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Abstract

Cs-corrected atomic resolution scanning transmission electron microscopy under a

drift-compensated operation enabled us to acquire high-angle annular dark-field

(HAADF) images of entire gold nanorods without distortion induced by specimen drift.

The precision in locating the atomic columns was evaluated to be ±5 pm in the images

thus obtained, which is comparable to the image pixel size. A high-precision HAADF

image of a single-crystalline gold nanorod revealed that the tip portions at both ends

tended to undergo outward displacements along the rod axis and inward contraction

along the perpendicular direction. A single nanosecond pulse shot of laser light with a

wavelength of 1064 nm and an average intensity of 7.3 kJ/m2 pulse deformed the nanor-

ods into spherical shapes. Simultaneously, the particle interior was completely changed

into a multiple twin structure. Substantial displacements of atomic columns on the order

of several tens of picometers were confirmed to be localized in the corners of domains

at multiple twin junctions. Both the magnitude and direction of displacements were lin-

early relaxed with increasing distance from a multiple junction.

Key words: nanorods, laser light irradiation, HAADF-STEM, atomic resolution electron microscopy, picometer-
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Introduction

Gold nanorods have been attracting broad interest in various
science and engineering fields because of their characteristic
optical properties [1–4]. Because of their anisotropic rod
shape, gold nanorods generate two light-absorption peaks
associated with longitudinal and transverse modes of

localized surface plasmon resonance (LSPR) in their optical
spectra [5]. The light absorption heats up the nanorods
through electron–phonon coupling, sometimes deforming
their shape [6,7]. Conventional transmission electron micros-
copy observations have revealed that gold nanorods change
their shape into spheres, Φ-shapes or elongated rods when
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irradiated with pulsed laser light [8–11]. Recently, we set up
a pulsed laser light illumination system attached to a
high-voltage electron microscope (HVEM) and conducted
in situ high-resolution observations of the deformation of
gold nanorods in response to near-infrared laser irradi-
ation [12]. We observed that the first laser pulse effect-
ively rendered the nanorods more spherical, but the effect
diminished with additional shots because of the blue shift
of the longitudinal LSPR band caused by the shape change.
Our in situ HVEM observations also revealed that the
deformation of nanorods was accompanied by atomic
restructuring with the formation of stacking faults as well
as twinning in the interior [12].

Cs-corrected scanning transmission electron microscopy
(STEM) is widely used to observe atomic structures in vari-
ous nanomaterials because sub-angstrom atomic resolution
is routinely achieved [13–15]. High-angle annular dark-field
(HAADF) imaging in Cs-corrected STEM can normally be
directly interpreted in terms of atom column positions over a
wide range of specimen thickness and the defocus condition,
in contrast to Cs-corrected high-resolution transmission elec-
tron microscopy (CTEM) imaging [14,15]. HAADF-STEM
is advantageous especially to atomic resolution observation
of crystalline nanoparticles, because the images are free from
the background contrast from the supporting carbon film.
However, the serial acquisition of STEM image pixels puts it
at a disadvantage compared to the parallel acquisition of
CTEM image pixels, because the atom column positions
imaged in the former are inevitably influenced by instrumen-
tal instabilities, such as specimen drift and probe positioning
irregularity. Recent advances in post-processing of STEM
images have overcome the instrumental instability issues,
thereby enabling researchers to determine atomic positions
with picometer-order precision, which is much smaller than
the image resolution [16–20]. Kimoto et al. achieved 5 pm
precision by maximum entropy deconvolution of STEM
annular dark-field images overlaid with cross-correlation
and revealed that thulium atom columns were slightly shifted
toward the oxygen position in a TmFeO3 single crystal [17].
Yankovich et al. developed a non-rigid registration technique
of an image series to correct both specimen drift and electron
beam instability and characterized bond length contractions
of surface atoms in platinum and gold nanoparticles with
1–2 pm precision [18,19]. Very recently, Goris et al. applied
such a high-precision STEM technique to electron tomog-
raphy to reconstruct the 3D atom configuration in a gold
decahedral nanoparticle to exclude outward strains near the
surface [20]. The measured local lattice strains were dis-
cussed in terms of the structural origin of the catalytic prop-
erties of gold nanoparticles [20,21].

In this study, we investigated atomic structures in gold
nanorods before and after pulsed laser illumination, taking

advantage of drift-compensated processing for HAADF-
STEM images to achieve precision on the order of several
picometers. In particular, the defected structure formed
by laser illumination was characterized quantitatively in
detail.

Experimental procedure

The gold nanorods used in this study were produced in a
hexadecyltrimethylammonium bromide (CTAB) micellar
solution by a photochemical method; the nanorods were
approximately 50 nm in length and 10 nm in diameter
(products of Dai Nihon Toryo Co. Ltd., Japan). Their
optical absorption spectra showed peaks at wavelengths
of ~520 and 980 nm [22]. The CTAB micelles were par-
tially removed from the gold nanorods by centrifuging the
aqueous solution for 10 min at 2 × 104g (where g is gravi-
tational acceleration). One drop of the solution was
dropped onto a Quantifoil™ carbon film of sample sup-
porting mesh, which had been rendered hydrophilic by
exposure to Ar ions in a plasma cleaner; the sample was
then dried by baking at 373 K for 1 h. Some of the pre-
pared samples were subjected to irradiation with infrared
laser pulses in a JEM-1300NEF HVEM equipped with
a laser irradiation system [12]. The wavelength of the
laser pulses was 1064 nm, and the pulse duration was
6–8 ns. The averaged intensity per pulse was measured to
be 7.3 kJ/m2 by a PIN photodiode placed in the specimen
chamber.

HAADF-STEM atomic resolution observations of the
gold nanorod samples were carried out using a JEM-
ARM200F ACCELARM with a cold field-emission gun
operated at an acceleration voltage of 120 kV. The probe
semi-angle and the probe current were 18.8mrad and
15 pA, respectively. The angular detection range of the
HAADF detector for the scattered electrons was 70–
150mrad. To suppress the influence of sample drift during
STEM operation, the observations were conducted with
drift compensation by a customized script for Digital
Micrograph™, where a rapidly scanned plural HAADF-
STEM series of an area of interest was acquired with a
dwell time of 1 μs/pixel in 2048 × 2048 pixels. The thus-
obtained images in series were refined into 4096 × 4096
pixels by bicubic interpolation and then overlaid on each
other with cross-correlation. The coordinates of each
atomic column, ri j,

exp, were determined as the pixel position
giving intensity peak maxima in the overlaid images after
smoothing by Gaussian blur.

To measure local displacements of atomic columns, we
prepared averaged reference lattices for individual single-
crystalline domains of interest. The reference lattice points
ri j,

ref were assumed to be given as follows:
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= + + ( )r r a bi j 1i j,
ref

o

where ro is the position of the origin, i and j are index inte-
gers, and a and b are primitive lattice vectors. The vectors ro,

a and b in Eq. (1) were determined as adjustable parameters
by minimizing the residual squared sum of deviations
|Δ | = | − |r r ri j i j i j, ,

exp
,
ref with ri j,

exp in a domain interior whose
positional irregularities from the periodicity were less than the
detection limit defined by the image pixel size (8.302 pm).

Fig. 1. (a) Drift-compensated atomic resolution HAADF-STEM image of a nanorod. Upper and lower insets are mag-

nified single-frame and overlaid multiple-frame images of the region denoted by a blue rectangle. (b) Histogram of

shifts of 3429 atomic columns in the region indicated by a pink rectangle in (a). (c) 2D Gaussian distribution function

fitted to the histogram in (b). (d) Histogram of shifts of 5126 columns in the entire nanorod. (e) Distribution of Δx
along the axis of Δy = 0 in (b) and (c). (f) Distribution of Δy along the axis of Δx = 0 in (b) and (c).
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Results and discussion

Figure 1a shows an atomic resolution HAADF-STEM
image of a gold nanorod. Here, the incident electrons were
illuminated along the [110] zone axis. A perfect regular
array of atom columns appears in the nanorod. This
nanorod is a single crystal of 34 nm in length and 9 nm in
diameter, with its longer axis oriented along [001]. Here,
the faceting tendencies of the surfaces of gold nanorods
grown with CTAB are confirmed to be {100} for the top
and bottom tip ends and {111} for the tip sides. The {110}
surfaces in the main middle sides are smooth and almost
flat, containing only a few steps of one atomic-layer height.
The upper-right and lower-left insets in Fig. 1a are close-
up views of a center part of the nanorod in one frame scan
and in 29 frames overlaid with cross-correlation, respect-
ively. We are convinced that the drift-compensated oper-
ation by overlaying plural images significantly reduces the
effect of shot noise and improves the signal-to-noise ratio
in the resulting STEM image [16], enabling us to determine
the atomic column positions precisely. In addition, it
should be noted that this mode of operation is effective in
suppressing localized beam heating, which can induce sub-
stantial structural changes during observation.

The averaged reference lattice for Fig. 1a was constructed
on the basis of the positions of approximately 3000 atomic
columns in the middle part of the nanorod. The resultant
reference lattice suggests that the interplanar distances of
d(002) and d(220) are 199.7 ± 0.5 and 144.3 ± 0.5 pm,
respectively, and that the angle between [001] and [110] is
89.6 ± 0.1°. These values are quite satisfactory compared to
d(002) = 203 pm and d(220) = 144 pm for 40-nm-diameter
gold nanoparticles at 300K [23]. Thus, the specimen drift
has been successfully compensated in Fig. 1a.

Figure 1b gives the distribution of two-dimensional dis-
placements, ∆ri j, , of 3429 atomic columns in the middle
part within the pink rectangle in Fig. 1a. The distribution is
almost isotropic and mostly ranges within ± 10 pm. Here,
the x and y axes are along the horizontal and vertical direc-
tions of the scanned image, respectively. The histograms in
Fig. 1e and f confirm that Δx and Δy are almost statistically
symmetric. We approximated the distribution to a two-
dimensional elliptical Gaussian function defined by
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where G0 is the maximum peak value, σx and σy are the
standard deviations of Δx and Δy, respectively, and ρ is the
correlation coefficient. After the least-squares fitting of the
Gaussian function to the distribution, the parameters were

determined to be G0 = 54.8, σx = 3.9 pm, σy = 3.7 pm, and
ρ = 0.0. The Gaussian function thus well reproduces the dis-
tribution of displacements, as shown in Fig. 1c, e, and f.
Hence, the positions of atomic columns in this image are
determined with a precision of ±4 pm corresponding to the
standard deviations of σx and σy. It should be noted that the
precision in atomic column positions, which is smaller than
the image spatial resolution and the electron beam size, is
obtained as the statistical spread of regularity in the periodic
array of atomic columns in the image. This precision is con-
sidered to approach the achievable limit with the present
procedure, being similar to the image pixel size of 8.302 pm.
The probe positioning instability of the STEM instrument
used in this study was fortunately too small to degrade the
precision.

Figure 1d gives the distribution of displacements of
5129 atomic columns in the entire nanorod. The displace-
ments are more dispersed in Fig. 1d than in Fig. 1b, which
indicates that several atomic columns in the tip portions at
both ends are displaced from their regular positions. We
observe that a tail is extended toward the lower right

Fig. 2. Atomic displacements larger than 10 pm in the nanorod in Fig. 1.

The lengths of arrows are proportional to the displacement magnitudes:

(a) the entire rod, (b) the left tip portion and (c) the right tip portion.
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direction in Fig. 1d, which indicates collective displace-
ments toward this direction.

In Fig. 2, local displacements larger than 10 pm are
shown with arrows that indicate the magnitudes and direc-
tions by their lengths and colors, respectively. In the middle
of the nanorod, displacements are barely observed within
only two or three layers from the side {110} surfaces and
the magnitudes are mostly smaller than 20 pm. No system-
atic tendency of displacement is evident. In contrast, dis-
placements occur extendedly in both tip portions. As
shown in Fig. 2b, outward displacements toward the rod
axis, or [001] direction, and inward contraction along the
perpendicular short axis are observed as a general ten-
dency. Goris et al. [24] also observed the outward relax-
ation along the long axis in the tip parts of a gold nanorod
in a uniaxis strain measurement by geometrical phase ana-
lysis. The inward contraction of surface atoms is known to
be a general feature of precious metal nanoparticles with
diameters of approximately 10 nm or smaller [25].
Yankovich et al. [19] confirmed the inward contraction
shifts of surface atoms in a 5–6 nm gold nanoparticle by
high-precision HAADF-STEM imaging. The displacements
become more pronounced in the right-side tip in Fig. 2c
than that in Fig. 2b. The image in Fig. 2c confirms the ten-
dency of outward displacements along the long axis. In
addition, downward displacements appear dominant as a
whole in Fig. 2c; these displacements are considered to be
responsible for the tail toward the lower right direction in
Fig. 1d. The right-side tip portion is likely to be locally
bent downward, involving a shear distortion of <0.5%.
Such slight distortion is sometimes observed in gold nanor-
ods. Another example is given in Fig. 3a. Here, a perfect
array of atomic columns appears in the entire rod, but the
contrast appearance of columns is changed locally: it is
quite similar in the left-side tip and the middle part, but in
the right-side tip portion, it is slightly elongated and the
contrast becomes weak. This slight elongation is likely due
to the slight inclination of the columns from the zone axis
[110]. This nanorod is therefore considered to be slightly
bent or twisted.

Figure 3b illustrates an HAADF image obtained after
the nanorod in Fig. 3a was exposed to one-shot illumin-
ation of a nanosecond laser pulse with λ = 1064 nm. The
viewing orientation in Fig. 3b was almost the same as in
Fig. 3a. The outer shape is substantially deformed from its
original rod shape to a nearly spherical shape by heating
due to laser light absorption. The particle interior is no
longer in a single-crystalline state but is divided into sev-
eral segments with different crystallographic orientations.
In the close-up view in Fig. 3c, fine segments are observed
in five orientations rotating on a common [110] axis. The
segments are separated by single-layer twin boundaries

Fig. 3. (a) Atomic resolution HAADF-STEM image of a nanorod before

laser illumination. Insets are magnified views of areas indicated by rec-

tangles. (b) Image after one-shot illumination of a nanosecond laser

pulse with λ = 1064 nm. The average intensity is 7.3 kJ/m2. (c) Enlarged

image of the region denoted by the rectangle in (b). The five colors cor-

respond to different crystal orientations of segments. (d)–(f) Further

magnified images of regions of interest in image (c). (g) Atomic col-

umns used in the construction of averaged reference lattices for indi-

vidual segments.

Table 1. Lattice dimensions of averaged reference lattices for

segments

Segment Interplanar distance (pm) Angle (°)

d(002) d(220) [001]⊥[110]

L1 199.3 ± 0.8 145.9 ± 0.8 89.3 ± 0.2
L2 202.2 ± 1.1 142.9 ± 0.8 90.5 ± 0.2
L3 199.6 ± 1.0 144.2 ± 0.8 89.2 ± 0.2
L4 199.1 ± 1.1 144.3 ± 0.8 89.2 ± 0.2
L5 201.1 ± 1.0 142.1 ± 0.9 90.4 ± 0.2
L6 199.8 ± 1.0 143.5 ± 1.0 89.3 ± 0.2
R1 200.8 ± 1.2 144.4 ± 0.8 89.2 ± 0.2
R2 202.1 ± 1.1 145.2 ± 1.0 89.1 ± 0.3
R3 204.0 ± 0.8 143.1 ± 0.8 89.4 ± 0.2
R4 201.5 ± 0.8 143.6 ± 0.8 89.6 ± 0.2
R5 199.4 ± 0.9 144.2 ± 0.7 89.3 ± 0.2

395Microscopy, 2016, Vol. 65, No. 5

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

icro/article/65/5/391/2594956 by guest on 20 April 2024



with {111} mirror symmetry and double-layered twin or
stacking faults. The pronounced surface faceting to {111}
or {100} is also recognizable in the upper area of Fig. 3c.
Further magnified images around multiple twin junctions
and the outer surface are given in Fig. 3d–g. Substantial
displacements of atom columns and opening holes are
observed at multiple junctions as well as at the surface
layer. The averaged reference lattice for the precise analysis

of atom positions was constructed for each segment in the
same manner as described previously, but using the atom
columns marked in Fig. 3h. The lattice parameters of the
derived reference lattices are listed in Table 1. These values
are similar to those for the aforementioned original nanor-
od. The image distortion caused by the specimen drift has
been successfully compensated again here. The numerical
values inserted in Fig. 3d–g represent rotation angles

Fig. 4. (a) Local atomic displacements larger than 10 pm in the multiple twinned particle formed by

laser illumination. The lengths of arrows are proportional to the displacement magnitudes. (b)

Histogram of displacements of 1623 atomic columns in (a). (c) Gaussian distribution function fitted

to the histogram in image (b). (d) Distribution of Δx along the axis of Δy = 0 in (b) and (c). (e)

Distribution of Δy along the axis of Δx = 0 in (b) and (c).
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between the reference lattices for individual segments. As is
well known, the rotating angle between two {111} twinned
orientations is 70.53° for an ideal fcc lattice; a multiple
junction of twins therefore results in a solid-angle defi-
ciency or a disclination [26]. As evident in Fig. 3d–f, the
rotations become enlarged from the ideal orientation rela-
tionship between twinned domains connected with shorter
boundaries, specifically between L3 and R3 as well as
between L4 and R4. However, the rotation expansion is
confined to only a slight increase of one degree or less
between domains connected by extended boundaries or
between L- or R-grouped segments. This uneven relaxation
around the multiple twin junctions is ascribed to the unba-
lanced force applied to the boundaries.

Local atom displacements in the multiple twinned par-
ticle were evaluated by the same procedure previously used
to evaluate the virgin nanorod. The results are presented in
Fig. 4. Figure 4b gives the 2D histograms of Δx and Δy of
1623 atom columns within the area shown in Fig. 4a. The
distribution becomes anisotropic, broadening more along

the x direction, in comparison to Fig. 1b, probably as a
result of directional displacements caused by defected
structures. The 2D histograms of Δx and Δy were approxi-
mated by Eq. (2) with G0 = 34.0, σx = 4.3 pm, σy = 3.6 pm,
and ρ = −0.1, as shown in Fig. 4c–e. The values of σx
and σy are similar to those in Fig. 1c, suggesting that a pre-
cision of ± 5 pm would be achieved with respect to the
positions of atomic columns in Fig. 4a. Only a limited
number of atomic columns would be shifted from their
regular positions. Individual displacements larger than
10 pm are represented graphically with arrows in Fig. 4a.
Substantial displacements are observed to occur locally
around the multiple twin junctions as well as at the surface.
The atomic columns at the junctions shift considerably to
narrow the center opening holes, influencing the neighbor-
hoods. Displacements toward the lower right occur in the
corner areas of Segments R3 and R4. These collective displa-
cements enlarge the rotating angles between the neighboring
segments to accommodate the solid-angle deficiency at the
multiple twin junctions, which has already been discussed. In

Fig. 5. (a) Atomic rows on and nearby boundaries between Segments R1 and R5. The directions and magnitudes of displacements

in (b), (c) Rows (i) and (ii); (d) and (e) Rows (iii)–(v); and (f) and (g) Rows (vi) and (vii). The angles θ of the displacement directions are

measured clockwise from the right-hand side direction of the boundary lines.
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contrast, the extended twin and doubled twin boundaries on
the left side of Fig. 4a are almost free from atomic displace-
ments because the orientation rotations are nearly ideal for
the fcc crystal lattice, as indicated in Fig. 3d–f. Using high-
precision STEM images, Yankovich et al. [19] detected no
significant shift in atoms on a twin boundary inserted singly
into a gold nanoparticle. Several CTEM studies have identi-
fied entirely extended strain due to the solid-angle deficiency
in 5-fold symmetric decagonal nanoparticles [21,26]. In
contrast to the decagonal nanoparticles, the present mul-
tiple twin junctions lose the 5-fold symmetry of the
domain segments, thereby localizing deformation in
restricted small volumes, as shown in Fig. 4a.

In order to understand the local displacements and their
relaxation quantitatively, the direction and magnitude of
atomic displacements are given in Fig. 5 as a function of
the number of columns, N, from the multiple junctions
along the twin or doubled twin boundaries between
Segments R1 and R5. The displacements in Rows (i) and
(ii) occur toward almost the θ = 0° direction parallel to the
boundary line, and the magnitude decreases linearly with
increasing positional number N from the junction, as
shown in Fig. 5b and c. As the gradient of the lines gives
the local strain, it is revealed that almost constant strain of
compression is caused locally along the two atomic rows.
In contrast, the displacements in Lines (iii)–(vii) are
oriented toward a positive θ of approximately 50° at
N = 1, and the angle becomes progressively smaller with
increasing column number N, as evident in Fig. 5d and f.
The magnitude of displacement also decreases linearly with
increasing N, as shown in Fig. 5e and g. The linear relax-
ation of both magnitude and direction characterizes the
existence of local compression and shear strain.

Conclusions

In summary, drift-compensated atomic resolution
HAADF-STEM images of gold nanorods, obtained by
overlaying several images acquired within a short time,
enable atomic column positions to be determined with
±5 pm precision, which approaches the image pixel size.
The results reveal that a single-crystalline gold nanorod
oriented in the [001] direction along its long axis tends
to undergo outward displacements toward the rod axis,
or the [001] direction, and inward contraction along the
perpendicular short axis at both tip end portions. Gold
nanorods are deformed into almost spherical shapes and
their particle interior changes into a multiple twin struc-
ture when the nanorods are exposed to one shot of a laser
pulse with a wavelength of 1064 nm and an average
intensity of 7.3 kJ/m2. The extended twin boundaries are
almost free from atomic displacements. However, significant

displacements on the order of several tens of picometers
occur and are localized in the corners of small segments at
multiple twin junctions to accommodate the solid-angle defi-
ciency. Both the magnitude and direction of displacements
are linearly relaxed with increasing distance from a multiple
junction.
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