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Recent development of pressure-induced phase transformations in nanocrystals is
reported. A thermodynamic theory is presented and three components: the ratio of volume
collapses, the surface energy differences, and the internal energy differences, governing
the change of transition pressure in nanocrystals were uncovered. They can be used to
explain the results reported in the literature and to identify the main factor to the change of
the transition pressure in nanocrystals. We demonstrated that the grain-size effect on the
structural stability in nanocrystals with respect to transition pressure can be of either sign,
depending on the system under investigation. © 2004 Kluwer Academic Publishers

1. Introduction

Nanocrystals, consisting of small crystallites of diam-
eter 1-100 nm, often have novel physical and chemical
properties, differing from those of the corresponding
bulk materials [1]. For example, nanometer-sized semi-
conductors exhibit particle size dependence of elec-
tronic and optical properties, making them potential
candidates for applications involving tunability of elec-
tronic or optical properties [2, 3]. The issue of the ef-
fects of crystallite size on structural stability in these
nanocrystals is of considerable interest from a funda-
mental viewpoint, and also with respect to the appli-
cability of these materials. How will the relative sta-
bility of different possible solid structures change for
nanocrystals with respect to bulk materials? One way to
answer this question is to use pressure to force nanos-
tructured materials to convert from one solid structure
to another. Recently, Tolbert et al. [4-6] reported their
studies on Si, CdSe and CdS nanocrystals, and found
that the smaller the crystallite, the higher the transfor-
mation pressure. They explained the increase in transi-
tion pressure for the nanocrystals in terms of surface-
energy differences between the phases involved. Qadri
et al. [7] reported that the effect of reduced grain size
in PbS nanocrystals is to elevate the transition pres-
sure, while the compressibility increases with decreas-
ing grain size. An enhancement of transition pressure in
nanocrystals ZnO [8], ZnS [9], PbS [10] compared with
corresponding bulk material was also observed. How-
ever, Jiang et al. [11] reported that for nanometer-sized
y-Fe, O3 particles the phase transition pressure (from
y-Fe, 03 to -Fe,03) is much lower than that for bulk
material. They suggested that the larger volume change
upon transition in the nanocrystals is the main factor.
A reduction of transition pressure was also reported in
nanocrystals TiO, for the rutile-to-a-PbO; transition
[12]. Very recently, Rekhi et al. [13] also found that
fluorite-type CeO, undergoes a phase transition to an
orthorhombic PbCl,-type structure at pressure around
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26.5 GPa for nanocrystalline CeO,, which is less than
32 GPa for bulk CeQO;. In the first part of this paper
we summarize results obtained from an ongoing sys-
tematic study of the phase stability in nanocrystals. The
nature of the change of transition pressure in nanocrys-
tals as compared with the corresponding bulk material
is addressed from thermodynamic consideration.

2. Experimental

All nanocrystalline materials except y -Fe, O3 were pro-
duced by ball milling using a Fritsch Pulverisette ball
mill with tungsten carbide or stainless steel vials and
balls. The starting material consisted of high-purity
(99.9%) powders of about 10 um particle size. After
ball milling for typically 80 h, the average grain size was
about 10 nm. Nanocrystalline y -Fe, O3 was obtained by
oxidation of Fe3O, particles prepared by coprecipita-
tion. The nanocrystalline materials were characterized
by X-ray diffraction (XRD) and transmission electron
microscopy (TEM).

The techniques, which we used to monitor phase
transformations, are in-situ high-pressure X-ray pow-
der diffraction using synchrotron radiation, in-situ
high-pressure electrical resistance and optical measure-
ments. In-situ high-pressure electrical resistance mea-
surements at ambient temperature were carried with a
1200-ton multi-anvil apparatus using 10 and 7 mm edge
length octahedral pressure cells without pressure trans-
mitting medium. Copper foils were used as electrodes
to measure the dc resistance across of sample disk of
approximate dimensions 0.9 mm diameter and 0.5 mm
thick. Resistance measurements were made on increas-
ing pressure using a previous determined pressure cal-
ibration that is based on several pressure standards.
High-pressure optical measurements were performed
in a Mao-Bell type diamond anvil cell with 0.4 mm flat
tables. The powder samples were directly compressed
in a 0.4 mm hole of a nickel gasket without pressure
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Figure 1 In-situ high-pressure electrical resistance for ZnS materials
with average grain sizes of 10 um, 36 nm, and 11 nm at ambient tem-
perature.

transmitting medium. The pressure was measured by
using small ruby chips placed on the top diamond. Low
and high-pressure phases show different contrast in
many cases, so that the phase boundary is well defined.
By increasing the applied load to the diamonds the limit
of the high-pressure phase moves in the pressure gradi-
ent and the transition pressure was accurately measured
when the phase boundary was just crossing a ruby chip.
In-situ high-pressure X-ray diffraction measurements
were recorded at Hasylab in Hamburg, Germany, using
synchrotron radiation energy-dispersive method in the
10-70 keV energy range. High pressures up to 50 GPa
were obtained in a Syassen-Holzapfel type diamond
anvil cell [14]. The powder sample and a small ruby
chip were enclosed in a hole of diameter 200 m in an
inconel gasket. A 16:3:1 methanol:ethanol:water solu-
tion or silicon oil was used as a pressure transmitting
medium. The actual pressure was determined from the
wavelength shift of the ruby line using the non-linear
pressure scale of Mao et al. [15].

3. Nanocrystals

3.1. Enhanced transition pressure
Anenhancement in the transition pressure with decreas-
ing grain size has been observed for a number of sys-
tems. The first experimental report is on nanometer-
sized CdSe system from Alivisatos’ group [4]. They
used in-situ high-pressure X-ray powder diffraction
and observed an enhancement of transition pressure
for zincblende (B3)-to-rocksalt (NaCl or B1) phase
transformation in CdSe nanocrystals as compared with
bulk material. Recently, we have studied the zincblende
(B3)-to-rocksalt (NaCl or B1) phase transformation in
ZnS nanocrystals by three techniques mentioned in
the experimental section. Fig. 1 shows high-pressure
in-situ electrical resistance for ZnS materials with av-
erage grain sizes of 10 um, 36 nm, and 11 nm. It
is clearly seen that the semiconductor-to-metal tran-
sition occurs at pressures of approximately 19.0 +
0.4 GPa and 20.5 + 0.6 GPa for the 36 nm and
11 nm ZnS, respectively, whereas for the 10 um ZnS
it occurs at approximately 15.6 £ 0.3 GPa. The data
show that the semiconductor-to-metal transition pres-
sure strongly depends on the grain size of ZnS crystals.
The smaller the crystal, the higher the transition pres-
sure. These results were beautifully confirmed by high-
pressure optical observations for bulk ZnS and the 11
nm nanocrystals, as shown in Fig. 2. It is found that the
semiconductor-to-metal transition for the 11 nm ZnS
(Fig. 2b) appears at around 21.8 £ 0.6 GPa while the
10 um sample (Fig. 2a) has a transition at around 16.0
£ 0.5 GPa, in good agreement with the data obtained
in Fig. 1. The pressured-induced changes of electronic
and optical properties in ZnS are reflected by a struc-
tural change, which can be monitored by in-situ high-
pressure synchrotron radiation X-ray powder diffrac-
tion measurements. Fig. 3 exemplifies diffraction pat-
terns of 10 um and 11 nm ZnS at pressures ranging

Figure 2 In-situ high-pressure optical micrographs of the semiconductor-to-metal transitions for ZnS materials with average grain sizes of 10 um (a)
and 11 nm (b). The high-pressure metallic phase (M-ZnS) is opaque compared with the low-pressure semiconducting phase (S-ZnS), so that the phase
boundary is quite well defined. The transition pressures were determined to be 21.8 & 0.6 and 16.0 £ 0.5 GPa for 11 nm and 10 um ZnS samples,

respectively.
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Figure 3 Examples of in-situ high-pressure synchrotron radiation X-
ray powder diffraction patterns at room temperature with increasing and
decreasing pressures for 10 um and 11 nm ZnS. B3 and B1 are the low-
and high-pressure phases.

from O to about 50 GPa at room temperature, with in-
creasing and decreasing pressures. In both samples, the
low-pressure semiconductor phase has a B3 structure
while the high-pressure metal phase has a NaCl-type
(B1) structure. For the 10 um sample, the B3-to-B1
phase transition observed starts approximately 14 GPa
and ends at approximately 16 GPa. At the transition
(Pg ~ 15 £ 1 GPa), the volume collapse is found to be
[VB(B3, Pg) — Vs(B1, P)l/Ve(B3, Pg) = 17 =+ 1%.
The single high-pressure B1 phase remains up to about
50 GPa. In decompression, the B1 phase is stable down
to 8.8 GPa and a B1-to-B3 phase transition occurs at
approximately 6 GPa. For the 11 nm ZnS, it is clearly
seen that only the B3 phase is detected up to 16.4 GPa
and the B3-to-B1 phase transition is observed, starting
approximately 19 GPa and ending at a pressure below
23.1 GPa. At the transition (P, ~ 21 & 1 GPa), the vol-
ume collapse is found to be [V,,(B3, P,) — Va(B1,Py))/
Va(B3,P,) = 17.5 £ 1%. The single high-pressure
B1 phase remains up to about 50 GPa. In decompres-
sion, the B1 phase is stable down to 15.4 GPa and the
B1-to-B3 phase transition already occurs at approxi-
mately 10.6 GPa. Bulk modulus, B,, and its pressure
derivative, B(’), of B3 phase is estimated from the Birch-
Murnaghan equation of state [16] in a pressure range
from O to 9 GPa. They are B, = 72 &= 7 GPa and
B! = 9 £ 3 for 11 nm ZnS and B, = 68 &+ 3 GPa
and B, = 7 £ 1 for 10 um ZnS. In contrast to PbS
[7], no obvious difference in compressibility for ZnS

samples with various grain sizes was detected within
experimental uncertainty. It should be mentioned that
the semiconductor-to-metal transitions in a few II-VI
compounds, including ZnS, are used to make up the
fixed-point static pressure calibration curve as a func-
tion of hydraulic oil pressure in the pressure range from
1 to 25 GPa for the multianvil high-pressure apparatus.
This instrument has been used in many disciplines, e.g.,
geoscience, materials science, and physics [17], due to
its advantages of larger sample volume and long high
temperature stability despite the relative low maximum
achievable pressure as compared with the laser-heated
diamond anvil cell. On the basis of the results obtained
for the ZnS samples, therefore, it can be concluded
that the dangers of using the transition pressures of the
II-VI compounds as pressure calibrators without a de-
tailed knowledge of their grain-size effects on the tran-
sition pressures cannot be overstressed.

At ambient temperature, bulk PbS has a phase trans-
formation at 2.2 GPa from a NaCl-type structure (B1) to
a black phosphorus-type orthorhombic structure (B16)
[18]. Qadri et al. [7] reported synchrotron radiation
energy-dispersive high-pressure X-ray powder diffrac-
tion measurements of PbS with three different grain
sizes. They found that onset and completion pressures
of the B1-to-B16 transition increase with decreasing
grain size. However, due to small grain sizes and the fact
that B16is adistorted cubic B1 phase, the broad diffrac-
tion lines of B1 and B16 phases strongly overlapped.
Consequently, the determination of the transition pres-
sure for the B1-to-B16 transformation in PbS using
X-ray powder diffraction technique becomes question-
able. Therefore, we reexamined the grain-size effect on
the phase transition in PbS using in-situ high-pressure
conductivity measurements [10]. We found that the
transition is associated with a sharp increase in resistiv-
ity by three orders of magnitude [10]. This resistivity
change takes place in the pressure range 2.4-3.8 GPa for
bulk PbS material. For 8 & 1 nm PbS nanocrystals cor-
responding resistivity change takes place in the range
5-7.6 GPa. The mean transition pressure is estimated
to 3.1 £ 0.7 GPa for bulk PbS and 6.3 & 1.7 GPa for the
nanocrystalline material. These results have been con-
firmed by in-situ high-pressure X-ray diffraction mea-
surements [7, 10]. In the PbS system, it also reveals
that the smaller the crystal, the higher the transition
pressure.

The wurtzite (B4)-to-rocksalt (NaCl or B1) phase
transformation in ZnO nanocrystals has also been inves-
tigated by in-situ high-pressure X-ray powder diffrac-
tion, conductivity and optical measurements [8]. The
results of the high pressure behaviour of bulk ZnO ob-
tained are in good agreement with those reported in
previous studies [19-26]. A B4-to-B1 transition is ob-
served, starting at approximately 9 GPa and ending at
approximately 11 GPa, with a volume collapse of ap-
proximately 16.4%. The high pressure B1 phase sta-
bles up to 52.5 GPa. Upon decompression, a large frac-
tion of the B1 high pressure phase is retained when
the pressure is released, indicating a substantial phase
hysteresis. Fig. 4 shows X-ray powder diffraction pat-
terns at various pressures for ZnO nanocrystals. The
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Figure 4 Examples of in-situ high pressure synchrotron radiation X-
ray powder diffraction patterns at room temperature with increasing and
decreasing pressures for 12 nm ZnO nanocrystals. It indicates the co-
existence of the wurtzite and rocksalt phases at 13.2 GPa. The high
pressure B1 phase is stable up to 52.5 GPa. Upon decompression, sin-
gle B1 phase was found down to 1.7 GPa and it dominates the pattern
recorded at 0 GPa.
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Figure 5 Intensity ratio Ir0o(B1)/I100(B4) vs. pressure for ZnO. Filled
and open squares denote bulk and nanocrystals, respectively. The 200
line of the B1 phase and the 100 line of the B4 phase have no coun-
terparts in the B4 and B1 phases, respectively. Thus, the intensity ratio,
Ioo(B1)/1100(B4), approaches infinity at the final stage of the transfor-
mation.

B4-to-B1 transition is also observed in nanocrystals.
The transition is illustrated by the intensity ratio of the
200 (B1) to 100 (B4) peaks as a function of pressure, as
shown in Fig. 5. Using the extrapolation procedure the
transition pressure is estimated to be 15.1 GPa for the
nanocrystal ZnO and 9.9 GPa for the bulk ZnO. There
is a 50% enhancement of the transition pressure in the
nanocrystal ZnO as compared with the bulk material.
Fig. 6 shows the pressure dependence of the relative vol-
ume. The volume collapse by the transition was approx-
imately 15.6% in ZnO nanocrystals. It was suggested
that the high-pressure B1 phase could be metallic with
respect to the semiconductor low-pressure B4 phase
[27]. Thus, we performed in-situ high-pressure electri-
cal resistance measurements for both bulk and 12 nm
ZnO materials. No semiconductor-to-metal transition
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Figure 6 Compression curves for ZnO. Filled and open symbols repre-
sent data for bulk and the nanocrystals ZnO, respectively. Squares and
circles denote data for increasing and decreasing pressures, respectively.
Solid lines are Birch-Murnaghan equation of state of the B4 structure and
the linear volume compressibility of the B1 structure in the nanocrystals.

occurs at transition pressures for both samples. This
result indicates that the high-pressure ZnO B1 phase
is not metallic, most likely still semiconductor, up to
18 GPa at ambient temperature. We further performed
high-pressure optical measurements for bulk and the 12
nm ZnO samples. It is found that the B4-to-B1 transi-
tion for the 12 nm ZnO appears at around 14 + 2 GPa
while bulk ZnO has a transition at around 9 & 1 GPa, in
agreement with the data obtained from X-ray powder
diffraction measurements. Our experimental data reveal
that the transition pressure of the B4-to-B1 transforma-
tion in the ZnO system strongly depends on the grain
size of ZnO crystals. The smaller the crystal, the higher
the transition pressure.

3.2. Reduced transition pressure

Maghemite (y-Fe;O3) has cubic symmetry with a
structure that is closely related to the inverse spinel
Fe;04 (magnetite). At high pressure it transforms into
hematite («-Fe;O3) with corundum-type rhombohe-
dral structure. We studied two y-Fe; O3 samples with
average grain sizes of 10 um (hereafter called bulk)
and 9 nm (hereafter called nano) using in-situ high-
pressure X-ray powder diffraction with two pressure
transmitting media: 16:3:1 methanol:ethanol:water so-
lution and silicon oil [11]. Results obtained from both
pressure media are the same. The measurements have
shown that the transition pressure is 35 GPa for bulk
and 27 GPa for 9 nm nanocrystals, having a 20% re-
duction of the transition pressure in the nanocrystals as
compared with the bulk material. This is visualized by
plotting the intensity ratio of the 311 and 220 peaks as
a function of pressure, as shown in Fig. 7. The 311 line
of the y-Fe,O3; phase continues through the phase
transition as the 110 line of the a-Fe,O3, whereas
the 220 line of the y-Fe,O3; phase has no counter-
part in the a-Fe,O3 phase. Thus, the intensity ratio
I(311)/1(220) approaches infinity at the transformation.
It was also found that a 50% enhancement of the bulk
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Figure 8§ Compression curves for y-Fe,; O3 with the same notation as for
Fig. 7. The full curves have been calculated from the Birch-Murnaghan
equation.

modulus for nanocrystalline y-Fe;03 (305 £ 15 GPa)
as compared with the bulk material (203 £ 10 GPa) in
Fig. 8, whereas the bulk modulus is the same for bulk
and nanocrystalline «-Fe;Os.

The reduction of transition pressure in nanocrystals
as compared with bulk material has also been found
in rutile-TiO,. High-temperature/high-pressure X-ray
diffraction in Fig. 9 has shown that the phase boundary
between the rutile and «-PbO,-type phases is shifted
towards lower pressure for the nanocrystalline mate-
rial as compared with bulk material [12]. Thus, for a
given temperature, the transition pressure is lower for
nanocrystalline material than for bulk TiO,. In contrast,
our recent measurements indicate that the low-pressure
rutile structure is stable to pressures much higher than
the bulk at room temperature.

Very recently, high-pressure Raman study on
nanocrystalline CeO, was reported from Saxena’s
group [13]. They performed Raman spectroscopy mea-
surements up to 36 GPa with and without pressure trans-
mitting media. They found that the transition pressure
of flurite-type-to orthorhombic PbCl,-type phase trans-
formation in CeO, nanocrystals is 26.5 GPa while it

is at 32 GPa for bulk material. They further observed
almost the same transition pressure in nanocrystalline
CeO, compressed under quasihydrostatic and nonhy-
drostatic medium.

3.3. No change in transition pressure

It follows from above that the transition pressure may
be enhanced as well as reduced in nanocrystalline ma-
terial as compared with bulk material. We have also
found systems where there is no change. Rutile-type
tetragonal SnO; transforms into a fluorite-type cubic
structure at high pressure. X-ray powder diffraction
measurements show that the tetragonal-to-cubic trans-
formation is sluggish [31]. Fig. 10 shows the inten-
sity ratio I.(111)/1;(110) vs. pressure for both bulk and
nanocrystal SnO,, where I.(111) and [;(110) are the
peak intensities of the fluorite- and rutile-type phase,
respectively. The rutile-to-cubic structure transforma-
tion in nanocrystals is sluggish with an onset transition
pressure about 18 GPa. No significant difference in the
onset transition pressure in bulk and nanocrystal SnO,
(8 nm) was observed. This result was also confirmed
by in-situ high-pressure electrical resistance measure-
ments, as shown in Fig. 11. The sluggish rutile-to-cubic
phase transformation in both bulk and nanocrystal SnO,
is revealed by the gradual increase of electrical resis-
tance above 18 GPa. Both rutile- and fluorite-type SnO,
phases are semiconductors although the resistivity of
the fluorite-type phase is larger than that of the rutile-
type phase. Fig. 12 shows the pressure dependence of
the relative volume for both bulk and nanocrystal SnO5.
The rutile-to-cubic phase transformation is accompa-
nied by a volume collapse, AV = V' — V¢, with a
relative volume change AV / V' = 9.4% at 18 GPa for
both bulk and nanocrystal SnO;.

The systems described above are all semiconductor
compounds. We are also studying the element Fe and
the alloy FeggCujy produced by mechanically alloy-
ing [32]. Bcc a-Fe transforms into hcp ¢-Fe at about
12 GPa, and this transition is widely used in the calibra-
tion of high-pressure cells. Our preliminary results indi-
cate that the onset transition pressure is the same in bulk
and nanocrystalline Fe as well as FeqyCujo nanocrys-
talline alloy, although the transformation kinetics seems
to be very different.

4. Discussion

Phase transitions of the first order generally exhibit hys-
teresis. It manifests itself as a difference in the transi-
tion pressure in the forward and reveres directions in
pressure-induced phase transitions in all systems re-
ported here. The mechanism of pressure hysteresis is
still poor understood. The lattice strain energy, caused
by a discontinuous volume change at the transition, is
often considered to be the main factor controlling the
hysteresis. Based on simple considerations of the the-
ory of elasticity, it has been shown that the strain energy
is a function of the volume collapse at the transition.
The low-pressure-to-high-pressure phase transforma-
tion associates a negative volume change. Thus, the
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Figure 9 Phase diagram of TiO;, obtained in heating and compression. Circles denote rutile; squares denote the a-PbO,-type phase; triangles denote
the baddeleyite-type phase. Open squares denote literature data: 8.7 GPa, 425 and 565°C [28]; 10 GPa, 400°C [29]. The a-PbO,/ baddeleyite phase
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points for the orthorhombic nanocrystals only are shown for pressures of 4.5 and 5.9 GPa). The dotted line indicates the rutile/a-PbO; phase boundary
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Figure 11 In-situ high-pressure electrical resistance for bulk and
nanocrystal SnO; at ambient temperature.
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sible contributions to the discrepancy of the upstroke
transition pressures for both bulk and nanocrystalline
materials.

The driving force of phase transformation is the
reduction in Gibbs free energy, G, from the original
(phase 1) to the final structure (phase 2). The definition
of G per mole at constant pressure and temperature is
G = U+ PV — TS, where U is the internal energy
per mole, P is the pressure, V is the volume per mole,
T the absolute temperature and S the entropy per mole.
For nanocrystals, the internal energy consists of con-
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Figure 12 Volume per formula unit of SnO; as a function of pressure.
The volumes have been normalized relative to V,, the zero-pressure
volume of the rutile-type phase. Filled and open symbols represent data
for bulk and nanocrystal SnO,, respectively.

tributions from the core, Uy core, and the surface, Uygus.
By the transformation from phase 1 to phase 2, the
free energy changes for both bulk material at transition
pressure Pp and nanocrystals at transition pressure P,
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can be expressed as

AGg(Pg) = Gg(2, Pg) — Gg(l, Pp)
= (Us(2, Pg) — Ug(l, Pp))+ Pp(VB(2, Pp)
—Vi(1, Pg)) — T(Sg(2) — Sp(1)), (1)
AGy(Py) = Gu(2, Po) — Gu(1, Py)
= (Uncore(2, Pn) — Uncore(1, Pn))
H(Unsurt(2, Pn) — Unsurt(1, Py))
+Pa(Va(2, Py) — Va(1, Py))
=T (Sn(2) — Su(1)), (2)

where B and n refer to bulk and nanocrystals, respec-
tively. For simplicity, four assumptions are made: (1)
In the transformation between solid crystalline phases
at room temperature, the entropy change is assumed
to be negligible; (2) The internal energy difference be-
tween phases for a given pressure is assumed to be the
same for the bulk as for the core of the nanocrystals.
This assumption is based on the experimental obser-
vation that many physical parameters for the core in
nanocrystals are similar to the corresponding bulk ma-
terials [33], e.g., lattice parameters and co-ordination
number; (3) The difference of strain energy induced at
the transitions in both bulk and nanocrystalline mate-
rials is assumed to be negligible; and (4) The driving
force, the difference of the free energies of phases 1 and
2, AG = G(1) — G(2), is assumed to be the same for
both bulk and nanocrystalline samples at the transition
pressures. (Note that the free energies of phases 1 and
2 could be not equal at the transition pressure.) Thus,
the difference of transition pressures for both bulk and
nanocrystals can be expressed by:

Py — Pg = Pp(AVe(Pp)/AVi(Pn) — 1)
+ (Unsurt(2, Pn) — Unsurt(L, Pn))/ AVy(Pn)
+((Us(l, Pg) — Ug(l, Pn)) — (Us(2, Pp)
— Us(2, 1))/ AVa(Py), 3)

where the volume changes at the transition are
AVa(Po) = Va(l, Py) — Va(2, Py) and AVR(Pg) =
Ve(1, Pg) — Vg(2, Pg). From Equation 3 it demon-
strates that the transition pressure, P,, depends on
three components: (1) the volume changes for bulk and
nanocrystals at the transitions, (hereafter Term1); (2)
the surface energy difference between the phases in-
volved, (hereafter Term2); and (3) the internal energy
difference between the phases involved in bulk, (here-
after Term3). The last term can be calculated by the
following integral: Ug(i, Pg) — Ug(i, P,) = — (PdV;
i =1, 2, using the experimental volume data as a func-
tion of pressure. Inserting all experimental data, P,, Pg,
AVy(Pp), and AVg(Pg), the surface energy difference,
Unsurt(2, Pa)—Upsure(1, Py) canbe estimated. Assuming
Unsurt = Y AN, where y is the average surface tension,
A is the surface area of the crystal, and N the number of
the crystal per mole, the difference of average surface
tension between low- and high-pressure phase can be

estimated. This could be a new method to determine
the surface tension of materials. Equation 3 can be ap-
plied to uncover the major factor underlying the change
of transition pressure in nanocrystals as compared with
the corresponding bulk material. A few examples are
given below.

(1) For the phase transition from the wurtzite (B4)
to the rocksalt (B1) structure in 4.2 nm CdSe parti-
cles [4], it was reported that P, = 3.6 GP, Pg =
2 GPa, with no difference of compressibility in both
nanocrystal and bulk materials, indicating that the ra-
tio of volume changes is close to unit, Terml = O.
Term2 and Term3 were estimated to be approximately
2 GPa and —0.4 GPa, respectively, from the reported
experimental data. Then, the enhancement of the tran-
sition pressure in nanocrystals, P,, is dominated by
the surface energy difference. A similar explanation
for the enhancement of transition pressure in nanocrys-
tals was suggested by the authors [4]. The surface en-
ergy and average surface tension differences between
B1 and B4 phases at the transition pressure is esti-
mated to be Upguf(B1)—Upsuit(B4) = 6.2 kJ/mol and
y(B1)—y(B4) = 0.13 J/m? for 4.2 nm CdSe particles,
respectively.

(2) For the B4-to-B1 phase transformation in 12 nm
ZnO nanocrystals [8], inserting all experimental
data into Equation 3, the surface energy difference,
Unsurt(B1, Py) — Upeurt(B4, P,), was estimated to be
about 11 kJ/mol. The difference of average surface ten-
sion between phase B1 and B4 is estimated, y(B1)—
y(B4) = 1.5 J/m?. Using the reported data for y(B4),
0.3-0.7 J/m?, in Ref. [34], the value of y(B1) is found
for the first time to be y(B1) ~ 1.8-2.2 J/m?. Fur-
thermore, from Equation 3 one can obtain Terml =
0.47 GPa, Term2 = 5.2 GPa, Term3 = —0.48 GPa.
It reveals that the surface energy difference at the
transition is the dominating force, leading to the ob-
served enhancement of the transition pressure for ZnO
nanocrystals.

(3) For the phase transition of y-to-«-Fe;O3 in 9 nm
y-Fe, O3 particles [11], it was found that P, = 27 GPa;
Pg = 35 GPa; Terml = —14 GPa; Term2 = 4.7 GPa;
Term3 = 1.3 GPa. Term2 and Term3 would favor an
enhancement of the transition pressure for nanocrys-
tals. However, the volume change for nanocrystals at
the transition is approximately 65.8% larger than that
for bulk. This dominates the reduction of the phase tran-
sition pressure in nanocrystals. The surface energy dif-
ference, Upgurf(-Fey O3, Py)—Upsurf(y -Fe2 O3, Py), was
estimated to be about 18.5 kJ/mol and the difference of
average surface tension between y-Fe, O3 and a-Fe, O3
is estimated, y(«-Fe,03)—y (y-Fe,03) = 0.84 J/m?.
Using the reported data for y(a-Fe,03), 1.6-2 J/m?,
in Ref. [35], the value of y(y-Fe,03) is found to be
0.76-1.16 J/m?, which is in good agreement with liter-
ature data, y (y-Fe,03) = 0.36-1.86 J/m?, reported in
Ref. [36]. For the PbS system [7,10], due to the lack of
experimental data, we can not analyze the main factor
leading to the enhancement of the transition pressure
in nanocrystals, as compared with bulk material. How-
ever, the volume collapse effect might be the main factor
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because enhancement of compressibility with decreas-
ing grain size was reported [7].

(4) For the rutile-to-fluorite-type phase transforma-
tion in SnO; [32], using the compression data in Fig. 12,
it is found that Term1 and Term3 are small and close
to zero. It reveals that the surface energy difference be-
tween rutile- and fluorite-type SnO, phase at the onset
transition pressure, P, & Pg ~ 18 GPa, could be very
small. Thus, no significant difference in the onset tran-
sition pressure in nanocrystal SnO,as compared with
the corresponding bulk material could be explained
by the small changes in the volume collapse, the sur-
face energy difference, and the internal energy differ-
ence between the rutile- and fluorite-type phase at the
transition.

5. Summaries

The nature of the change of transition pressure in
nanocrystals as compared with the corresponding bulk
material was addressed. We have shown that the grain-
size effect on structural phase transition pressures can
be of either sign, depending on the system under con-
sideration. A thermodynamic analysis shows that the
difference in transition pressure between nanocrystals
and bulk material depends on three components: the ra-
tio of volume collapses, the surface energy differences,
and the internal energy differences. Whether there will
be an enhanced, reduced or unchanged transition pres-
sure depends on the relative importance of these three
components.
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