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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 contaj@i@g,O5; 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 14.8-1.9 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 indigx@d,& to
a-Ga0; 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 modukis, for the nanocrystalline phase of 191
+4.9 GPa and its pressure derivatig,=8.3+0.9.
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[. INTRODUCTION ide. The host glass network is built of a three-dimensional
structure composed of corner-shared tetrahedra, and it was
Composites containing nanometer-size structures oflemonstrated to undergo structural transformations when
metal, semiconductor, or dielectric clusters in solid matricesubjected to high pressufe!’ The gallium ions were se-
are currently attracting much consideration because of thelected as dopants for our system since in the controlled
diverse technological applications. Among these materialsjucleation process they form nanocrystals with a well-
optically transparent glass ceramics have been extensiveljefined structure oB-Ga0O; homogeneously dispersed in
investigated because of their function as promising nonlineathe host glass matrix'® Moreover, bulk3-Ga0s5 is one of
media for optical processing devicks.High-pressure stud- the widest band-gap oxides and recently attracted much re-
ies of nanostructured analogs of bulk materials, that is, ofearch interest due to its prospective applications as a trans-
nanosized structures, are critical for identifying equiliorium parent conducting oxide in optoelectronids?? In ambient
and metastable states, that can be accessed as these matedatsitions the thermodynamically stable form of gallium ox-
are compressed to very small volumes. Pressure-driveitle is 8-Ga05, which has a monoclinic unit cell and be-
modifications of such structures are attractive from both dongs to the space grou@2/m. However, the compound
fundamental physics point of view as well as the excitingshows polymorphism and according to the literature, depend-
prospect of fabricating different materials. Most high-ing on temperature-pressure-atmosphere conditions, can ap-
pressure research on nanocrystalline materials has been domear in five different(a, 8, 7y, o, &) stable or metastable
on granular medigpowders with the average grain size of crystal structure24
nanometer dimensions. Nevertheless, the kinetics of The present study had two goals. The first was to synthe-
pressure-driven structural transformations between differergize oxide glass-based optically transparent vitroceramic me-
nanosized phases is poorly understood. It appears to be otiia, with a single-crystalline phase of controlled-size nanoc-
vious that in the case of phase transitions occurring in theystals homogeneously dispersed throughout the composite;
nanocrystals embedded in solid matrices, the representatidhe second was to study pressure-induced structural transfor-
is more complex, in particular, when the host matrix mations in the nanocrystalline phase of these materials, in
network-forming units may also undergo pressure-stimulatesvhich the metastability of the host matrix is relieved by
structural transformation. This matter is among the most fasaucleation and growth processes. Using a synchrotron-
cinating unsolved problems and it is the point of interest ofradiation-based x-ray-diffraction technique and diamond-
our research. anvil cells we followedn situ the pressure-induced changes
The composite material synthesized for high-pressure inin the structure ofB-GaO; nanocrystals embedded in a
vestigations in this study is made of silicon oxide-based hosglass-based composite material. The structural transforma-
glass homogeneously doped by nanocrystalline gallium oxtion occurring in the nanocrystalline phase was studied in the
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pressure range for which the literature already reports RS RARAR MALAR AR RS MALAS LARAE MALAS R
structural rearrangements corresponding to the beginning
of the tetrahedral to octahedral coordination change and
pressure-induced densification of the tetrahedral glass
networks®®11-151"Tg the best of our knowledge, this work

is the first attempt to measure the equation of state of nanoc-
rystals embedded in an optically transparent amorphous tet-
rahedral framework.

Il. EXPERIMENT

E[E =

A mixture for the potassium silicate precursor glass doped
by gallium ions, of nominal composition represented by a
4 K: 8 Ga: 24 Si: 64 O ratio in at. %, was prepared using
analytical grade reagents of 99.999% purity. The batch com-
ponents were sintered at low temperature and afterwards
melted in a platinum crucible at a temperature varying be-

tween 1550 °C and 1600 °C in a resistance furnace in an air
atmosphere. The liquid melt was cast into a brass mold and
air cooled. To induce partial crystallization, rectangular

pieces of material underwent gradual isothermal heat treat- o 1 . . . . .
ments. This treatment allowed us to obtain composites with 20 30 40 50 60 70 80 90 100
different diameters of the nanocrystalline phase. 26(d

In order to perform the structural characterization of the (deg)
synthesized materials, high-resolution transmission electron - ¢ (@) Conventional, angle-dispersive x-ray-diffraction pat-

microscopy(HRTEM) and two x-ray-diffraction techniques terns for the as-quenched glass abi-(g) for samples annealed

were applied: conventional angle- and energy-dispersivVgenyeen 600 °C and 1100 °C, indicating a progressive crystalliza-
synchrotron-radiation-based x-ray diffraction. To confirm the(ion of monoclinic gallium oxide. The estimated mean particle size

amorphous structure of the as-quenched glass and to identifhanges from 650.8 to 25.5-2.5 nm.
the structure of the nanocrystalline phase, conventional
x-ray-diffraction (XRD) spectra were collected on a Rigaku
Miniflex diffractometer(36 KV/15 mW) with a variable slit,
in 6-260 Bragg-Brentano geometry, using ®y, radiation and Both XRD and HRTEM confirmed the amorphous nature
a scintillation detector in the@range between 20° and 80°. of the as-quenched glass. A distinct change in the microstruc-
The particle size was estimated from the broadening ofure occurred after thermal annealing and crystallization of
Bragg peaks using the Scherrer fornfalas well as from the  the monoclinic 8-Ga,0, phase was observed, with grain
HRTEM micrographs. size increasing with annealing temperature and time. The
For high-pressure studies, a sample with a mean size cingle-dispersive XRD spectra of as-quenched glass and of
the nanocrystalline phase of 14:8.9 nm was selected. The the samples annealed at different temperatures are presented
energy-dispersive x-ray-diffraction spectra were measured ah Fig. 1. The diffraction spectrum of the as-quenched glass
beam line X17C of the National Synchrotron Light Source atexhibits two broad bands in the#2ange, 20°—100°, typical
Brookhaven National Laboratory. The beam was focused taf glass systems. The crystallite size in the annealed samples
10X 10 um square and a liquid-nitrogen-cooled Ge detectoiwas calculated applying the Scherrer equation that relates the
was used. The sample was compressed in a Mao-Bell-typeroadening of an x-ray beam to the crystal $%&he crys-
diamond-anvil cell(DAC) with diamonds having 35@«m tallite size and distribution were also evaluated using HR-
culet diameters. The sample chamber consisted of gut®0- TEM. The mean diameter of the nanocrystalline phase in-
hole drilled in a preindented spring-steel gasket. The samplereased from 650.8 to 25.5-2.5nm for the samples
with a diameter of 3Qum, along with a few grains of gold annealed at various temperatutegy. 1). The average diam-
for determining pressuféand a 4:1 methanol-ethanol mix- eter of nanocrystalline phase estimated from HRTEM was in
ture as a pressure-transmitting medium, was loaded in thagreement with the calculations based on XRD patterns and
chamber. The diffraction spectra were measured in the DAGhe Scherrer equation. FiguréaRis a HRTEM micrograph
at pressures from ambient up to 15 GPa. All data were colshowing the microstructure of the as-quenched glass. Se-
lected at 295 K with a scattering angle#210.005 lected area electron-diffractiq®AD) patterns did not reveal
+0.003°. The estimated pressure variation over the x-rayedny crystalline reflection but only presented the halo typical
sample was less than0.25 GPa. High-resolution transmis- of amorphous systems. Figuré2 shows the micrograph of
sion electron micrographs of the powdered samples spreaszhe of the annealed samples, where the coherently scattering
over carbon-coated copper grids were obtained by using domains are uniformly distributed inside the amorphous ma-
JEOL EX Il microscope, operating at 120 kV. trix indicating the nucleation of nanocrystals. The estimated
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FIG. 3. Synchrotron-radiation-based, energy-dispersive x-ray-
diffraction spectra collected in the pressure range from ambient up
to 15 GPa. The data were collected at ambient temperature and in
hydrostatic conditions up to around 10 GPa. Stars denote Bragg
peaks assigned to the alpha phase of gallium oxide as discussed in
the text.

crystallite size was 15:90.8 nm. An amorphous structure is
o still present in this sample, as confirmed by XRD and by the
(b) diffuse halo visible in the SAD patterfifig. 2(c)]. The very
fine rings visible in the SAD patterns for the annealed
samples confirm the presence of a crystalline pH#se.
2(0)].

For the high-pressure investigations we selected a glass-
ceramic composite with gallium oxide nanoparticles of mean
diameter of 14.8 1.9 nm (15.% 0.8 nm as found from HR-
TEM and 14.5-1.6 nm as calculated using the Scherrer
equation homogeneously distributed in an optically trans-
parent amorphous matrix. Figure 3 shows the synchrotron-
radiation-based energy-dispersive x-ray-diffraction patterns
of the nanocrystalline glass-ceramic composite in the pres-
sure range from ambient up to 15 GPa. At ambient and low
pressures, all of the observed Bragg peaks agree well with
the reference data @-Ga0O5; (JCPDS International Center
for Diffraction Data card number 11-3Y.OHowever, an in-
crease in pressure introduces a few new peaks that were at-
tributed to the new phase corresponding#@Ga0;.

The observed and calculated interpladgg, spacings of
the B-G&a0; phase are presented in Table |, and the varia-

FIG. 2. TEM micrographs indicating the change in the micro- ions of the lattice-plane spacings as a function of pressure
structure from amorphous to polycrystallirie) as-quenched glass, aré shown in Figs. @ and 4b). A nonlinear, multivariate
(b) annealed sample showing gallium oxide nanocrystals with deast-squares-fitting procedure was used to determine the
mean diameter of 14:81.9 nm, and(c) selected area diffraction Unit-cell parameters of the crystal structuee b, c, and 6)
pattern of the annealed sample with very fine diffraction rings dugfom thed spacings and our zero-pressure measurements are
to 8-Ga,05 nanocrystals of 14:81.9 nm diameter. in good agreement with previously reported res(fig. 5).2°
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TABLE |I. Interplanar dy, ., spacing for thes-GaO; phase derived from the ambient pressure,
synchrotron-radiation-based diffraction défar strong Bragg peaks onhand the values calculated assum-
ing the monoclinic crystal lattice. The unit-cell parameters derived from the experimental data are compared
with those of Gelle(Ref. 23 for 8-Ga0;.

NanophasgGa,03
Intensity exp (A) dea (A) hkl
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 Gelfe€3, — C2/m, Values calculated from x-ray-diffraction
monoclinic unit cell at ambient pressure
a,=12.23-0.02 A ap=12.188-0.002 A
bo=3.04+0.01 A bo=23.0389+0.005 A
€o=5.80+0.01 A Co=5.814+0.012 A
B=103.70=0.02° B=103.78-0.280°

%Reference 23.

The unit-cell volume was determined from the lattice param+ahedral to octahedral coordination of the gallium atoms. As
eters as a function of pressure in the range 0-15 GRp  pressure rises to 6 GPa, a small intensity shoulderlike feature
6). It was then fitted to the Birch-Murnaghan equation ofappears overlapped with th€015 broad peak
staté’ (Fig. 6) and yielded a zero-pressure bulk modulus of=1.85 A) of thep phase. When pressure is further increased
Ko=191+4.9 GPa withK;=8.3+0.9. IfK{ is held at 4, the up to 15 GPa, the peaks assigned to thehase decrease

zero-pressure bulk modulus is 208.3.6 GPa. markedly in intensity and the previously mentioned shoulder
is transformed to a well-resolved, broad and intense band of
IV. DISCUSSION dn=1.87 A (38 keV). At 10 GPa a second new peak ap-

pears as a broad, weak intensity band at around 33.5 keV
All Bragg peaks in the diffraction patterns collected at(d,,,=2.14 A). This band shows a significant, pressure-

low pressurgFig. 3) correspond to the monoclinig phase  induced increase in intensity and shiftstig,=2.12 A at 15
of gallium oxide, according to the reference d@@®DS card GpPa. As can be seen from Fig. 3, at 15 GPa the Bragg peak
number 11-370 At the pressures investigated, including am- gt dn=2.48 A initially assigned to thg phase(111) has a
bient, all the observed peaks are broadened. Some of thfuch stronger intensity compared to the peak at 10 GPa. The
peaks are not completely resolved, such as (@®) and  observed intensity enhancement could be explained by the
(104) as well as th€104) and the (113, which correspond emergence of a strong peak from thehase at around 2.47
to very strong peaks of thg phase. The broadening of the A (110 overlapped with(111) of the 8 phase, according to
diffraction peaks is assumed to originate basically from thethe reference dat&JICPDS card number 43-1018Figs. 3
reduced crystallite size and from the broad size distributionand 4. The overall spectral changes in the energy range of
In our composite system, with nanometer-size clusters grow@7—-40 keV are explained as due to a phase transition occur-
in the surrounding solid medium, the shape distribution, anding in the gallium oxide nanocrystals. The precise sequence
the surface or interface conditions additionally influence theof events during the fourfold to sixfold gallium ions coordi-
linewidth, line shape, and relative intensities of the diffrac-nation change cannot be specified completely by our studies.
tion patterns. A pressure-induced breakdown of peak intensHowever, it appears likely that for such a structural change
ties is especially pronounced in the energy range of 20—3€the phase transition does not occur in a single step. We
keV, corresponding te=2.95-2.35 A. As can be seen from should rather expect an intermediate buffering phase, most
Figs. 3 and 4, with increasing pressure the position of alprobably emerging at the interface nanocrystal-amorphous
diffraction peaks systematically shifts towards higher enermatrix, which makes such a change energetically more plau-
gies and lowed spacings. An increase in pressure to 15 GPasible. The intermediate phase that is supposed to appear be-
introduces two new diffraction peaks in the energy range ofween 2 and 6 GPa does not seem to have its own signature
30—-40 keV with interplanad;,, spacings of=2.12 and except for the pressure-induced intensity evolution at a
=1.87 A. Based on the energy evolution of the Bragg peaks=36.5-keV(=2.0 A) peak, that starts at 2 GPa and is accom-
in the diffraction patterns we postulate that a phase transfopanied at 10 GPa by the development of two new peaks
mation occurs in the nanocrystalline phase. Results show thassigned to the: phase.
this transition involves a change in the cation coordination The three new peaks, starting to emerge between 6 and 10
number; more specifically this is a transformation from tet-GPa and well defined at 15 GPa, can therefore be assigned to
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LA AAALANAAL ML AN AL to the space groug2/m.?>?*The structure has two kinds of
216 ] coordination for gallium ions, namely, tetrahedral and octa-
i hedral with the oxygen ions arranged in a distorted cubic

oﬂ\.\.\*m; close-packed array. Th8-Ga0O; structure appears to be

201 ] quite different from that of a-Ga03;, which has the
[ .\t\'\t\og‘;ﬁ ] a-corundum structure. The structure has the oxygen ions in
19} — ] a hexagonal close-packed array with all of the*Gaons
— | 024 1 octahedrally coordinated to oxygen. The existence ofdhe
< I e, 015 phase of gallium oxide, reported as metastable at ambient
,E’ 182 x pressure and room temperature, provides evidence that this
§_ 16l o ] phase could be stabilized under high-pressure conditions.
S T —— 0 213 | Our investigations were focused on the phase transition

occurring in a nanocrystalline cluster surrounded by an iso-
tropic amorphous matrix, in the same pressure range for

[ o ]
151 \‘\’\a\‘“ﬁ-_ which the literature reports the pressure-induced structural

rearrangements of the similar composition host glass matrix.

[ ’\t\,\‘\ N In silica glass the pressure-induced tetrahedral network de-
14 L 122 | stabilization includes densification and coordination changes

TPV TN TN /. of network-forming unit$:***>1"2%Contraction of glass un-
0 2 4 6 8 10 12 14 16 der pressure is composed of an elastic part that relaxes im-
(a) Pressure (GPa) mediately after the release of pressure and an inelastic part

that brings about the densificatifn®'®While the coordina-

[ ] tion change is fully reversibléelastic pant some structural
30 p modifications in the pressure-quenched sample are consistent
[ 06— L2 -@ 004 ] with the permanent densification of the glds®lastic park
[ ] Below around 8 GPa, the compression mechanism is thought
to be dominated by a decrease in the average value and
variation of intertetrahedral angle distribution with negligible
tetrahedral distortion, and these changes are reversible on
decompressioft}113~1’Essentially all silicon ions are tetra-

N N

o ©

T I

//.
N -

g 2'.

N ! )
~
T
1

<27 1 hedrally coordinated below around 8 GPa but 70% of the
2 i ] silicon ions are octahedrally coordinated and only 3% are
[ 26k 17 tetrahedrally coordinated at 40 GPalrreversible changes

) i ] begin above 8 GPa where silica glass undergoes a gradual
°

increase in the average silicon coordination number from
four towards sié't13161 These effects are fully consistent
110 with a pressure-dependent shift in ring statistics. This corre-
sponds to a shift in the ring size distribution to smaller ring
sizes. The high-pressure structures with average silicon co-

[ .\'\o\‘\' ] ordination near six have not been quenched to atmospheric
23F 13 ] pressure(i.e., the increase in coordination is reversed on

N
;]
T
-
-
-
P

N
H
T
{
3
1

Posbeen oo bonc b bonoboce o oo decompressior*® However, the decompressed samples are
0 2 4 6 8 10 12 14 16 irreversibly densified by up to 20% with the densification
(b) Pressure (GPa) due specifically to compressions between 8 and 25

GpaS1216.29
FIG. 4. (a) and (b) Interplanard,,, spacings of the3-Ga,0, :

. . . An important question that arises is whether or not one
phase as a function of pressure in the range of 0—15 GPa. The So'(':dan regard the observed phase transition occurring in the
lines are guides for the eye and emphasize the gradual shift in

position of the observed Bragg peaks. nan_ocrystalline_ phase as correl_ated to the strL!cturaI transfor-
mations occurring in the host silica glass matrix. In the case
of uncorrelated gradual transition we can assume that it is
an early stage of a low8 phasg to high-density(a phas¢  based exclusively on inhomogeneous kinetics and interfacial
phase transition of gallium oxide. The obtained results indi-effects. Indeed such gradual transition could result from the
cate that at 15 GPa the nanocrystalline phase is a combinaanocrystal size distribution as well as the distribution of
tion of B8 and a phases of gallium oxide. According to the interfacial sites and strain energies. The preferred interpreta-
literature, under ambient conditions, the volumes pey@za tion, however, hints toward the existence of some sort of
in the « and B phases are 47.8 and 52.8, Aespectivel\’>  connection between the structural rearrangements occurring
The crystal structure of-Ga05 is monoclinic with unit- in the host matrix and the phase transition in the nanocrys-
cell dimensionsa=12.23+0.02, b=3.04+0.01, and c tals. Actually, the instabilities in the tetrahedral network of
=5.80+0.01 A, and8=103.7+0.3° and the crystal belongs glass at high pressure, that induce the changes in the silicon
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FIG. 5. The unit-cell param-
eters of theB-Ga0O; phase as a
function of pressure. The param-
etersa, b, andc and the angle3
were calculated from the experi-
AMAAARS ANNAS AARAS ARRRE ARRRY. mental data assuming the mono-
angle (deg) clinic structure. The solid lines,
based on the linear fits, are a guide
for the eye and their slopes indi-
cate anisotropy of the unit-cell
compressibility.

296
12.04 |- B

L 1 1 ! L Il Laacaly 1 2.94

105 AR

lattice parameter ¢ (A)

580

578}

572

102
568

L 1 1 1 L 1 1 ! N 101 ! ! I ! ! 1 1 1 1
] 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Pressure (GPa) Pressure (GPa)

coordination number and the densification of the amorphousanosized granular samples without a host medium, are re-

silica network, could trigger the pressure-inducgdo «  quired.

crystalline transition of G#; nanocrystals. However, to The stability of a crystallite of a given size is determined

shed more light on this possibility further investigations, in-by the relative importance of energy per unit volume which

cluding vibrational spectroscopy and a comparison withfayors crystal formation and energy per unit surface area of
the opposite sigi?~32 Crystallites in the nanosize diameter

T T T T T T T T T scale have a large number of atoms within the surface area.
210 ] Consequently the surface energy contributes substantially to
I #1 ] the total energy of the crystallite. It was stated that the phase
208 - b : transition in bulk materials is sharp but for nanocrystals it is
| N ] broad and occurs at higher presstite®> Among the four
o 206 - \\ ] principal sources that could explain such behavior, including
g 208 I N ] influence of glass matrix, defects, quantum confinement ef-
3 i > ] fects, and surface tension, it was found that surface tension is
3 20z 1 \\ 1 the domina.nt factor in the phase stapi_lity of ngnocrystals
J NS ] embedded in a host matriX*~3"In addition, studies have
o ~ ] shown that stability, hardness, melting point, sintering abil-
'§ 200 - AR . ] ity, compressibility, and electronic and magnetic structure are
=] S ] a function of particle diameter. Furthermore, for some mate-
198 - \+ ] rials, there is evidence that the bulk modulus and equation of
- . state also depend on crystallite si2&®3° .
0o 2 4 & 8 10 12 1 1w We studied nanocrystals embedded in glass host. What
effect does the medium have on the surface or interfacial
PRESSURE (GPa)

tension? It was postulated that glasses at high pressure be-
FIG. 6. Evolution of the3-Ga,0, unit-cell volume as a function have as an elastic medium and transmit the pressure to the

of pressure. The solid circles represent values calculated from th@anocrystalline phasg. In studies of nanometer-size CdS
experimental data under hydrostatic pressure for compression onlf@nocrystals grown by solid-state reaction in a borosilicate
The unit-cell volume compression is about 6% compared to ambiglass it was found that they have very low interfacial tension
ent conditions. The dashed line is the best fit of Eulerian finite strairdnd it was suggested that glass-embedded nanocrystals are
(Birch-Murnagha equation of state to the experimental data with inherently quite stabl&” In addition, it was implied that the

the bulk modulusK,=191+4.9 GPa, and its pressure derivative glass matrix is able to accommodate and relax the strains that
K;=8.3+0.9. might otherwise be found at the surface of the nanoparticles,
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increasing their stability® These findings are very promising radiation-based x-ray-diffraction technique and a diamond-
for the potential utility of the composite materials with nano- anvil cell to follow in situ the pressure-induced alterations in
particles in glass. To answer all these questions furthethe ligand field experienced by gallium oxide nanocrystals
studies are required, involving composites with variousembedded in a silicon oxide-based glass matrix. The focus
diameters of nanocrystals, a broader pressure range, decomas to elucidate how elevated pressure modifies the gallium
pression cycles, and additional experimental techniques. oxide nanocrystals’ structure, stimulating transitions from
Figures 5 and 6 show, respectively, how the unit-cell padow- to high-density phases. Distinctive changes in the
rameters and unit-cell volume both decrease gradually witenergy-dispersive x-ray-diffraction patterns have been ana-
pressure. Compression increases the field strength exercisaed in light of a phase transition occurring in the nanocrys-
on nanoparticles by the surrounding matrix and simultatalline phase, beginning at around 6 GPa. Results revealed
neously decreases the interpladgg, spacings, which corre- that this phase transition involves a change in the coordina-
spond to a decrease of Ga-O and Ga-Ga average distand®mn number of metal cations and produces a transformation
When pressure is appligdydrostatic up to about 10 GP®  from a low- to a high-density phase. The overall modification
the composite material, the volume of nanocrystalline cluseof x-ray-diffraction patterns demonstrated a pressure-induced
ters decreases, which results in a decrease in the unit-ce#-Ga 03 to a-Ga05 phase transition occurring in the nano-
volume calculated to be 6%, between ambient and 15 GPa&yrystalline phase. The obtained results indicate that at 15
indicating a progressive densification of the nanocrystallinegGPa the nanocrystalline phase is a combinatio @ihd «
phase. phases of gallium oxide. We hypothesize that the beginning
To analyze the pressure-volum®-(/) data we applied of the pressure-induced coordination change and densifica-
the Birch-Murnaghan equation of st&teThis Eulerian finite  tion occurring in the glass matrix surrounding the nanocrys-
strain formalism is based on the assumption that the straital could be correlated to the phase transition detected in the
energy of a solid undergoing compression can be expressemnocrystalline phase. This phase transition is sluggish and is

as a Taylor series in the finite strain: not completed by 15 GPa, where the dominant crystalline
5 - phase is still3-Ga05. It is reasonable to expect that for
P=3Kof,(1+2f,)1+af,+bf;".. ], some pressure beyond 15 GPa, with further densification of

whereK, is the bulk modulusa=3(K,—4)/2 is the third- € nanocrystalline phase, taephase, being denser thh
order coefficient,f, =0.5[(Vo/V)?*~1] is the Eulerian will be more pronounced. To shed more light on our hypoth-

; . is further studi re required, involvin mposites with
strain, andvo andV are the elementary unit volume at zero \e/Zr?ouustdi?imseEcjedrse Sofanez:am(exc:]:J s?z(ijl,s a(z)roz;\(;]jecr0 rggiutrees range
and at a given pressure, respectively. y ! P ge,

Defining the normalized pressure aB,=P[3f,(1 2:acuoens1pressmn cycles, and additional experimental tech-
+21,)25]" ! yields the second-order finite strain equation " 04€*:

F,=Ko[1-1.54-K{f,].
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