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Challenging the ideal strength limit in single-
crystalline gold nanoflakes through phase
engineering

TongZhang 1,4, YuanbiaoTong2,4,ChenxinyuPan2, JunPei 1, XiaomengWang1,
Tao Liu1, Binglun Yin 1,3 , Pan Wang 2 , Yang Gao 1,3 , Limin Tong 2 &
Wei Yang 1,3

Materials usually fracture before reaching their ideal strength limits. Mean-
while, materials with high strength generally have poor ductility, and vice
versa. For example, gold with the conventional face-centered cubic (FCC)
phase is highly ductile while the yield strength (~102MPa) is significantly lower
than its ideal theoretical limit. Here, through phase engineering, we show that
defect-free single-crystalline gold nanoflakes with the hexagonal close-packed
(HCP) phase can exhibit a strength of 6.0 GPa, which is beyond the ideal the-
oretical limit of the conventional FCC counterpart. The lattice structure is
thickness-dependent and the FCC-HCP phase transformation happens in the
range of 11–13 nm. Suspended-nanoindentations based on atomic force
microscopy (AFM) show that the Young’s modulus and tensile strength are
also thickness-and phase- dependent. The maximum strength is reached in
HCP nanoflakes thinner than 10 nm. First-principles and molecular dynamics
(MD) calculations demonstrate that the mechanical properties arise from the
unconventional HCP structure as well as the strong surface effect. Our study
provides valuable insights into the fabrication of nanometals with extra-
ordinary mechanical properties through phase engineering.

Enhancing the strength of materials to their ideal theoretical limits has
long been a challenging goal in scientific communities1–8. Meanwhile,
fabricating materials with both high strength and high ductility is
another long-term dilemma, due to the well-known conflict between
strength and ductility9–14. Microstructure and external geometry are
two essential factors, especially when the dimension of materials is
down to the nanoscale15–20. Solid gold, usually holding the FCC phase,
is highlyductileowing to its abundant slip systemsand lowgeneralized
stacking fault energy21,22, while displaying a rather low strength of
~102MPa23. It has been widely reported that the strength of FCC gold
can be dramatically improved by reducing its dimension24,25. Recently,
gold nanosheets with the thickness around 50nmwere fabricated and

reported to possess a satisfactory strength of 1.2 GPa26. Micro-
structural strategies such as nanoscale twinning, have been integrated
into the fabrication of gold nanowires with high strengths. For
instance, ultrahigh-density twins (UDTs) with Å-scale have been
reported to significantly hinder dislocation motions and even turn
gold nanowires into brittle-like materials, reaching a near-ideal theo-
retical strength of FCC gold with ≈3.12 GPa27, positioning gold among
the roster of the strongestmetals. On the other hand, HCPmetals such
as titanium or cobalt28, generally exhibit substantially high strengths29,
due to their fewer and less easily activated slip systems, compared to
FCC metals. In the past few decades, phase engineering strategies,
such as phase transformation between conventional and
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unconventional phases, have been widely adopted for fabricating
nanomaterialswithdistinctphysical properties17. Therefore, a question
naturally arises: canweexplore the possibility of further enhancing the
strength of gold and even reaching its ideal theoretical limit, in the
unconventional HCP phase? In fact, the fabrication of HCP gold square
sheets grown on graphene oxide has been reported in literature30.
However, the mechanical properties of HCP gold yet remain
unexplored.

Here, we report the investigation of the mechanical properties of
single-crystalline gold nanoflakes with the unconventional HCP phase,
by suspended-nanoindentation using atomic force microscopy. Fol-
lowing a wet-chemical method, we fabricated freestanding gold
nanoflakes with thicknesses ranging from 5 to 34 nm and a lateral size
of ≈50μm. The lattice structure as well as the high quality (single-
crystalline and defect-free) of the nanoflakes were revealed by high-
resolution transmission electron microscopy (HRTEM). Particularly,
the ideal theoretical strength of FCC gold (5.5GPa) is experimentally
surpassed in HCP gold nanoflakes thinner than 10 nm, with a tensile
strength of 6.0 GPa5,27. In addition, our gold nanoflakes are purely
brittle when the thickness is less than 10 nm. Clear ductile fracture
behavior emerges in nanoflakes thicker than 10 nm while retaining a
lower yet considerably high strength of 2–3GPa. The underlying
mechanisms of the exceptional mechanical properties of the HCP gold
nanoflakes are unveiled by first-principle calculations based ondensity
functional theory (DFT). This material system contains rich phenom-
ena and complex phase transformation at the nanoscale, offering
valuable insights for the design and fabrication of metal nanos-
tructures with extraordinary mechanical properties.

Results
Phase-engineered single-crystalline gold nanoflakes
Freestanding gold nanoflakes thicker than 10 nm were first fabricated
using amodified wet-chemical approach31. The thickness can be tuned
from ≈10 nm to hundreds of nanometers by controlling the growth

time. As depicted in the schematic of Fig. 1a–c, the gold nanoflakes
with thickness less than 10 nm were obtained by an atomic-level pre-
cision etching approach on the as-fabricated thick nanoflakes with
cysteamine solution (see Methods)32. The thickness can be precisely
controlled by the etching time. Figure 1d–i presents the optical images
of the fabricated gold nanoflakes with thicknesses of 32, 16, and 6 nm,
respectively. With the decrease in the thickness, the reflection of gold
nanoflakes decreases, while the transmission increases gradually. The
uniform thinning technique enabled us to fabricate gold nanoflakes
with highly controllable thickness and atomically flat surface. An AFM
topographic image of a 5.7 nm-thick gold nanoflake and its corre-
sponding height profile are displayed in Fig. 1j, k, respectively. The
surface roughness of the gold nanoflake is less than0.5 nm, confirming
the atomic flatness.

HRTEM experiments were performed to investigate the lattice
structures of the gold nanoflakes. Figure 2a, d shows the HRTEM
images of an 11.7 nm-thick nanoflake and a 13.7 nm-thick nanoflake,
respectively. The two images were captured along the thickness
direction, both showing uniform and completely defect-free hex-
agonal lattice structures (with 6-fold symmetry), indicating that the
atomic close-packed planes are perpendicular to the thickness
direction31,32. It is worth noting that both the projected {0001} plane of
an HCP crystal and the projected {111} plane of an FCC crystal exhibit
hexagonal lattice structures33,34. However, the distances between the
nearest edge-on atomic planes for the two nanoflakes are rather dif-
ferent, as shown in Fig. 2b, e—zoom-in regions in Fig. 2a, d, respec-
tively. To be specific, the interplanar spacing of 0.25 nm in Fig. 2b
matches the theoretical value for HCP lattice structure viewing along
the <0001> beam direction32–35, while the interplanar spacing of
0.15 nm in Fig. 2e matches the theoretical value for FCC lattice struc-
ture viewing along the <111> beam direction31,34,35 (see more discus-
sions on the lattice structure identification in Suppl. Note 1). The HCP
phase in Fig. 2a can be further evidenced by the selected area electron
diffraction (SAED) pattern in Fig. 2c. The diffraction spot sets exhibit a
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Fig. 1 | Fabrication and basic characterizations of single-crystalline gold
nanoflakes. a–c Schematic of the fabrication of single-crystalline gold nanoflakes,
which transformed from a, the FCC phase to c, the HCP phase during the thinning
process. Cys, cysteamine. Cys•, cysteamine radical.d–iReflection and transmission

optical images of gold nanoflakes, corresponding to the thickness of (d, g), 32 nm,
(e, h), 16 nm, and (f, i), 6 nm, respectively. j AFM topographic image of a 5.7 nm-
thick gold nanoflake and k, its corresponding height profile (red solid line), source
data are provided as a Source Data file.
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6-fold symmetry, with the reciprocal lattice vector magnitude of
3.97 nm-1, matching the HCP structure viewing along the <0001> beam
direction35. The above results confirm the existence of both HCP and
FCC phases in our gold nanoflakes, similar to a previous study by
Huang et al., wherein the lattice structure of the gold square sheets
undergoes a transformation from HCP to FCC at a critical thickness of
≈2.4 nm30. Moreover, the gold nanoflakes in this work could maintain
pure and stable HCP phase (the lattice structure remained completely
unchanged throughout several HRTEM experiments on the same
nanoflake) when the thickness is at least ≈11 nm, which are the thickest
HCP gold nanoflakes ever reported. Figure 2f displays the statistics of
the interplanar spacing observed along the thickness direction of gold
nanoflakes with various thicknesses. The data points in Fig. 2f can be
clearly divided into two groups, corresponding to the HCP (blue dot-
ted line) and the FCC (red dotted line) lattice structures, respectively.
Based on Fig. 2f, we can easily identify an FCC-to-HCP phase trans-
formation in the range of 11–13 nm (seemore HRTEM images in Suppl.
Note 2). Therefore, phase engineering of our gold nanoflakes can be
delicately achieved by simply tuning the thickness. HCP phase was
never observed in all the HRTEM characterizations for those gold
nanoflakes thicker than 15 nm31 (Suppl. Figs. 2 and 3),meaning the FCC-
to-HCP phase transformation is driven during the chemical etching
process. DFT calculations reveal that FCC phase is the ground state for
bulk gold, while the energy gap between HCP- and FCC- phases is

significantly narrowed and the HCP phase becomes ametastable state,
if the nanoflake thickness is reduced to a few nanometers. We also
observed the fingerprints of the reverse HCP-to-FCC phase transfor-
mation triggered by focused ion beam (FIB), as shown in Suppl. Fig. 4.
The DFT calculations and the phase transformationmechanismwill be
discussed later in the main text and Suppl. Notes 14, 15.

Mechanical experiments
To investigate the exceptional mechanical properties of the phase-
engineered gold nanoflakes, we conducted nanoindentation mea-
surements using an atomic force microscope26,36, as depicted in the
schematic of Fig. 3a. Gold nanoflakes with thicknesses ranging from 5
to 34 nmwere first transferred onto silicon substrates with 4-μmholes
using awater-assisted transfermethod (seeMethods). The typical AFM
non-contact images of a transferred gold nanoflake are exhibited in
Fig. 3b, indicating the flat intimate contact between the clamped gold
nanoflake and the substrate without folding, forming a freestanding
suspended structure. Then an AFM tip was placed at the center of the
suspended gold nanoflake, followed by the sample stage moving
upward at a constant displacement rate of 1μms-1 and sampling rate of
2 kHz. Several displacement rates were tested and no distinct differ-
encewas found (Suppl. Fig. 10). For each sample, consecutive loading/
unloading cycles were implemented with an increasing applied force
until the fracture of the nanoflake. To avoid possible damage or worn-

a b c

d e f

5 10 15

0.14

0.16

0.18

0.20

0.22

0.24

0.26 5.3 nm
7.2 nm
9.2 nm

11.7 nm
12 nm

12.3 nm
12 nm

12.3 nm
13.2 nm
13.7 nm
17.8 nm

In
te

rp
la

na
rs

pa
ci

ng
(n

m
)

Thickness (nm)

Thickness: 11.7 nm

Thickness: 13.7 nm 2 nm

5 nm 0.5 nm

0.5 nm

0.148 nm

0.145 nm 0.148 nm

0.252 nm

0.251 nm

0.250 nm

5 nm-1

HCP

FCC

1100 0110

1010
3.97 nm-1

Fig. 2 | HRTEM characterizations along the thickness direction. aHRTEM image
of a random area in an 11.7 nm-thick gold nanoflake showing hexagonal lattice
structures (highlighted by a blue frame). b HRTEM image of a zoom-in region in
a, where the distance between the nearest edge-on atomic planes is ≈0.25 nm
(highlighted by a blue frame). c SAED pattern corresponding to a, matching HCP
structure viewing along the <0001> beam direction. d HRTEM image of a random
area in a 13.7 nm-thick gold nanoflake displaying hexagonal lattice struc-
tures (highlighted by a red frame). e HRTEM image of a zoom-in region in
d, revealing a distance of ≈0.15 nm between the nearest edge-on atomic planes

(highlighted by a red frame), corresponding to FCC structure viewing along the
<111> beam direction. f Statistical analysis of the interplanar spacing in gold
nanoflakes with different thicknesses. Error bars represent standard deviations for
at least 6 independent measurements for each sample. Blue dotted line, the theo-
retical value (0.249 nm) of the interplanar spacing of HCP lattice structure viewing
along the <0001> beamdirection. Red dotted line, the theoretical value (0.144nm)
of the interplanar spacing of FCC lattice structure viewing along the <111> beam
direction. The gradient color bar (from blue to red) indicates the phase transfor-
mation range, source data are provided as a Source Data file.
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out which may change the shapes or radii of AFM tips during succes-
sive experiments, diamond coated AFM tips were used, whose radii
and cantilever spring constants were thoroughly calibrated (see
Methods and Suppl. Note 5). The loading curves for the same nano-
flake coincide quite well with each other, revealing high data accuracy
and excellent elastic behavior before fracture. No slippery was detec-
ted according to the AFM topographic images before and after the
indentation. Figure 3c displays two representative force-indentation
curves for gold nanoflakes with the thicknesses of 8.4 and 14.7 nm,
respectively. More indentation curves can be found in Suppl. Note 7.
The force-indentation relationship at the midpoint of a circular
clamped nanoflake can be modeled as follows36,37:

F =
4πE

3 1� v2
� � � t3

R2

� �" #
δ + πTð Þδ +

q3Et

R2

� �
δ3, ð1Þ

where F is the applied force, δ is the central indentation of the nano-
flake, t is the thickness of the nanoflake which was scrupulously iden-
tified in AFM contact mode. R is the hole radius, T is the prestress
related to the transfer process and surface state of the suspended
nanoflake, E is the Young’s modulus of the nanoflake and v is the
Poisson’s ratio adopted as 0.42, q is a dimensionless constant which
relates to Poisson’s ratio, such that q = 1/(1.05 −0.15ν −0.16ν2). Since
the Poisson’s ratio of HCP gold has not been reported in literature, we
tested different values ranging from 0.40 to 0.49. The corresponding
Young’s modulus and the strength fluctuate by only 7.9% and 4%,
respectively (detailed result in Suppl. Table 1). Therefore, we use a
Poisson’s ratio of 0.42 without significant loss of accuracy. The first
term in Eq. (1) represents a linear bending plate behavior dominating
the small-load regime. The third term in Eq. (1) represents a nonlinear

membrane stretching behavior, characterized by a cubic relationship
between F and δ, which dominates when the load is large. A
representative indentation curve of the 8.4 nm-thick gold nanoflake
is replotted in a logarithmic scale in Fig. 3d. The indentation curve
exhibits a nearly perfect cubic F∝δ3 relationship for almost the whole
indentation (from ≈20 to 160 nm), indicating that stretching is the
dominant deformation over bending in the indentation experiments.
More details on the supporting theories are in Suppl. Note 6. For all the
gold nanoflakes we tested, Eq. (1) fits the indentation curves very well
(R2 > 0.99), as shown in Fig. 3c and Suppl. Fig. 8. Through two-
parameter curve fitting, we can obtain the Young’s modulus and the
prestress of the tested gold nanoflake. The influence of hole size on
nanoindentation experiments is discussed in Suppl. Fig. 9. The tensile
strength is then calculated using the maximum force Ffrac in the
indentation curves, using Eq. (2)38:

σ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F fracE
4πtrtip

s
: ð2Þ

The Young’s modulus and tensile strength of the gold nanoflake
are plotted as a function of the thickness in Fig. 4. In a wide range of
thickness, the Young’s modulus is above 100GPa, indicating the high
quality of thenanoflakes.Moreover, both theYoung’smodulus and the
tensile strength increase significantly with the reduction of the thick-
ness, displaying explicit thickness dependence. It’s worth noting that
the Young’s modulus increases continuously with the decrease in
thickness, while the strength shows a ≈ 2GPa jump across the thick-
ness range for the FCC-to-HCP transformation. This distinction possi-
bly arises from the co-existence of the FCC/HCP phases in those
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Fig. 3 | Nanoindentation measurements. a Schematic of the nanoindentation
experiment on a suspended gold nanoflake. b AFM topographic images for a gold
nanoflake transferred onto a 4-μmhole. White solid line, the height profile marked
by the white dashed line. c Representative indentation curves for gold nanoflakes
with the dashed lines showing the fitting curves following Eq. (1). Red circle, the

indentation curve for an 8.4 nm-thick nanoflake, showing brittle behavior. Orange
circle, the indentation curve for a 14.7 nm-thick nanoflake, showing ductile beha-
vior. d Indentation curve for the 8.4 nm-thick gold nanoflake in logarithmic scale,
indicating a clear cubic behavior for high loads. Source data are provided as a
Source Data file.
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nanoflakes whose thicknesses lie in the phase transformation range
(more detailed discussion in Suppl. Note 13). The maximum tensile
strength is 6.0GPa, achieved in an 8.4 nm-thick nanoflake, and the
corresponding indentation curve is plotted in Fig. 3c. It is noteworthy
that themaximumstrength in this study surpasses the theoretical yield
strength of the conventional FCC gold (5.5 GPa)5,27. Besides, the gold
nanoflakes with the thickness below 10 nmdisplay a completely brittle
fracture behavior, while ductile behavior emerges as the thickness
increases. A representative indentation curve for a 14.7 nm-thick
nanoflake is plotted in Fig. 3c, showing the absence of stage II work-
hardening and clear discrete plasticity separated by several elastic
loading segments, which can be explained by the dislocation starva-
tionmechanism39–41. Due to the large surface-to-volume ratio and small
thickness, mobile dislocations are more likely to annihilate at a nearby
free surface rather thanmultiplywithin the gold nanoflakes.Moreover,
the defect-free single-crystalline structure and atomically flat surface
result in a scarcity of dislocation sources. Such a dislocation-starved
state requires significantly high stresses to nucleate additional dis-
locations. It should be noted that those nanoflakes with clear ductility
still possess a satisfactory strength of 2–3GPa, exceeding most of
other metals or alloys, as shown in Fig. 5. With the thickness further
increasing, a typical stage II work-hardening curve was observed42

(Suppl. Fig. 12). The brittle-ductile transition in our gold nanoflakes
couldbe attributed to the emergence of FCCphasewhen the thickness
increases. To better illustrate its exceptional mechanical properties,
we plot the tensile strength and Young’s modulus of the phase-
engineered gold nanoflakewith other advanced nanometals and alloys
in Fig. 5. The Young’s modulus of the HCP gold nanoflakes is com-
parable to those of the state-of-the-art titanium alloys and steels, while
themaximum strength exceeds ≈94% and ≈136% of the state-of-the-art
reported values for gold nanostructures (3.12 GPa)27 and steels
(2.57 GPa)43, respectively.

DFT calculations
Compared to conventional FCC polycrystals44, our phase-engineered
single-crystalline gold nanoflakes exhibit exceptionally high Young’s
modulus, mainly in the HCP structure. In this section, we discuss and
rationalize such observations based on linear elasticity45 and DFT
calculations46. In nanoindentation experiments, the main deformation
of the nanoflakes is the in-plane biaxial tension applied by the AFM tip

(Suppl. Fig. 7). For any biaxial deformation in the x1-x2 plane, the
general formalism of the stress-strain constitutive relation is:

σ1

σ2

0

0
0

σ6

2
66666664

3
77777775
=Cij

x

x
ε3
ε4
ε5
0

2
66666664

3
77777775
: ð3Þ

Here, x is the applied strain; σi (i = 1, 2, 6) and εi (i = 3, 4, 5) are the
stress and strain components that arise due to the applied strain x and
boundary conditions. Given the single-crystal elastic constants Cij,
these unknown components can be derived as a function of x. The
elastic strain energy density (σ1 + σ2) x/2 can then be calculated and
denoted asAx2, where the coefficientAdescribes the effective stiffness
of the in-plane biaxial deformation, and is purely determined by the Cij

(see Suppl. Table 4). All the materials analyzed in the following are
assumed to be transversely isotropic and have a constant in-plane
Poisson’s ratio of ν = 0.42, which leads to the direct calculation of the
in-plane modulus as (1-ν) A.

The analyses start with the single-crystals of bulk FCC gold. The
corresponding Cij of FCC gold has been reported in Ref. 44, based on
which the effective stiffness A in the {100} and {111} planes are calcu-
lated as 78 and 190GPa, respectively. The corresponding in-plane
moduli are 45 and 110GPa, of which the average value (78GPa) is very
close to the polycrystal Young’s modulus 79 GPa44, as shown in Fig. 6a.
This is reasonable as the polycrystal “stiffness” is a mixture of the
“hard” and “soft” orientations. We then performed DFT calculations to
verify the in-plane moduli of the {100} and {111} planes for FCC bulk,
and the results are highly consistent with the experiments, as shown in
Fig. 6a. Hence, even within the FCC bulk state, the in-planemodulus of
the {111} plane for single-crystals is dramatically higher than the value
for polycrystals. Next, we applied the same calculations on the HCP
bulk state. As shown in Fig. 6a, the in-plane modulus of the HCP basal
plane is 146GPa, which is substantially higher than the FCC {111} value
(110GPa). Therefore, remaining in bulk states, the in-plane modulus
for single-crystal HCP gold is higher than the value for FCC gold.
Finally, we calculated the in-plane modulus for HCP structures with
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various thicknesses, ranging from 12 to 30 atomic layers. As shown in
Fig. 6a, with the decrease in thickness, the in-plane modulus gets fur-
ther enhanced and reaches the maximum value of ≈170GPa at ≈4 nm
(16 atomic layers), in excellent agreement with our AFM experiments
(discussed in Fig. 4, replotted in Fig. 6a). We attribute the thickness-
dependence of the in-plane modulus observed in both experiments
and calculations to surface effect. The free surface naturally lies in a
higher energy state and tends to shrink47, leading to a smaller intrinsic
in-plane lattice constant and a higher modulus than the interior body.
The surfaces and the body are thus subjected to appropriate strains to
overcome the lattice mismatch, resulting in a smaller overall in-plane
lattice constant and a higher modulus than the bulk state, as shown in
Fig. 6a, b. The surface effect usually gets more prominent as the
dimensiondecreases, giving rise to the thickness dependenceof the in-
plane modulus. It’s also worth noting that the calculated Young’s
modulus slightly decreases when the thickness decreases from 16 to 12
atomic layers. This is probably due to the fact that the two free surfaces
start to interact, thus compromising the system stability. See Suppl.
Note 14 for detailed modeling and discussions. Overall, the analyses
here are consistent both theoretically and experimentally, revealing
the mechanisms for the exceptional mechanical properties in the gold
nanoflakes.

DFT calculations are also performed to unfold the physical origin
of the thickness-dependent phase transformation. Figure 6c shows the

energy (per atom) as a function of the in-plane lattice constant in the
biaxial deformation, where the energy vs. lattice constant curves are in
excellent agreement with parabolic fitting. In Fig. 6c, the reference
energy is the equilibrium energy of the FCC bulk state, which turns out
to be the ground state of gold in DFT. The HCP bulk energy is higher
than that of the ground FCC state by ≈6.1meV atom-1, consistent with
the previous results in ref. 48. Then for the case with 12 atomic layers,
the formation energy increases significantly (by ≈70meV atom-1) as
compared to those in bulk due to the surface effect. More importantly,
the energy difference between the ultrathin HCP and FCC states
reduces significantly to 2.8meV atom-1, indicating that the HCP phase
is more favored in the ultrathin scale than in the bulk. Another crucial
observation is that the in-plane lattice constant in the HCP phase is
considerably smaller than the value for the FCCphase (in both the bulk
and ultrathin cases), which could explain why HCP gold is generally
stiffer than FCC gold. In addition to examining the thickness effect, we
also conducted preliminary calculations to investigate the substrate
effect on the energy difference (see Suppl. Note 15 for more details).
Based on all theDFT calculations performed, twokey conclusions have
been drawn. First, with decreasing thickness or in the presence of a
substrate, the energy gap between the FCC- and HCP- phases is sig-
nificantly reduced compared to the bulk state. Second, the FCC phase
consistently exhibits a lower energy state compared to the HCP phase.
These conclusions are in full agreement with experimental
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Fig. 6 | DFT calculations of the in-plane modulus, lattice constants and phase
stability. a The in-plane Young’s modulus of gold for various states. Black dashed
line, Young’s modulus of polycrystalline gold47. Red dashed lines, the in-plane
moduli for bulk FCC {111} and {100} planes, derived from ref. 44. Red triangles, DFT-
calculated in-plane moduli for bulk FCC {111} and {100} planes. Purple squares, the
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observations, as elaborated below. During the chemical fabrication
process, thinner gold nanoflakes have a higher probability to be in the
HCP phase30. This observation aligns with the first conclusion that
smaller thickness favors the HCP phase. Although the HCP phase has
slightly higher energy, various external factors17,33,40,49–52, such as che-
mical groups, thermal activation, and substrate effects, collectively
enable the system to overcome the energy barrier and stabilize in the
metastable HCP phase. Another experimental observation is that an
HCP-to-FCC phase transformation occurs when sufficient thermal
perturbation is applied to the nanoflakes. As shown in Suppl. Fig. 4, a
significant number of stacking faults and ultrahigh-density twins were
generated in a 7.6-nm-thick HCP nanoflake after exposure to gallium
ionbeams. Stacking faults andUDTsare reported tobe thefingerprints
of the intermediate state of the HCP-to-FCC transformation in gold.
This strongly suggests that the FCC phase is energetically more
favorable, which once again is consistent with the DFT results. The
analyses here not only support the existence of the HCP phase
observed in HRTEM but also reveal the possible mechanism for the
transformations between the FCC- and HCP- phases.

Discussion
Based on the experiments and calculations, we attribute the high
strength for the gold nanoflakes in this work to the defect-free HCP
structure and the surface effect. First of all, HCP metals typically lack
sufficient slip systems to release elastic strain energy through dis-
location motions, and the critical resolved shear stress also varies
significantly for different slip systems in HCP phase, thereby resulting
in poor ductility and a high stress required to initiate relative move-
ment between adjacent atomic planes9. In our suspended-
nanoindentation experiments, biaxial loading is applied with the ten-
sile direction perpendicular to the direction of the close-packed plane.
According to previously reported DFT calculations48, only 3 different
{0001} < -1100> slip systems can be more easily activated in HCP gold,
compared to other slip systems in the basal, prismatic, and pyramidal
planes, making it quite difficult to accommodate sufficient plastic
deformations. MD simulations were performed using the embedded
atom method53 to further understand the dynamics of dislocation
nucleation and multiplication at the very early stage of deformations
(Suppl. Fig. 17). As expected, 1/3{0001} < -1100> slip system is domi-
nated until the fracture. In contrast, under the same loading condi-
tions, at least 12 different {111} < 11-2> slip systems can be easily
activated in FCC gold nanoflakes, resulting in distinct mechanical
behaviors. Moreover, ultrahigh-density twins have been experimen-
tally proven as an effective strategy to enhance the strength of metals
by restricting dislocation motions27. Therefore, the “ABAB…” stacking
in HCP gold can be intuitively approximated as FCC gold composed of
ultrahigh-density twins with minimal twin thickness17, resulting in the
high strength. Secondly, the defect-free structure and the atomically
flat surface significantly limit the dislocation nucleation in the early
stage of deformations, intrinsically enhancing the strength of the gold
nanoflakes.Meanwhile, the large surface-to-volume ratio gives rise to a
pronounced surface effect, inducing certain compressive stress
against the external tensile loading.

In summary, we report the fabrication of single-crystalline HCP
gold nanoflakes with a high strength, which is even beyond the ideal
theoretical strength of conventional FCC gold, as confirmed by
nanoindentation measurements. The exceptional mechanical proper-
ties are attributed to a series of mechanisms including the unconven-
tional HCP phase, surface effect and the absence of defects.
Considerable ductility was also observed in thicker nanoflakes where
the HCP and FCC phase might co-exist. This material system could
serve as a platform to demonstrate the impacts of unconventional
phases, external geometry and size effect on the mechanical proper-
ties of nanometals, and to investigate the very early stage of metal
deformation and fracture. More importantly, this work offers an

approach to resolve the conflict between strength and ductility by
means of phase engineering.

Methods
Fabrication of gold nanoflakes
Gold nanoflakes with thicknesses larger than 10 nm were fabricated
using amodifiedwet-chemical approach31. First, in a 20-mL glass vial, a
growth solution was prepared by mixing a 90-μL chloroauric acid
(≥99.9%) aqueous solution (0.1M)with 10-mLethylene glycol (≥99.5%).
Then, a cleaned glass slide was inserted into the growth solution to
serve as the substrate for the growth of gold nanoflakes. Finally, the
growth solution was heated to 95 °C and kept at this temperature for a
certain time, which defines the dimensions of the resulting gold
nanoflakes. After the growth, the glass slide with gold nanoflakes on
the surface was cleanedwith ethanol (≥99.7%) and driedwith nitrogen.
For gold nanoflakes with thickness less than 10 nm, they were fabri-
cated by an atomic-level-precision chemical etching approach of
substrate-supported gold nanoflakes with cysteamine (≥98.0%) solu-
tion (200mM in chloroform, ≥99.0%). Substrate-supported gold
nanoflakes with thickness around 20 nm were immersed into the
solution. The gold atoms on their surfaces can be uniformly etched
layer by layer, while the lateral dimensions of the gold nanoflakes
remain nearly constant. The thickness of the resulting gold nanoflakes
is thus determined by the etching time. Finally, the etched gold
nanoflakes were cleaned with ethanol (≥99.7%) and dried with
nitrogen.

TEM characterizations and FIB processing
A portion of the target gold nanoflake was transferred onto TEM
grids from the original glass substrate using a fiber taper-assisted
transfer method. Characterizations observed along the thickness
direction were conducted inside a Thermo Scientific Talos F200X G2
TEM operated at 200 kV. An overview image of the transferred
nanoflake was initially captured to carefully select multiple flat
regions, from which SAED images were acquired, followed by high-
resolution zoom-in images. A low beam intensity was maintained
throughout the entire process to minimize possible irradiation
effects on the gold nanoflake33,34. Subsequent post-processing
(including limited background noise filtering and contrast adjust-
ment) and data measurements were carried out using the Digital
Micrograph software. The residual of the same gold nanoflake on the
glass substrate was utilized to identify the thickness by means of
AFM. FIB experiments were operated (Thermo Scientific, Helios G4
CX DualBeam System) to fabricate the sample used to observe the
lattice structures of gold nanoflakes along the <110> beam direction.
Gallium ion beam with 30 kV/0.79 nA was first used for coarse thin-
ning of the sample to tens of micrometers. Subsequently, a lower ion
beam current at 30 kV/80 pA was applied for further thinning until
the sample reached a thickness of a few microns. Finally, ion beam
with a rather low energy of 2 kV/39 pA was employed to gradually
thin the sample to ≈100 nm.

Gold nanoflake transfer
A piece of wedge-shaped polydimethylsiloxane (PDMS) was solidified
at 90 °C for 10min on a silicon substrate with a 270 nm-thick oxidation
layer to ensure a smooth subface. Firstly, one sideof the subface slowly
contacted the entire gold nanoflake while a small water drop was
placedon theother side using apipette, penetrating into the interfaces
between PDMS, the gold nanoflake and silicon substrate during the
carefully press-down process. Since the gold nanoflake was previously
supported by PDMS, any probable damage of the gold nanoflake
during water penetration was effectively alleviated. After complete
contact, the PDMS stamp was deliberately peeled off, picking up the
gold nanoflake on the PDMS. By repeating the press-down-peel-off
process, gold nanoflakes can be transferred from glass substrates to

Article https://doi.org/10.1038/s41467-025-56047-x

Nature Communications |          (2025) 16:926 7

www.nature.com/naturecommunications


pre-patterned silicon substrates with circular holes 4μm in diameter
and 370 nm in depth.

AFM nanoindentation experiments
AFM imaging and nanoindentation measurements36 were conducted
using an Asylum ResearchMFP-3D AFM under ambient conditions. To
prevent possible damages, the gold nanoflake to be measured was
initially imaged in tapping mode at a scan rate of 0.7Hz before the
nanoindentation test. Only those gold nanoflakes without folds or
bulges were selected. The nanoindentation test was performed in
contact mode at a controlled displacement rate of 1μms-1 over a piezo
sweep distance of 500 nm. Consecutive nanoindentation experiments
with increasing applied force were executed for each sample until the
final fracture. Diamond coated tips (Nanosensors, DT-NCHR) were
used to mitigate wear during continuous nanoindentation experi-
ments, whose tip radii were confirmed to be around 150 nm according
to SEM images (Hitachi SU-8010). The spring constants of the canti-
levers were calibrated to be 60–80Nm-1 using the Sader method54,
consistent with the values provided by the manufacturers. Optical
sensitivity of each AFM probe in each experiment was thoroughly
calibrated. The deflection of the gold nanoflake was then collected by
subtracting the tip deflection from the z-piezo displacement.

DFT computations
DFT computations, as implemented in the VASP code55,56, were per-
formed with the PBEsol57,58 exchange-correlation functional and the
PAW56,59 pseudopotentials. The valence-electron eigenstates were
expanded using a plane wave basis set with a cutoff energy of 550 eV
and were smeared using the first-order Methfessel-Paxton method
with a smearing parameter of 0.2 eV. In reciprocal space, a Γ-centered
Monkhorst-Pack60 k-mesh was used with a line density (2π/81 Å−1)
consistent across all geometries. This k-mesh density leads, for
example, to a 20× 20 × 20 mesh for gold in the 4-atom FCC unit cell
and a 33 × 33 × 17 mesh for gold in the 2-atom HCP unit cell, respec-
tively. Atomic forces were relaxed to less than 0.5meVÅ-1 during ionic
relaxations. The DFT parameters were validated in the FCC bulk
structure. The computed lattice constant and elastic constants agree
well with experiments, as shown in Suppl. Table 5, confirming the
reliability of the DFT computations. More DFT calculations were car-
ried out to explore themechanism of the phase transformation in gold
nanoflakes. We first considered the effect of substrate. Amorphous
SiO2 substrate was generated using a melt-quench approach via MD
simulations with the ReaxFF force field61. The 2 × 2 × 2 supercell was
subjected to an equilibriumprocess at 8000K for 175 ps, followed by a
gradual cooling process to 300K over 2 ns. The resulting amorphous
structure was subsequently optimized at the DFT level.

MD simulations
To support the experimental and DFT results, we further performed
MD simulations of suspended nanoindentations using the LAMMPS
package. The embedded atom method (EAM) potential53 was used to
model the gold inter-atomic interactions. OVITO was used to visualize
atomic configurations and analyze simulation results by identifying
phase structures (common neighbor analysis) and dislocations (dis-
location analysis). We modeled the indenter by using a strong repul-
sive potential. Each atom in the indented material interacts with the
idealized indenter via the potential, F = −K(r −R)2, where K is a force
constant, R is the indenter radius, and r is the distance from the atom
to the center of the indenter sphere. Minimum energy calculations
were performed for indentations on the {0001} surface, using a
repulsive potential with A = 10.0 eVÅ-2 to model a spherical indenter
with a 25 Å radius. The HCP gold nanoflake was represented by an
8-layer slab with a 540Å radius containing 1015684 atoms. Periodic
boundary conditions were used perpendicular to the surface, and the
yellow atoms situated within ≈1 nm from the boundary were fixed, as

shown in Suppl. Fig. 17a. The indenter displacement d was changed in
small steps 0.1 Å and at each step the total energy was minimized at
0K, using a conjugate gradient algorithm.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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