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Y2O3 with particle sizes ranging from 5 nm to 1 �m were studied at high pressure using x-ray

diffraction and Raman spectroscopy techniques. Nanometer-sized Y2O3 particles are shown to be more

stable than their bulk counterparts, and a grain size-dependent crystalline-amorphous transition was

discovered in these materials. High-energy atomic pair distribution function measurements reveal that the

amorphization is associated with the breakdown of the long-rang order of the YO6 octahedra, while the

nearest-neighbor edge-shared octahedral linkages are preserved.
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The mechanical properties and transformations of nano-
materials under pressure have generated significant interest
due to the appearance of size effects on compressional be-
havior [1–5]. The size effects in nanomaterials are reflected
in compressibility transition pressures, and even phase
transition routines [2–7]. Determining the critical size
which marks the onset of nanoscale effects is one of the
crucial parameters required for understanding nanomateri-
als properties. The critical size depends on many factors
including crystal structure, chemical bonding, and phonon
instability, etc. For example, significant size effects have
been observed at the 100 nm length scale in fullerenes
[6,8], whereas they are manifested at �6 nm for TiO2

[3,4].
Y2O3 is an important industrial compound widely used

in many fields [9,10]. The phase stability of Y2O3 directly
affects its applications. High-pressure optical spectroscopy
and x-ray diffraction have been used to study the phase
stability of bulk Y2O3 [11–13]. The material undergoes
two phase transitions on compression and decompression,
from cubic to hexagonal and monoclinic phases [13].
Nanoscale Y2O3 has potential applications as display ma-
terial with higher resolution [10,14,15]. 20 nm Y2O3 par-
ticles were found to exhibit different luminescent
properties under pressure, as compared to the bulk [14].
Raman measurements on 60 nm-sized Y2O3 nanocrystals
have been interpreted from a crystalline to a partially
amorphous state at 19 GPa that is not observed in bulk
Y2O3 [15]. Additional information, including direct mea-
surements of structural properties, is needed to establish
such a transition and to identify the mechanism, and the

implications for high-pressure behavior of nanoscale ma-
terials in general.
Pressure-induced amorphization of oxide materials was

first observed for SiO2 [16,17]. This class of transition has
been observed in a broad range of bulk materials [18–20].
A variety of mechanisms, many of which are inter-
related, have been proposed to understand these transitions
[17]. Here we demonstrate the existence of pressure-
induced size-dependent amorphization in nanoscale Y2O3

with in situ x-ray diffraction, pair distribution analysis, and
Raman spectroscopy. The results identify the critical size
dependence of the transition. The ambient condition cubic
phase transforms to an amorphous form at 24.8 GPa in the
16 nm-sized material, in contrast to 21 nm-sized Y2O3

which remains cubic up to 14 GPa after which it trans-
forms to the higher pressure hexagonal phase observed in
bulk Y2O3. Furthermore, high-energy pair distribution
function (PDF) measurements reveal that the amorphiza-
tion is associated with a breakdown of octahedra
connectivity.
The grain size and structure of the starting materials

were characterized by dark field transmission electron
microscopy (TEM, Philips CM30T) and conventional
x-ray diffraction (XRD) methods. High-pressure experi-
ments were conducted with He and silicone oil as pressure-
transmitting media, as well as without a medium. Pressure
was determined from standard ruby fluorescence tech-
niques [21]. High-pressure XRD and PDF measurements
were carried out at 16-IDB and 16-BMD stations, respec-
tively, of the High-Pressure Collaborative Access Team
(HPCAT), Advanced Photon Source, Argonne National
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Laboratory. Raman spectra of the pristine and recovered
samples were measured using a Raman microscope
(Renishaw, UK) with 514.5 nm laser excitation.

The crystal structures of the pristine samples of different
particle sizes were characterized at ambient conditions by
x-ray diffraction. The particle sizes were estimated from
the Scherrer equation. Figure 1(a) shows a typical XRD
pattern and its refinement for Y2O3 with average grain size
of 16 nm. The structure of the sample is identified as a
cubic structure with space group Ia3 (#206), which is the
same as bulk Y2O3 [13]. Our results also show that all of
the samples of different grain sizes between 5 and 33 nm
have the same crystal structure at ambient conditions.
Dark field TEM verified the sample particle sizes. The
grain sizes obtained from the two methods are consistent
[Fig. 1(b)], and a significant lattice expansion can be
observed with decreasing particle size [Fig. 1(c)].

XRD patterns of 16 and 21 nm-sized Y2O3 at different
pressures were obtained (Fig. 2). The diffraction patterns
for the 16 nm-sized material indicate that the cubic phase
remains to 24.8 GPa, �12 GPa higher than the transition
pressure of the bulk, demonstrating increased stability of
the cubic phase in nanoscale Y2O3. Above 24.8 GPa, struc-
tural disorder sets in, as evidenced by a broad peak appear-
ing at a 2� of �7:7�, as well as the gradual disappearance
of other diffraction peaks. Above 30 GPa, all diffraction
peaks disappear, except for one broad, amorphous peak
between 6� and 9�. This indicates that the sample has com-
pletely transformed into an amorphous state; XRD of the
recovered sample indicates the amorphization is irrever-

sible. On the other hand, the 21 nmmaterial has a distinctly
different transition pressure. The cubic phase of this ma-
terial remains stable up to 14 GPa, at which new peaks
associated with hexagonal symmetry are observed at a 2�
of 7.1�, 7.7�, and 8.2� [Fig. 1(b)]. The intensity of the new
diffraction peaks increases with pressure and the transition
is complete at 32.7 GPa. The hexagonal phase transforms
into a monoclinic structure during decompression.
The phase transition of micron-sized Y2O3 was also

studied for comparison. The result is the same as previ-
ously report [13]. The cubic structure transformed into the
hexagonal structure at 12 GPa, and the hexagonal structure
persists up to the highest studied pressure. From the com-
parison of the three samples, cubic structured Y2O3 shows
clear size-dependent stability. The stability increases with
decreasing particle size. Most interesting, the pressure-
induced amorphization of Y2O3 is also size-dependent,

FIG. 1 (color online). (a) Powder x-ray diffraction structure
refinement of 16 nm-sized Y2O3; (cross: measured pattern; line:
calculated pattern; black tick: position of peaks; line below tick:
difference between calculated and measured patterns). (b) Dark
field TEM image of Y2O3 with average particle size of 16 nm.
(c) Lattice parameter as a function of particle size.

FIG. 2 (color online). (a) X-ray diffraction patterns of 16 nm

Y2O3 as a function of pressure, � ¼ 0:3691 ��A. A broad peak at
2�� 7:7� and the gradual disappearance of the other diffraction
peaks begin at�24 GPa and disappear by 32.7 GPa. (b) Patterns

for 21 nm-sized Y2O3, � ¼ 0:3875 ��A. The new peaks at 2� of
6.82� and 7.85� are indicated by red arrows.
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and the critical size is in the range of 16–21 nm. Y2O3

nanocrystals larger than a critical size behave like the bulk
material, whereas the smaller ones transform into an amor-
phous instead of a crystalline state.

In order to examine the effects of possible pressure
inhomogeneity on the transformation, hydrostatic com-
pression, using helium as a medium, and nonhydrostatic
compression, without any medium, were used on both 16
and 21 nm-sized Y2O3 [Fig. 3(a)]. The 21 nm-sized Y2O3

transformed into a hexagonal structure under nonhydro-
static conditions, whereas the 16 nm-sized Y2O3 trans-
formed into an amorphous state on hydrostatic compres-
sion. The pressure-induced amorphization was confirmed
by the Raman measurements on the pressure-released
samples. Figure 3(b) shows the comparison of the Raman
spectra of pristine 16 nm Y2O3 and the Y2O3 decom-
pressed from 28 GPa. The Raman spectrum of the pristine
material shows several sharp peaks of the lattice vibrations,
which indicates that the material is in crystalline structure
[15]. However, no peaks can be observed in the Raman
spectrum even with much longer collection time for the
decompressed sample. This confirms the occurrence of
pressure-induced amorphization in the sample.

Size-dependent properties in nanoscale materials under
pressure have been shown to include compressibility and
crystalline phase stability, but size-dependent amorphiza-
tion effects have received much less attention (e.g., TiO2

[3,4]). Solid-state amorphization for many systems can be
understood in terms of the lowering of free energies of a
high density amorphous phase relative to a metastable
lower density crystalline phase [17,22]. Further, the
crystalline-amorphous phase transition occurs when Ga <
Gc þGd, where Ga is the free energy of the amorphous
phase, Gc is the free energy of the metastable crystalline
phase, and Gd is the free energy increase due to the
presence of defects [23]. In nanoscale crystals, the number
of defects associated with the grain boundaries is much
larger than in bulk crystals due to the larger volume frac-
tion of grain boundaries. Furthermore, the grain boundary
fraction increases with decreasing particle size. For ex-
ample, the surface fractions of the 16 and 21 nm Y2O3 [the
thickness of �1:5ð5Þ nm] estimated from the dark field
TEM and XRD measurements are 46% and 37%, respec-

tively. Therefore, the Y2O3 nanoscale crystals with smaller
grain size have higher Gd. Below a certain critical particle
size, Gd becomes large enough to enable Ga < Gc þGd,
which triggers amorphization in the nanoscale material.
This observation is consistent with previous work which
has established that kinetic factors and stability limits also
play a role in driving transitions in bulk materials (e.g.,
Ref. [17]). The finding of a size-dependent transition in
octahedrally coordinated nanocrystalline Y2O3 is an im-
portant new development in understanding the general
phenomenon of pressure-induced amorphization.
The cubic to hexagonal transition is well understood, but

amorphization behavior of nanoscale Y2O3 remains unex-
plored. In order to understand the mechanism of the
pressure-induced amorphization from the point of view
of the local structure, high-pressure PDF measurement of
16 nm-sizedY2O3 was carried out up to 29 GPa [Fig. 4(a)].
For the PDF spectrum at relatively low pressures, all of
the well resolved peaks are indexed. The position of each
peak represents the distance between each pair of atoms
[Fig. 4(b)]. Specifically, the position of the Y-O peak
represents the distance between the yttrium and the nearest
oxygen. The positions of the Y-Y peaks represent the
distances between nearest [a-b in Fig. 4(c)], second nearest
(a-c) and further Yand Yatoms. The shift of the Y-O peak
is very small, which indicates that the Y-O bonding is rigid.
The cubic Y2O3 phase consists of YO6 octahedra, in which
each Y atom is surrounded by six O atoms. In the mea-
surements, all of the peaks persist up to�24 GPa, at which
point peaks corresponding to distances larger than 3.5 Å
start to disappear. By �29 GPa only two peaks represent-
ing the distance between the atoms in each octahedron and
between the nearest octahedra remain, and they persist to
higher pressures. This observation indicates that each oc-
tahedra and the relationship between the two nearest octa-
hedra are preserved after amorphization, but long-range
ordering of the octahedra has broken down. The pressure of
this change coincides with that of amorphization, consis-
tent with high-pressure-induced amorphization being asso-
ciated with the disordering of Y2O3 octahedra on
compression.
Since the YO6 octahedra are less compressible than the

overall Y2O3 crystal, the volume compression is mainly
achieved by bending the polyhedra-linking angles at the
shared corners and edges. For Y2O3 with large grain size
(�21 nm), the cubic phase transforms to hexagonal phase
at 14 GPa. However, the size-effect stabilizes the cubic
phase ofY2O3 with smaller grain size at higher pressure, as
evinced by the in situ high-pressure x-ray diffraction mea-
surements. The cubic phase could survive at higher pres-
sure region without transforming to the hexagonal phase,
and the linkage angles continued to bend. Eventually, the
structure collapses and transforms into amorphous state,
once the bending exceeds its critical limit. This mechanism
has also been used to explain the pressure-induced amorph-
ization occurring in many other polyhedra-linked bulk
materials (e.g., SiO2 [17]) when the crystalline-crystalline

FIG. 3 (color online). (a) XRD patterns of 16 and 21 nm
material in different pressure media under compression.
(b) Raman spectra of pristine and pressure-released 16 nm
Y2O3. The excitation laser wavelength was 514.5 nm.
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transition is prohibited while the network structure is com-
pressed and distorted beyond its mechanical limit.

The structure of cubic Y2O3 provides further insight
into the transition. The space between the six octahedra
in the structure is more easily compressed by bending the
links than the octahedra themselves [Fig. 4(c)], but ulti-
mately the interstitial space collapses is limited by the cost
of breaking bonds. The nearest octahedra (a-b) are con-
nected with one edge (sharing two oxygen atoms), and the
second nearest octahedra (a-c) are connected with one
corner (sharing one oxygen atom). From an energetic point
of view, breaking the connection between a and c is much
easier than between a and b. The coherence between a
and c breaks at the critical pressure, but that between a
and b remains intact, as evidenced by the PDF changes.
The extent to which this change is also associated with
an elastic instability (e.g., Ref. [17]) remains to be
determined.

In conclusion, we have demonstrated a critical size
dependence for pressure-induced amorphization of a nano-
material. Cubic structure in 16 nm-sized Y2O3 can be
stable up to 24.8 GPa, which is much higher than for
bulk Y2O3. The cubic phase transformed into an amor-
phous state at this pressure, whereas bulk Y2O3 remains

stable in a crystalline structure. Pair distribution function
analysis reveals that the breakdown of connectivity be-
tweenYO6 octahedra is associated with the amorphization.
The variation in pressure-induced polymorphism as a func-
tion of particle size found here, including the striking effect
on amorphization, reveals the important role that particle
size can play in the behavior of materials under extreme
conditions.
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FIG. 4 (color online). (a) Pair distribution function (PDF) of
16 nm-sized Y2O3 at different pressures. The x-ray energy was
39.995 keV. Dashed lines are guides for the eye. (b) The structure
model for the cubic structure of Y2O3. The distances between
different atoms are shown with arrows, which correspond to each
peak shown in (a). (c) Connections between the nearest octahe-
dra. There is an unoccupied space among the six octahedra
(inner and outer ones are not shown).
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