PHYSICAL REVIEW B, VOLUME 64, 012102

In situ x-ray diffraction study of the pressure-induced phase transformation
in nanocrystalline CeG,
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The x-ray-diffraction study of nanosized Ce@as carried to pressures of 38.6 GPa using an energy
dispersive synchrotron-radiation technique in a diamond-anvil cell. At a pressure of 22.3 GPa, nano-CeO
starts to transform to an orthorhomhiePbCl}, structure. This pressure is significantly lower than the transition
pressure of 31 GPa for phase transformation in the bulk,C&®e high-pressure phase is unquenchable and
distorts to a hexagonal structure upon release of pressure to ambient conditions. The nanosized cubic fluorite
phase has a bulk moduluB{) of 328+ 12 GPa, much higher than that of the macrosize £gith aB, of 230
GPa. There is a large volume decrease of 9.4% in phase transformation from the fluariRbt@}, structure.

Such a phase transformation may occur via a large volume collapse and an unstable high-pressure phase
causing a reduction of transition pressure in this type of nanomaterial.
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[. INTRODUCTION phase was also observed in the recovered sample. These re-
sults are presented below.
Pressure-induced phase transformations in fluorite-type
compounds have been the subject of some recent sthdies. Il. EXPERIMENTS
Pressure-induced post-fluorite phases are of geophysical in-

terest, and hence several fluorite-type dioxides have been 'N€ sample used here was commercial nanosized, CeO

subjected to high pressures up to 70 GPa and temperatur%th a particle size of 9—15 nm. It was identified as a cubic

around 1000°C, in a laser-heated diamond-anvil Z&lin fluorite structure Em3m,225) by using x-ray diffraction and

4 .
materials that are quenched after high-pressure hig'.Baman spectroscopy.’ Because of the size effect, the

temperature treatment, phase transformations to denser strLg:;:; a;llédgf;actéc;rll gtezg ?:‘rrﬁ %uﬁfshbi;ogc:{ttiamaﬁeﬁﬁ;mﬁgow
tures have been reportédf Pressure Raman studies on the o op &Y= @ P 9

. ) . eak at 465 cm' observed in the bulk CeQThis peak can
alkaline-earth difluorites have shown that they undergo g assigned to the triply degenerate first-order Raman-active
cubic-to-orthorhombic phase transformation at elevate

; ; 15
23.6-8 eak [F,g) of the cubic fluorite structure CeO
pressuré; Ce0, has the same type of structure as the Diamond with a 40Qum culet was used in a gasket

dioxides and has been found to incorporate into the orthogismond-anvil cell. The gasket consisted of a hardened

rhombic structure at pressures around 31 GPa at r00Mghring steel 40Qsm thick, pre-indented to 65um. A
8 _ ' . ’

temperatgré. _ _ _ _ 150-um diameter hole was packed with Ce@wder mixed

There is now a considerable interest to investigate highgith a fractional amount of platinum powder. Pressure was
pressure behavior of nanosized materials due to their novehecked with the well-known equation of statEOS of
properties, which may differ from that of the macrosize platinum (Py. Energy dispersive x-ray-diffraction spectra
materials’~ Studies on nano-oxides indicate that the de-yere collected with a fixed@(=11°) on the bending magnet
crease of particle size significantly changes the compressibieam line at the Comell High Energy Synchrotron Source
ity and the transition pressure. Some of these oxides displaycHESS, Cornell University. The energy calibration was
lower transition pressure with a decrease in particlejgone by the well-known radiation sour¢e&°Fe and!3*Ba).

size?*+*Such findings are contrary to the general model forrhe angle calibration was done by using six peaks of the

most nanomaterials, including sulfides and oxides, which eXstandard Au powder.

hibit higher transition pressures with a decrease in particle

_S|ze.1°'12 Large volume collapse in this type of pressure- Il. RESULTS AND DISCUSSION

induced phase transformation is the explanation assigned to

such observation®. However, to deepen our understanding  Figure 1 shows x-ray spectra of nano-Ge@ to pres-

of this new high-pressure phenomenon in the nanomaterialures of 38.6 GPa in this study. The unit-cell parameters are
field, more experimental documentation is needed. To thigalculated from the positions of the x-ray-diffraction peaks
end, we have carried out am situ x-ray-diffraction study of  of the starting sample at one atmosphere pressure, which
nano-CeQ up to pressures of 38.6 GPa. We found that atshow a pure cubic fluorite phase with=5.416+0.012 A in
room temperature the cubic fluorite phase of nano-Q&®  agreement with the powder-diffraction value of,
dergoes a pressure-induced phase transformation at 22:35.41134(12) A for the bulk Ce0" With increasing pres-
GPa, which is remarkably lower than the pressure of 31 GPaure, new peaks of the high-pressure phase started to occur at
occurring in the corresponding bulk CeQAnother structure  a pressure of 22.3 GPa, which is significantly lower than the
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FIG. 2. X-ray diffractions of nano-CeQwith decompression to
ambient conditions. The peaks at one atmosphere are marked with
and h, which represent the cubic fluorite phase and the hexagonal
phase, respectively. The volume ratio of two phases is difficult to
determine based only on the coexisting peaks.

11.4 GPa

rhombic structures. This recovered phase then remains stable
to ambient conditiongFig. 2). This is significantly different

20 30 40 50 60 70 from the recovered phase in the bulk material, which has a
cubic fluorite structure. The phase obtained can be well fitted
Energy (keV) to a hexagonal structure withayg=8.368(11), cq

=10.693(15) AV,=648.43(27) B (Table ), which is 2%

FIG. 1. X-ray diffractions of nano-CeQup to pressures of 38.6 less dense than the cubic fluorite phase at one atmosphere
GPa. The downward arroepresents the disappearance of mainpressure due to a little distortion from the cubic structure.
peaks belonging to the starting phase of Geénd the upward Figure 3 shows the EOS data of nano-Ge® pressures
arrow | represents the appearance of some peaks of the highsf 38.6 GPa. A fit to the Birch-Murnaghan EOS of the cubic
pressure Ce©phase.

. L TABLE I. Observed and calculated d spacings of Ge@h the
phase-transition pressure of 31 GPa occurring in the COM&sexagonal structure at ambient conditions, which are recovered
sponding bulk Ce@"* Complete phase transformation to from high pressures. The unit-cell parameters @se 8.368(11),
the high-pressure phase did not occur until a pressure as higf)=10.693(15) Az=16, with V,=648.43(27) &.
as 38.6 GPa. This indicates that the phase transformation is
quite sluggish and much slower than that taking place in the hkl dops (A) deare (B) Aops dearc A)
bulk material. It is suggested that a high-energy hindrance

might be a factor that prevents the rapid formation of a high- 101 5.969 5.101 —0.028
pressure phase in hano-CeO 112 3.459 3.295 0.165
The high-pressure phase of Ce€an be effectively in- 202 3.125 2.999 0.126
dexed to an orthorhombic cell wittag=5.6412), b, 004 2.706 2.673 0.033
=6.64715), c,=3.481(4) A, V,=130.53(8) B and four 214 1.917 1913 0.004
units of CeQ per unit cell at a pressure of 38.6 GPa. The 312 1.888 1.881 0.007
bulk modulus was calculated to be 396GPa, which is a 205 1.862 1.842 0.020
little higher than 304 GPa found in the bulk Cely Duclos 403 1.633 1.615 0.018
et al® The unit-cell volume was extrapolated to ambient con- 206 1.647 1.599 0.048
ditions and is 9.4% denser than the cubic fluorite. Upon re- 226 1.352 1.357 —0.005
lease of pressure, the high-pressure orthorhombic phase be- 406 1.241 1.270 —-0.029
comes unstable and transforms to a different structure at a 424 1.211 1.218 —-0.007
pressure of 4.0 GPa with the appearance of a few peaks that 218 1.184 1.201 —0.017

cannot be refined in both the cubic fluorite and the ortho
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165 1 pressure reduction in nanomaterials. So far, in addition to
r Ce0,, only two of the above-mentioned nanomaterials in-
160 & cluding y-Fe,0; and rutile (TiQ) have been reported in the
T literature’®? It is surprising that the corresponding high-
155 | o pressure phases are unstable on release of pressure or upon
. 7 go@ increase of temperature. The nanosized rutile ¢Yitans-
o x forms to thea-PbQO, phase at a lower pressure with the
Y 145 F reduction of particle size, but with increasing temperature,
§ r the «-PbGO, phase incorporates into the original rutile
S 10 f phase? Even though the nanosizedFe,0; was mostly fit-
. ted to the hexagonal structure at high pressures in the
135 | literature®it is actually more reasonable to be substituted by
g a rhombohedral structure at high pressure due to a pressure-
130 | induced distortion. Upon release of pressure, it is recovered
125 T with the hexagonal phase. The above observations imply that

the large volume collapse and the existence of an unstable
high-pressure phase may lead to the reduction of transition
pressure in nanomaterials compared to the corresponding

FIG. 3. The room-temperature equation-of-state data for nanopmk materials.

CeQ,. The dotted curves are the Birch-Murnaghan equation-of-state
fits for the cubic fluorite phase witB,=328+12 GPa,B' =4. The IV. CONCLUSION

high-pressure orthorhombic phase hBg=326+9 GPa, B'=4. This study has described the high-pressure room-
The density change extrapolated back to one atmosphere pressure{é?nperature behavior of the nanosized Ge@he bulk
9.4% between wo phases. modulus of the cubic fluorite structure nano-Gei® 328
+12 GPa with an assumption of a pressure derivative of 4.0.
This clearly indicates that the reduction of particle size leads
foa significant elevation of the bulk modulus of CeOhe

0 5 10 15 20 25 30 35 40
Pressure (GPa)

fluorite phase gives the bulk moduli,=328+12 GPa,
when the bulk modulus pressure derivative is constrained t

B’ =4.0. This is significantly higher than that of the corre- : ;

: . S nano-CeQ@ starts to transform on loading to an orthorhombic
sponding pulk Ce@mth 80.223.0 QPa‘? Th[s indicates that structurerf space groupnamat 22.3 GPga, which is signifi-
the reduction of particle size significantly increases the bUIkcantIy lower than the transition pressure of 31 GPa for the

modulus. : .
Previous studies on nanosized materials indicate that tht%orrespondlng bulke Ce© Moreover, the reduction of par

X . . cle size results in a quite sluggish dynamic process in the
decrease of particle size leads to a large elevation of phas%?essure-induced phase transformation of nano,Cepon

it:]i?uséti'r?n EL?f?jg;e a?]réd :)2 db:SIk ;’;O%l:)l:]ns ;?ega?gr?ﬁéerﬁlfrelease of pressure, the high-pressure orthorhombic phase be-
9 ' P kcomes unstable. At a pressure of 4.0 GPa, it transforms to the

materials:™** Recent studies OW'F92.03 and rUt.'Ie (T.'Q). , exagonal structure and then remains stable to ambient con-
show that the decrease of particle size results in a significa itions. Thus, it may be suggested that a large volume col-
reduction of the phase-transition pressure in the pressures ; L .
: . . : ) apse and the existence of an unstable high-pressure phase
induced solid-solid phase transformatidhs? The elevation |~ gh-p P

o . ; X N r ion of the transition pr re in nan
of transition pressure in the pressure-induced solld-sohdead to & reduction of the transition pressure anoLeo

phase transformation has been explained by a higher surface
energy between the phases involved in nanosized materials
compared to the bulk materials. This is in agreement with the We wish to thank the Division of Sponsored Research at
predictions of homogenous deformation theoffeCon-  Florida International University, which made this research
versely, the reduction of transition pressure in another typ@ossible. Also we acknowledge the assistance of the entire
of nanometric material has been interpreted by the large colEHESS staff, leading to the successful collection of high-
lapse in volume upon phase transformation due to the formgsressure x-ray-diffraction data at CHESS, Cornell Univer-
tion of the high-density high-pressure pha8eur results  sity. Finally, special thanks go to Debby Arnold for her kind
obtained strongly support the existence of the transitioneditorial assistance.
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