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X-ray diffraction was used to monitor the structure of 45 A diameter CdSe nanocrystals as they
transformed repeatedly between fourfold and sixfold coordinated crystal structures. Simulations of the
diffraction patterns reveal that a shape change occurs as the crystals transform. They aso show that stack-
ing faults are generated in the transition from the high- to the low-pressure phase. The shape change
and stacking fault generation place significant constraints on the possible microscopic mechanism of the

phase transition.

PACS numbers: 62.50.+p, 61.46.+w, 64.70.Kb, 68.35.Rh

The preparation of solids with novel bonding ge-
ometries is limited by our incomplete understanding
of metastability. Theory can accurately predict the
ground state structure of a solid for a given compo-
sition [1], but cannot accurately estimate the lifetime
of a metastable state [2]. Accurate estimates of the
metastability of different bonding geometries requires a
clear understanding of the microscopic mechanisms by
which solids transform between crystal structures. The
study of solid-solid phase transitions in nanocrystals can
potentially be very helpful in developing such microscopic
pictures.

The importance of nanocrystals to the study of solid-
solid phase transitions can be understood by analogy to
magnetization reversal. A nanometer-sized magnetic crys-
tal acts as a single magnetic domain, and simple models
show that the time required for this domain to reverse its
magnetic orientation is exponentially dependent upon the
nanocrystal volume [3]. Sufficiently large magnetic crys-
talsdisplay qualitatively different kinetic behavior because
they contain equilibrium defects and domain walls, which
substantially lower the barriers to reversal [4]. Nanocrys-
tals can also be viewed as “single structural domains.”
Studies of the kinetics of solid-solid phase transitions in
nanocrystals [5] bear a striking resemblance to the analo-
gous studies of magnetization reversal, with single nuclea-
tion events per nanocrystal [6], and with relaxation times
strongly increasing in larger sizes [7,8].

There is, however, a key difference between the mag-
netic and the structural phase transitions in nanocrystals.
As we have shown previously for solid-solid phase transi-
tions in Si [9], nanocrystals change shape during struc-
tura transformations. Here we show that a systematic
study of the shape changes through multiple transformation
cycles can place strong constraints on the microscopic mo-
tions connecting the two phases. The present study focuses
on fourfold to sixfold coordinated transformations in the
prototypical colloidal semiconductor nanocrystal system,
CdSe. Shape changes determined by diffraction simula
tions show that the mechanism of transformation is dif-
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ferent for CdSe from that of Si, and aso from previously
proposed mechanisms for CdSe itself.

CdSe crystallites with an average size of 45 A (standard
deviation in size of ~6%) were synthesized by literature
methods [10]. The crystallites were passivated by a
monolayer of trioctylphosphine oxide and soluble in a
variety of organic solvents. Nanocrystals dissolved in the
pressure-transmitting medium, ethylcyclohexane, were
loaded into a Merrill-Bassett diamond anvil cell with a
diffraction dlit. X-ray diffraction patterns were collected
on wiggler beam-line 10-2 at the Stanford Synchrotron
Radiation Laboratory with 12.5-keV x rays. Patterns
were collected with image plates for 12 minutes in an
angle-dispersive geometry, with an instrument reso-
lution of 0.01Q(A~"). The pressure was changed in
0.5-1 GPa steps that were spaced by approximately 1
hour, and measured using standard ruby fluorescence
techniques [11].

Volume versus pressure curves for two complete
cycles of the phase transition (same sample) are shown in
Fig. 1. The experiment clearly shows massive hysteresis
as compared to the bulk [12], behavior that is charac-
teristic of defect-free nanocrystals and consistent with
previous high-pressure studies of CdSe nanocrystals [13].
[Stacking faults, which are present in the nanocrystals
according to transmission electron microscopy (TEM)
and x-ray diffraction (XRD) measurements, have little
influence upon the phase transition pressure and kinetics,
a fact that will be discussed in detail below.] The two
consecutive cycles overlap within experimental error,
implying that no new high-energy defects are created
during the nanocrystal transformation, which is also
markedly different from what is observed in the bulk [14].
Representative x-ray diffraction patterns from each cycle
are presented in Fig. 2 (black).

Previous work on the shape change of Si nanocrys-
tals [9] utilized the widths of specific peaks to elucidate
shape changes. However, the nanocrystals discussed here
are much smaller (45 A instead of 500 A in diameter),
so that not just linewidths but line shapes and relative
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FIG. 1 (color). Multiple hysteresis cycles of 45A CdSe
nanocrystals showing the unit cell volumes of the fourfold and
sixfold coordinated phases versus pressure. The red squares and
triangles represent the fourfold and sixfold coordinated phases
(respectively) from the first cycle; blue squares and triangles
represent the same for the second cycle. The solid arrows
indicate direction of pressure change, and the dotted boxes
indicate the mixed phase regions for the two cycles; the cycles
overlap within experimental error. On the right is the shape
change that a macroscopic wurtzite particle would undergo if
the proposed mechanism were implemented.

intensities must be considered in the analysis. Therefore,
a diffraction simulation program was developed which al-
lowed a detailed comparison of the observed patterns to
simulated ones corresponding to specific structural mod-
els of the nanocrystals. The method is similar to that pre-
sented in previous papers on nanocrystal XRD [15]. The
simulation was performed by generating a particle with
the specified lattice structure, shape, and number of atoms,
then generating the powder diffraction pattern using adis-
crete form of the Debye equation for powder diffraction
[16,17]. The most important parameters in a fit are the
shape of the nanocrystals, and, for the fourfold coordinated
phase, arrangement of the close-packed planesin a hexag-
onal and/or cubic sequence (wurtzite and/or zinc blende,
respectively) [18].

Figure 2 shows the strong sensitivity of the diffraction
patterns towards structural parameters, as well as the best
fits (red) throughout the cycles [19]. The nanocrystals
start off as wurtzite with an average of two stacking faults
per crystallite and a shape corresponding to either a cylin-
der with an aspect ratio of 1.2 (15 planes total) or an
ellipse with an aspect ratio of 1.4 [here the unique axis
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FIG. 2 (color). Sequence of shape changes found by compar-
ing simulated patternsto the background subtracted experimental
data (black). Shapesinside the figure boundary (in red) indicate
the best fits. Layersindicate close-packed planes. Shaded planes
indicate zinc-blende (ABC) stacking and white wurtzite (ABA)
stacking. Blue, yellow, and green indicate shapes or stacking
sequences that did not fit (shapes outside the figure boundary).
(a) and (b) show the effects of different shapes on the fourfold
and sixfold coordinated patterns, while (c) illustrates the effects
of different types of stacking. All patterns shown are for par-
ticles with ~1800 atoms (same as a 45 A sphere). The graph at
the top left is a magnification of the boxed area in (b).

of the hexagona structure corresponds to the long axis
of the particle; Fig. 2(a), red]. Under pressure they con-
vert to aslab-shaped rock-salt structure [50 X 40 X 20 A;
Fig. 2(b), red], with one set of (111) planes paralel to
the long axis; for this crystal structure, stacking faults are
not a physical possibility. Here the high intensity of the
(111) peak in the experimental pattern places severe con-
straints on the shape. In the slab shape, the (111) layers
are oriented parallel to the large square face of the rect-
angle; the large number of contributing atoms increasesthe
diffraction intensity for this reflection [red arrow, Fig. 2,
magnification of (b)]. In contrast, the sphere and oblate
sphere shapes [Fig. 2(b), blue, green] both have many
small (111) layers, which causes the (111) peaks in their
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diffraction patterns to have a lower relative intensity [blue
arrow, Fig. 2, magnification of (b)].

After the particles transform back to a fourfold coordi-
nated structure, they are more elongated than the pretrans-
formed particles [Fig. 2(c)]; the shape is either a cylinder
with an aspect ratio of 1.4 or an ellipse with an aspect ratio
of 1.75. Remarkably, the retransformed particles contain
stacking faults; the fit corresponds to a particle with three
5-6 layer domains, two zinc-blende domains separated by
one wurtzite. Figure 2(c) aso compares this pattern to
those of pure zinc blende, pure wurtzite, and a 2:1 average
of these two; from these it is clear that the experimental
pattern is well represented only if both types of stacking
are contained within one particle. Since stacking faults
cannot exist in the parent rock-salt phase, the transition
mechanism must account for their generation.

The shape changes which were observed during the first
pressure cycle were reproducible. Figures 2(d) and 2(e)
show the subsequent patterns fitted by the same sizes and
shapes as the analogous patterns from the previous cycle
(Figs. 2(b) and 2(c), respectively). The difference is in
the planar disorder of the retransformed sample [Fig. 2(e)];
while the ratio of zinc blende to wurtzite stacking is till
2:1, the domain sizes are now three to four layers, instead
of five to six.

The precise sequence of events during the phase
transition cannot be specified completely by the above ob-
servations, but any proposed sequence must be consistent
with them. For example, these observations preclude one
pathway for this phase transition previously suggested by
us[6], and also one proposed by Gupta and co-workers for
bulk wurtzite CdS [20]. The former was a collapse along
the unique axis of the particle, and the latter was a sliding-
plane mechanism where the close-packed planes dlide
in aternate directions along the unique axis of wurtzite.
Both of these mechanisms convert an elongated wurtzite
nanocrystal to an oblate sphere in the rock-salt phase, a
shape that clearly does not fit the data [Fig. 2(b), green].
In addition, neither mechanism is compatible with the
stacking disorder in the initial and retransformed fourfold
coordinated phases.

One mechanism that results in a shape change similar
to the one seen in the data, and which is also consistent
with the creation and destruction of stacking disorder, is
shown in Fig. 3. It begins with the diding of planes of
atomsin the fourfold coordinated phase, in a manner simi-
lar to a martensitic phase transition. The motion trans-
forms zinc blende or wurtzite to rock salt by converting
(111) or (001) planes in the fourfold coordinated phase to
(1112) planes in the sixfold coordinated phase. The planes
that dlide in zinc blende are outlined by numbered dot-
ted boxes in Fig. 3(a). If the stacking in zinc blende is
denoted by aAbBcC, where a lowercase letter means a
white atom and an uppercase means a gray one, then this
is converted to aBcAbC in the rock-salt phase. This can
be accomplished by many different sequences of planar
shifts. One possibility isto fix layers 1 and 4, then shift 2
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FIG. 3. Proposed mechanism of dliding planes. €)
Zinc-blende structure. Brackets indicate (111) planes,
dashed boxes indicate planes of atoms that dlide together, and
gray arrows indicate the directions of dlides. (b) The structure
of (a) after sliding successive planes. (c) Rock-salt structure; the
dotted lines indicate (111) planes. All structures are presented
with the same orientation.

and 3 in opposite directions, as shown by the gray arrows
in Fig. 3(Q) (aAbBcC — aBcADC directly) [21]. The re-
sult of successive planar shifting is shown in Fig. 3(b).
To reach the final rock-salt structure [Fig. 3(c)], the atoms
haveto settleinto the planes shown by thelinesin Fig. 3(b)
and then undergo a contraction and expansion along ortho-
gona directions. The macroscopic shape change that oc-
curs if awurtzite particle is converted to rock sat viathis
mechanism is shown in Fig. 1. Diffraction from this shape
[Fig. 2(b), yellow] is not the same as that from the best
fit; while it does contain large (111) planes, they are not
as large as those in a particle with a perfect slab geome-
try. We emphasize that we are describing the types of mo-
tions consistent with the observed structural changes, but
the precise sequence of events is not determined; for that,
a detailed theoretical investigation is required [22].

This mechanism of planar shifts has important conse-
guences for the kinetics of the phase transition. It may
mean that the activation energy for this mechanism should
scale with the area of a plane, rather than the volume of a
particle. Thisis markedly different from the ssmple vol-
ume scaling of the barrier to magnetization reversal in the
Néel model [3]. This mechanism also explains the pres-
ence of planar disorder in the retransformed phase; stack-
ing faults can be generated if successive planes shift in
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different (energetically equivalent) directions, so that ulti-
mately entropic rather than energetic factors determine the
population of the planes after many successive cycles.

In summary, high-pressure XRD patterns of CdSe
nanocrystals show that the origina and retransformed
fourfold coordinated structures are not the same; smula-
tions to fit the data show that the retransformed particles
are elongated, mixed-phase structures. Furthermore, the
sixfold coordinated phase is best fit to a slab shape. Based
on these observations, we propose a mechanism of planar
shifts where the activation energy should scale with the
area of aplane rather than the total volume of the particle.
Recent synthetic advances have allowed us to control the
morphology of CdSe nanocrystals, creating “quantum
rods’ that are highly elongated along the unique axis of
wurtzite [23]. Based on the proposed mechanism, we
predict that, for afixed short axis size (fixed planar area),
the activation energy will not vary with the length of the
long axis.
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