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ABSTRACT: Step edges are an important and prevalent

topological feature that influence catalytic, electronic, vibrational, § 6107 - ﬁgw
and structural properties arising from modulation of atomic-scale O 605 - ?'S

force fields due to edge-atom relaxation. Direct probing of ultrafast | T 600 -/9
atomic-to-nanoscale lattice dynamics at individual steps poses a § 505 i I6=13?'5 o
particularly significant challenge owing to demanding spatiotem- E T NV
poral resolution requirements. Here, we achieve such resolutions 5 e

with femtosecond 4D ultrafast electron microscopy and directly | 5 4404

image nanometer-variant softening of photoexcited phonons at T 35 ] 5=27.8nm
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individual surface steps. We find large degrees of softening 0
step edge psition (nm)

precisely at the step position, with a thickness-dependent, strain-
induced frequency modulation extending tens of nanometers
laterally from the atomic-scale discontinuity. The effect originates from anisotropic bond dilation and photoinduced incoherent
atomic displacements delineated by abrupt molecular-layer cessation. The magnitude and spatiotemporal extent of softening is
quantitatively described with a finite-element transient-deformation model. The high spatiotemporal resolutions demonstrated here
enable uncovering of new insights into atomic-scale structure—function relationships of highly defect-sensitive, functional materials.

KEYWORDS: transition metal dichalcogenides, MoS,, structural dynamics, coherent acoustic phonons, femtosecond photoexcitation,
in situ TEM

Atomic and molecular arrangements at crystal step edges 4D ultrafast electron microscopy (UEM)."? Because coherent
are such that local catalytic, electronic, vibrational, and motions are sensitive to nanoscale morphology and atomic
structural properties are strongly impacted.'”* Abrupt coordination,'*™'® spatiotemporal mapping of vibrational
termination of the lattice at ste;%ped surfaces induces spatially dynamics can be used to probe local responses at individual
varying interatomic potentials,” the precise nature of which defects. Owing to the sensitivity of electronic and optical
depends upon local atomic coordination.”® Consequently, properties of crystalline materials to strain,'” spatially varying
nanostructured materials properties are strongly modulated in bond modulation due to lattice steps may induce locally
the vicinity of steps, often producing enhanced reactivity and distinct behaviors. For example, abrupt changes in planar layer
distinct dynamic responses. While the coordination environ- number may produce a spatially varying reduction in
ment has been directly imaged using high-resolution trans- vibrational frequency (i.e., phonon softening) due to ultrafast
mission electron microscopy (TEM), associated temporal dephasing of oscillatory modes excited perpendicular to the
resolutions are limited to milliseconds.” Importantly, electronic lattice planes.'® Importantly, while reduced bond strengths at
and atomic responses central to emergent behavior originate individual step edges have been observed in graphite,19 no such
from picometer—scale excitations that occur on attosecond to behavior has been seen in the structurally related and

picosecond (ps) time scales, the temporal aspects of which are technologically important transition metal dichalcogenides

thus amenable t?o study with ultrafast pump—probe spectro- (TMDs), and nothing is yet known about the atomic-to-
scopic methods.” However, even with super-resolution all-

optical imaging methods,'' obtaining full spatiotemporal
information can be challenging owing to method-insensitivity
to dark structures and states.'” This suggests an opportunity to
generate a comprehensive picture of atomic-to-nanoscale
dynamics at individual surface steps via the development and
application of ultrafast high-resolution imaging methods
sensitive to picometer-scale transient responses.

Step-induced phonon nucleation and propagation have been
directly imaged with nanometer-femtosecond resolution using

nanoscale spatial extent of lattice vibrational softening. Here,
with high-resolution 4D UEM we spatiotemporally map
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Figure 1. 4D UEM imaging of S—Mo—S interlayer phonon dynamics at a 2H-MoS, surface step. (a) UEM configuration for ultrafast electron
imaging. Ultrashort 200 keV photoelectron probe packets were used to capture snapshots of dynamics following in situ 300 fs photoexcitation.
Dynamics manifest as coherent contrast oscillations in the image plane when compared to the ground state (i.e., configuration on the left). Tilting
of the specimen c-axis away from the photoelectron k; exposes high-index Bragg planes supporting interlayer dynamics that are then projected onto
the detector. (b) Representative UEM image of a stepped surface (green dashed line) on a freestanding flake acquired 18 ps prior to
photoexcitation. The [0001] direction is oriented 29° with respect to k,. The number of layers on either side of the step was determined using
measured phonon frequencies and the speed of sound. Error is +1 layer. The STCPs in (d) were generated from POS 1 and 2. Contrast dynamics
at the step were monitored in POS 3 and 4 (white dotted rectangles). Scale bar = 500 nm. (c) Difference images (Im, —Im, ) at select times n
showing phonon dephasing caused by the step (Im,, ., = average of pretime-zero images). Scale bar = 500 nm. (d) STCPs and corresponding FFT's
of POS 1 and 2. Color bar represents normalized counts. (e) Relative onset of ultrafast photoinduced phonon dynamics in POS 1 and 2. Error bars

are 1 std dev from the average of all bend contours in POS 3 and 4.

nanometer coherent phonon vibrational frequencies at
individual surface steps in ultrathin crystals of the TMD
archetype, 2H-MoS,, and discover spatially varying, thickness-
dependent anisotropic softening. Using the hi§hly sensitive fs
electron imaging capabilities unique to UEM,”~** we directly
probed the associated picometer-scale lattice deformations
seeded at individual surface steps, and we quantified
nanometer phonon-vibrational responses in space and time.
Figure 1 shows the 4D UEM configuration used to directly
image coherent phonon dynamics at individual surface steps
on ultrathin 2H-MoS, crystals. Here, a single flake was
oriented in such a way with respect to the incident electron
wave vector, k;, that lattice oscillations photoexcited along the
crystallographic c-axis layer-stacking direction were isolated
(Figure 1a,b).15’18 Picometer lattice distortions traveling
between the outer layers produce characteristic nonpropagat-
ing contrast oscillations, as opposed to traveling basal-plane
modes.'>** A spatially gradual curvature of the flake produces
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distinct, symmetric bend contours, the 2D projected positions
of which are extremely sensitive to local phonon-induced
lattice deformations and associated oscillations of the local
Bragg-scattering condition (Figure 1c).”* Accordingly, ultrafast
photoinduced phonon responses can be spatiotemporally
mapped by selecting positions of interest (POS) and collapsing
to one spatial dimension in the time domain to generate a
space—time contour plot (STCP; Figure 1d)."**

Differences in the number of S—Mo—S layers delineated by
the surface step cause dramatic variations in c-axis phonon
frequencies.'® This can be readily seen in a UEM difference-
image series and in the oscillatory frequency of portions of
bend contours spanning the step (Figure lc,d). Here, a
difference of 16 S—Mo—S layers produces two distinct
vibrational responses of 61.0 and 44.3 GHz approximately
500 nm from the step in the 43-layer and 59-layer regions,
respectively. The responses arise from fs photoexcitation and
propagation of coherent acoustic phonons back and forth

https://doi.org/10.1021/acs.nanolett.1c02524
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Figure 2. Ultrafast nanoscale mapping of spatially variant phonon softening at a surface step. (a) Representative UEM image of a freestanding 2H-
MoS, flake with highlighted ROIs from which phonon dynamics were mapped. Each ROI contains a symmetric bend contour along which ps
phonon dynamics were quantified at 11 nm steps. Expanded view highlights select positions at which phonon frequencies were quantified in the
vicinity of the step (white dashed line). Scale bar = 150 nm. (b) STCPs of positions (POS) 1 and 3 in panel a and corresponding spatially
dependent FFTs from which average phonon frequency was determined. (c) FFTs of select positions in panel a from which blue shifts in average
phonon frequency moving away from the step were determined. (d) Position-dependent phonon frequency in each ROL Position is relative to the
step, which is set to 0 nm. Spatially varying softening extends away from the step following eq 1 (dashed-line fits) before plateauing to spatially
invariant single oscillatory values (see Figure 1d). (e) Illustration of the atomic-level origins of softening at a step. The t < 0 panel is the idealized
prephotoexcitation ground-state structure used as a reference, while the ¢ = thermalized panel is postphotoexcitation at initial system thermalization.
Vertical dashed lines along the layer-stacking direction represent the step position. Horizontal dashed (solid) lines in the t = thermalized panel
mark the initial (expanded) layer positions. Anisotropic expansion along the stacking axis is especially evident in ROI 2, as is bending of the shared

S—Mo—S layers near the step.

along the layer-stacking direction, with a path-length difference
of 10.4 nm for the regions delineated by the step. (Thicknesses
and number of layers were determined using the Cs; elastic
constant for 2H-MoS, and the measured vibrational
frequencies.”®) Following fs photoexcitation, the interlayer
modes rapidly become out of phase with one another, triggered
by a 1.8 ps delay between the initial local lattice responses
(Figure le; also see the Supporting Information). Interlayer-
mode excitation originates from modulation of the c-axis unit-
cell parameter driven by charge-carrier excitation, electron—
phonon coupling, and subsequent system thermalization.'>*”
The 1.8 ps delay falls within the range of electron—phonon
coupling dictated by number of layers, crystal boundary
conditions, and defect density, thus suggesting a thickness-
dependent carrier- and lattice-relaxation response”®”’ con-
voluted with electronic-state modulation at the step.’’

As shown in Figure 2, nanometer ultrafast spatiotemporal
mapping with 4D UEM of phonon vibrational frequencies at a
discrete surface step reveals a thickness-dependent, spatially
varying softening of the oscillatory responses extending tens to
hundreds of nanometers away from the atomic-scale defect.
Here, phonon frequencies extending away from the step into
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either region of interest (ROI) exhibit an increase of up to 1.5
GHz before plateauing to intrinsic, defect-free vibrational
responses (Figure 2a—d). Though the precise functional form
of spatially varying softening has not previously been resolved
for layered materials, density functional theory calculations
predict an exponential decay of step-induced interplanar
relaxatlon with increasing distance in structurally isotropic
Cu.”" Accordingly, the functional form of such step-modulated
bonding interactions when considered in the frequency
domain will display an upward exponential decay indicative
of an increase in bond stiffness (eq 1).

fd=f_. - (1)

Here, d is the distance from the step, f,_,, is the frequency far
from the step, A is the magnitude of the frequency change (i.e.,
A = fi,o — fi0), and & is the spatial constant. Fitting of the
spatially varying phonon softening in ROIs 1 and 2 with eq 1
returns a significant reduction in the Cs; elastic constant of 2. 6
GPa, which is 5% of the intrinsic value for pristine 2H- -MoS,.*

This reduction is nearly a factor of 2 larger than that at lattice-
substrate edges for monolayer MoS,,>” and it is an order of
magnitude larger than that seen for graphene steps in highly

Ae—d/&
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Figure 3. Step-dependent nanometer phonon vibrational dynamics. (a) Model structure of the stepped surface. Layer numbers, thicknesses, and
positions for each ROI were constructed to closely match the specimen highlighted in Figures 1 and 2. For reference, the pump-laser excitation is
incident at the top layers. (b) Varying photoinduced c-axis strain (&) derived from distinct anisotropic photothermal expansions in each ROI in the
vicinity of a plane parallel to the z-direction that defines the position of the step (see Figure 2e). The discontinuity in Ae at 26.4 nm occurs at the
transition from the final shared layer (i.e., top layer of ROI 1) to the first shared layer in ROI 2, while the behaviors follow the depth-dependent
optical absorption profiles away from this transition region. The “Top-layer” label on the x-axis at 36.3 nm corresponds to the top layer of ROI 2.
Simulated STCPs of the top (c) and bottom (d) layers, along with the d = 200—700 nm (i.e., far from the step) and d = 0—50 nm (i.e., near the
step) normalized FFTs, for ROIs 1 and 2 spanning the first 20 ps following thermalization at ¢ = 0 ps. Note the STCP in panel c only shows ROI 2
because no shared layer exists. Color bar represents z-displacement (i.e., parallel to the c-axis) in A. The step is positioned at 0 nm.

ordered pyrolytic graphite.'” This suggests an atomic-scale
compositional sensitivity, where the degree of disruption of
collective bonding interactions varies with interlayer sliding
and precise orbital overlap, as seen for layer twisting.> The
high sensitivity of 4D UEM imaging is such that differences in
0 for each region can be resolved; here, 6 is nearly five times
smaller in the thicker ROI 2 (Sey, = 27.8 nm; A = 1.2 GHz)
than in ROI 1 (Spor; = 133.5 nm; A = 1.5 GHz) (Figure 2d).
This is due to enhanced stiffness induced by the additional 16
S—Mo—S layers, resulting in additional collective bonding
within the thicker region.”*

The observed localized bond-stiffness reduction at a surface
step is associated with a bending of the basal plane along the
layer stacking direction (Figure 2e), which is expected to be
rapidly damped spatially for multilayer crystals relative to
monolayer flakes.””** This is due to an overall increase in
stiffness as layers are added and collective bonding increases,
thus producing an associated increase in the relevant elastic
constant. In light of this, the origin of spatially varying
softening of interlayer phonon modes in the vicinity of a
surface step in layered materials has two distinct contributing
factors. First, the precise responses of coherent acoustic
phonons are extremely sensitive to local structural properties
such that a reduction in bond stiffness in the propagation
direction at a step will directly result in an associated softening
of the vibrational frequency.”'*'® The force field near a crystal
step also depends on the crystallographic plane that is cleaved
to form the edge, thus giving rise to a multicomponent field
map encompassing edge, corner, and terrace atoms.’’ This
particular softening mechanism can occur with and without
external perturbation (e.g, fs photoexcitation).

The second factor is perturbation-dependent and involves an
initial ultrafast anisotropic expansion along the layer stacking
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direction (Figure 2e). A discontinuous response in the
photoinduced interlayer expansion at the spatial transition
from shared to unshared layers triggers ps dephasing of c-axis
phonon modes at the step.''® This arises from a variable c-
axis displacement of each layer (e.g, S—Mo—S layers for
MoS,) in shared basal planes spanning the step owing to
differing photon-absorption profiles (see the Supporting
Information). To compensate for this tortured configuration,
the layers undergo additional bending in the direction parallel
to the [0001] direction in the vicinity of the step. This imposes
an in-plane tensile strain via elongation of basal-plane covalent
bonds, which then induces an interlayer shearing motion and
slipping of the planes.’>*” This further produces a reduction of
the C;; elastic constant and an associated lattice vibrational
softening near the step. Layer deformation gradually declines
spatially with distance away from the step, and the stiffness
displays a thickness-dependent upward exponential decay as
the defect-free, blue-shifted vibrational frequency is ap-
proached.

Finite-element transient-deformation analysis was performed
on a model stepped surface and compared to the 4D UEM
imaging results (Figure 3; see the Supporting Information).
The model structure consisted of two regions, each with
approximately the same thickness as ROIs 1 and 2 and
separated by a 9.9 nm high step (Figure 3a). At t = 0 ps, the
structure is under a laterally uniform c-axis-varying tensile
strain. This is meant to simulate coherent fs photoexcitation
and subsequent ultrafast photothermal lattice expansion (i.e., t
= thermalized). Thus, t = 0 ps in the model represents the
initial moment of complete lattice thermalization (i.e., initial
full interlayer expansion). This is a subtle but important
distinction from the experimental onset of ultrafast photo-
induced dynamics, which encompasses the initial fs-to-ps

https://doi.org/10.1021/acs.nanolett.1c02524
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thermalization process, as well as subsequent full initial
photothermal lattice expansion and onset of coherent
oscillatory motion.

The first moment of full interlayer expansion is immediately
followed by a few-ps, A-scale contraction along the z-direction
as the system relaxes via coherent phonon excitation (Figure
3c,d). Experimentally observed ps phonon dephasing'® is
expected to manifest here as well. Because all layers of ROI 1
are shared with ROI 2, the optical-absorption profile along the
layer-stacking direction differs in each region and produces an
initial anisotropic modulation of bond lengths through the
crystal depth arising from an ultrafast lateral carrier-density and
electron—phonon coupling discontinuity at the step (see the
Supporting Information). This manifests as a discontinuous
difference—strain profile, as shown in Figure 3b. The initial A-
ps contraction is unrelated to dominant ultrafast c-axis
contraction in TMDs for absorbed fluences below 1 m]/ cm?
and above-gap photon energies, which is instead driven by
modulation of interlayer bonding interactions.”’

The finite-element transient-deformation model captures
both the thickness-dependent phonon softening in the vicinity
of the step and the spatially varying frequency blue shift
moving away from the defect (Figure 3c,d). Further, the
magnitude of softening in both ROIs (i.e., the A parameter in
eq 1) agrees well with experiment. Note that because an
instantaneous strain is simultaneously applied to both ROIs,
the experimentally observed relative delay in the onset of
dynamics (Figure le and Supporting Information), which also
emerges in the model (Figure 3d), is itself not the main cause
of softening. Though softening due to the step is not
incorporated into the model (the same elastic constants were
applied to the entire structure), a spatially varying blue shift in
phonon frequency is still seen in both ROIs. This supports the
hypothesis that ps dephasing of c-axis phonons due to local
bond-strength variation on either side of the step is the main
source of softening. Slightly elevated values of the modeled
phonon frequencies far from the step, as compared to
experiment, arise from differences between element and layer
thickness.”® Additional slight discrepancies arise from general
photothermal softening of materials; tensile strains arising from
pulsed-laser excitation and subsequent equilibration at elevated
temperatures soften phonon vibrational modes due to
weakened bonding.*”*’ Such an effect was not incorporated
into the model, as relative variations in local vibrational
responses were the focus.

In summary, our results show that ultrafast photoinduced
coherent-phonon dephasing causes an atomic-to-nanoscale
thickness-dependent spatial variation in softening of vibrational
modes at crystal surface steps. This finding was enabled by the
highly sensitive, high-resolution ultrafast real-space electron-
imaging capabilities unique to 4D UEM, with which discrete
nanometer phonon responses precisely at individual steps were
elucidated and quantified. The spatially modulated optovibra-
tional response arising from structurally directed photo-
perturbation reveals the molecular-level origins of step-induced
phonon softening, with potential impacts on defect-sensitive
and strain-tunable optical and electronic materials. The
picometer-sensitive ultrafast electron-imaging approach dem-
onstrated here is broadly applicable to a wide range of
materials and is especially capable of elucidating discrete
atomic-to-nanoscale heterogeneous effects that influence
overall material functionality.
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B METHODS

Ultrafast, High-Resolution In Situ Optical Pump/
Electron-Probe Imaging. Ultrafast electron imaging experi-
ments were conducted with a 200 kV UEM (FEI Tecnai
Femto, Thermo Fisher Scientific) equipped with a 100 um
truncated and graphite-encircled LaB, source (Applied Physics
Technolo%ies) set 350 ym back from a custom 1 mm Wehnelt
aperture.*”*” The specimen was photoexcited (PHAROS,
Light Conversion) in situ with 515 nm wavelength light, an
average absorbed fluence of 1.4 mJ/cm? a 20 kHz repetition
rate, a pulse duration of 300 fs (full-width at half-max, fwhm;
GECO scanning autocorrelator, Light Conversion), and a spot
size of 120 ym (fwhm; measured externally with a Newport
190—1,100 nm Si CCD beam profiler and calculated
extrapolation to the specimen position). This produced a
nearly flat intensity profile across the approximately 2 ym by 2
um field of view. The angle of incidence of in situ
photoexcitation was 4° relative to the photoelectron optical
axis, with the 2H-MoS, crystal [0001] direction oriented 29°
with respect to k; (Figure 1b). Second harmonic (2.4 eV
photons) of the fundamental was generated using a harmonics
module (HIRO, Light Conversion), while fourth-harmonic
light (4.8 eV photons) was generated externally with standard
nonlinear optics.

Photoelectrons were generated with fourth-harmonic light
and had an estimated pulse duration of 1 ps (fwhm).** Signal
for each image was acquired for 30 s, equating to 6 X 10°
pump—probe cycles per frame; each photoelectron packet
contained an estimated 100 electrons at the detector.
Supporting Information, Video 1 consists of 240 individual
frames. Thus, the 2H-MoS, flake underwent 144 million
repeatable pump—probe cycles during this particular experi-
ment. For all UEM images, a 40 ym diameter objective
aperture centered on the photoelectron optic axis was used to
enhance contrast. Time delays were established using a
motorized linear translation stage (Aerotech PRO165LM
with Soloist CP10-MXU controller) and a broadband hollow
retroreflector (Newport, UBBR2.5—1UV). All ultrafast experi-
ments were performed in a stroboscopic pump—probe manner
using randomized 1 ps time steps via automated communica-
tion between the translation-stage controller and the UEM
camera (Gatan OneView).43

All UEM images were 16 bit and were postprocessed in the
same manner. After putting the series in sequential order
following randomized acquisition, the Despeckle filter in
Fiji*** was applied to each image in order to effectively
remove saturated pixels arising from spurious high-energy
particle impact. Next, the Fiji Template Matching plug-in was
used to conduct a pixel-by-pixel cross correlation of a select
ROI in each image (here, a section of the Cu grid bar) with the
same ROI in the first image in the series. The resulting data
was then imported into MATLAB, and a custom-written
algorithm was used to overlay each image such that slow
changes in the field of view (i.e, specimen drift) were
corrected. Finally, image contrast was enhanced by setting
pixels with counts in the Ist and 99th percentiles to 0 and
65536, respectively, and then rescaling all other pixels to span
the same range.

Preparation of Ultrathin, Electron-Transparent 2H-
MoS, Flakes. Electron-transparent flakes for the UEM
measurements were prepared using adhesive tape and repeated
mechanical exfoliation of a bulk 2H-MoS, crystal (2D
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Semiconductors).'*** Isolated flakes were transferred onto an

NaCl crystal (Ted Pella) by rubbing the tape on the surface.
Coverage and the presence of ultrathin flakes was then
qualitatively checked using an optical stereo microscope
(AmScope). The NaCl crystal with specimen flakes was then
repeatedly washed with isopropyl alcohol to remove adhesive,
followed by drying in air. Next, 15 uL of a 4 wt % solution of
poly(methyl methacrylate) (PMMA) in anisole was drop-cast
onto the NaCl surface supporting the flakes and then annealed
at 100 °C in air for 10 min. The resulting PMMA/specimen
film was then floated off the NaCl crystal in deionized water
and captured on a 2000 mesh Cu TEM grid (Ted Pella,
G2000HS). Finally, the specimen was repeatedly washed with
acetone to remove PMMA, salt, and any remaining adhesive.
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