CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Optically-excited acoustic waves in Si nanowires probed by time-resolved HOLZ lines

He Wang(-E%Y), Shuaishuai Sun(fMfT), Yizhe Wang(E1A45), Qianming An(Z52PH), Xianhui Ye(MH {2 %), Jun
Li(Z*f&), Huanfang Tian(H /%t 75), Huaixin Yang(#1R48), Jianqi Li(Z= £ %), and Zian Li(Z= %)

Citatio:Chin. Phys. B, 2025, 34 (9): 098701. DOI: 10.1088/1674-1056/ade250

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

A large language model-powered literature review for high-angle annular dark field

imaging

Wenhao Yuan(& X ¥#5), Cheng Peng(#4F%), and Qian He({[iT)
Chin. Phys. B, 2024, 33 (9): 098703.  DOI: 10.1088/1674-1056/ad625¢

Subtraction of liposome signals in cryo-EM structural determination of protein-liposome

complexes

Shouging Li(Z= & I8), Ming Li(Z=H), Yumei Wang(F L), and Xueming Li(Z=25 #H)
Chin. Phys. B, 2024, 33 (8): 088702.  DOI: 10.1088/1674-1056/ad4cdb

Structural biology revolution led by technical breakthroughs in cryo-electron

microscopy

Chang-Cheng Yin(F K:31%)
Chin. Phys. B, 2018, 27 (5): 058703.  DOI: 10.1088/1674-1056/27/5058703

Bio-macromolecular dynamic structures and functions, illustrated with DNA, antibody,

and lipoprotein

Lu Gou(4%H#), Taoli Jin(&#kNN), Shuyu Chen(f47 ), Na Li(Z=4F), Dongxiao Hao(#ifl Z< %), Shengli Zhang(5k it
H), Lei Zhang(5K##)
Chin. Phys. B, 2018, 27 (2): 028708. DOI: 10.1088/1674-1056/27/2/028708

Lipoprotein in cholesterol transport: Highlights and recent insights into its structural

basis and functional mechanism

Shu-Yu Chen([%#E), Na Li(Z=l), Tao-Li Jin(&HENF), Lu Gou(4%F#%), Dong-Xiao Hao(/ 7<), Zhi-Qi Tian(HIE
L), Sheng-Li Zhang (7K EF1), Lei Zhang (7K %)
Chin. Phys. B, 2018, 27 (2): 028702. DOI: 10.1088/1674-1056/27/2/028702


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ade250
https://doi.org/10.1088/1674-1056/ade250
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad625c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad625c
https://doi.org/10.1088/1674-1056/ad625c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4cdb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4cdb
https://doi.org/10.1088/1674-1056/ad4cdb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/5/058703
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/5/058703
https://doi.org/10.1088/1674-1056/27/5/058703
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/028708
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/028708
https://doi.org/10.1088/1674-1056/27/2/028708
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/028702
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/028702
https://doi.org/10.1088/1674-1056/27/2/028702

Chin. Phys. B 34, 098701 (2025)

RAPID COMMUNICATION

Optically-excited acoustic waves in Si nanowires probed by
time-resolved HOLZ lines

He Wang(E%7)!, Shuaishuai Sun(#MIJi)2, Yizhe Wang(E1645)!, Qianming An(‘Z2¥2H)!, Xianhui Ye(' Z3%)!,
Jun Li(ZE1&)?, Huanfang Tian(FH#7%)?, Huaixin Yang(##22)2, Jiangi Li(Z= @ 47)>", and Zian Li(Z1-2)1+

1School of Physical Science and Technology, Guangxi University, Nanning 530004, China

2Institutf—: of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 10 May 2025; revised manuscript received 6 June 2025; accepted manuscript online 9 June 2025)

Exploring advanced techniques capable of probing nanometric acoustic waves in nanostructures is critically important
for the development of miniaturized acoustic devices. In this study, we probe the optically-excited acoustic waves in a single
silicon nanowire (NW) using the time-resolved (tr-) high-order Laue-zone (HOLZ) lines under convergent-beam electron
diffraction (CBED) conditions in an ultrafast transmission electron microscope (UTEM). We devise an experimental scheme
to obtain tr-HOLZ lines under off-zone-axis CBED conditions. We also propose a geometric description of HOLZ line
formation and use this alternative description to quantitatively evaluate the dynamics of optically-excited silicon NW. Using
part of the deformation gradient tensor, our simulations of the dynamics of Si NW reproduce the experimental results. We
further discuss the feasibility of a full retrieval of the deformation gradient tensor by using a set of HOLZ lines from three
zone axes. Our findings illustrate a strategy for the quantitative access to dynamical acoustic waves optically excited in

micro- and nano-structures using UTEM.

Keywords: ultrafast transmission electron microscope, high-order Laue-zone lines, pulsed laser excitation,

acoustic waves
PACS: 87.64.Ee, 61.05.jm
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1. Introduction

Ultrafast transmission electron microscopy (UTEM)
techniques have been applied to structural and electronic

dynamics, such as structural phase transitions, !

acous-
tic wave propagation,’3-°! dielectric response,’! and spin
dynamics!'?! in various materials. Previous UTEM exper-

41-13] and electron

iments employed bright-field imaging!
diffraction3-14.151 to elucidate acoustic responses. Compared
to other conventional electron microscopy techniques, includ-
ing bright-field imaging and selected-area electron diffrac-
tion, the high-order Laue-zone (HOLZ) lines in convergent-
beam electron diffraction (CBED) patterns are more sensitive
to small lattice deformations (spatial resolution 1 nm, sen-
sitivity 1074).[16-18] Recent studies have used HOLZ lines
in CBED to quantitatively analyze the propagation of strain
waves in nanomaterials.!'** Most existing methodologies
rely on single-axis CBED data in conjunction with dynamical
simulations to achieve accurate measurements of lattice defor-
mation. However, previous studies have revealed that CBED
patterns acquired along a single zone axis may exhibit intrinsic
ambiguities, as different real-space lattice deformations can

produce indistinguishable diffraction patterns. Although var-

fCorresponding author. E-mail: LJIQ@iphy.ac.cn
fCorresponding author. E-mail: zianli @ gxu.edu.cn

CSTR: 32038.14.CPB.ade250

ious approaches have been employed to investigate this phe-
nomenon, the reported findings remain inconsistent, [>>2°! in-
dicating that the underlying causes of the ambiguity and the
sensitivity of higher-order Laue-zone (HOLZ) lines to com-
ponents of the deformation gradient tensor are not yet fully
understood.

In this study, we used UTEM to optically excite acous-
tic waves in individual silicon nanowires (NWs) and subse-
quently recorded higher-order Laue-zone (HOLZ) lines under
CBED conditions. To illustrate the inherent ambiguity of the
CBED method, we simulated HOLZ patterns using two differ-
ent deformation gradient tensors, which yielded nearly indis-
tinguishable diffraction patterns. To clarify the origin of this
effect, we introduce a geometric model describing HOLZ line
formation and apply this framework to quantitatively analyze
the acoustic wave dynamics in Si NWs. Finally, we explore
the feasibility of fully reconstructing the deformation gradient
tensor from HOLZ line data.

2. Experimental details

UTEM experiments were conducted at the Synergetic Ex-
treme Condition User Facility (SECUF, Beijing, China). The

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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UTEM is a transmission electron microscope (TEM) (JEM-
2100plus, JEOL Inc.) retrofitted with a femtosecond (fs) laser
(Spectra-Physics, Spirit 1040) and a nanosecond (ns) laser
(ZYLaser, Stele-A-1). The sample was pumped by a pulsed
laser (pulse width 300 fs, wavelength 520 nm). Part of the fs
laser pulses were used to trigger the ns laser via a photodiode
and a digital delay generator (SRS, DG645). The 15-pm-tip
LaBg photocathode was illuminated by the pulsed laser (10 ns,
A =355 nm) to generate photoelectrons. The pulsed electron
beam was focused to 200 nm with a semi-convergence angle
of 15 mrad to form the convergent-beam electron diffraction
(CBED) pattern. Each electron pulse that reached the sample
contained approximately 107 electrons. The time resolution of
the ns stroboscopic UTEM was estimated to be around 10 ns
(FWHM), limited by the pulse duration of the 355 nm laser.
Each time-resolved CBED pattern was acquired using a fiber-
coupled CMOS camera (OneView, Gatan Inc.) with an expo-
sure time of 2 seconds. The delay time was adjusted using the
digital delay generator. The repetition rates for both the fs and
ns lasers were set to 10 kHz (see supplementary material 1 for
details).

3. Results
3.1. Time-resolved CBED and off-zone-axis HOLZ lines

Figure 1(a) shows a schematic representation of the tr-
CBED experimental setup, with the Si NW having one end
Figure 1(b) shows the Si NW
(6.18 um in length, 220 nm in diameter), suspended on a
2000-mesh Cu grid. Figure 1(c) shows a [112]-oriented SAED
pattern taken from the area circled in Fig. 1(b), revealing

fixed as a nano-cantilever.
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Fig. 1. An optically excited Si NW probed by time-resolved (tr-) HOLZ
lines under CBED conditions. (a) Schematic representation of the exper-
imental setup with the microscope XY Z coordinate system and the Miller
indices lattice coordinate system. (b) Bright-field TEM image of the Si
NW with one end fixed on the Cu grid. The red circle denotes the area for
HOLZ line recording. (c) Selected area electron diffraction pattern taken
along the [112] zone-axis. (d) Off-zone-axis CBED pattern taken along a
direction deviating from the exact [112] zone-axis, for better visibility of
the HOLZ lines.

that the long axis of the Si NW corresponds to the (111) crys-
tallographic direction. For better visibility of the HOLZ lines,
the Si NW was tilted away from the initial [112] zone axis
(for details, see supplementary material 2). In the tr-CBED
experiment, we used a pulsed laser (A = 520 nm) to opti-
cally excite the Si NW, and the resultant thermal stress ini-
We stro-
boscopically recorded off-zone-axis CBED patterns locally

tiated acoustic waves that propagated through it.

from the Si NW using convergent (semi-convergence angle
o = 15 mrad) pulsed photoelectrons at varying delay times
(At). Figure 1(d) shows a typical off-zone-axis CBED pattern,
where all HOLZ lines are well indexed by Miller indices.

3.2. Optically excited acoustic waves in Si NW probed by
HOLZ excess lines

To analyze the transient changes in the HOLZ lines, we
select a rectangular area around them and integrate the inten-
sity along the line direction.>>?3] Figures 2(a) and 2(c) display
the HOLZ line profiles (integrated intensity in pseudo-color)
for (55 1) over the —200 ns to 5000 ns timescale and for all
selected HOLZ lines between 30000 ns and 34000 ns, respec-
tively. In the time range from —200 ns to 5000 ns, the HOLZ
lines exhibit complex oscillations that gradually diminish over
time (Fig. 2(a)), which can be attributed to the dramatic lattice
deformation initiated by the pulsed laser.*?”) Once the time
delay reaches 30000 ns and beyond, the oscillation amplitude
of each HOLZ line reduces to below 2 mrad, and the acous-
tic oscillations simplify to fundamental and a few high-order
modes of a typical nano-cantilever, as shown in Fig. 2(c) with
a time range from 30000 ns to 34000 ns in 10 ns time steps
(see supplementary material video 1 and video 2).

To better visualize the dynamics of the HOLZ line pro-
files, we further extract the change in the HOLZ excess line
Gg by using the line-intensity profiles (Fig. 2(c)). Figure 3(a)
shows the evolution of all HOLZ lines as a function of time
delay. To demonstrate the ambiguity inherent in the CBED
method, we perform simulations of the dynamic displacement
of HOLZ excess lines as acoustic waves propagate through
the Si NW on the ns time scale. The details of the simula-
tions are given in supplementary material 3. Figures 3(b) and
3(c) show the simulated evolution of the corresponding HOLZ
lines using two different estimated deformation gradient ten-
sors F from Figs. 3(d) and 3(e). Notably, both simulation 1
and simulation 2 in Fig. 3 accurately reproduce the experi-
mental results, demonstrating excellent agreement in both the
oscillatory amplitude and frequency for all observed HOLZ
excess lines. Thus, we observe that for a given incident zone-
axis, not all the nine terms in F will lead to measurable shifts
of HOLZ excess lines.?82°1 We discuss this cause-and-effect
relationship using a geometric description of HOLZ line for-
mation below.
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Fig. 2. Time-resolved (tr-) HOLZ-line profiles extracted from tr-CBED patterns. (a) Time-dependent (5 5 1) HOLZ line profiles in the time
range from —200 ns to 5000 ns with a time step of 10 ns. (b) HOLZ line profile extracted from a single HOLZ line at a specific time snapshot.
(c) All Miller indices tr-HOLZ line profiles in the time range from 30000 ns to 34000 ns with a time step of 10 ns.
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Fig. 3. Comparative experiments and simulations on the time-dependent variation of HOLZ excess line distance Gg. (a) Experimental tr-HOLZ
excess line distances Gg. (b) Simulation 1 of tr-HOLZ excess line Gg and (d) the corresponding deformation gradient tensor F'. (c) Simulation 2
of Gg and (e) the corresponding F. Note that only Fyy, Fyy, Fyx, and Fyy differ between the two simulations.
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Fig. 4. Geometric description of HOLZ line formation and sensitivity with respect to lattice deformation. (a) Perspective view of HOLZ lines
under CBED conditions. (b) Side view, showing the electron wave vector ko, the height of transmitted and diffracted shells AZ, the semi-
convergence angle «, and the respective maximum and minimum radii Rmax and Ry, at which the diffracted shell intersects the Ewald sphere.
(c) Top view, where the blue and red points indicate the intersections between the Ewald sphere and diffracted shell at Ryax and Ryin, respectively.
Gpg is the distance between the excess-deficit line pair, and G is the excess-center line distance. (d) The effect of lateral (X, Y) movement of
the diffracted disk on the lateral (X, Y) shift of HOLZ lines. The transmitted disk, the original diffracted disk, and the shifted diffracted disk
(dashed line) are denoted. The line segments denoted by AGp and AGE represent the changes in Gp and Gg, and AGyy is the distance change
between the initial and shifted diffracted disks. (e) The effect of vertical (Z-axis) movement of the diffracted shell on the lateral (X, Y') shift of

HOLZ lines.

Figures 4(a)—4(c) illustrate a schematic representation of
HOLZ line formation under CBED conditions, showing the
side and top views of the scattering geometry, respectively. In
this framework, we use a static Ewald sphere model, where
the Ewald sphere remains fixed in the XY Z reciprocal coordi-
nate system, while the incident electron wavevectors (ko) and
the crystal lattice are tilted. Under CBED conditions with a
semi-convergence angle «, the incident ko at varying angles
corresponds to distinct layers of the Ewald sphere, leading to
the formation of a transmitted shell with a height difference
AZ between ko at o and at 0° (Fig. 4(b)). For a 200 kV inci-
dent electron beam (ko = 39.84 A=) and a semi-convergence
angle of 15 mrad, AZ is approximately 0.005 A~

Similarly, the diffracted shell (% k [) is linked to the trans-
mitted shell by the reciprocal lattice vector Gy and remains
parallel to it.’°! The excess HOLZ lines arise from the two-
dimensional projection of the three-dimensional intersection
between the diffracted shells and the Ewald sphere onto the
diffraction plane (Fig. 4(a)). These lines can be approximated
as the connection between the two intersection points (blue) on
the uppermost layer of the diffracted shell, as indicated by the
white lines in Fig. 4(c). Here, Gp and Gg denote the distances

from the transmitted disk center to the deficit and excess lines,

respectively, while Gpg represents the separation between the
deficit-excess line pair (see supplementary material 4 for de-
tails).

Since a real-space displacement Ar corresponds to a
reciprocal-space shift Ag that manifests as positional changes
in diffracted spots and disks, we analyze the influence of lat-
tice deformation on the lateral (X, Y) displacement of HOLZ
lines. As illustrated in Fig. 4(d), the excess and deficit HOLZ
lines shift as the diffracted disk (initially blue) moves along the
—Y and +Y directions to its new positions (shifted red), lead-
ing to changes in the diffracted disk position AGyy, the excess
line AGEg, and the deficit line AGp. Crucially, the following
relationships hold:

AGyxy = AGp — AGgE,
AGxy = AGp + AGE,

(for displacement along —Y),

(for displacement along +Y).

These equations demonstrate that the lateral shift AGxy
of the diffracted disk induces nearly equivalent changes in the
HOLZ lines (AGp and AGE).

However, the shift of diffraction disks caused by elas-
tic lattice deformation is usually minimal. For instance, our
simulations show that the displacement of the diffraction shell

in reciprocal space does not exceed 0.002 A~'. Under the

098701-4
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current experimental conditions (200 kV, 4k resolution), each
pixel corresponds to approximately 0.0014 A~!, meaning the
HOLZ line shift induced by AGxy is only about 2 pixels.
Therefore, the HOLZ line displacement due to AGyy can be
neglected. In contrast, even a minor vertical shift (AGz) along
the Z-axis can produce substantial lateral displacements (AGE,
AGp) in the HOLZ lines. As depicted in Fig. 4(e), a small ver-
tical displacement AG7 of the diffracted disk (from blue to red)
results in a pronounced lateral shift AGg in the excess HOLZ
line. This amplification arises from the curvature of the Ewald
sphere, which magnifies small Z-axis variations into signif-
icant XY-plane displacements. Therefore, single-zone-axis
CBED reveals only Z-direction changes in diffraction shells.
Complete 3D characterization requires multi-zone-axis data.
Our geometric framework analysis independently reproduces

Morawiec’s conclusions. [2°]

(a) VA

>

(c)

3.3. Retrieval of deformation gradient tensor F' via HOLZ
lines from three zone-axis CBED patterns

To retrieve the full deformation gradient tensor via HOLZ
lines from three off-zone-axis CBED patterns, we first define
two Cartesian coordinate systems: the microscope XYZ in
Fig. 5(a) and the reciprocal lattice xyz in Fig. 5(b). The ini-
tial reciprocal basis vectors are aj, by, ¢, and the deformed
ones are a*, b*, ¢*. Figure 5(c) shows the projected basis vec-
tors along the Z axis at three different zone axes for the same
deformed lattice. The center (Gx, Gy, Gz) of the diffracted

shell Gy, in the microscope XY Z Cartesian coordinate system

is given by
Gx h ay by cx
Gy | =A"k|, A"=|ay b} ¢ , €))
Gz ) az by ¢z ) vy,

where the matrix A* represents the reciprocal basis vectors a*,
b*, ¢* in the microscope XY Z coordinate system.

Microscope column

Zone axis 1

2}

Zone axis 3

Fig. 5. Reconstruction of 3D lattice deformation with HOLZ line measurements along three independent zone axes. (a) The microscope XYZ
Cartesian coordinate system. (b) The reciprocal lattice xyz Cartesian coordinate system with the initial and deformed lattices. The vectors (aj), b, c(;)
and (a*,b*,c*) represent the initial and deformed bases, respectively, which are defined in the xyz Cartesian coordinate system. (c) Projections of
the reciprocal basis onto the Z-axis (along the microscope column direction) of the XY Z coordinate system for three different zone axes.

As discussed in Fig. 4, the vertical shift AGz can be ac-
curately measured by the change in the HOLZ excess lines
AGE (for details, see the supplementary material 5). For a
given zone-axis, the Z-component (aj(t),b5(t),c5(t)) of the
basis vectors (a*(7),b*(¢),c*(¢)) can be obtained by measur-
ing Gz (t), Gz2(t), and Gz3(t) of three diffracted shells at dif-
ferent delay times as

a}(t) h1 k] ll GZl(t)
b;(l‘) = /’lz k2 lz Gzz(l‘) . (2)
C}(l) hs k3 I3 GZ3(Z‘)

In the other two zone axes, the Z components of the ba-
sis vectors for the corresponding zone axes at different de-
lay times (ay (1)',b5(1)',c;(¢)') and (a(¢1)", b5 (1)",c;(¢)") are

given below:

-1

ay(t) hy k1 Gz (t)

b}(l‘)’ = /’l/z k/z lé GZQ(I)/ R 3)
(1) Hy Ky 1L Gz(t)

az(0)\ (1 KGN\ (G

by(t)" | = | hy &y Iy Gn®)"|, &
(1) Wy K1 Gy3(t)"

with the geometric relationship between the XY Z- and the xyz-

coordinates, the deformed reciprocal lattice Aj;yz and the pro-
jection matrix Z satisfy the following equations:
W x A, = Ziys, )

098701-5
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Wy Wy Wy
W= w, w, w, |, (6)
W// W// W//
X y Z
ay(t) by(t) cx(t)
A= ap() by@t) c;(0) | 7
ax(t) bi(r) (1)) ,,,

Gy by G| ®
VG0 s

where W is the weight matrix, which can be obtained by the
angles between the xyz axes and the Z axis at different zone

axes. Since the reciprocal space lattice corresponds to the

*
xy2
space lattice can also be determined.

real-space lattice, once the A} matrix is determined, the real-

Previously, acquiring CBED patterns from three inde-
pendent zone axes at the same sample location was ex-
perimentally challenging. The development of the rotation
holder significantly improved this process by enabling in-
plane sample rotation and large-angle tilting, thereby facil-
itating the collection of three distinct zone-axis CBED pat-
terns. Furthermore, recent advancements in TEM instru-
mentation, including optimized pulse-driven field-emission

g, [31-33 s34 and auto-

photocathode I direct-detection camera
mated tilt-control systems,*> have further enhanced exper-
imental efficiency, making three-zone-axis CBED measure-

ments more accessible.

4. Conclusion

In summary, we optically excited acoustic waves in a sin-
gle silicon NW and monitored the resulting elastic deforma-
tion using tr-HOLZ lines under CBED conditions in a UTEM.
To enhance the visibility of HOLZ lines, we developed an ex-
perimental approach involving CBED pattern acquisition un-
der off-zone-axis conditions.

We employed a geometric model of HOLZ line forma-
tion to quantitatively assess the elastic deformations in the Si
NW, enabling partial determination of the deformation gradi-
ent tensor. Simulations based on the derived tensor compo-
nents showed excellent agreement with experimental obser-
vations. However, we identified inherent ambiguities in the
CBED-based HOLZ line method for precise determination of
the full deformation gradient tensor. We analyzed the origin
of these ambiguities and propose a solution involving the use
of HOLZ line datasets from three distinct zone axes to enable
complete tensor retrieval.

This study presents a reliable method for analyzing acous-
tic wave propagation in nanostructures with spatial precision,
utilizing HOLZ line analysis in CBED mode within a UTEM

system. The developed technique enables nanoscale strain

mapping with unprecedented spatiotemporal resolution, offer-
ing new avenues for advanced materials characterization.
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