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High-pressure x-ray diffraction studies of the nanostructured transparent
vitroceramic medium K2O-SiO2-Ga2O3
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Synchrotron-radiation-based, energy-dispersive x-ray-diffraction studies have been performed on a compos-
ite containing nanometer-size aggregates embedded in an amorphous matrix, in the pressure range from
ambient up to 15 GPa. The optically transparent material containingb-Ga2O3 nanocrystals was developed by
the controlled crystallization of a silicon oxide-based amorphous precursor. Transmission electron microscopy
and conventional x-ray-diffraction techniques allowed estimating the mean size of a single-crystalline phase to
be 14.861.9 nm, distributed homogeneously in an amorphous medium. The pressure-driven evolution of
x-ray-diffraction patterns indicated a progressive densification of the nanocrystalline phase. A structural modi-
fication corresponding to a pressure-induced coordination change of the gallium atoms was evidenced by the
appearance of new diffraction peaks. The overall changes of x-ray-diffraction patterns indicated ab-Ga2O3 to
a-Ga2O3 phase transformation. The low- to high-density phase transition was initiated at around 6 GPa and
not completed in the pressure range investigated. A Birch-Murnaghan fit of the unit-cell volume change as a
function of pressure yielded a zero-pressure bulk modulus,K0 , for the nanocrystalline phase of 191
64.9 GPa and its pressure derivative,K0858.360.9.

DOI: 10.1103/PhysRevB.68.035209 PACS number~s!: 61.46.1w, 61.10.Nz, 62.50.1p, 64.30.1t
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I. INTRODUCTION

Composites containing nanometer-size structures
metal, semiconductor, or dielectric clusters in solid matri
are currently attracting much consideration because of t
diverse technological applications. Among these materi
optically transparent glass ceramics have been extens
investigated because of their function as promising nonlin
media for optical processing devices.1–7 High-pressure stud
ies of nanostructured analogs of bulk materials, that is
nanosized structures, are critical for identifying equilibriu
and metastable states, that can be accessed as these ma
are compressed to very small volumes. Pressure-dr
modifications of such structures are attractive from bot
fundamental physics point of view as well as the exciti
prospect of fabricating different materials. Most hig
pressure research on nanocrystalline materials has been
on granular media~powders! with the average grain size o
nanometer dimensions. Nevertheless, the kinetics
pressure-driven structural transformations between diffe
nanosized phases is poorly understood. It appears to be
vious that in the case of phase transitions occurring in
nanocrystals embedded in solid matrices, the representa
is more complex, in particular, when the host mat
network-forming units may also undergo pressure-stimula
structural transformation. This matter is among the most
cinating unsolved problems and it is the point of interest
our research.

The composite material synthesized for high-pressure
vestigations in this study is made of silicon oxide-based h
glass homogeneously doped by nanocrystalline gallium
0163-1829/2003/68~3!/035209~8!/$20.00 68 0352
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ide. The host glass network is built of a three-dimensio
structure composed of corner-shared tetrahedra, and it
demonstrated to undergo structural transformations w
subjected to high pressure.8–17 The gallium ions were se
lected as dopants for our system since in the contro
nucleation process they form nanocrystals with a we
defined structure ofb-Ga2O3 homogeneously dispersed i
the host glass matrix.1,18 Moreover, bulkb-Ga2O3 is one of
the widest band-gap oxides and recently attracted much
search interest due to its prospective applications as a tr
parent conducting oxide in optoelectronics.19–22 In ambient
conditions the thermodynamically stable form of gallium o
ide is b-Ga2O3, which has a monoclinic unit cell and be
longs to the space groupC2/m. However, the compound
shows polymorphism and according to the literature, depe
ing on temperature-pressure-atmosphere conditions, can
pear in five different~a, b, g, s, «! stable or metastable
crystal structures.23,24

The present study had two goals. The first was to synt
size oxide glass-based optically transparent vitroceramic
dia, with a single-crystalline phase of controlled-size nan
rystals homogeneously dispersed throughout the compo
the second was to study pressure-induced structural tran
mations in the nanocrystalline phase of these materials
which the metastability of the host matrix is relieved b
nucleation and growth processes. Using a synchrotr
radiation-based x-ray-diffraction technique and diamon
anvil cells we followedin situ the pressure-induced chang
in the structure ofb-Ga2O3 nanocrystals embedded in
glass-based composite material. The structural transfor
tion occurring in the nanocrystalline phase was studied in
©2003 The American Physical Society09-1



r
nin
an
la
k
no
te

e

ing
om
ar
be

a
an
la
ea
i

he
tro
s
iv
he
nt
n
u

°.
o

e
e
d
a

to
ty

-
p

-
t

AC
co

ye
-

re
g

re
ruc-
of

in
he

d of
ented
ass
l
ples
the

R-
in-

in
and

Se-
l
cal
f
ring
a-

ted

t-

iza-
ize

K. E. LIPINSKA-KALITA et al. PHYSICAL REVIEW B 68, 035209 ~2003!
pressure range for which the literature already repo
structural rearrangements corresponding to the begin
of the tetrahedral to octahedral coordination change
pressure-induced densification of the tetrahedral g
networks.8,9,11–15,17To the best of our knowledge, this wor
is the first attempt to measure the equation of state of na
rystals embedded in an optically transparent amorphous
rahedral framework.

II. EXPERIMENT

A mixture for the potassium silicate precursor glass dop
by gallium ions, of nominal composition represented by
4 K: 8 Ga: 24 Si: 64 O ratio in at. %, was prepared us
analytical grade reagents of 99.999% purity. The batch c
ponents were sintered at low temperature and afterw
melted in a platinum crucible at a temperature varying
tween 1550 °C and 1600 °C in a resistance furnace in an
atmosphere. The liquid melt was cast into a brass mold
air cooled. To induce partial crystallization, rectangu
pieces of material underwent gradual isothermal heat tr
ments. This treatment allowed us to obtain composites w
different diameters of the nanocrystalline phase.

In order to perform the structural characterization of t
synthesized materials, high-resolution transmission elec
microscopy~HRTEM! and two x-ray-diffraction technique
were applied: conventional angle- and energy-dispers
synchrotron-radiation-based x-ray diffraction. To confirm t
amorphous structure of the as-quenched glass and to ide
the structure of the nanocrystalline phase, conventio
x-ray-diffraction ~XRD! spectra were collected on a Rigak
Miniflex diffractometer~36 KV/15 mW! with a variable slit,
in u-2u Bragg-Brentano geometry, using CuKa radiation and
a scintillation detector in the 2u range between 20° and 80
The particle size was estimated from the broadening
Bragg peaks using the Scherrer formula25 as well as from the
HRTEM micrographs.

For high-pressure studies, a sample with a mean siz
the nanocrystalline phase of 14.861.9 nm was selected. Th
energy-dispersive x-ray-diffraction spectra were measure
beam line X17C of the National Synchrotron Light Source
Brookhaven National Laboratory. The beam was focused
10310mm square and a liquid-nitrogen-cooled Ge detec
was used. The sample was compressed in a Mao-Bell-
diamond-anvil cell~DAC! with diamonds having 350-mm
culet diameters. The sample chamber consisted of a 150mm
hole drilled in a preindented spring-steel gasket. The sam
with a diameter of 30mm, along with a few grains of gold
for determining pressure26 and a 4:1 methanol-ethanol mix
ture as a pressure-transmitting medium, was loaded in
chamber. The diffraction spectra were measured in the D
at pressures from ambient up to 15 GPa. All data were
lected at 295 K with a scattering angle 2u510.005
60.003°. The estimated pressure variation over the x-ra
sample was less than60.25 GPa. High-resolution transmis
sion electron micrographs of the powdered samples sp
over carbon-coated copper grids were obtained by usin
JEOL EX II microscope, operating at 120 kV.
03520
ts
g
d

ss

c-
t-

d
a

-
ds
-
ir
d

r
t-

th

n

e

ify
al

f

of

at
t
to
r
pe

le,

he
,

l-

d

ad
a

III. RESULTS

Both XRD and HRTEM confirmed the amorphous natu
of the as-quenched glass. A distinct change in the microst
ture occurred after thermal annealing and crystallization
the monoclinicb-Ga2O3 phase was observed, with gra
size increasing with annealing temperature and time. T
angle-dispersive XRD spectra of as-quenched glass an
the samples annealed at different temperatures are pres
in Fig. 1. The diffraction spectrum of the as-quenched gl
exhibits two broad bands in the 2u range, 20°–100°, typica
of glass systems. The crystallite size in the annealed sam
was calculated applying the Scherrer equation that relates
broadening of an x-ray beam to the crystal size.26 The crys-
tallite size and distribution were also evaluated using H
TEM. The mean diameter of the nanocrystalline phase
creased from 6.560.8 to 25.562.5 nm for the samples
annealed at various temperatures~Fig. 1!. The average diam-
eter of nanocrystalline phase estimated from HRTEM was
agreement with the calculations based on XRD patterns
the Scherrer equation. Figure 2~a! is a HRTEM micrograph
showing the microstructure of the as-quenched glass.
lected area electron-diffraction~SAD! patterns did not revea
any crystalline reflection but only presented the halo typi
of amorphous systems. Figure 2~b! shows the micrograph o
one of the annealed samples, where the coherently scatte
domains are uniformly distributed inside the amorphous m
trix indicating the nucleation of nanocrystals. The estima

FIG. 1. ~a! Conventional, angle-dispersive x-ray-diffraction pa
terns for the as-quenched glass and~b!–~g! for samples annealed
between 600 °C and 1100 °C, indicating a progressive crystall
tion of monoclinic gallium oxide. The estimated mean particle s
changes from 6.560.8 to 25.562.5 nm.
9-2
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HIGH-PRESSURE X-RAY DIFFRACTION STUDIES OF . . . PHYSICAL REVIEW B 68, 035209 ~2003!
FIG. 2. TEM micrographs indicating the change in the mic
structure from amorphous to polycrystalline:~a! as-quenched glass
~b! annealed sample showing gallium oxide nanocrystals wit
mean diameter of 14.861.9 nm, and~c! selected area diffraction
pattern of the annealed sample with very fine diffraction rings d
to b-Ga2O3 nanocrystals of 14.861.9 nm diameter.
03520
crystallite size was 15.960.8 nm. An amorphous structure
still present in this sample, as confirmed by XRD and by
diffuse halo visible in the SAD patterns@Fig. 2~c!#. The very
fine rings visible in the SAD patterns for the anneal
samples confirm the presence of a crystalline phase@Fig.
2~c!#.

For the high-pressure investigations we selected a gl
ceramic composite with gallium oxide nanoparticles of me
diameter of 14.861.9 nm (15.960.8 nm as found from HR-
TEM and 14.561.6 nm as calculated using the Scherr
equation! homogeneously distributed in an optically tran
parent amorphous matrix. Figure 3 shows the synchrotr
radiation-based energy-dispersive x-ray-diffraction patte
of the nanocrystalline glass-ceramic composite in the p
sure range from ambient up to 15 GPa. At ambient and
pressures, all of the observed Bragg peaks agree well
the reference data ofb-Ga2O3 ~JCPDS International Cente
for Diffraction Data card number 11-370!. However, an in-
crease in pressure introduces a few new peaks that wer
tributed to the new phase corresponding toa-Ga2O3.

The observed and calculated interplanardhkl spacings of
the b-Ga2O3 phase are presented in Table I, and the va
tions of the lattice-plane spacings as a function of press
are shown in Figs. 4~a! and 4~b!. A nonlinear, multivariate
least-squares-fitting procedure was used to determine
unit-cell parameters of the crystal structure~a, b, c, andu!
from thed spacings and our zero-pressure measurements
in good agreement with previously reported results~Fig. 5!.23

-

a

e

FIG. 3. Synchrotron-radiation-based, energy-dispersive x-r
diffraction spectra collected in the pressure range from ambien
to 15 GPa. The data were collected at ambient temperature an
hydrostatic conditions up to around 10 GPa. Stars denote Br
peaks assigned to the alpha phase of gallium oxide as discuss
the text.
9-3
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TABLE I. Interplanar dh,k,l spacing for theb-Ga2O3 phase derived from the ambient pressu
synchrotron-radiation-based diffraction data~for strong Bragg peaks only! and the values calculated assum
ing the monoclinic crystal lattice. The unit-cell parameters derived from the experimental data are com
with those of Geller~Ref. 23! for b-Ga2O3 .

NanophasebGa2O3

Intensity dexp ~Å! dcal ~Å! h k l

100 2.954 2.959 004
100 2.819 2.823 200
70 2.671 2.676 11-1
100 2.548 2.549 111
80 2.354 2.340 113

Reference data from Gellera C2h
3 2C2/m,

monoclinic unit cell
Values calculated from x-ray-diffraction
at ambient pressure

a0512.2360.02 Å a0512.18860.002 Å
b053.0460.01 Å b053.038960.005 Å
c055.8060.01 Å c055.81460.012 Å
b5103.7060.02° b5103.7860.280°

aReference 23.
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The unit-cell volume was determined from the lattice para
eters as a function of pressure in the range 0–15 GPa~Fig.
6!. It was then fitted to the Birch-Murnaghan equation
state27 ~Fig. 6! and yielded a zero-pressure bulk modulus
K0519164.9 GPa withK0858.360.9. If K08 is held at 4, the
zero-pressure bulk modulus is 208.763.6 GPa.

IV. DISCUSSION

All Bragg peaks in the diffraction patterns collected
low pressure~Fig. 3! correspond to the monoclinicb phase
of gallium oxide, according to the reference data~CPDS card
number 11-370!. At the pressures investigated, including a
bient, all the observed peaks are broadened. Some of
peaks are not completely resolved, such as the~004! and
(104̄) as well as the~104! and the (113̄), which correspond
to very strong peaks of theb phase. The broadening of th
diffraction peaks is assumed to originate basically from
reduced crystallite size and from the broad size distributi
In our composite system, with nanometer-size clusters gro
in the surrounding solid medium, the shape distribution, a
the surface or interface conditions additionally influence
linewidth, line shape, and relative intensities of the diffra
tion patterns. A pressure-induced breakdown of peak inte
ties is especially pronounced in the energy range of 20
keV, corresponding to>2.95–2.35 Å. As can be seen from
Figs. 3 and 4, with increasing pressure the position of
diffraction peaks systematically shifts towards higher en
gies and lowerd spacings. An increase in pressure to 15 G
introduces two new diffraction peaks in the energy range
30–40 keV with interplanardhkl spacings of>2.12 and
>1.87 Å. Based on the energy evolution of the Bragg pe
in the diffraction patterns we postulate that a phase trans
mation occurs in the nanocrystalline phase. Results show
this transition involves a change in the cation coordinat
number; more specifically this is a transformation from t
03520
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rahedral to octahedral coordination of the gallium atoms.
pressure rises to 6 GPa, a small intensity shoulderlike fea
appears overlapped with the~015! broad peak (dhkl
51.85 Å) of theb phase. When pressure is further increas
up to 15 GPa, the peaks assigned to theb phase decreas
markedly in intensity and the previously mentioned shoul
is transformed to a well-resolved, broad and intense ban
dhkl51.87 Å ~38 keV!. At 10 GPa a second new peak a
pears as a broad, weak intensity band at around 33.5
(dhkl52.14 Å). This band shows a significant, pressu
induced increase in intensity and shifts todhkl52.12 Å at 15
GPa. As can be seen from Fig. 3, at 15 GPa the Bragg p
at dhkl52.48 Å initially assigned to theb phase~111! has a
much stronger intensity compared to the peak at 10 GPa.
observed intensity enhancement could be explained by
emergence of a strong peak from thea phase at around 2.47
Å ~110! overlapped with~111! of the b phase, according to
the reference data~JCPDS card number 43-1013! ~Figs. 3
and 4!. The overall spectral changes in the energy range
27–40 keV are explained as due to a phase transition oc
ring in the gallium oxide nanocrystals. The precise seque
of events during the fourfold to sixfold gallium ions coord
nation change cannot be specified completely by our stud
However, it appears likely that for such a structural chan
the phase transition does not occur in a single step.
should rather expect an intermediate buffering phase, m
probably emerging at the interface nanocrystal-amorph
matrix, which makes such a change energetically more p
sible. The intermediate phase that is supposed to appea
tween 2 and 6 GPa does not seem to have its own signa
except for the pressure-induced intensity evolution a
>36.5-keV~>2.0 Å! peak, that starts at 2 GPa and is acco
panied at 10 GPa by the development of two new pe
assigned to thea phase.

The three new peaks, starting to emerge between 6 an
GPa and well defined at 15 GPa, can therefore be assign
9-4
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HIGH-PRESSURE X-RAY DIFFRACTION STUDIES OF . . . PHYSICAL REVIEW B 68, 035209 ~2003!
an early stage of a low-~b phase! to high-density~a phase!
phase transition of gallium oxide. The obtained results in
cate that at 15 GPa the nanocrystalline phase is a comb
tion of b and a phases of gallium oxide. According to th
literature, under ambient conditions, the volumes per Ga2O3
in the a and b phases are 47.8 and 52.8 Å3, respectively.23

The crystal structure ofb-Ga2O3 is monoclinic with unit-
cell dimensions a512.2360.02, b53.0460.01, and c
55.8060.01 Å, andb5103.760.3° and the crystal belong

FIG. 4. ~a! and ~b! Interplanardhkl spacings of theb-Ga2O3

phase as a function of pressure in the range of 0–15 GPa. The
lines are guides for the eye and emphasize the gradual shi
position of the observed Bragg peaks.
03520
i-
a-

to the space groupC2/m.23,24The structure has two kinds o
coordination for gallium ions, namely, tetrahedral and oc
hedral with the oxygen ions arranged in a distorted cu
close-packed array. Theb-Ga2O3 structure appears to b
quite different from that of a-Ga2O3, which has the
a-corundum structure. Thea structure has the oxygen ions i
a hexagonal close-packed array with all of the Ga31 ions
octahedrally coordinated to oxygen. The existence of tha
phase of gallium oxide, reported as metastable at amb
pressure and room temperature, provides evidence that
phase could be stabilized under high-pressure conditions

Our investigations were focused on the phase transi
occurring in a nanocrystalline cluster surrounded by an i
tropic amorphous matrix, in the same pressure range
which the literature reports the pressure-induced struct
rearrangements of the similar composition host glass ma
In silica glass the pressure-induced tetrahedral network
stabilization includes densification and coordination chan
of network-forming units.8,14,15,17,28Contraction of glass un-
der pressure is composed of an elastic part that relaxes
mediately after the release of pressure and an inelastic
that brings about the densification.8,13,16While the coordina-
tion change is fully reversible~elastic part! some structural
modifications in the pressure-quenched sample are consi
with the permanent densification of the glass~inelastic part!.
Below around 8 GPa, the compression mechanism is thou
to be dominated by a decrease in the average value
variation of intertetrahedral angle distribution with negligib
tetrahedral distortion, and these changes are reversible
decompression.8,11,13–17Essentially all silicon ions are tetra
hedrally coordinated below around 8 GPa but 70% of
silicon ions are octahedrally coordinated and only 3%
tetrahedrally coordinated at 40 GPa.16 Irreversible changes
begin above 8 GPa where silica glass undergoes a gra
increase in the average silicon coordination number fr
four towards six.8,11,13,16,17These effects are fully consisten
with a pressure-dependent shift in ring statistics. This co
sponds to a shift in the ring size distribution to smaller ri
sizes. The high-pressure structures with average silicon
ordination near six have not been quenched to atmosph
pressure~i.e., the increase in coordination is reversed
decompression!.9,16 However, the decompressed samples
irreversibly densified by up to 20% with the densificatio
due specifically to compressions between 8 and
GPa.9,12,16,29

An important question that arises is whether or not o
can regard the observed phase transition occurring in
nanocrystalline phase as correlated to the structural trans
mations occurring in the host silica glass matrix. In the ca
of uncorrelated gradual transition we can assume that
based exclusively on inhomogeneous kinetics and interfa
effects. Indeed such gradual transition could result from
nanocrystal size distribution as well as the distribution
interfacial sites and strain energies. The preferred interpr
tion, however, hints toward the existence of some sort
connection between the structural rearrangements occu
in the host matrix and the phase transition in the nanoc
tals. Actually, the instabilities in the tetrahedral network
glass at high pressure, that induce the changes in the sil

lid
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9-5



-

-
-

,
e
-
l

K. E. LIPINSKA-KALITA et al. PHYSICAL REVIEW B 68, 035209 ~2003!
FIG. 5. The unit-cell param-
eters of theb-Ga2O3 phase as a
function of pressure. The param
etersa, b, and c and the angleb
were calculated from the experi
mental data assuming the mono
clinic structure. The solid lines
based on the linear fits, are a guid
for the eye and their slopes indi
cate anisotropy of the unit-cel
compressibility.
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coordination number and the densification of the amorph
silica network, could trigger the pressure-inducedb to a
crystalline transition of Ga2O3 nanocrystals. However, to
shed more light on this possibility further investigations,
cluding vibrational spectroscopy and a comparison w

FIG. 6. Evolution of theb-Ga2O3 unit-cell volume as a function
of pressure. The solid circles represent values calculated from
experimental data under hydrostatic pressure for compression
The unit-cell volume compression is about 6% compared to am
ent conditions. The dashed line is the best fit of Eulerian finite st
~Birch-Murnaghan! equation of state to the experimental data w
the bulk modulusK0519164.9 GPa, and its pressure derivativ
K0858.360.9.
03520
s
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nanosized granular samples without a host medium, are
quired.

The stability of a crystallite of a given size is determin
by the relative importance of energy per unit volume whi
favors crystal formation and energy per unit surface area
the opposite sign.30–32 Crystallites in the nanosize diamete
scale have a large number of atoms within the surface a
Consequently the surface energy contributes substantial
the total energy of the crystallite. It was stated that the ph
transition in bulk materials is sharp but for nanocrystals it
broad and occurs at higher pressure.33–35 Among the four
principal sources that could explain such behavior, includ
influence of glass matrix, defects, quantum confinement
fects, and surface tension, it was found that surface tensio
the dominant factor in the phase stability of nanocryst
embedded in a host matrix.33,35–37In addition, studies have
shown that stability, hardness, melting point, sintering ab
ity, compressibility, and electronic and magnetic structure
a function of particle diameter. Furthermore, for some ma
rials, there is evidence that the bulk modulus and equatio
state also depend on crystallite size.36,38,39

We studied nanocrystals embedded in glass host. W
effect does the medium have on the surface or interfa
tension? It was postulated that glasses at high pressure
have as an elastic medium and transmit the pressure to
nanocrystalline phase.33 In studies of nanometer-size Cd
nanocrystals grown by solid-state reaction in a borosilic
glass it was found that they have very low interfacial tens
and it was suggested that glass-embedded nanocrystal
inherently quite stable.30 In addition, it was implied that the
glass matrix is able to accommodate and relax the strains
might otherwise be found at the surface of the nanopartic

he
ly.
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increasing their stability.30 These findings are very promisin
for the potential utility of the composite materials with nan
particles in glass. To answer all these questions furt
studies are required, involving composites with vario
diameters of nanocrystals, a broader pressure range, de
pression cycles, and additional experimental techniques.

Figures 5 and 6 show, respectively, how the unit-cell
rameters and unit-cell volume both decrease gradually w
pressure. Compression increases the field strength exer
on nanoparticles by the surrounding matrix and simu
neously decreases the interplanardhkl spacings, which corre
spond to a decrease of Ga-O and Ga-Ga average dista
When pressure is applied~hydrostatic up to about 10 GPa! to
the composite material, the volume of nanocrystalline cl
ters decreases, which results in a decrease in the unit
volume calculated to be 6%, between ambient and 15 G
indicating a progressive densification of the nanocrystal
phase.

To analyze the pressure-volume (P-V) data we applied
the Birch-Murnaghan equation of state.27 This Eulerian finite
strain formalism is based on the assumption that the st
energy of a solid undergoing compression can be expre
as a Taylor series in the finite strain:

P53K0f v~112 f v!5/2@11a fv1b fv
21 ...#,

whereK0 is the bulk modulus,a53(K0824)/2 is the third-
order coefficient,f v50.5* @(V0 /V)2/321# is the Eulerian
strain, andV0 andV are the elementary unit volume at ze
and at a given pressure, respectively.

Defining the normalized pressure asFv5P@3 f v(1
12 f v)2.5#21 yields the second-order finite strain equation

Fv5K0@121.5~42K08! f v#.

Since K08 is close to 4 for most materials, we used t
second-order equation of state to estimate the zero-pres
bulk modulusK0520963.6 GPa. By fitting theP-V data in
the form ofF-f ~third-order equation of state!, we estimated
K0519164.9 andK0858.360.9 GPa from the intercept an
the slope, respectively.

V. CONCLUSION

The subject of our work was to use high pressure to a
systematically the local structure of nanosized aggreg
dispersed in an amorphous matrix. We applied a synchrot
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