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We have studied the pressure-induced structural transformation of CdSe nanocrystals using constant pressure
molecular dynamics simulations for finite system. We have observed the transformation from wurtzite to
rocksalt structure, the process of transformation is strongly dependent on the shape and size of the nanocrys-
tals, and transformation pressure decreases with increasing nanocrystal size. The spherical CdSe nanocrystals
studied undergo nonuniform deformation, while the faceted ones undergo uniform deformation. The reverse
transformation from rocksalt backward to wurtzite structure of the nanocrystals happens below 1 GPa at room
temperature, and the width of the transformation decreases as the temperature increases.
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I. INTRODUCTION

Pressure-induced structural transformation of group IV-
IV, III-V, and II-VI compound semiconductors, such as GaN,
SiC, ZnO, and CdSe, has been a longstanding topic of ex-
perimental and theoretical research. Experiments and theo-
retical studies have shown that this kind of compound semi-
conductor would undergo a transformation from fourfold
coordinated structure �zinc blende �ZB� or wurtzite �WZ�� to
sixfold coordinated rocksalt �RS� structure under hydrostatic
pressure.1–27 For example, the highly covalent ZB-type SiC
starts to transform into RS at a pressure of �100 GPa,8,9

whrereas the less covalent WZ-type CdSe starts to transform
at a much lower pressure of �2 GPa.10,11 While the transi-
tion pressure of these phase transformation has been studied
extensively, the transformation mechanism is still on debate.
One of the reasons is that transformations in bulk materials
are dominated by growth mechanisms and have inherently
irreproducible transition cycles due to the defects generated
during the course of the transformation.28

As an intermediate system between single atoms and bulk
material, semiconductor nanocrystals are also of experimen-
tal and theoretical interest. Compared with bulk material,
nanocrystal behaves as single structural domains. Study of
the nanocrystal would help us to understand the mechanism
of the transformation which is hard to learn from bulk mate-
rials. Theoretical and experimental researches have shown
that optical and electronic properties of nanocrystals are
closely related to their mechanical and structural prop-
erties.29 Thus, understanding the mechanisms of the struc-
tural transformations at the nanoscale would facilitate devel-
oping nanomaterials and devices.30,31 Nanocrystals have
quite different elastic and thermodynamic properties from
their bulk counterparts because of the much higher surface to
volume ratio. The CdSe nanocrystal system has been used as
a model for structural studies. In the last few years, Alivisa-
tos and co-workers have done a series of high pressure ex-
periments on CdSe nanocrystals.11,28,32–36 The results show
that, similar to bulk material, CdSe nanocrystals would trans-
form from fourfold coordinated WZ/ZB structure to a more

densely packed sixfold coordinated RS structure with 18%
reduction in volume under hydrostatic pressure, and the
transformation is dependent on the size and shape of the
nanocrystals. Recently, theoretical efforts have concerned
with the possible mechanism and metastable structure of the
transformation of CdSe nanocrystal changing from WZ to
RS structure, a new intermediate structure for faceted CdSe
nanocrystal during the transformation has been identified.37

Although many experimental and theoretical efforts have
been made to this area, the microscopic transformation
mechanism from WZ to RS structure of CdSe at nanoscale
has not been completely understood yet.38–41 All these in-
spire us to investigate the pressure-driven transformation in
nanocrystals of CdSe using the molecular dynamics ap-
proach.

In present paper, we report the results of molecular dy-
namics �MD� simulations of CdSe nanocrystals of various
sizes and shapes undergoing forward and reverse structural
phase transformations under hydrostatic pressure. We find
the structural transformation of CdSe nanocrystal is highly
affected by its size and shape. In the simulation, obvious
hysteresis between the forward and backward transforma-
tions is observed. Upon transformation, grain boundaries are
found for all spherical nanocrystals, while for the faceted
ones, the general trend is to form single-domain structure.

II. COMPUTATIONAL DETAILS

The present study uses constant-pressure molecular dy-
namics method developed for finite systems.42 We briefly
outline this new method here, the details can be found in the
original papers and recent review article.42,43 In this method,
the Lagrangian for a system is extended to include a PV
term,

Lextend = �
i

N
pi

2

2mi
− ����ri�� + PextV� , �1�

where ri, mi, and pi are the position, mass, momentum of the
ith atom, respectively, � is the interaction potential, and Pext
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and V are the external pressure and volume, respectively.
Different from the Andersen–Parrinello–Rahman Car–Parri-
nello molecular dynamics method �APR-CPMD�,44,45 the
volume in the new method is a function of atomic coordina-
tions instead of a dynamics variable. The extended Lagrang-
ian in the new method does not include a virtual kinetic
energy and mass associated with the volume, which is pre-
sented in APR-CPMD. The equation of motion derived from
above Lagrangian produces the constant pressure ensemble
for the real systems, which can be obtained according to
virial theorem.

	 1

3V

�
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mivi
2 − �
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ri · �i� − �
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ri · Pext�iV�� = 0,

�2�

where 
 � denotes average. Then, we have,

	�
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ri · Pext�iV� . �3�

The key point of this method is to write the volume of
systems as a function of atomic positions. Obviously, the
volume can be written as a cubic homogeneous function of
atomic positions. According to Euler theorem,

�
i

N

ri · �iV = 3V . �4�

Finally, we end up with

Pext = Pint =	 1

3V

�

i

N

mivi
2 − �

i

N

ri · �i��� . �5�

If the external pressure Pext is a constant, Pint is also a con-
stant. Thus, by writing the volume as a function of atomic
coordinates, the constant-pressure MD can be achieved.

This new constant-pressure MD is parameter-free and can
be used for any system with arbitrary shape in principle. This
method is successfully used for the carbon nanotube
systems.46–50 In current calculations, the volume of the nano-
crystals is calculated in the convex hull approximation. This
approximations is based on finding the subset of atoms form-
ing the smallest convex polyhedron. The QUICKHULL

algorithm52 was used to compute the convex hull of atomic
configurations. Using this method, the current MD run does
realize the constant-pressure ensemble. In Fig. 1, we have
presented the pressure and volume as a function of simula-
tion time. One can see that, in the simulation process, the
internal pressure of systems dose have a constant value, and
the volume fluctuates around its average value.

In the present study, most simulations are carried out at
300 K, where the system temperature is controlled by using
a Nosé–Hoover thermostat.51 The equations of motion are
solved by using standard MD based on the Verlet-type algo-
rithm. The time step is set as 2.0 fs. In order to study the
effect of the surface structure on the transition mechanism,
we use nanocrystals of two different shapes, consisting of
500–5000 atoms. The initial configuration of the spherical
nanocrystal is cut out of bulk CdSe in WZ structure. Faceted

nanocrystals with well-defined surface structure are obtained
by cleaving the bulk lattice along equivalent �100� WZ

planes and at �001� and �001̄� planes perpendicular to the
�001� direction of the c axis. Before the pressure is applied to
the CdSe nanocrystals, the crystal is relaxed for 30 ps at zero
pressure. The pressure is increased from 0 GPa with pressure
increasing in steps of 0.25 GPa until the structural transfor-
mation is completed, allowing 100 ps equilibration for each
pressure increment, then the trajectories are collected for
analysis. In all simulations, we use the empirical potential
developed for CdSe by Rabani.53 The potential is validated
by comparing the computational results with experimental
measurement for various physical properties, including lat-
tice constant, elastic modulii, phonon dispersion, and the
critical structural transformation pressure of bulk CdSe.

III. RESULTS AND DISCUSSIONS

The slope discontinuity of the volume-pressure relation
clearly indicates the structural transformation of the CdSe
nanocrystal under hydrostatic pressure. As shown in the left
part of Fig. 2, the spherical Cd502Se502 nanocrystal volume
decreases smoothly with increasing pressure up to a critical
pressure �the pressure at which the WZ structure transforms
to RS structure�. At about 8.0 GPa, the volume decreases
abruptly as a result of the transformation. This is in good
agreement with the high pressure experiment.34 However, for
faceted nanocrystals, the behavior is somewhat different, as
shown in the right part of Fig. 2. It can be seen an interme-
diate structure �C→D� exists between WZ and RS. This
means that the faceted nanocrystals would experience struc-
tural changes twice before the whole transition process com-
pletely.

In order to quantitatively describe the transformation, we
have calculated the variations of coordinations with pressure,
as shown in Fig. 3. Here, those atoms are defined to be the
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FIG. 1. �Color online� The internal pressure �left� and volume
�right� as a function of the MD time for faceted Cd1162Se1162 nano-
crystal. Both the pressure and volume of the system fluctuate
around the average value.
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nearest neighbors if the distance between them is less than
3.3 Å. From Fig. 3, we could see that at atmospheric pres-
sure, besides fourfold coordinated atoms there are some
threefold coordinated and fivefold coordinated atoms for
spherical and faceted nanocrystals because of the initial de-
fects at the nanocrystal surface. However, the fourfold coor-
dinated atoms for the WZ structure account for nearly 70%
of the nanocrystals. As the pressure increases, the number of
fourfold coordinated atoms remains almost unchanged for a
certain range of pressure, but the number of threefold coor-
dinated atoms decreases and number of fivefold coordinated
atoms increases slowly. Through analyzing the simulation
runs by visual inspection, we find that with the enough pres-

sure applied RS structure begins to nucleate at the surface for
both spherical and faceted nanocrystals, while the inside part
still remains perfect WZ structure, this coincides with that
the structural transformation proceeds from surface to core of
the nanocrystal with increasing pressure.54 As the pressure
continues to increase, as shown in the right part of Fig. 3, the
number of fourfold atoms for faceted nanocrystals decreases
sharply at about 1.4 GPa, and the number of the fivefold
coordinated atoms increases very fast. It means that the fac-
eted nanocrystal is experiencing some kind of structural
transformation there.

From the snapshots of the MD simulation, we find the
faceted nanocrystal transforms to a kind of fivefold coordi-
nated structure by compressing in the c direction. This kind
of fivefold coordinated structure has been reported as a stable
phase of MgO under hydrostatic tensile loading.39,55 How-
ever, for the CdSe faceted nanocrystal, this kind of structure
is just metastable. When the pressure continues to increase,
the fivefold coordinated structure transforms to sixfold coor-
dinated RS structure. The fivefold coordinated to sixfold co-
ordinated structural transformation is realized through
changing of bond angle from 120° to 90° in the �001� plane,
and the change is very fast. Similar transformation mecha-
nism for faceted CdSe has been observed by Grünwald et
al.37 Their results show that the nanocrystal transformed
from fourfold to fivefold coordinated structure very sharply
and the structure can be stable for a certain range of pressure.
However, our simulation reveals that the fourfold to fivefold
coordinated structure transformation is a gradual process and
the fivefold structure is metastable. This might explain why
this structure cannot be observed in experiments. However,
the spherical Cd502Se502 nanocrystal transforms from WZ
structure to RS structure directly, as indicated by the sudden
change from fourfold coordinated to sixfold coordinated
structure in the left part of Fig. 3. Due to the symmetry, the
spherical nanocrystal cannot be compressed in any special
direction, such as the c axis of faceted nanocrystal.

We have also studied the reverse transformation of spheri-
cal CdSe nanocrystal. The structural transformation of CdSe
nanocrystal can be reflected in the changes of bond angle
distributions. The peaks around 108° and 90° correspond to
WZ and RS phases respectively. The left part of Fig. 4 shows
the case of increasing pressure applied on spherical nano-
crystal Cd502Se502. It can be seen that at about 7.75 GPa, the
peak at the value of 90° appears, indicating that the structure
transformation occurs. At this pressure, both WZ and RS
coexist. This is different from the experimental results. A too
high pressure increasing step adopted in the experiment and
a short time scale in the simulation might be the reason of
such a disagreement. As the pressure increases to 8.25 GPa,
the structure transforms to RS completed, as shown in the
top left panel of Fig. 4. Upon pressure releasing, the transi-
tion is found to be highly hysteretic, as shown in the right
part of Fig. 4. The rocksalt structure remains stable down to
pressures significantly below the observed “upstroke” transi-
tion pressure. By about 0.5 GPa, however, the sample does
begin to recover to WZ structure. By atmospheric pressure,
the WZ is completely recovered. However, due to the struc-
ture defects, the surface structure can not be completely re-
covered. Meanwhile, we have investigated the transforma-
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FIG. 2. �Color online� Volume versus pressure for faceted
Cd1162Se1162 �right� and spherical Cd502Se502 nanocrystal �left�. The
discontinuity of the slopes indicates structural transformation under
hydrostatic pressure.
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tion hysteresis as a function of temperature. Shown in Fig. 5,
the width of the hysteresis decreases as the temperature in-
creases. We could see that the upstroke transition pressure is
very sensitive to the temperature, it decreases with increasing
temperature, which is in good agreement with the experi-
mental results.34 As to the “downstroke” transition pressure,
it will also be affected by the temperature. However, com-
pared with the upstroke transition pressure, it is less sensitive
to the temperature.

In addition, we have found that the transformation pres-
sures are strongly dependent on the size of nanocrystals. The
variation of the transformation pressure with spherical nano-
crystal radius is shown in Fig. 6. The transformation pressure

decreases with increasing size �the critical transformation
pressures are 8.25, 7.5, 7.0, and 6.5 GPa for nanocrystals
with radii of 19, 23, 27, and 33 Å, respectively�. This trend
coincides with the experimental results of Tolbert and
Alivisatos.32,33 However, the values are somewhat higher
than those of the experiments. One reason could be that the
nanocrystals used in experiments were covered with surfac-
tants, which strongly influenced surface energies. Such a sur-
face passivation layer might lower the critical structural
transformation pressure of the nanocrystals.

The volume compressibility of the nanocrystal can also be
obtained directly from the simulation. Figure 7 shows the
volume versus pressure for spherical Cd502Se502 nanocrystal.
The data can be fitted with a linear volume compressibility
of B0=38.5 GPa for WZ structure and B0=68.8 GPa for RS
structure. The values are in good agreement with the results
of the nanocrystal of comparable size from high pressure
experiment. �The experimental values are 37�5 and
74�2 GPa for the comparable size of WZ and RS CdSe
nanocrystals.33�

One interesting phenomenon we want to address is that
for all spherical nanocrystals studied here, nanoscale bound-
aries of different domains are found during and after the
transformation. This is different from the experiments, where
nanocrystals transform free of defects. In Fig. 8, grain
boundaries are marked in gray. As the size of the nanocrystal
increases, the multiple grains phenomena become more and
more obvious. It has been pointed out above that the nano-
rystals in experiments are always passivated with organic
ligands. Nanocrystals are not passivated in our simulations.
Since the structural transformation is strongly affected by the
surface structure, the passivation may be the key reason de-
ciding whether the grain boundary exists. While for the fac-
eted nanocrystals, the transformed structure is almost free of
defects, which means that the structures display single-
domain behavior. The reason could be related to the transfor-
mation mechanism because the transformation mechanism of
faceted nanocrystals is simpler than that of spherical ones.
As shown above, the faceted nanocrystal is compressed in
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the c direction first �WZ to fivefold coordinated structure�,
and then collapses in the �001� and �001̄� planes �fivefold
coordinated structure to RS structure�. This transformation in
such order makes the transformed RS structure free from
defects. Figure 9 shows the transformation process for fac-
eted Cd1162Se1162 nanocrysal from fivefold coordination
structure to rocksalt structure. It could be seen that the trans-
formation of the faceted nanocrystal is a multinucleation pro-
cess as spherical ones. During the fivefold coordinated to RS
transformation, we have found some parts of the transformed
RS structure changes back to the fivefold structure to avoid

forming a lattice defect. Alternatively, the whole nanocrystal
could adjust the transformation path to achieve final perfect
RS structure.

IV. SUMMARY

By using the constant-pressure molecular dynamics
method specially developed for finite system, the structural
transformation of CdSe nanocrystals under hydrostatic pres-
sure is studied. We have found that the structural transforma-
tion of CdSe nanocrystal is highly affected by the size and
shape. The results show that the pressure for WZ to RS struc-
tural transformation of spherical nanocrystal decreases with
nanocrystal size. It is found that all spherical nanocrystals
studied here undergo multiple grain deformation; grain
boundary is formed in the transformed RS structure. Because
all the faceted ones undergo uniform deformation, the trans-
formed RS structure is of single domain nanocrystal. For the
reverse transformation, the RS to WZ structure transforma-
tion of the nanocrystals always happens below 1 GPa at
room temperature, and the width of the transformation hys-
teresis decreases as the temperature increases. Though our
simulations show many similarities to actual experimental
observation on CdSe nanocrystal, some difference still ex-
ists. The reason might be the passivation of the experimental
samples. Therefore, the study of the surface passivation ef-
fects is an important issue to be considered in our future
work.
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FIG. 8. �Color online� Domains after the structural transforma-
tion in spherical nanocrystals. �a�, �b�, �c�, and �d� show the cross
sections through the middle of the nanocrystals with radii of 19, 23,
27, and 33 Å, respectively. The grain boundaries are shown with
gray atoms.

FIG. 9. �Color online� The snapshots of the MD simulation for
the faceted Cd1162Se1162 nanocrysal transforming from fivefold co-
ordination structure to rocksalt structure. The multinucleation phe-
nomenon and rocksalt to fivefold structure backward transformation
�the parts indicated by the red ellipse at 8 and 9 ps� could be clearly
seen from the pictures.
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