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T
here is intense interest in supported
metal clusters and nanocrystals be-
cause they possess optical and

chemical properties that are not exhibited
in the respective bulk metals.1�3 The prop-
erties are affected by the size, shape, and
structure of the nanocrystals as well as their
interaction with the substrate. Increases in
cluster size can be readily achieved through
ripening processes, but structural and
shape changes are more difficult to con-
trol. One structure change that is possible
for some face centered cubic (fcc) metals on
the nanoscale is the transition between
multiply twinned particles (MTPs) and
single crystals.4 MTPs are created through
interlocking fcc tetrahedra with twin
boundaries between them. They adopt
structures with five-fold symmetry and ex-
hibit morphologies with an icosahedral or
decahedral shape.5�8 These nanocrystals
only have low energy surface facets and
hence have a lower surface energy than
their single crystal counterparts, but the
tetrahedral segments in MTPs do not result
in a perfectly space filling structure. This
gives rise to internal strain in the nanocrys-
tals, which grows rapidly with increasing
size, so that the MTP morphology is only
thermodynamically stable for small
volumes.9�16 However, theoretical studies
have shown that the MTP to single crystal
stability transition is a function of tempera-
ture as well as volume.15 In this paper, we
report on Cu nanocrystals grown on Sr-
TiO3(001). The investigation shows that the
sample temperature during Cu deposition is
a key factor in determining whether the
nanocrystals adopt a MTP or fcc single crys-
tal structure. We use the experimental data
to determine the temperature-dependent
stability regimes of the MTP and single crys-
tal structures of Cu nanocrystals.

There are a variety of studies where
theoretical phase diagrams have been pro-
duced that show the stability regime for
MTP structures (icosahedrons, decahe-
drons) and fcc single crystals (octahedrons)
versus size and temperature.15,17,18 However,
depending on which model is used, there
are conflicting predictions for a certain
range of cluster volumes. The Ajayan and
Marks model,15 based on Gibbs free energy
calculations, predicts a MTP to single crystal
transition with increasing temperature at
constant volume. The Kuo and Clancy
model17 uses molecular dynamics simula-
tions and predicts the transition to be from
single crystal to MTP with increasing tem-
perature. This discrepancy highlights the
need for experimental data concerning the
stability regime of MTPs. In addition, the ex-
isting models are for free clusters, whereas
many applications use supported clusters or
nanocrystals. The interface between the
nanocrystal and the support may signifi-
cantly influence the relative stabilities of the
nanocrystal shapes.19

Here we report a scanning tunneling mi-
croscopy (STM) investigation of Cu clusters
and nanocrystals grown on a (2 � 1) recon-
structed SrTiO3(001) substrate. The STM im-
ages show that sample temperature during
Cu deposition is a key factor in determining
whether nanocrystals adopt a MTP or fcc
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ABSTRACT The temperature-dependent structure transition of supported Cu nanocrystals on SrTiO3(001)-(2

� 1) is investigated by scanning tunneling microscopy (STM). We experimentally determine the phase map of

supported Cu icosahedral, decahedral, and truncated octahedral nanocrystal shapes as a function of substrate

temperature during Cu deposition. We show that a supported nanocrystal of 8500 atoms at a nucleation

temperature of 480 °C has the same probability of adopting an icosahedral or octahedral shape.

KEYWORDS: nanocrystal · phase diagram · icosahedron · octohedron ·
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single crystal shape. We use the experimental data to
determine the temperature-dependent phase map of
the supported Cu nanocrystal structure on
SrTiO3(001)-(2 � 1), and we determine the transition
point between the nanocrystal fcc and icosahedral
shape.

RESULTS
Figure 1a shows the topography of the SrTiO3(001)

surface following Cu deposition at 110 °C. Cu forms dis-
tinct clusters, but they do not have a uniform shape or
obvious crystallographic structure. However, a majority
of these clusters possess 3 or 4 converging notches. Fig-
ure 1b shows the topography of the SrTiO3(001) sur-
face following Cu deposition on a substrate at room
temperature followed by a 560 °C anneal for 1 h. The
Cu forms new nanocrystals, which can be separated
into two distinct shapes. One shape is that of a trun-
cated pyramid with a square top surface and base. The
second shape has five-fold symmetry, and the nano-
crystals are either icosahedrons or Marks decahedrons,
as illustrated in Figure 2. It should be noted that in Fig-
ure 1b the truncated pyramid nanocrystals are consis-
tently smaller than the icosahedral nanocrystals.

The majority of the Cu nanocrystals with five-fold
symmetry in Figure 1b have icosahedral shapes. Three
high symmetry orientations for supported icosahedral
nanocrystals are observed in our experiments (Figure
2a�c). Icosahedrons can be situated with the five-fold
axis perpendicular to the substrate plane (point orienta-
tion, Figure 2a), with one tetrahedral face parallel to
the substrate (face orientation, Figure 2b) or with only
the topmost edge parallel to the substrate (edge orien-
tation, Figure 2c). The main orientations observed for

the Marks decahedral nanocrystals are the
point orientation (Figure 2d) and the side ori-
entation (Figure 2e). The STM images of icosa-
hedral and decahedral nanocrystals often have
notches along facet edges as previously no-
ticed on pentagonal small crystals.20

Figure 3a shows the topography of the Sr-
TiO3(001) surface following Cu deposition on
a substrate heated to 300 °C followed by a 1 h,
530 °C anneal. Under these nucleation condi-
tions, Cu mainly forms icosahedra in the point
orientation. For these nanocrystals, the ratio of
the edge width (w) of the triangular facets to
the height (h) of the icosahedral point is
shown in Figure 3c. This ratio remains con-
stant as a function of nanocrystal volume, im-
plying that these icosahedral clusters have
reached their equilibrium shape. The ratio is
w/h � 1.55 � 0.09. As a guide to the eye, we
have shown in Figure 3b a schematic illustra-
tion of the supported equilibrium shape of the
icosahedral nanocrystal in the point
orientation.

Figure 4 shows the topography of the SrTiO3(001)
surface following deposition of Cu on a substrate
heated to 560 °C followed by a 1 h anneal at 560 °C.
Less than 1% of the nanocrystals have icosahedral
shapes. In Figure 4a, the majority of the Cu nanocrys-
tals have a truncated pyramid shape with truncated
edges as shown in the high-resolution STM image (Fig-
ure 4b). The predominant nanocrystal height was mea-
sured at 5.19 � 0.56 nm. The side facets of the nano-
crystals were measured at an angle of 54.4 � 1.5° with
respect to the substrate. These investigations show that
the Cu nanocrystals have an fcc structure, which has a
(001) top facet parallel to the substrate and four (111)
side facets. In addition, (110) facets truncate the junc-
tions where the (111) facets meet. The interface is there-
fore a (001) plane, and the interface crystallography is
(001)Cu � (001)SrTiO3

, [100]Cu � [100]SrTiO3
. The ratio of the

width (w) of the top square to the height (h) of the
nanocrystal as a function of volume is shown in Figure
4d. The constant ratio of w/h � 1.06 � 0.07 implies that
these nanocrystals have reached their equilibrium
shape. As a guide to the eye, Figure 4c shows a sche-
matic illustration of a supported nanocrystal calculated
using the Wulff construction with the theoretically cal-
culated fcc Cu surface energies (�001 � 2.166 J/m2, �111

� 1.952 J/m2, �110 � 2.237 J/m2)21 and the experimen-
tally determined w/h ratio from Figure 4d.

Figure 5a shows the measured proportions of icosa-
hedral, decahedral, and fcc nanocrystal shapes as a
function of substrate temperature during Cu deposi-
tion. Following deposition, all of the samples were an-
nealed above 500 °C. The distribution shows that the
proportion of icosahedral MTPs and nanocrystals at 20
°C is 59 and 41%, respectively. At 300 °C, the distribution

Figure 1. (a) Cu deposition onto a 110 °C SrTiO3(001)-(2 � 1) substrate causes Cu
cluster formation as shown in the STM image. (b) Cu deposition onto a room temper-
ature substrate followed by a 560 °C anneal gives rise to truncated pyramid shaped
nanocrystals and MTPs (images size � 37 � 41 nm2; Vs � �4.0 V, It � 50 pA). (c)
Notched particles (8 � 8 nm2). (d) Icosahedron (9 � 9 nm2) and truncated pyramid
shapes (7 � 7 nm2).
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is 83 and 10%, and at 480 °C, it is 49 and 50%. We find
that the percentage of Marks decahedral cluster shapes
is always less than 10%, and that there is a similar trend
with deposition temperature as for the icosahedra. Pre-
sumably, this similarity is because Marks decahedra and
icosahedra are both MTPs. Figure 5b�e shows the his-
tograms of icosahedral MTPs and truncated pyramid
shaped fcc nanocrystals by volume nucleated at room
temperature (rt) and 480 °C. It should be noted that the
volume distribution of the two cluster types is similar
at 480 °C (Figure 5c,d).

DISCUSSION
The formation of small nanocrystals with shapes

that deviate from the single crystal Wulff shape can
arise in fcc metals which exhibit low twin boundary en-
ergies and anisotropy of the surface facet energies. In
a MTP, the surface energy is lowered to the detriment
of an increase in internal strain. MTPs have a greater
proportion of low energy {111} facets than the equiva-
lent fcc single crystals. For the equilibrium nanocrystal
shape to be a MTP, therefore, depends on the internal
strain being smaller than the reduction of total surface
energy when compared with a single crystal. For sup-
ported nanocrystals, there are further factors that need
to be taken into account, such as the interface and sub-
strate surface energies and the epitaxial relationship be-
tween the MTP and the substrate. Nanocrystal phase
diagrams have been calculated,15,17 which show the
change in equilibrium shape as a function of size and
temperature. These simulations can lead to conflicting
predictions, and when a substrate is included in the cal-
culations, the stability regions and morphological tran-
sition boundaries can be quite different from those of
free nanocrystals.17

The experimental data shown in Figure 5a can be di-
vided into two sections: from RT to 180 °C and from 180
to 560 °C. Nucleation at RT results in amorphous and
polycrystalline Cu clusters, which increase their volume
through ripening and turn into fcc nanocrystals or MTPs
during the post deposition anneal at 560 °C. Increased
nucleation temperatures from RT up to 180 °C cause a
relative increase in MTP icosahedra. Presumably, this is
because higher temperatures allow atomic ordering to
be established from the early nanocrystal nucleation
stage and MTPs are favored at small volumes. As nucle-
ation temperatures are increased from 180 to 560 °C,
we find that the entropy contribution has an increas-
ingly significant influence on the relative stability of
nanocrystal shapes, resulting in all nanocrystals being
of fcc nanocrystal type at 560 °C. As expected, with in-
creasing nucleation temperature, we also observe an
upward shift in the nanocrystal population size. How-
ever, the size increase is not sufficient to explain the
change in nanocrystal shapes, and we must therefore
conclude that entropy is driving the shape changes. We
find that at 480 °C the populations of fcc nanocrystals

and MTP icosahedra are similar. Their size distributions

are both centered on �8500 atoms. Therefore, in the

shape phase diagram, the point at 480 °C and �8500 at-

oms is on the boundary of stability between the MTP

icosahedron and the fcc nanocrystal shape.

The equilibrium shape of a Cu nanocrystal on a Sr-

TiO3(001) substrate is determined by the surface ener-

gies of the Cu nanocrystal facets (�hkl), the interface en-

ergy between the Cu nanocrystal and the substrate

(�i), and the surface energy of the substrate (�STO). The

change in surface and interface energy between a bare

substrate and one supporting a crystal is E � ��hklAhkl

� �*Ai, where Ahkl are the Cu facet areas, Ai is the inter-

face area, and �* is defined as �i � �STO.22 In the case of

Figure 2. Icosahedral Cu nanocrystals in the (a) point orientation (15 � 15
nm2), (b) face orientation (12 � 12 nm2), and (c) edge orientation (11 � 11
nm2). Marks decahedral nanocrystals in the (d) point orientation (15 � 15
nm2) and (e) side orientation (15 � 16 nm2). The top row shows topo-
graphic STM images (Vs � �4.0 V, It � 50 pA), the second row shows de-
rivative images to accentuate the crystal faces, and the bottom row shows
3D models.
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the fcc truncated octahedron shape, {111}, {001}, and
{110} facets are present. Straightforward analysis via the
modified Wulff construction22 results in the following
equation for �* for the supported fcc octahedral (oct):

In order to apply correctly the Wulff�Kashiev or
Winterbottom theorem, it is necessary to be sure that
the supported nanocrystals are fully relaxed. If the
nanocrystal is only partially relaxed, the equilibrium
shape is a function of the particle size.23 As shown in
Figure 4d, we did not observe changes in the nanocrys-
tal shape with increasing volume, which suggests that
the nanocrystals are unstrained.

In eq 1, we can substitute the w/h ratio from our ex-
perimentally determined values, and use the theoreti-
cally calculated fcc Cu surface energies of ref 21 (�001 �

2.166 J/m2, �111 � 1.952 J/m2), which results in �oct* �

(�0.545 � 0.107) J/m2. We can estimate the adhesion
energy of the truncated octahedron shape �adh of Cu on
SrTiO3(001)-(2 � 1), which is defined by �adh � �001 �

�i � �STO � �001 � �oct* . This results in �adh � (2.711 �

0.107) J/m2. The energy of the nanocrystals can also be
written as E � �shapeV2/3, where �shape depends on the
nanocrystal shape, the facet energies, and �*. We can
calculate �oct � 7.7 J/m2 for the equilibrium octahedron
shape by using the fcc facet surface energies21 and �oct*
as demonstrated in ref 19. However, in the current cal-
culation, we also include the effect of the {110} facets.

As mentioned previously, the nanocrys-
tal populations nucleated at 480 °C with
a size of �100 nm3 are similar in number
and size for octahedra and icosahedra.
This indicates a size and temperature re-
gime where the differently shaped
nanocrystals have a similar surface and
interface energy of �166 � 10�18 J.

For unsupported Cu nanocrystals,
theoretical studies at 0 K predict that for
very small volumes up to 1000 atoms the
icosahedron is the most stable structure,
followed by the decahedron up to 40 000
atoms. Above this volume, the fcc octa-
hedron is the most stable shape.14 Other
modeling studies that include entropic
contributions to the nanocrystal energy
also predict significant regions of stabil-
ity for decahedrons.15,16 In our study,
decahedra are rarely seen (less than 12%
of the nanocrystals), which is probably
due to the influence of the substrate. The
substrate also influences the stability
boundary between MTPs and fcc crys-
tals. In unsupported MTPs, much of the
strain is concentrated toward the center
of the particle.14,24 As the Wulff point of

Figure 3. (a) Cu deposition onto a 300 °C SrTiO3(001)-(2 � 1) substrate followed by a
1 h, 530 °C anneal gives rise to icosahedral shaped nanocrystals (70 � 70 nm2; Vs � �4.0
V, It � 30 pA). (b) Model of the supported icosahedral nanocrystal in the point orientation.
The constant width to height ratio is shown in (c).

Figure 4. (a) Cu deposition onto a 560 °C SrTiO3(001)-(2 � 1) substrate followed by a 560 °C anneal gives
rise to truncated pyramid shaped nanocrystals as shown in the STM image (170 � 120 nm2; Vs � �4.0 V, It
� 30 pA). (b) STM image of a nanocrystal (Vs � �4.0 V, It � 30 pA). (c) Three-dimensional model with the
{111}, {110}, and {001} faces indicated. (d) Measured width to height ratio of the nanocrystals as a function
of volume.

γoct* ) (w
h )-1

√2(√3γ111 - γ001) - γ001 (1)
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the Cu nanocrystals in our study lies below the sub-
strate surface, the high strain region that is normally
present in unsupported nanocrystals is not present in
our supported nanocrystals. This effect allows sup-
ported MTPs to grow larger in volume than their unsup-
ported counterparts.

CONCLUSION
In summary, we have investigated the structure tran-

sition of Cu nanocrystals on SrTiO3(001)-(2 � 1). Our re-
sults show that Cu crystallizes into fcc nanocrystals
and five-fold MTPs depending on the size of the nano-
crystals and the substrate temperature during nucle-
ation. These results demonstrate experimentally that,
by varying the entropic contribution to the energy of
supported nanoparticles, distributions with specific
relative abundances of MTPs and fcc single crystals can
be achieved. These Cu nanocrystals on SrTiO3(001) are
model candidates to investigate the structure and

shape-dependent electronic and optical properties of
metal nanocrystals.

EXPERIMENTAL SECTION
As a substrate for Cu nanocrystal growth, we use SrTiO3(001).

This surface presents a multitude of different reconstructions de-
pending on sample preparation.25 These reconstructions can be
use to control the growth of nanocrystals.19 We use SrTiO3 crys-
tals doped with 0.5% (weight) Nb, supplied by PI-KEM, U.K.
SrTiO3(001)-(2 � 1) reconstructed surfaces were prepared by ar-
gon ion sputtering and subsequent annealing in UHV at 600 °C
for 9 h. The (2 � 1) surface reconstruction was imaged by STM
and confirmed by low-energy electron diffraction (LEED). We de-
posited Cu from an e-beam evaporator (Oxford Applied Re-
search EGN4) using 99.99% pure Cu rods supplied by Goodfel-
low, U.K. Our STM is manufactured by JEOL (JSTM 4500s) and
operates in UHV (10�8 Pa). We used etched W tips to image the
samples at room temperature with a bias voltage applied to the
sample. STM images have been processed and analyzed with
FabViewer.26
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