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Size Dependence of a First Order Solid-Solid
Phase Transition: The Wurtzite to Rock Salt
Transformation in CdSe Nanocrystals

S. H. Tolbert and A. P. Alivisatos

Measurements of the size dependence of a solid-solid phase transition are presented.
High-pressure x-ray diffraction and optical absorption are used to study the wurtzite to rock
salt structural transformation in CdSe nanocrystals. These experiments show that both the
thermodynamics and kinetics of this transformation are altered in finite size, as compared
to bulk CdSe. An explanation of these results in the context of transformations in bulk
systemms is presented. Insight into the kinetics of transformations in both bulk and nano-

crystal systems can be gained.

Studies of phase transitions in condensed
phases have generally assumed that pressure,
temperature, and composition are the only
variables of importance in determining stable
states of materials. The reduction of melting
temperature in finite size clusters (1, 2), how-
ever, has proven that the physical extent of a
material can also be an important variable in
determining transition points. Recently, stud-
ies of clusters in both the gas and condensed
phases have led to numerous instances in

which one bonding geometry appears to be’

favored over others in finite size, as compared
to the bulk (3). To help understand these
observations, we investigated the relative sta-
bility of two different solid bonding geome-
tries in clusters as a function of the size. Our
goal was to force a nanocrystal system be-
tween two solid structures and measure the
energy difference between them. We
achieved this goal through the application of
very high pressures.

This study of the size dependence of a
solid-solid phase transition also reveals im-
portant dynamical effects that are not ob-
served in size-dependent melting. In a bulk
system, the thermodynamic definition of a
phase transition is the point where the
fluctuation length scale diverges. In a
nanocrystal, this length scale is intrinsically
limited by the size of the crystallite. Addi-
tionally, in most inorganic solid-solid tran-
sitions, there is a substantial barrier to
transition at room temperature. As a con-
sequence, the bulk solid converts at a pres-
sure well above its thermodynamic transi-
tion pressure. This barrier is usually related
to the fragmentation of bulk materials into
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finite domains upon transition. Because
nanocrystals are substantially smaller than
these domains, it is likely that the barriers
to transition will be altered at finite sizes.
By studying structural transformations in
nanocrystals, we can learn about the nature
of the barrier and the dynamics of the
transition in bulk as well as in nanocrystals.

While understanding the altered stability
in finite size is of fundamental interest, it also
has practical implications in a variety of fields
ranging from microelectronics and materials
science to geophysics. Variation in stability
with size could provide the materials scientist
with a method for control of the properties of
materials. By using nanocrystals whose surface
can be deliberately altered, one may be able to
vary the phase diagram at will. In geophysics
as well, the notion of a domain size depen-
dence of high-pressure and high-temperature
phase transitions could affect our understand-
ing of stable states.

The system that we have chosen for these
experiments is CdSe semiconductor nanocrys-
tals. Recent developments in synthetic meth-
ods make this a particularly well controlled
and characterized test system. Nearly mono-
disperse, spherical nanocrystals ranging in ra-
dius from 10 to 30 A can now be produced (4,
5). Unlike the many nanocrystalline materials
that appear to be amorphous, these nanocrys-
tals have a wurtzite structure and are highly
crystalline, with less than one fault per crys-
tallite (6). The fact that these nanocrystals
are synthesized in the condensed phase adds
an important degree of control to the sample
preparation by allowing for chemical surface
derivatization. This combination of properties
makes this an ideal system for testing the
effect of finite size on stable structures.

Bulk CdSe undergoes a phase transition
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from a wurtzite to a rock salt structure at 2
GPa (7). However, previous studies show
that CdS (8, 9) and CdSe (10-12) nano-
crystals are stable to pressures two to three
times higher than the bulk. Similar results
have been obtained for GaAs-AlAs super-
lattices (13). We combined high-pressure
x-ray diffraction and optical absorption to
thoroughly assess both the high-pressure
phase structure and crystallinity and to
measure the size dependence of the phase
transition pressure. This combination of
experiments provides a unique perspective
on the thermodynamics and kinetics of this
solid-solid phase transformation.

The CdSe nanocrystals were synthesized
by a modification of the method of Murray
and Bawendi (4, 5) and were characterized by
x-ray diffraction, transmission electron mi-
croscopy, optical absorption, Raman spectros-
copy, and small angle x-ray scattering.
Nanocrystal samples were dissolved in 4-
ethyl-pyridine, a solvent that is a reasonable
hydrostatic pressure medium to pressures in
excess of 10 GPa and in which the nanocrys-
tals are highly soluble. Pressure was deter-
mined by standard ruby fluorescence tech-

niques (14). High-pressure optical absorption
studies were performed with a Mao-Bell-style
(15) diamond anvil cell (DAC) in combina-
tion with a Cary model 118 ultraviolet (UV)-
visible spectrometer. High-pressure x-ray dif-
fraction experiments were carried out on wig-
gler beam line 10-2 at the Stanford Synchro-
tron Radiation Laboratory with a Merrill-
Bassett—style diamond cell with Be rockers.
Focused monochromatic 12.5-keV  x-rays
were collimated and apertured to 0.1 mm
through a series of three slits and pin holes.
The x-ray energy was below the Se absorption
edge (12.6 keV), thus minimizing Se absorp-
tion and Ko fluorescence. Debye-Scherrer
rings were angle-integrated to produce the
data presented here.

High-pressure diffraction data on bulk
CdSe (Fig. 1A) show a phase transition from
a four-coordinate wurtzite to a six-coordinate
rock salt structure, which is complete by 3.5
GPa. The recovered phase is a mixture of the
two four-coordinate structures, zinc blende
and wurtzite. This is in good agreement with
previous reports on bulk CdSe (7, 16). After
multiple transitions, the diffraction peaks
broaden, indicating a reduction of the average

Fig. 1. (A) High-pressure x-ray
diffraction patterns obtained on
bulk CdSe. Average domain size
and pressure are indicated on the
figure. Recovered spectra are at
atmospheric pressure. The data
show a decrease in x-ray domain
size (increase in peak width) with
subsequent transitions. Intensity:
anomalies in the original wurtzite
pattern are attributed to single
crystal diffraction events caused
by the limited size of the sample.
(B) Analogous data for 4.4-nm-
diameter CdSe nanocrystals. Al-

most no change in x-ray domain
size was observed upon multiple
transitions. ZB-WZ refers to'a mix-
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high-pressure—cell metal gasket. The x-ray wavelength was 0.9939 A.

Fig. 2. (A) Changes in x-ray dif- A
fraction pattern with increasing
pressure for 4.4-nm-diameter Rock salt
CdSe nanocrystals. The data
show an upstroke transition pres-
sure near 6.3 GPa that is about
twice the bulk CdSe upstroke
transition pressure of 3 GPa. (B)
Changes in x-ray diffraction pat-
tern with decreasing pressure for
the same 4.4-nm nanocrystals.
Large hysteresis is observed. ZB-
WZ refers to a mixture of the
closely related zinc blende and
wurtzite structures; atm is atmo-
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domain size from instrument-limited in the
original sample (greater than 600 A), to about
300 A in the rock salt phase, down to only
100 A in the recovered zinc blende-wurtzite
mix.

Diffraction data were obtained on nano-
crystals 22 A in radius consisting of about
2000 atoms each (Fig. 2). In comparison with
the bulk data (Fig. 1A), the peaks are signif-
icantly broadened by the finite size of the
crystallites (Debye-Scherrer broadening). The
sample retained the wurtzite structure to well
above the bulk stability limit of 3 GPa (Fig.
2A). Above 6 GPa, however, the sample did
start to transform; by 7.5 GPa, a clean rock
salt pattern was observed. The system showed
significant hysteresis upon release of pressure
(Fig. 2B), with the rock salt structure persist-
ing down to below 1 GPa. By the return to
atmospheric pressure, a wurtzite—zinc blende
pattern was recovered. It is not experimental-
ly possible to determine if this pattern results
from a mixture of pure zinc blende and pure
wurtzite particles or from nanocrystals that are
actually of a mixed structure (17). In sharp
contrast to the bulk CdSe data (Fig. 1A),
there was no significant decrease in crystalline
domain size in the nanocrystals upon multiple
transitions (Fig. 1B). This important result
leads to the conclusion that nanocrystals are
coherently transforming from one solid struc-
ture to another.

Changes in the optical absorption spectra
with pressure correlate well with the structural
phase transition observed by x-ray diffraction.
High-pressure UV-visible spectroscopy can
thus be used to determine the phase transition

Fraction rock salt

Pressure (GPa)

Fig. 3. Hysteresis curves for three sizes of CdSe
nanocrystals, corrected for changes in optical
density caused by deformation of the DAC gasket
with pressure. Data were obtained by integration
of the low-pressure—phase optical absorption fea-
tures. “Fraction rock salt” is defined as 1 —
(fractional wurtzite-phase absorption). Phase
transition pressures are assigned to the midpoints
of these hysteresis curves.




pressure for a variety of nanocrystal sizes. The
wurtzite phase has a direct gap and thus has
allowed electronic transitions at visible wave-

lengths. Confinement of the excitonic state

by the intrinsic size of the nanocrystal pro-
duces a spectrum with multiple discrete fea-
tures. In contrast, the rock salt phase has an
indirect gap and thus shows no sharp features.
By integration of the direct gap features, it is
possible to assess the degree of transformation
or recovery of a sample as a function of
pressure and quantify the hysteresis. Consis-
tent with this being a Martensitic transforma-
tion, we have observed no change in this
hysteresis on time scales ranging from minutes
to weeks. The data (Fig. 3) show a clear shift
to higher upstroke transition pressure with

decreasing crystallite size. Although the:

widths of the hysteresis curve do not change
significantly with size, some change with size
is seen in the slope of the recovery curve.
Because the hysteresis widths are significantly
broader than those observed in bulk CdSe,
the curves suggest a qualitative difference in
the kinetics of the transformation in finite
size.

If the phase transition pressure is assigned
to the midpoint of the hysteresis curve, the
size dependence of the phase transition pres-
sure can be determined (Fig. 4). By analogy
with melting in nanocrystals, a numerical
description of the changes in transition pres-
sure can be obtained in terms of differences in
surface energies of the two phases (6, 10)
(solid line, Fig. 4). The essential physics,
however, can be more easily understood
graphically by considering the energy-volume
plane (8, 18) (Fig. 5). On this plane, each
phase of CdSe can be represented by an
energy-volume curve, which can be experi-
mentally determined by integrating the pres-
sure-volume curves (E = — [PdV). The ver-
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Fig. 4. Wurtzite—to-rock salt transformation
pressure as a function of nanocrystal radius.
The transition pressures are defined according
to Fig. 3. The solid line is a fit to a thermody-
namic model explained in the text.

tical offset of the bulk rock salt curve with
respect to the bulk wurtzite curve is deter-
mined by the condition that both curves must
be tangent to a line that corresponds to the
phase transition pressure (—dU/dV = P). In
the case of nanocrystals, however, the wurtz-
ite-phase curves are elevated with respect to
the bulk wurtzite curve by a surface energy
term <y. Experimentally (6), this term varies
with radius r as y = ¢, + ¢,/(r?), where ¢, can
be related to a bulk surface tension and c, is a
term proportional to the curvature of the
nanocrystal surface. The nanocrystal wurtzite
curves in Fig. 5 are thus offset from the bulk
wurtzite curves by the increases in surface area
and surface energy that accompany decreasing
size. An elevation in the structural phase
transition pressure with decreasirig nanocrys-
tal size can be explained by the hypothesis
that the surface energy in the rock salt phase,
for any given crystallite size, is actually higher
than that for the wurtzite phase. The slope of
the line needed to connect the rock salt and
wurtzite curves thus increases with decreasing
nanocrystal size.

Because the experimentally determined
phase transition pressure is the slope of the
line connecting the wurtzite and rock salt
phase nanocrystal curves, only the surface
energy for the rock salt phase needs to be
optimized to numerically fit the data to this
model. The line shown in Fig. 4 was ob-
tained with an experimentally determined
wurtzite-phase surface energy (19) of yy, =
0.34 + 84/r* and an optimized rock salt—
phase surface energy of ygg = 0.63 + 83/r
(in newtons_per meter with r in ang-
stroms). However, the basic observation
that the rock salt surface energy is higher
than the wurtzite energy is in contradic-
tion to previous calculations (20), which
predict yy; > Yrs- A possible explana-
tion for this contradiction can be gained
by considering the kinetics of the phase
transformation.

In a perfect thermodynamic model, phase
transitions occur at exactly one temperature
and pressure and are completely reversible.
For solids in general, however, this is not
observed. High-pressure phase transitions are
generally hysteretic and occur over a range of
pressures. In bulk systems, this hysteresis is
explained in, terms of nucleation dynamics
(21). A nucleus of the rock salt phase in the
waurtzite-phase lattice is assumed to be desta-
bilized by a rock salt-wurtzite interface ener-
gy, and thus, extra energy (PdV) must be put
into the stabilization of a rock salt nucleus
before a transition can occur. On the reverse
transition, the wurtzite-phase nucleus is desta-
bilized by the same rock salt-wurtzite interface
energy, and so the pressure must be lowered
an equivalent amount beyond the equilibrium
transition pressure to induce the reverse tran-
sition. The broadening of the diffraction
peaks with successive transformations for bulk
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CdSe (Fig. 1A) is indicative of this type of
mechanism, where multiple nucleation sites
cause a decrease in crystalline domain size
upon transition. The absence of a significant
decrease in domain size for the nanocrystals
after multiple transitions (Fig. 1B) argues that
the total size of the nanocrystals is smaller
than the smallest stable nuclei in the bulk.
These results place a lower limit on the size of
critical nuclei in bulk CdSe and are thus of
fundamental interest to understanding nucle-
ation dynamics in bulk solid-solid phase tran-
sitions (22).

The existence of broad hysteresis curves
(Fig. 3), however, indicate that despite the
lack of a traditional nucleation barrier to
transition, some significant barrier is still
present. The rearrangement of surface at-
oms and surface-bound ligands to accom-
modate the new interior structure is one
candidate. The observation that the shapes
of the hysteresis curves are dependent on
size (Fig. 3) supports this idea.

Other important dynamic effects in
these structural transformations can be un-
derstood by considering the motions of
individual atoms along the transition path.
The exterior shape of a crystal is dictated by
the bonding geometry of the unit cell. In a
pressure-induced structural transformation
at room temperature, the interior bonding
geometry of the crystal changes. The ther-
mal energy, however, is small compared to
the barrier to surface diffusion. As a result,
in both the bulk solid and the nanocrystals,

3.0

Wurtzite

Rock salt

3
e
2 12A
>
g 1.013.6 GPa
[ 18A
0.5 1
2.0 GPa Bulk
|k A
O5 T T T T T T T T T T T
3.5 3.9 4.3 4.7 5.1 5.5
Volume (1029 m3)

Fig. 5. Energy-volume curves for bulk CdSe
and three sizes of CdSe nanocrystals in both
the wurtzite and the rock salt phases. Nano-
crystal curves are offset with respect to the bulk
because of the surface energy in the nanocrys-
tals. The offset of the rock salt curves with
respect to the wurtzite curves determines the
phase transition pressure. Transition pressures
and nanocrystal sizes are indicated on the
figure.
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the solid cannot attain its true equilibrium
shape after transformation to the high-
pressure phase. The bulk solid fragments
into domains and the nanocrystal converts
coherently from one shape to another. In
the present case, nearly spherical nanocrys-
tals with low-index surfaces convert to pro-
late ellipsoids with many high-index sur-
faces. This effect arises because the connec-
tivity of the atoms cannot be altered. Bur-
dett has shown that transition paths of this
type can be viewed as three-dimensional
Peierls distortions (23). This effect then
explains the seemingly anomalous results
that the rock salt—phase surface energy re-
quired to fit the nanocrystal size depen-
dence of the phase transition was much

larger than that expected for low-index

rock salt—phase CdSe.

In the case of nanocrystals, where the
surface energy makes a major contribution
to the total free energy of the system, the
transition path can actually determine the
final state of the system. In a true equilib-
rium experiment, where path effects are not
important, the rock salt surface energy
would probably be less than that of the
wurtzite, and a depression of the phase
transition pressure would actually be ob-
served. Thus, path effects play a major role
in both the dynamics and the ultimate
stable phases of nanometer-scale materials.
Because of this, nanocrystals provide an
opportunity to observe the effects of the
transition path, which are masked in bulk
systems. The potential is great for use of
these and related experiments on nanocrys-
tals to gain new understanding of the dy-
namics of solid-solid phase transformations
in bulk systems.

Although these basic conclusions are
general to wurtzite-phase nanocrystals, the
specific surface energies reported here are
probably influenced by the choice of surface
ligand, 4-ethyl-pyridine. While the possi-
bility does exist to actually change the
ordering of wurtzite and rock salt surface
energies through the use of an appropriate
ligand, no significant changes in surface
energy ordering are observed within the
range of ligands we are currently able to use
(Lewis bases). The question of surface mod-
ification aside, ‘the present work demon-
strates that a solid-solid phase transition
smoothly evolves into a coherent molecular
isomerization in finite size.
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First Principles Determination of the Effects of
Phosphorus and Boron on Iron
Grain Boundary Cohesion

Rugian Wu, A. J. Freeman, G. B. Olson

Toward an electronic level understanding of intergranular embrittlement and its control in
steels, the effects of phosphorus and boron impurities on the energy and electronic
properties of both an iron grain boundary and its corresponding intergranular fracture
surface are investigated by the local density full potential augmented plane wave method.
When structural relaxations are taken into account, the calculated energy difference of
phosphorus in the two environments is consistent with its measured embrittlement potency.
In contrast to the nonhybridized interaction of iron and phosphorus, iron-boron hybridization
permits covalent bonding normal to the boundary contributing to cohesion enhancement.
Insights into bonding behavior offer the potential for new directions in alloy composition for
improvement of grain boundary—sensitive properties.

The mechanical properties of ultrahigh-
strength steels are often limited by the
cohesion of crystal grain boundaries as in-
fluenced by the intergranular segregation of
various metalloid impurities such as P and
S. A thermodynamic theory developed by
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Rice and Wang (1, 2) describes the mech-
anism of metalloid-induced intergranular
embrittlement through the competition be-
tween plastic crack blunting and brittle
boundary separation. While crystal plastic-
ity considerations show interesting direc-
tional effects on the relative ease of crack
tip blunting verified in critical bicrystal
experiments, the most striking result of the
analysis is the prediction that the potency
of a segregating solute in reducing the
“Griffith work” of brittle boundary separa-



