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SE EXAFS STUDY OF THE ELEVATED WUR1ZITE TO ROCK SALT 
STRUcruRAL PHASE TRANSmON IN CDSE NANOCRYSTALS 

S. H. TOLBERT and A P. ALIVISATOS 
Materials Sciences Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
University of California 
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ABSTRACf. High pressure Se EXAFS data has been obtain on 2.7 run radius CdSe 
semiconductor nanocrystals. This system is observe4 to undergo a solid-solid phase transition at 
6.5 GPa which is approximately twice the reponed value for bulk CdSe. In combination with 
high pressure optical absorption experiments, EXAFS data can be used to identify the high 
pressure phase structure as rock salt EXAFS data can be fit with equations' of state to yield 
pressure volume CUrves. The resultant values of the bulk modulus and its derivative with respect 
to pressure are Bo = 37 ± S GPa and Bo' = 11 ± 3. A thermodynamic model for the data is 
presented in which the internal energy in each phase is modified by a surface energy term. 
Differences in surface energya.re used to explain the elevation in phase transition pressure. The 
model can be used to estimate a value for the surface energy in the rock salt pha'se. A value of 
1.9 ± 0.3 N/m is obtained in comparison to 0.9 ± 0.1 N/m for the wurtzite phase. 

1. Introduction 

How will the phase transition from one solid structure to another be different in a 
nanocrystal, as compared to the bulk sold? As the domain size of a material is decreased, 
how will this effect the relative stability of different possible structures of the material? 
This question has ramifications in fields as diverse as electrical engineering~ where the 
size of features in integrated circuits is approaching the nm regime, and geo-physics, 
where the phase diagram of solids with nanometer domain sizes is unknown. Changes 
in phase transition points with the intrinsic size of a nanocrystal may arise through the 
influence of the surface of the nanocrystals, which adds a large term to the internal 
energy of each phase, or potentially thro~gh purely dynamical effects, since the length 
scale of the maximum possible fluctuation in a nanocrystal is restricted by its size. In this 
paper we present a structural study of the pressure induced transformation from a 
dominantly covalent, four-coordinate wurtzite structure to an ionic six coordinate rocksalt 
structure in a sample containing nanocrystals of CdSe homogeneously dispersed in a 
pressure transmitting medium. . 

This work has been partially supported by the donors of the Petroleum Research Fund, administered 
by the American Chemical Society; and by the Director, Office of Energy Research, Office of Basic 
Energy Sciences, Materials Sciences Division, of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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Recent developments in synthetic methods now allow for the preparation of 
crystalline, highly monodisperse CdSe nanocrystals in a wide range of sizes. In addition, 
recent high pressure studies on CdS1

,2 and CdSe3
•
4 nanocrystals have shown surprising 

results. While both of these bulk systems undergo a high pressure phase transition from 
a low pressure covalent phase to a high pressure rock salt phase at about 3 GPaS

•
6
.', 

experiments using optical absorption and resonance Raman spectroscopies show that for 
nanocrystals in the 2-5 nm range, the covalent phase is stable to pressures 2-3 times those 
observed in bulk systems. Due to the indirect nature of the high pressure phase band gap 
however, no information on the high pressure phase structure can be obtained from these 
experiments. Similar experiments on GaAs/AlAs multilayers8 also show an elevation in 
phase transition pressure, though again high pressure phase structures can only be 
speculated on by analogy with bulk systems. 

A related question to the effect of finite size on high pressure transitions is the well 
known reduction of the melting temperature in nanocrystals. Much progress has been 
made in understanding these transitions. / In a wide variety of materials, ranging from 
metals9

•
10 to semiconductorsll

, changes in melting temperature with size can be almost 
completely accounted for by a thermodynamic model in which the surface energy of the 
liquid phase is less than that of the solid. For nanometer size particles, essentially no 
hysteresis is observed in the melting curves; that fact, coupled with the at least 
qualitative success of the thermodynamic surface energy model, leads to the conclusion 
that dynamical effects play no role in the reduction of melting temperature. The same 
may not hold true for solid-solid phase transitions at room temperature, where substantial 
barriers must be overcome, and large hysteresis effects are sometimes observed even in 
the bulk material. A detailed knowledge of the structural changes with pressure in a 
nanocrystal system are rieeded to see whether thermodynamic or kinetic effects 
predominate. 

The goal of this experiment is thus to obtain direct structural data on nanocrystalline 
systems at high pressure. The two direct structural techniques that can be applied to 
characterize the system are X-ray diffraction and EXAFS. We have chosen to stint with 
Se EXAFS because of the intrinsic lack of long range order in nanocrystals. While we 
have subsequently shown that it is possible to obtain complementary diffraction data on 
the nanocrystals at high pressure, EXAFS provides a direct measure of the Cd-Se bond 
length and as such is ideally suited for our purpose. In order to apply thermodynamics 
to these systems, we require the pressure-volume curves. It should be noted that the goal 
of this experiment is only to obtain data on the Cd-Se bond length. While EXAFS is 
frequently reported to accurately measure both the coordination number and the bond 
length, the coordination number data is generally not as certain, and this is even more so 
for EXAFS measurements performed on samples in a diamond anvil cell. The period of 
the EXAFS oscillations arises from the size of the reflecting cavity that surrounds the 
absorbing atom, and is unaffected by the cell. Changes in- the coordination number will 
result in a change in the total amplitude of the oscillation relative to the absorption edge. 
This amplitude can be perturbed by background from the high pressure cell. In addition, 
the amplitude of the oscillations is a function of both the coordination number and the 
Debye-Waller factor in the material, and these two effects are very hard to separate. As 
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the pressure of the system is increased the Debye-Waller factor is constantly changing, 
and these changes tend to manifest themselves as anomalous change in coordination 
number. Because of all of these effects, we will only report bond length data for high 
pressure samples. This is sufficient information however to calculate the required 
constants to test the ideas of surface thermodynamic in understanding this elevated phase 
transition pressure. 

A size dependence to the phase transition pressure arises in the thermodynamic 
formalism as follows. For bulk systems, the internal energy for the high and low 
pressure phases are given by: 

U1(T,P)=TS1(T,P)-PV1 +~lNl 
U2(T,P) = TS2(T,P) -PV2 +~2N2 

(1) 

where U, S, and P are the internal energy, the entropy, and the chemical potential, 
respectively for each phase. The condition for a phase transition to occur is PI = P2' As 
the temperature dependence of these solid-solid phase transitions is weak, and the entropy 
change at the phase transition is small, it is customary to ignore the TSi terms in 
equation 1 when calculating thermodynamic parameters from experimental data. In the 
case of a nanocrystalline system, equation 1 must be modified by a surface energy term: 

U1(P,V)=TS1-PV1 +~NI-YIAI 

U2(P,V)=TS2-PV2+~N2-Y2~ 
(2) 

where 'Yi and Ai are the surface tension and surface area respectively in phase i. The 
elevation in phase transition pressure can be expected if 'Yrock salt is greater than 'Ywurtzile' 

With a knowledge of the structural changes in isolated nanocrystals of CdSe under 
pressure, these thermodynamic equations can be applied both to model the data, and 
extract extract the surface energies. To this end, we have obtained high pressure Se 
EXAFS data on 2.7 nm radius CdSe nanocrystals.We will use this data to apply the 
ideas of surface thermodynamics to understanding the elevated phase transition pressure 
in these systems. 

2. Experimental 

The CdSe nanocrystals used in this experiment were prepared chemically using a 
modification of the method of Murray and BawendiI2

• Crystallites were characterized 
using X-ray powder diffraction, . TEM, optical absorption, and Raman scattering. 
Crystallite size and size distribution were determined using TEM and Small Angle X-ray 
Scattering (SAXS). The sample used in this experiment was found to be wurtzite in 
structure with an average size of 2.7 run radius with a (Jof 18%. Imperfect agreement 
between SAXS{fEM sizes and X-ray domain size indicates the presence of some stacking 
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faults or grain boundaries in the sample. 
High pressure optical absorption data was obtained using a scanning Cary model 118 

UV/visible spectrometer in combination with a Mao-Bell type diamond anvil cell with 
spring steel gaskets and 0.2 mm diameter sample chambers. Nanocrystals were dissolved 
in 4-ethyl-pyridine, a solvent which has been shown to be a good hydrostatic pressure 
medium to pressures in excess of· 10 GPa. Pressure was determined using ruby 
fluorescence. In all cases, multiple fluorescence measurements were taken at various 
locations in the cell and pressure gradients were shown not to exceed 8%. 

Se EXAFS data was obtained at the Stanford Synchrotron Radiation Laboratory on 
focused wiggler beam lines 6-2 and 10-2. Atmospheric pressure data was obtained using 
X-,ray fluorescence and a Lytel detector. High pressure data was obtained in an 
absorption geometry using ion chamber detectors. 

A significant problem with high pressure EXAFS experiments is interference due to 
Bragg diffraction from the single crystal diamonds of the high pressure cell. This 
diffraction can cause a forest of peaks 
that completely obscure the structure 
in the EXAFS region. Some 
improvement can be made by rotating 
the cell around its azimuthal angle. 
As a result of small imperfections in 
the diamond cutting, this moves the 
diffraction peaks in energy away from 
the region of interest and allows for 
empirical optimization of the EXAFS 
spectra. This technique is limited 
however, by the fact that the 
orientation of the two diamonds with 
respect to each other is fIxed in the 
process of aligning the cell, and thus 
complete optimization is not possible. 
Other methods of dealing with 
interfering bragg diffractions includes 
replacement of the diamond anvils 
with Boron Carbide (B4C) anvils13. 

Boron Carbide is polycrystalline, and 
thus produces no interfering 
diffraction peaks. It has the limitation 
that it is not optically transparent and 
thus precludes the use of ruby 
fluorescence to determine pressure. 
We have thus chosen to conduct our 
experiments using a modifIed Merrill­
Bassett type diamond anvil cell with 
one diamond anvil, and one B4C 

(a) 

1.6 1.6 2 2.2 2.4 2.6 

photon energy (eV) 

Figure 1: (a) Shift with pressure of the 
quantum confined optical absorption peak of 2.7 
nm radius CdSe nanocrystal. (b) Disappearance· 
of the confIned feature at the structural phase 
transition pressure. 
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anvil. This allows for complete rotational optimization of the single diamond as well as 
providing an optical window for ruby fluorescence measurements. 

EXAFS data was analyzed using standard procedures 14. Data was background 
corrected, Fourier filtered, and fit to a standard EXAFS equation: 

X(k) = ~ e-2a'-tz. F(k)'sin[2kr+ct>(k)] 
k'r2 

(3) 

where k is the photoelectron wavevector, N is the number of nearest neighbors, r is the 
real space bond length, CJ is the Debye-Waller factor, F(k) is the backscattering amplitude, 
and <l>(k) is the total phase shift experienced by the photoelectron. Scattering phase and 
amplitude factors were calculated theoretically using bulk CdSe lattice geometry in 
combination with the program Feff 5, version 5.04. 

3. Results 

3 5 ., 9 11 13 
k (1/allg'strolls) 

Figure 2: Background corrected Se 
EXAFS data, k*X(k), obtained for CdSe 
nanocrystals as a function of pressure; The 
arrow corresponds to the optically detected 
phase transition point. 
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Optical absorption spectra of these 
direct gap semiconductors nanocrystals 
show a discrete absorption feature at 
energies above the bulk band gap due to 
quantum confinement of the initial 
electronic excited state. This feature is 
seen to move smoothly to higher energy 
upon the application of pressure. At 
pressures between 6.2 and· 6.7 GPa, 
approximately 2 times the reported bulk 
transition pressure, the discrete feature 
disappears and is replaced by a weak: 
featureless absorption, shifted to the red 
of the direct gap feature (figure 1). Upon 
release of pressure, the discrete absorption 
is recovered, though the reverse transition 
is marked by hysteresis. 

Se EXAFS data on atmospheric 
pressure nanocrystal samples produces a 
bond length of 2.61 (A) and a 
coordination number of 3.5, in good 
agreement with bulk CdSe values of 2.62 
(A) and 4. Raw EXAFS data obtained on 
our nanocrystal samples at a variety of 
pressures is presented in figure 2. The 
data shifts monotonically upon the 



application of pressure up to 6.4 GPa, at 
which point a discontinuous change is 
observed, followed by another smooth 
shift. Cadmium-Selenium bond length 
changes obtained form fitting this data are 
presented in figure 3. The CdSe bulk 
linear compressibility is included for 
comparison. Data obtained upon the 
gradual release of pressure (5.5, 2.5 and 
0.7 GPa) appears to show a mixed phase 
with a very low coordination number and 
a poorly defined bond length, though the 
5.5 GPa data does appear to be 
dominantly rock salt in character. Upon 
full release of pressure, the bond length is 
observed to return to 2.63 (A) and the 
coordination number to 3.4. 

4. Discussion 

0.03 

• 
0.01 • 

D • 
... -0.01 ..... ... 
<I 

-002 

-0.03 

-O.Ot 

-0.06 
0 I , 6 B 

Pressure (GPa) 

Figure 3: Fractional shift in the Cd-Se 
bond length with pressure for CdSe 
nanocrystals obtained from Se EXAFS. The 
line represents the bulk CdSe linear 
compressibility of 0.00593 GPa·1

• 

4.1. INTERPRETATION OF STRUCTURAL DATA 

Optical absorption data suggests that 27 A radius CdSe nanocrystals undergo a 
reversible solid-solid phase transition at pressures between 6.2 and 6.7 GPa. Roughly 
parabolic energy dependence in the high pressure phase absorption spectra further 
suggests that this new phase has an indirect band gaplS. By analogy with the bulk, a 
reasonable structural candidate is rock salt, though other distorted octahedral structures 
with multiple first shell bond lengths are possible16

• Other possibilities include 
amorphous or disordered states. Although it is not possible to distinguish between these 
possibilities using optical absorption, EXAFS can clearly separate the two. Amorphous 
material should show a distribution of bond lengths and a low average coordination 
number. In contrast, rock salt material should show a single peak when the back ground 
subtracted data is Fourier transformed into real space. Other six coordinate structures 
would show multiple prominent bond lengths. 

Figure 4 shows that good quality EXAFS data can be obtained on high pressure phase 
nanocrystals, and that the EXAFS spectrum is dominated by a single bond length. These 
data suggest that the high pressure phase is not amorphous, and that the structure has only 
one dominant bond length. A small Se-Se second shell peak further suggests that the 
high pressure phase material has some degree of long range order. Although this is not 
sufqcient information to positively identify the high pressure phase structure as rock salt, 
additional information can be gained by considering bond lengths. Figure 3 shows the 
fractional change in bond length with pressure. At the optically detected phase transition 
point, the bond length is observed to become suddenly longer. This is indicative of a 
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Figure 4: Back ground corrected (top) and 
Fourier transformed (bottom) Se EXAFS 
data obtained on CdSe nanocrystals at 8.2 
GPa in the rock salt phase. Cd-Se and Se­
Se shell peaks are indicated in the 
transformed spectra. 

transition to a structure with a higher 
coordination number and packing fraction. 
The only reasonable structure that fills all 
of these requirements is rock salt. In 
addition, high pressure X -ray powder 
diffraction just obtained on these systems 
positively confrrms the structural identity 
of the high pressure phase as rock salt. 

With a knowledge of the high and 
low pressure phase structure, it becomes 
possible to calculate the volume change 
upon transition. Studies on a wide variety 
of materials show that wurtzite or zinc 
blende to rock salt transitions are usually 
accompanied by about a 20% decrease in 
unit cell volume17

•
18

• Figure 5 shows 
the actual data for our 27 A clusters. A 
24% volume contraction is observed. 

Complete recovery of the four 
coordinate structure by atmospheric 
pressure is supported by both optical 
absorption and EXAFS data. Optical 
absorption shows a return of the discrete, 

allowed band gap transition in atmospheric pressure recovered samples, and EXAFS 
shows a bond length and coordination number in atmospheric pressure recovered samples 
that is in good agreement with unpressurized samples. At pressures however, only 
slightly above atmospheric (less than 1 GPa), both EXAFS and optical absorption show 
incomplete recovery of the wurtzite phase. Although this type of solid-solid transition 
usually exhibits large hysteresis, our nanocrystals appear to show significantly more 
hysteresis than bulk CdSes. This is a subject of current investigation. 

4.2. CALCULATION OF TIIERMODYNAMIC PARAMETERS 

The data presented in figure 5 can be fit with the Murnaghan equations of state19 

Vo 
V=--..::.--

( 
B' )...!. 

1+ B:'P B~ 
(4) 

to yield values of Bo (the bulk modulus) and its derivative with respect to pressure (Bo'). 
Bo is the reciprocal of the linear volume compressibility. Most Bo values for covalent 
semiconductors are in the range of 50-100 GPa, with Bo' small, on the order of 1. The 
values obtained for our CdSe nanocrystals show Bo =37 ± 5 GPa and Bo' = 11 ± 3. This 
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can be understood by noting that the 
compressibility of the CdSe nanocrystals 
seems to decrease at extremely high 
pressure. In bulk systems where this part 

I') tB 
of P-V space in not accessible, ~ t6 

compressibility data can only be fit to the 
region between atmospheric pressure and 
3 GPa. The nanocrystal data in that low 
pressure region is quite linear and can be 
accurately fit using bulk values of Bo. As 
the system is compressed beyond the bulk 
stability limit, we begin to- sample the 
anhannonic parts of the Cd-Se potential 
and the compressibility deviates from the 
bulk value. The anomalous high pressure 
stability of these systems thus allows us 
to better determine the anharmonic terms 

38 .. " .. 
z 4 ~_ B 

Pressure (GPa) 

Figure 5: Shift in unit cell volume with 
pressure for 2.7 nm CdSe nanocrystals. The 
data is calculated from figure 2. The line 
represents a fit to the Murnaghan equations 
of state (equation 4). 

in the potential of both the nanocrystals and the bulk. 
While the high pressure phase data presented here is not sufficient to fit with a 

compressibility value, it can be used in combination with bulk high pressure phase 
diffraction data to obtain a reasonable value for the rock salt phase linear compressibility. 
It should be noted though that it is not strictly legitimate to use bulk and nanocrystal data 
together in this way, as the nanocrystal bond lengths should be shifted to slightly smaller 
bond lengths due to the effects of surface tension. These lattice contraction effects 
however are small in comparison to pressure induced bond length changes and so the 
error introduced by this method of calculation is not unreasonable. From our rock salt 
phase EXAFS data and the data of Mariano and Warekois20

, we calculate a Bo value of 
66.3 GPa with an atmospheric pressure unit cell volume of 4.40 x 10-29 m3

• These values 
will prove useful in the following section. While the quality of the data is not sufficient 
to obtain a Bo' value, it can be assumed that this value will be small as the pressures 
reached in this experiment are much lower than any reported second phase transitions 
observed in bulk CdSe. In the rock salt phase, the system is probably still in the 
hannonic part of the Cd-Se potential. 

4.3. A TIIERMODYNAMIC MODEL FOR TIIE PHASE 1RANSITION 

With a knowledge of all of the thermodynamic constants of the system, we are now 
in a position to apply the ideas and equations of surface thermodynamics to this solid­
solid phase transition. The chemical potentials in equation 2 can be equated and the 
entropy terms discarded _ to produce_ _ .. __ _ _ _ _ _ . ____ _ 

(5) 

where PT is the phase transition pressure. While the value of Ut(PT)-UiPT) itself is not 
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known, it can be calculated from known quantities. By equating the chemical potentials 
in equation 1, it is possible to obtain the expression 

(6) 

where PB is the bulk phase transition pressure of 3.0 GPa. As the changes in U with 
pressure can be calculated by integrating the pressure volume curves for each phase, 
equation 5 can now be rewritten as 

Pr Pr 

(PT - PB)-(V1-V2 ) - !PdVl + !PdV2 =Y2~ +y1A1- (7) 
p. p. 

Note that this equation assumes that (V1- V;J is the same for both the bulk and nanocrystal 
phase transition. This assumption is reasonable and can be explicitly corrected for if 
more accurate values are required. 

A more detailed discussion of the terms in equation 7 is perhaps in order. The frrst 
term is a measure of the additional PdV work that is required to make the system 
undergo a phase transition in the nanocrystals as compared to the bulk. The extra work 
manifests itself in the fact that for the nanocrystals, the volume contraction at the phase 
transition is taking place at a higher pressure. This work is required to overcome the 
additional surface energy of the high pressure phase, relative to the low pressure phase. 
The next two terms are modifications of the frrst term. They say that it is not correct to 
simply calculate the additional PdV work because there is also energy stored in the lattice 
and that amount of energy is not the same in wurtize and rock salt phases. One must 
modify the PdV work by the difference in the energy stored in the high and low pressure 
phase lattices_ The stored energy can be calculated by integrating the equation of state. 
The integrated forms for the case where Bo' is and is not known are presented in 
equations 8 and 9 respectively. 

[ [ 'll B (V /vlo 
E(V)= _JPdV=2 V 1 + 0 +cnst 

B~ (B~-l) 
(8) 

(9) 

The fmal term says that all· of this extra work needs to be equated to the difference in 
surface energy between the high and low pressure phases. 

A value of the wurtzite phase surface energy can be experimentally-determined from 
atmospheric pressure X-ray diffraction data on a variety of nanocrystal sizes. The data 
is presented in figure 6 and shows a decrease in d spacing with decreasing crystallite size. 
The Laplace Law (equation 10) relates this lattice contraction to an effective surface 
pressure (PI) which can in tern be related to the cluster surface to volume ratio and a 
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single effective surface tension for· the 
cluster. 

. 2·y 
p=­

S r 
(10) 

0011 

0.01 

o 008 

~ 
A more accurate description of the surface ~ 0.006 • • 
tension would require an exact knowledge 
of crystallite shape and the energies of all 
of the surface planes present. The value 
obtained from multiple sizes of CdSe with 
the same chemical passivation on the 
surface is "f = 0.9 ± 0.1 N/m. The 
various points in figure 6 at each size 
represent the fractional shift in the (110), 
the (112), and the (103) diffraction peaks. 

Although the purpose of this 
thermodynamic discussion is to better 
understand the elevation in the phase 
transition pressure in these nanocrystalline 
systems, an added benefit is that we now 

• 
• (UO) 

• (112) 
0.001 

, (103) 

D~~-r~--r-~-r~--r-~~ 
o 0.02 0.0' 0.06 0.08 0.1 

1/cluster rad1us (1I!) 

Figure 6: Fractional change in bond length 
with CdSe nanocrystal size. The line 
represents a best fit to the data. Different 
symbols indicate various diffraction peaks in 
the wurtzite X-ray powder pattern. 

have sufficient information to calculate. a value for the surface tension in the high 
pressure phase. As all of the tenns of equation 7 are known except "f2; we can solve for 
this value. The result is "frock salt = 1.9 ± 0.3 N/m. While this value is quite high for a 
rock salt phase surface energy, it is not unreasonable in consideration of the fact that the 
high pressure phase surface is not fonned to minimize high energy 'structures like edges 
and corners. Its fonnation is instead dictated by the microscopic path that the atoms must 
travel along to move from the wurtzite structure to the rock salt structure. Preliminary 
calculations suggest that this path may produce many very high energy surfaces. 

4.4. IMPLICA nONS AND FUTURE WORK 

Although this thennodynamic construction is not proven by the argument presented 
here, it is fully consistent with the data, and it is possible to further test it. The values 
in equation 7 all contain (or can be made to contain) only the variables PT and the 
nanocrystal radius r, with "frock salt the only unknown constant. This data can then be fit 
to phase transition data on a variety of nanocrystal sizes to see if a single value of "frock 

saIt is sufficient to describe all sizes. High pressure optical absorption data on a variety 
of sizes shows a monotonic decrease in phase transition pressure with increasing 
nanocrystal size. Work is currently underway to fit this data with the above 
thermodynamic equations. 

The implications of this work to fieldS outSide of solid state physics and chemistry 
are interesting and merit some speculation. Although these experiments were perfonned 
on isolated nanocrystals homogeneously dissolved in solution, it is reasonable to assume 
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that as long as there is a high energy interface, this type of effect should be observed in 
fused nanocrystal systems as well. That would suggest that accurate modeling of systems 
as diverse as geological structures and the high pressure stability of materials would 
require a knowledge not only of the types of compounds involved, but of their domain 
size, provided the domains are not greater than nm dimension. 

5. Conclusions 

In this paper we have presented Se EXAFS data obtained on 2.7 nm radius CdSe 
nanocrystals above and below the observed solid-solid phase transition. The low pressure 
wurtzite phase data can be fit with the Murnaghan equations of state to yield a value of 
Bo = 37 ± 6 GPa and Bo' = 11 ± 3. The high pressure phase EXAFS data is in good 
agreement with a bulk rock salt structure. Despite this fact, the phase transition does not 
occur until the system has been pressurized 3.5 GPa above the bulk limit of stability. This 
elevation in phase transition pressure can be modeled in terms of surface thermodynamics 
where the excess PdV work put into the system is required to balance a higher surface 
energy in the high pressure phase. A value of the high pressure phase surface tension can 
be calculated and is found to be 1.9 N/m in comparison with a value of 0.9 N/m in the 
low pressure phase. The dependence of the phase transition pressure on nanocrystal size 
will be used to test the validity of this construction. It appears that dynamical effects 
associated with limiting the maximum possible fluctuation length are not as important as 
surface energy effects. 
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