify our approach by measuring and sim-
ulating the second-order response of four different semiconducting TMDs MX, (M=Mo,W;
X=S,Se) around the band nesting energies. The good qualitative agreement between theory
and experiment found lends support to the proposed scenario governing the strain depen-
dence. We expect our findings to be valid for any order of optical response and any 2D

material featuring a band-nesting region.

Strain dependence of the optical susceptibility

The n'"-order optical response to a monochromatic light field with frequency w is given by the

(n)

i]l"‘jn,

connected to the joint density of states JDOS(Q) o< Y .y [5, 0 (ec(k) —ev(k) — 7Q) dk.

susceptibility tensor y (w), where ij; - - - j, denote cartesian directions. It is intimately

The JDOS is a measure of accessible transitions at frequency €2 between the valence (V')

and the conduction (C') bands with dispersion relation ey (k) and (k) [Fig. 1(b,c)|. Both
(1)

the linear susceptibility x;; (w) as well as higher-order response functions are proportional

to the JDOS, specifically

() (w) o< JDOS(22 = nw) (1)

X’Uljn

[see Supporting Information (SI)|. Band nesting appears when the valence and the con-
duction bands run in parallel over an extended region in the Brillouin zone enhancing the

number of state pairs between which transitions at a given frequency (g thereby become



possible. In two dimensions, this results in singularities in the JDOS at such frequencies {2y

(n)

leading to resonant enhancement of the optical response Xijrjn (w) when nw = nwr = Qg.
Finite lifetimes of the states and closely spaced neighbouring resonances lead to a finite width
of the resonance in the optical response.

Upon straining a 2D crystal two effects appear near resonances due to band nesting: (I)
bond stretching may reduce the energy difference between conduction and valence bands,
reducing wg [left inset of Fig. 1(a)|, and (II) the deformation of bonds will affect the peak
height and width [right inset of Fig. 1(a)]. A combination of the two effects results in a

substantial material- and energy dependent change of the optical response with strain when

the second harmonic of the driving laser is resonant with the band nesting energies 2w = 2wg.

(© — D=1

Figure 2: (a) Illustration of the three-point bending technique and SHG process. Polar
plots of the SHG signal [ ‘(lz)(go) emitted with polarization collinear to the polarization of the
driving laser with strain €, in a-direction: (b) typical angular resolved SHG signal (red)
together with the envelope function (black) with its extrema (A 4 B)? (green/blue) and the
total intensity (red area) I*°*. ¢) SHG for different values of the distortion D.

To identify such a response in our experiments, we will focus on the second-harmonic
generation (SHG) by a laser of frequency w described by ij,)g (w) which is strongly enhanced

by band nesting.?¢ The advantages of using SHG are that it is very sensitive to inversion



symmetry breaking and that driver and signal can easily be distinguished in the experiment
since the response is measured at a frequency different from the driving frequency. As
an example of the strain response as described above we consider the evolution of the z-
component X;(,fp)x (w) of the second harmonic tensor under strain at fixed w for different TMDs,
see Fig. 1(d): (I) tensile strain reduces wg, red-shifting the peak and increasing (decreasing)
|X:(Ei)z(w)| for w < wgr (w > wg). By contrast, (II) the change in resonance height (and width)
is material specific: for MoSes, a decrease of the amplitude | ng)x(wﬂ with increasing strain
reduces | 2, (w)| on both sides of the resonance. Both effects combined lead to a strong
decrease of |Xg;)x(w)| on the falling slope of the band nesting resonance (w < wg), while
there is almost no change in the response on the rising slope. Conversely, for MoS,, the
amplitude | X;(,;Qw)w(wRﬂ increases with strain yielding a prominent increase of | 2, (w)| with
strain for frequencies below the band nesting resonance. We find similar systematics for the
other tensor components of XEJZ;)C [see SI|. A high strain sensitivity of the SHG signal thus
emerges on the rising or falling slopes of band nesting peaks giving an intuitive understanding
of how the sensitivity of strain measurements using SHG can be optimized by choosing a
suitable w.

We use the symmetries of the crystal to reduce the description of the strained TMD
crystal from the susceptibility tensor to two parameters which we will refer to in the remain-
der of the discussion. The SHG signal in the pristine TMD monolayers follows the P6m2
space group (point group Dsj). The SHG signal emitted with polarization collinear to the
polarization of the incoming laser as a function of the polarization angle ¢ (¢ = 0 defines
the z-direction) features a sixfold pattern in the strain dependent second harmonic intensity
I‘(|2)(<p) o cos (3(¢ — 8))?, where § defines the armchair direction of the hexagonal lattice
relative to ¢ = 0. The maxima correspond to the armchair directions (¢ — §) = 2nn/6,
n = 0...5 (with maximally broken inversion symmetry) while the intensity vanishes along
the zigzag directions (¢ —9) = (2n+1)7/6 [Fig. 2(b)| for which inversion symmetry prevails.

Uniaxial strain distorts the angle-dependence of the SHG intensity. It can be described in



terms of the parameters A and B giving the strength of the D3j, symmetry-preserving (A)

and the symmetry-broken (B) contribution to the intensity 22

2

117 () o< (A(T) cos (3( — 8)) + B(T) cos (20 + ¢ — 3))", (2)

where 6 gives the strain direction relative to ¢ = 0 and @ is the strain tensor. We parame-

terize the effect of symmetry-breaking strain on SHG by two new parameters

P“:/mwM¢:ﬂﬂ+B% (3a)
_ (A+B)?
D_m. (3b)

The total intensity of the emitted SHG signal I'*°* [Fig. 2(b)| gives the peak shape of the
second harmonic signal. The distortion D is the ratio of the extremal values of the envelope
function of the SHG (A + B)?. Tt reflects the degree of symmetry breaking and can be used
as a measure for the sensitivity of the SHG to strain. D > 1 (D < 1) if the envelope of

the intensity in strain direction (A + B)? is larger (smaller) than in the orthogonal direction

(A — B)? [see Egs. (3) and Fig. 2(b,c)].

Results and discussion

To explore the sensitivity of the band nesting region in 2D materials to strain we measure
and calculate the energy and strain dependent SHG in the four prominent semiconducting
TMDs MoS,, MoSey, WS, and WSey. We apply uniaxial strain to a monolayer and record
the second harmonic intensity [|(|2) emitted with polarization collinear to the polarization
of a linearly polarized laser with energies tunable around the C-exciton [Fig. 2(a)]. In the
accompanying simulation we calculate the second-order harmonic tensor,?” with energies and
dipole matrix elements derived from DFT.? In Fig. 3 we present the wavelength and strain

dependent results for MoS, (D > 1) and MoSey (D < 1). We restrict our discussion to those
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Figure 3: Experimental (left) and theoretical (right) total SHG intensity I'°* = 7(A? + B?)
and distortion D = (A + B)?/(A — B)? for MoS; (top) and MoSe; (bottom) at measured
and calculated strain values (see legend). Solid vertical lines mark the resonance frequency
wr = Qgr/2. D is plotted in the vicinity of wg in scaled units (shaded area in theory shows
the corresponding energy range, for the experimental data the energy scale and peak width
scale coincide). The insets show one typical angular resolved SHG signal at an energy where
strain has a large effect (marked by dashed vertical line), with ¢ = 0 fixed to the direction
of strain (see SI for data at additional energies). Different lattice orientations w.r.t. the
direction of strain result in rotated and deformed angular resolved patterns.



two materials for the sake of brevity, results for WS, and WSe, showing a similar behavior
to MoS, can be found in the SI (Fig. S1).

We find good qualitative agreement between theory [Fig. 3, right column] and experiment
[Fig. 3 left column|. Uniaxial strain leads to an energy dependent distortion that strongly
affects the second-order response for all investigated TMDs. The distortion monotonically
and substantially increases with strain showing the increasing degree of symmetry breaking
of the strained lattice. The measured distortion for MoSs reaches maximal values of D = 2.5
at a strain of ~ 0.6% leading to a strongly distorted angle resolved polarization response as
shown in the circular insets of Fig. 3. MoSey also shows a strongly distorted angle resolved
polarization response, yet we find a distortion D < 1. Both results confirm that strain has
a particularly strong influence on the optical response in the band nesting region.

While our simulations are capable of reproducing the experimentally observed overall re-
sponse of the SHG to strain, there remain some differences between theory and experiment:
(i) the structures as a function of w observed in both I'*** and D are considerably broader in
the experiment than in theory (compare the peak width in SHG intensity in Fig. 3). We at-
tribute this to interaction-induced broadening where temperature effects play an important
role. The experiment was conducted at room temperature whereas the calculations assume
0 K and therefore neglect broadening due to electon-phonon interactions.?® (ii) There is a
shift between the resonant frequencies wr = Qg /2 in experiment and theory, in line with the
well-known shortcoming of DFT in predicting conduction band energies in semiconductors?’
(see SI for a more detailed discussion). Changing the frequency axis to the dimensionless
universal frequency scale near a resonance, (w — wg)/(Frwnm/2), allows for a qualitative
comparison of the evolution of the distortion with strain around the C-exciton resonance be-
tween experiment and theory (see distortion plots in Fig. 3). (iii) The absolute magnitude
of the distortion is underestimated in the calculation. We attribute this partly to the un-
derestimation of elastic properties in DFT.3! Additionally, the renormalization of the peaks

with strain might be stronger when corrections from the electron-hole interactions via the



Bethe-Salpeter equation are included. Nevertheless, the overall evolution of the distortion

with strain is very well captured within DFT and perturbation theory.

log[|D|(k)]

av4
JDOS(K) [-10-4] AJDOS(k) [-1074]
0 8 16 24 32 —-12 -6 0 6 12
—— |
ST AN
o
(7p]
(@]
-y
(b)
0 4 8 12
—— |
o~
(]
[Vp]
O
=
(d)
Kx

Figure 4: Brillouin zone resolved analysis. (a) The distortion distribution in unstrained
MoS;. (b, d) The JDOS(w) of the unstrained crystal and (c, e) the change of the JDOS
with 1% strain for MoS,; and MoSe, at the energy of the maximum of Y. While the peak
of the JDOS(w) in MoS; is localized around I' (dark area corresponds to strong weight), a
large fraction of the Brillouin zone is involved for MoSe,. For details see text.

Comparing the optical response to strain of MoS,; and MoSe, [top and bottom row in
Fig. 3], the intensities ;s [Eq. 3a| display similar trends while the evolution of the distortion
D |Eq. 3b] with strain exhibits a striking qualitative difference: starting from a pristine value
of D =1, the value increases (decreases) with strain for MoSy (MoSey). To understand this

difference we analyze the distribution of resonances within the Brillouin zone (BZ) and their
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evolution with strain. The k-resolved contributions to the distortion D(k) of the SHG
[Fig. 4(a)| varies strongly over the BZ even for the unstrained material. The contributions
of D for different k to the integrated distortion are weighted by the JDOS(k) which peaks in
the band nesting regions. Without strain, those areas average out when integrating over the
full BZ and lead to a symmetric response. Fig. 4(b-e) shows the JDOS(w) and the change
of the JDOS(w) induced by 1% strain at the energy of the SHG-intensity maximum in the
unstrained case. In MoS, the maximal band nesting is found in the vicinity of the I' point
[Fig. 4(b)] while for MoSe, it is more delocalized [Fig. 4(d)| with the major contribution
along the I' — K-line. These are also the areas reacting most strongly — yet qualitatively
differently — to strain [Fig. 4(c,e)]. This results in the qualitatively different behavior of the
two materials under strain, in line with our experimental and theoretical findings. Therefore
differences in strain-induced distortions can be clearly attributed to the different location
and extension of the band nesting region in reciprocal space.

Finally, let us assess the sensitivity of strain measurements using polarization resolved
SHG and compare it with two common strain measurement techniques, Raman spectroscopy®
and photoluminescence (PL).? As figure of merit we use the relative accuracy dx /oy of the
corresponding observable X given by the ratio of the strain induced shift §, to the variance
o, of this observable. In MoS,, uniaxial tensile strain of 0.1 percent shifts the A-exciton
peak? in PL with width o4 ~ 65meV by 64 = —2.8meV. The Eég Raman peak® with
width o9, = 5em™? is shifted by day = —0.21 cm™'. By comparison, the same strain results
in a relative intensity variation 0/ = (L™ — I{™)/I}™ = 12.5 x 1072 with a width of
or = 3.6 X 10*2_fﬁ“" at an excitation wavelength of 895nm, where I|™ o (A + B)* and
I™ « (A — B)% The resulting relative accuracies d4/04 ~ d9y/09, ~ 0.04 compared to
dr/or ~ 3.5 illustrate the exceptional sensitivity of SHG. Thus, even small strains can be

determined with SHG while measurements with Raman or PL would be challenging.
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Conclusions

We present the first combined experimental and theoretical study exploring the sensitivity
of the band nesting region in 2D crystals to strain. Strain sensitivity can be maximized
by exploiting band nesting resonances. We determine the second-order harmonic response
of four different transition metal dichalcogenides. The importance of the position of the
band nesting region in the Brillouin zone is prominently displayed by the very different
response of MoSey to strain as opposed to MoS;, WS, and WSes. A similar energy and
strain dependence should also be visible in other optical processes and for other 2D crystals

featuring band nesting.

Methods

Second harmonic generation measurements

To measure strain dependent SHG, we transfer mechanically exfoliated TMD monolayers
onto flexible polyethylene naphthalate (PEN) substrates covered in hardbaked SU-8 (Mi-
croChem) and subsequently encapsulate the TMD crystal with polycarbonate (PC). Uni-
axial strain is applied by three-point bending of the flexible substrate which transfers the
applied strain to the monolayer [see schematic in Fig. 2(a)]. A tunable Ti:sapphire laser
delivers 200 fs pulses which are then circularly polarized. With a linear polarizer mounted
on a rotation stage we choose a linear polarization along an angle . We focus the laser
beam onto the TMD monolayer and collect the frequency doubled light in a backscattering
geometry. The SHG response is then passed through the same linear polarizer and, after
separation from the fundamental frequency, detected with a silicon amplified photodetector.
For a polarization-resolved SHG measurement the linear polarizer is rotated by a full turn

while measuring the intensity.

12



DFT and perturbation theory

To simulate SHG in TMDs, we first calculate the ground state electronic structure using
all-electron density functional theory (DFT) as implemented in the exciting-code®® with the
PBE exchange-correlation-functional3? including spin-orbit coupling. We apply strains up
to 1% along the z-direction (armchair) of the crystal and relax the atoms and the cell in
y-direction (zig-zag). To correct for the band gap underestimated in DFT we apply a scissor
correction to match the band gap with the experimental position of the A-exciton?? [see SI

for details].

(2)

We calculate the second-order susceptibility x,; applying a perturbative treatment

to second order in the external field.?” The expression for the second-order susceptibility

XE?;(—QW,W,W) is given by (Eq. 35 in?")

Gk (

Xg’l( 2w, w,w) w3hm2V Z Z wmnnml l—<)2w] L}l,;f(nli()kj w + wm{’(”ll{()kz wl|’ (4)
where G7* (k) = m {p?,, (k) [Pl (k)pk, (k) + pk,(k)p], (k)] } is a symmetrized combination
of the transition dipole p,,,, = (nk|p|mk), hwn.(k) = €n(k) — €,(k) is the difference
between eigenenergies and f,,,(k) = f,.(k) — f.(k) is the difference between occupations of
two states in the system. We expect a strong response near the zeros of the demoninator,
which — in the energy region under consideration — are given by the two-photon-resonances

Winn (K) — 2w = 0.
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