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ABSTRACT

Using scanning tunneling microscopy (STM) we observed atomic scale interference patterns
on quasi-freestanding WSe; islands grown on top of graphene. The bias-independent double
atomic size periodicity of these patterns and the sharp Brillouin zone edge revealed by 2D STM
Fourier analysis indicate formation of optical phonon standing waves due to scattering on
intercalating defects supporting these islands. Standing wave patterns of both synchronized and
non-synchronized optical phonons, corresponding to resonant and non-resonant phonon
scattering regimes, were experimentally observed. We also found the symmetry breaking effect
for individual phonon wave packets, one of the unique features distinguishing phonon standing
waves. We show that vibrational and electronic anharmonicities are responsible for STM
detection of these patterns. A significant contribution to the interference contrast arises from
quantum zero-point oscillations.

INTRODUCTION

The unusual behavior of phonons in nanomaterials manifests in such phenomena as
spontaneous ripples on graphene [1], inelastic Friedel oscillations [2], phonon tunneling in sub-
nanometer gaps [3], and phonon interference in quantum wells [4]. Experimental observation of
atomic scale phonon standing waves that will be described here opens new page in this rapidly
developing research field. A large number of theoretical and experimental publications [5, 6]
have confirmed that phonons can be efficiently scattered by individual lattice defects and
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Figure 1. Simulated interference pattern for dispersionless 1D optical phonons. The scattering
center is located at x=0. The pattern profile: (k,x)" (1—cosk,x), where ky=n/a. Vertical axis

periodically reverses sign because of oscillations.
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individual intercalating atoms. To understand what periodicities are anticipated from defect-
induced phonon standing wave patterns, in the Figure 1 we show the simulated interference wave
packet for a simplest case of nearly-dispersionless one-dimensional optical phonons. The
construction of this curve takes into account (a) significant phonon scattering probability and (b)
summation over all Brillouin zone (BZ). In addition, due to narrow oscillator frequency
distribution, phase synchronization of all w(k)modes caused by defect-induced coupling
between them has to be taken into account [7, 8]. The double atomic size (2a) periodic
interference fringes on this curve arise from the wavelength cutoff at the BZ edge. It is
anticipated that in STM experimental setup these standing waves will be detected as static 2a-
periodic interference patterns due to “rectification” effect caused by electron-phonon coupling
[9] and phonon anharmonicities [10]. Although ideally this phenomenon would require isolated
free standing atomic layers, as we will later show, using STM it can be observed in quasi-
freestanding WSe, [11] monolayers on graphene. The presence of several nearly-dispersionless,
Aw/w ~ 0.05, optical phonon branches at 250 em™ [11] makes WSe; an interesting model
system for study of this effect.

EXPERIMENTAL DETAILS

The WSes/graphene samples for our study were prepared using metal-organic chemical
vapor deposition (MOCVD) technique described in earlier publications [12, 13]. The presence of
WSe, nanostructures on surfaces of studied samples was confirmed by ambient atomic force
microscopy. The sample was then transferred into the ultra-high vacuum STM system (model
UHV300 from RHK Technology) with base pressure 7x10"" Torr. Before STM measurements,
the samples were in situ annealed to 350°C for few hours in order to eliminate the adsorbed
water from their surfaces. The commercial Pt-Ir STM tip (from Bruker Corp.) in situ cleaned
using electron beam heating technique has been used. The STM measurements were performed
at room temperature.

The STM measurements revealed two types of WSe, nanostructures: multi-layered spiral
pyramids and atomically flat islands. The typical STM image of WSe; film is shown in the

Figure 2. The 0.65%0.65 pm* STM image of WSe; film grown by MOCVD on graphene.
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Figure 2. The isolated WSe; islands often possess triangular shape, similar to what was earlier
observed for MoS, films [14]. The growth of spiral WSe; pyramids, ~100 times larger than in the
Figure 2, has also been recently demonstrated [15]. Our STM measurements revealed that a
significant (80%) portion of nanostructures have their first atomic layer elevated by 2.4 A. Such
elevation (quasi-freestanding geometry) was earlier already reported for WSe; films [16] and
attributed to adsorption of molecules at WSe,/substrate interface. Quasi-freestanding geometry
of monolayer islands makes this system particular interesting for study of phonon scattering and
interference effects.

The typical STM image obtained on top of quasi-freestanding 1 ML WSe; island is shown
in the Figure 3. The size of this image is 190x190 A. The image was obtained at 35 pA
tunneling current and 1.7 V tunneling bias. The interference rings in this image can be clearly
observed. The two types of patterns were observed: single-ring patterns (A-type patterns) and
multi-ring (B-type) patterns. In the Figure 3, one of the A-type and one of the B-type patterns are
schematically surrounded by dashed lines. For A-type patterns the interference ring has a
diameter of 8.1 A. For B-type patterns, the first ring also has a diameter of 8.1 A; the second ring
has a diameter of 19.2 A; and the fragments of the third interference ring can also be seen in
most of cases. The centers of the patterns correspond to interference minima having 0.2 A
depths. The typical height of the first interference maxima is 0.1 A. The absence of surface
adatoms or other visible defects in the centers of these patterns indicates that the interference is

Figure 3. STM image obtained on top of quasi-freestanding IML WSe; island. The image size
is 190x190 A, The two types of interference patterns can be clearly resolved on this image.
One of the A-type and one of the B-type patterns are schematically surrounded by dashed lines.
For B-type patterns, the first interference ring reveals symmetry breaking. Inset: 2D STM
Fourier transform of the STM image reveals the 2D Brillouin zone.
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most likely induced by intercalating defects supporting WSe; islands. The interference patterns
do not depend on the tunneling bias: their centers always correspond to interference minima, and
the separation between interference maxima always corresponds to 2a,. Here a, = 2.8 A is the
spacing between neighboring atomic rows in WSe; [17]. For 2D lattices 2a, represents the
wavelength cutoff at the BZ edge, which determines the periodicity of phonon standing waves.

It makes sense to suggest that two different observed kinds of phonon interference patterns
are related to two preferential attachment sites for intercalating defects, resulting in two different
types of phonon scattering and synchronization regimes: strong synchronization for B-type
patterns with large coherence radius (resonant scattering centers [18]), and weak synchronization
for A-type patterns with short coherence radius (non-resonant scattering centers). The fact that
the observed interference ring diameters correspond to 3a, and 7a, also confirms that scattering
centers are located at higher-coordination inter-atomic sites. According to Ref. [19], STM
observation of multiple high-coordination adsorption sites allows to identify these defects as
adsorbed CO molecules. Intercalation by CO molecules can provide more robust boundary
conditions for phonon interference, because of local binding between the islands and the
substrate induced by their dipole moments. The interference patterns were only observed on
elevated monolayer islands.

The additional insight into the origin of observed interference patterns can be obtained from
the 2D Fourier analysis of STM images, shown in the inset of Figure 3. The six peaks from the
hexagonal crystal lattice represent here the reciprocal lattice vectors +2n/a,. The first BZ in this
Figure can be found from the intersection of six Bragg planes (schematically shown by dotted
lines). A large hexagonal disk in this Figure represents the area of k-space that contributes to
interference. Essentially, this observation confirms the optical phonon amplitude summation
across BZ previously discussed in the Figure 1, including sharp BZ edge. The analysis of STM
images shows that for B-type patterns a visible angular segmentation of interference amplitude
takes place: the inner rings show visible 180° segmentation (symmetry breaking), whereas the
outer rings show 60° segmentation (less visible at higher atomic contrasts as in Figure 3). The
missing portions of interference wave packets are most likely caused by phonon standing wave
selection rule: interference maxima coinciding with inter-atomic sites become suppressed. As a
result, each type of interference pattern is characterized by unique real-space distribution of
allowed and suppressed interference maxima, in agreement with our data.

DISCUSSION

Development of phonon standing waves in quasi-freestanding geometry is rather anticipated
effect. Our key experimental findings: correlation between interference signals and quasi-
freestanding geometry of islands, bias independent 24, periodicity of fringes, produced by BZ
edge, which we directly observe on Fourier images, combined with symmetry breaking effect,
observation of two types of interference patterns, and 3a, vs. 7a, absolute ring diameters (a) do
not have analogues among other known forms of nanoscale interference phenomena and (b) are
naturally explained by phonon standing waves mechanism. We would also like to mention here
that the alternative interference mechanism, electronic Friedel oscillations [20], as earlier STM
studies [14, 21, 22] have shown, is usually not manifested in monolayers of transition metal
dichalcogenide (TMD) semiconductors, probably due to its suppression caused by lack of
inversion symmetry [23].
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The possibility of detecting phonon standing waves using STM requires separate
clarification. Detection of phonon oscillations in STM experimental setup may be attributed to
exponential distance dependence of electronic matrix elements and electron-phonon coupling
[9]. The exponential distance dependence of tunneling current represents one of such
rectification mechanisms. For example, for out-of-plane atomic oscillations tunneling into
positive (outwards directed) half-periods is anticipated to be exponentially larger than for
negative (inwards directed) half-periods. This may result in net increase of tunneling current
accompanied by retraction of the STM tip. Assuming zero anharmonicity of atomic motion,
STM signals would be z oc Az/ 41, where A is vacuum decay length for tunneling current ~0.4 A.
For anticipated oscillation amplitudes of 0.05-0.1 A the signals would be below STM resolution
level. A significantly different Z(A) dependence is expected for strongly asymmetric anharmonic
atomic motion. In this case, due to asymmetric oscillator probability distribution the STM signals
would be z oc 4, and efficient STM detection of phonon standing waves would be anticipated. In
the STM experiment, the required asymmetry can be induced by asymmetric electronic response,
and does not have to be present in atomic motion itself. Such electronic anharmonicity manifests
due to phonon-induced modulation of W-Se bonds [24], and this effect may include
contributions of both out-of-plane (A|) and in-plane (E') phonon modes. We also cannot exclude
the possibility that some contribution to STM contrast of interference patterns arises from static
atomic displacements produced by phonon synchronization effect, as it was discussed in Ref. [8].

Unlike in the simplest one-dimensional case that was discussed in the Figure 1, in two
dimensions the summation across BZ includes o & increase of the phase space area and -
dependent phonon scattering cross section o (k). Interestingly, the product of k and o(k) is
anticipated to be constant for 2D resonant Breit-Wigner scattering [18, 25, 26]. This explains
why for B-type defects the profile of the interference pattern strongly resembles 1D simulation
from the Figure 1. For A-type defects the scattering is probably non-resonant.

Simple estimations show that at cryogenic temperatures optical phonon amplitudes can
decrease by 25% and even at our present measurement conditions quantum zero-point
oscillations significantly contribute to the interference contrast.

CONCLUSIONS

The overall data analysis strongly indicates that phonon interference has been observed in
our STM experiments, most likely due to enhancement of signals facilitated by quasi-
freestanding geometry of islands. This phenomenon opens new experimental pathway for study
of deformation-induced electronic structure changes, phonon-stimulated intervalley transitions,
and defect-induced interactions in 2D semiconductors.
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