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Abstract

We use micro-beam synchrotron x-ray diffraction study the pressure-induced
amorphization of nano-sized and single crystal¥ £65a0;, up to pressures exceeding
1 Mbar in static compression. The abrupt pressusladed amorphization found for
both 56 nm and bulk micrometric crystals at arouitd GPa independently of the
pressure transmitting medium employed demonstrigdemtrinsic nature, previously
predicted at 79 GPa kab initio calculations. The single crystal structural solutat 50
GPa shows that the contraction of the unit-cell,sthyo accommodated by the
compressible Y@dodecahedra, gives rise to a regularization dtwdgtiincrease of the
GaQ; polyhedra with the Y-O-Ga angle changing from 8@4.to 102.34° in 50 GPa.
We obtain a bulk modulus of 178(3) GPa for the Ieimgystal and 170(3) GPa for the
nanocrystals in excellent agreement with previalsutations.
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1. Introduction

Garnets are the most abundant group of silicateerais constituting
approximately 95% of the Earth’s crust and makipgthe largest and most important
reservoir for rock-forming mineral§l]. They are hard and have high optical
transparency and mechanical stability. Also, thigrerse chemical compositions with
almost any element within the stoichiometryBAC3;0,,, and their chemical stability
make these compounds perfect matrix hosts. Foe tfezsons, garnets have been used
in numerous optical applications when doped withihescent rare earth ions. A good
example is the well-known syntheticsAMsO12 (YAG) garnet used in bulk as a laser
material when doped with neodymium @)d Moreover, with the current urgency on
reducing the size of devices, large efforts arendpeput into the study of the
luminescence properties of BEloped nanoparticles. In this scenario nanogarerets
being used for the development of new lasers fosiag and imaging in biomedicine,
as an alternative to quantum dots in photonics roroptoelectronic devices for
engineering2,3,4]. The recent discovery by Irifune et ] of nanocrystallization of
garnets from bulk glass at high pressure and tesmtyoer conditions has boosted this
research area.

Garnets crystallize in a cubic struct(@ with space groupa3d and 8 formulas
per unit cell, formed by a network of corner-shgkOg dodecahedraCO, tetrahedra,
and BOg octahedra. In the case 03a0,, each O atom is shared with one GaO
tetrahedron, one GgagQOoctahedron, and two Yd{Ododecahedra. The polyhedra are
arranged in chains along the three crystallograplviections forming dodecahedral

cavities occupied byA atoms and conferring most garnets an impressivaltying



Hugoniot Elastic Limit (HEL) depending on the finsthock pressurg/]. Dynamical
[7,8,9] and high-temperature stafit0,11] compressions result into garnet to perovskite
phase transitions at pressures above 50 GPa degendi the garnet composition.
However, ambient temperature static compressioasgiise to a mechanical instability
predicted by calculationgl2, 13] and a consequent pressure-induced amorphization
(PIA) [14] except for CgeSisOr» where a F& spin-driven isosymmetric phase
transition at ~60 GPa takes o\ab]. These results indicate that the irreversible PIA
process in garnets might result in the kineticthatgon of the garnet to perovskite phase
transition. Usually, in order to study the PIA iargets, the techniques chosen have
been powder x-ray diffraction and Raman spectq@gcweith micro-size powders
[10,16,17] In particular powder x-ray diffraction is stromghffected by intergrain
strains, even in hydrostatic media, at high presssuk possibility to palliate the loss of
long-rage order caused by the straininssitu thermally annealing with a laser.
However, doing so one risks providing enough thémenargy to induce the kinetically
hindered garnet to the perovskite phase transipceventing the PIA[10]. The
information available about the mechanism of th& ialgarnets relies in powder x-ray
diffraction without annealing in which accurate etetination of the atomic coordinates
and their thermal atomic displacements is difficatt very high pressures if not
impossible. This problem could be overcome by alystwith single crystal x-ray
diffraction in which the available information cée extended from 1D to 3D and the
strain effects are more reduced.

The objective of this study if twofold. First, weant to determine the onset

pressure of the PIA of a garnet. We shall do ihwitGa;0;, (YGG). In order to do so



we will present two experiments investigating théremes: one experiment up to 1
Mbar with one single crystal in non hydrostatic dions, and one experiment up to 76
GPa with nanoparticles using very high hydrostatanditions. Nano-crystalline
materials often show completely different behatiom their bulk counterpar{48,19]
This difference, exhaustively studied in most ralgvmaterials as Ti) Y203, or PbTe,
remains unexplored in garnets. Second, we shafbipera simultaneous study with
both a nanopowder and a single crystal of YGG deoto follow the structure of YGG

before the PIA process.

2. Experimental details

Three high-pressure angular dispersive x-rdfradtion (ADXRD) experiments
were carried out at the beamline ID27 at the Eumnp®ynchrotron Radiation Facility
(ESRF)[20]. The monochromatic radiation with a wavelengthiof 0.3738 A was
selected and the beam was focused down to 3 x %3 Pifiracted intensities were
recorded with either a MAR CCD or a Perkin Elmat fpanel detector. The high-
pressure experiments were performed at ambientaeanpe with membrane driven
diamond anvil cells (MDACSs) with a large openingibf~ 64°. Three different pressure
transmitting media, Helium (He), Neon (Ne) and K@é&re used to evaluate the effect
of the pressure transmitting medium (PTM) on thpeeinental results. A summary of
the sample types, pressure medium, and pressubeacelof each run can be found in

Table 1

run Sample type medium  calibrant  Pressure ranga)GP




1 Single crystal KCI KCI 0-100
2 Nanopowder He Au 0-76

Nanopowder and Ne Ruby 0-50
single crystal

Table 1. Experimental conditions of the x-ray diffaction experiments.

Runl was performed at a sample to detector distain2&3.268 mm. The DAC was
equipped with 100 um diamonds and a gasket of Renglented and drilled to 15 pm
and 38 um, respectively. The DAC was loaded wittB@ um single crystal of YGG
together with KCI, which acted both as a PTM angrassure calibrarj21]. Although
this experiment was performed with static exposdithe sample to the X-ray beam.

Run2 was performed at a sample to detector distah8&8.17 mm. The DAC was
equipped with 100 um diamonds where a rhenium ggsieindented to 18 pm and
drilled to 60 um was inserted. A pellet of nanopewdGG was loaded together with a
gold chip as a pressure markg2,23]and helium as PTM.

Run3 was performed at a 433.2 mm sample to detadigiance. The DAC
employed was equipped with 300 um culet diamonds uwsed with a stainless-steel
gasket, which was pre-indented to 50 um and dribed60 um. In this occasion, Ne
gas was used as PTM. This cell was loaded withdamples: a 10 pum thick and 20
unt single crystal and a 30 |fnpellet of nano-YGG. In this way, a more accurate
comparison of their structural parameters can laioéd. While the powder diffraction
patterns from the nano-YGG sample were obtainel stétic exposure of the sample to
the X-ray beam, in the case of the single-crystpeement the DAC was rocked every
1 degree irw obtaining 64 frames. The powder frames were iatiegr using FIT2D
[24] whereas the single-crystal frames were process#d the CRYSALIS™ [25]

software for indexing reflections and intensity alaeduction. The structures were



refined with SHELXL [26]. The pressure was determined through the ruby
fluorescence methd@7].

The two-dimensional (2D) images of run2 and run3ewalso obtained by the
integration of the images using the program FIT2B] to provide an intensity vs.62
plot. The lattice and structural parameters fisingere performed by the LeBail and
Rietveld[28,29] refinement with the program FULLPRQ@B80]. In all the refinements,
the background was defined by a linear interpotasind the profile shape was fitted by
a Thompson-Cox-Hastings pseudo-Voight. The backgtouhe full with at half-

maximum (FWHM) parameters, and lattice parametenewefined.

3. Synthesis of ¥Gas01,

a. Nanopowders
Nanometer grain size powdesGa0;2 was synthesized by the citrate sol-gel method
in air atmosphergl5]. Stoichiometric molar ratio of high-purity Ga(N@9H,O and
Y(NO3)3.4H,O materials were dissolved in 25 ml of 1 M HN@hder stirring at 353 K
for 3 h. Then citric acid, with a molar ratio of takions to citric acid of 1:2, was added
to the solution, which was stirred for 2 h more #ndlly dried at 403 K for 36 h. This
process created a gel that was fired at 673 K forid order to remove the residual
nitrates and organic compounds and the subsequehthined powder sample was
finally calcined at 1073 K for 16 h. The synthesi265G-nano has a particle-size of 56
nm obtained by the Rietveld refinement of their dew x-ray diffraction pattern
measured at ambient conditions. This value agreels with that obtained by the
analysis of the HRTEM micrographs reported by Vérdrau et al[3].

b. Single crystal



Single-crystals of ¥Ga0;:, (YGG-crystals) were grown by the Czochralski metho
using a Malvern MSR4 puller with automatic diametentrol based on weighing the
crucible. Starting materials -,¥; (4N) and GgO3 (5N) - were dried in 1000 °C for 4
hours before weighting. Powders in appropriate ma@#os were mixed together and
then pressed into cylindrical pellets under pressof 200 kPa and calcinated in
1350 °C for 6 hours before melting in crucible. litah oxide at crystal growth
temperature is more volatile than yttrium oxideg dherefore its excess compared to
the congruently melting composition is necessappl#d excess of G&3 was 0.5 mol
%. Admixture of 0.3 mol % GOs; was introduced in place of &a. Single crystals
were grown at ambient gNatmosphere on <111> oriented seed with a puliatg of
2.5 mm/h and a speed of rotation 30 r.p.m. Tramspasrystals with 20 mm diameter
and 60 mm thickness were grown with a convex crys#dt interface from inductively
heated iridium crucible of 40 mm in diameter. A snany of the refined structures is

shown inTable 2

Experiments (this work) ~ ExpZ® Calc®®
P 1 atm 50.2 GPa 1 atm 1 atm
Sample form Nano SC SC
a (A 12.299(2) 11.5296(7) 12.273(1) 12.278
Ox 0.098(9) 0.1012(2) 0.1007(5) 0.1
Oy 0.193(5) 0.1891(3) 0.1954(5) 0.194
Oz 0.279(6) 0.2794(2) 0.2774(6) 0.277
Uiso 0.0207(13)
Measured refl. 1462
Unique refl. 200
Refined param. 9
Rint 0.0965
R1 0.0872
wR2 0.2284




GoodF 1.164

Table 2 Lattice parameters, oxygen atomic coordinated, single crystal (SC) refinement and data
details of our synthesized ;%a0,, nanogarnet at 1 atm, and our single crystal ap %6Pa. The
structural parameters are compared with the streiciti ambient conditiong1] and that obtained by

previousab initio calculationg12].

4. Results and discussion

a. Amorphization of a single crystal

The amorphization of a single-crystal of YGG isdétal to 1 Mbar with a routine x-
ray powder diffraction experiment obtaining a liedtbut crucial low angle reflections
(runl). The pressure evolution to 1 Mbar of thisgk crystal can be seen kig. 1

together with diffraction rings of KCI.
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Figure 1. (runl) (a)X-ray Diffraction patterns of a single crystal of YGG iffl) above 70 GPa showing

the amorphization of the crystal. The present@da®ge also includes the (110) reflection of the-KC



phase. (b) Diffraction frames of the same experingowing the evolution of the reflections while
entering in the amorphous phase. The relevant (402D), and (422) reflections are indicated withit

hkl indexes and different colors. Pressures arécated. (c) Pressure dependence of the normalized
intensity of the YGG (400), (420), and (422) reflens. Their intensities have been weighted by the

intensity of the KCI-11 (110) reflection, unaffectdy the amorphization process of the sample.

Since the information seeked with this experimerfiriding the amorphization onset of
YGG with a single crystal, only a few reflectionfi@ve collected at each pressure. In
Fig. 1 (a)we show the integrated (400), (420), and (422)trmiense reflections of the
single crystal of YGG which include the intensitiet all the measured symmetry
equivalent reflections contributing to the sandevalue. This occurs because the frame
was integrated as a powder diffraction patternet@icmine changes in the intensities. At
78 GPa the intensities of the three reflectiongpdnd a broad halo located at 8.25°
appears, indicating the onset of an amorphizatrongss which ends at 90 GPa. At this
pressure the three intense (400), (420), and (#tctions disappear under this halo.
The evolution of their normalized intensities iowaim in Fig. 1 (b). Interestingly, the
intensities of the three reflections show a simbahavior under compression with a
clear change above 78 GPa. Although the three ctefftes are not completely
independent to each other, they provide informatudnthe three crystallographic
directions indicating that the amorphization mecasautakes place isotropically.

In Fig. 1 (c)we show a section of the diffraction frame at 9.5, 90, and 100 GPa to
indicate how the individual reflections evolve undmmpression. At 5.9 GPa the
reflections appear rounded and well defined. AG68Pa the reflections are already
elongated along thef2ing but can still be individually located. At $hd 100 GPa

only the amorphous halo can be identified togeittidr the ring that corresponds to the



KCI-11 (110) reflection. The observed pressure-ioeld amorphization of YGG agrees
with previousab initio calculations that find a mechanical instabilitypab 79 GP412]
as the result of the violation of the Born stabitititeria by the G4 elastic constanfThe
softening of the elastic shear modulug, @ cubic crystals usually translates into the
softening of the corresponding vibrational modeRBbf. [12] it is shown that for YGG
the mode that softens is g,Bilent mode but its frequency becomes imaginagvab
the mechanical instability.

b. Amorphization of a nanopowder
A selection of the x-ray powder diffraction patteraf 56-nm sized nanoparticles of

YYG is shown inFig. 2 (run2).
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Fig. 2. (run2) X-ray diffraction patterns of nanopowderti&G (~56 nm in size) above 60 GPa showing
the amorphization of the sample at 76 GPa. In thise, He was employed as pressure transmitting

medium and pressure was determined by Au.
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According to previousb initio calculationg6], the YGG garnet is very stable and it
starts to suffer mechanical instability at 79 GBader compression, the intensities of
the reflections start to decrease while their widthtinuously increase. At 71 GPa, the
spatial coherence of the nanoparticles still resiaAt 76 GPa the disappearance of
reflections and the appearance of a halo inditegedmplete and abrupt amorphization
of the sample, in excellent agreement with our jotey single-crystal x-ray diffraction
experiment performed in KCl and previoad initio calculations[6]. The use of
different pressure transmitting media does notwaltbrect comparison between the
single-crystal experiment shown above (runl) amdetkperiment with nanopowders in
He (run2). However, the almost identical amorpharatonset obtained by both
experiments and its agreement with previous caions indicate that the PIA process
in YGG is independent of the sample size and pressedium used.

c. Behavior of the crystalline phase

In order to obtain information about the behavidr a0 single crystal and a
nanopowder of YGG about its compressibility andawedr just before the PIA we have
performed a simultaneous study with both samplesypp to 50 GPa using Ne as
pressure transmitting medium (run3). The diffractipattern of nano-YGG and the
reconstructed reciprocal space of a single crystaYGG projected along the*c*
plane at 50 GPa are shownFig. 3.

The PIA process in garnets is intrinsic as has bmmfirmed in runl and run2
where the amorphization onset pressure is shoviae iadependent of the grain size or

the pressure medium. However,kig. 3 (a) one can see that under compression both

11



the intensity decreases and the width of the rifles increases dramatically even
several GPa before the PIA. We shall analyze theesanow.

When the crystal size and its surface are comparablin nanocrystals (ours are
~56 nm in size), the surface defects play an ingmbrtole. Previous worki82] have
demonstrated that under compression, even in higdrosonditions, the number of
defects in the surface tends to increase, whictaddition to the appearance of
inhomonegeous strain even at hydrostatic conditiarsslates into a rapid deterioration

of the XRD diffraction pattern as observedHig. 3.
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Fig. 3. (run3) (a) Powder XRD patterns of nano YGG at i@mbpressure, and 50 GPa. The dots are
experimental points and the continuous lines aee Rietveld fits (red) and the experimental to fit
difference (green). (b) Reconstruction of the remipl space along tHa*c* directions. The reflections,
although elongated are still good and allowed ays@imopycal refinement of the structure.
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According to Hall[33], the dependence of both broadening contributioitis the
diffracting angle6 can be separated since the size-associated brngdearies as
1/co® and the strain-associated broadening does &s aanording td3; = C ¢ tard +
KAL. Here, C and K are constantss the strainj is the x-ray wavelenght andis the
crystalline grain size. lirig. 4 (a) we show the Williamson-Hall pldB83] at ambient
pressure and 35 GPa from run 3 to illustrate theluton of the grain size and

broadening strain suffered by our YGG nanoparticles
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Fig. 4. (a) Williamson-Hall plot at 1 atm and 35 GPa ire thxperiment with Ne as pressure
transmitting medium. The red continuous lines aredr fits. (b) Pressure-dependence of the pausizie
and (c) of the Strain Broadening in both run 2 aad 3 using Ne and He as pressure transmitting
medium, respectively.

One can see that under compression the dependdoe [BFWHM x co] product
for isolated reflections at differenb 2ositions changes its dependence with thedsin
Such a slope change indicates a considerable peessunease of the broadening strain

as shown irFig. 4 (c) independently of the pressure transmitting mediutdowever,
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the intercept of the straight line is found to egsure independent indicating that the
particle size, and therefore the crystalline to phous ratio remains constant under
compression, within the uncertainti€ésd. 4 (b)] at least up to the onset of the PIA.

As explained above, the PIA process in YGG is dughe mechanical instability
caused by the softening of the,&lement of the strain tensor. Such a softening is
complex to see even after performing an anisotrogfitement of single crystal x-ray
diffraction data. According to Gavriliuk et 484] the location of the amorphous halo of
Y sFes012 indicates that its short-range order consists eff;Foctahedral blocks with
disordered orientations. This idea is also useskpain the PIA process in EBa01».

In this case the combination of x-ray diffractioRaman spectroscopy and *£Eu
luminescence serve to conclude that the PIA prosedge to the overlapping of the Ga
tetrahedra and octahedfa6]. That overlapping gives rise to an increase of the
asymmetry of the oxygen local environment of Ein our study with a single crystal
we have performed two experiments. The first oneXy we have gone to 1 Mbar but
in this experiment the number of measured reflastio10 was not enough to refine the
structure. In the second experiment with a singystal (run3) Fig. 3(b)] we collected
1462 reflections but the experiment had to be teatedd at 50 GPa, rather before the
PIA which was found to be at 76 GPa. The softeroighe C44 element has a
vibrational mode associated to it. In particuldrisi the triple degenerated, Tsilent
mode which becomes imaginary above 111 @ The frequency of this mode at
ambient pressure is of 109 ¢rand according to Chaplin et &86] it is a translational
mode of ¥* with the oxygen framework at rest. The single-taysliffraction data

obtained at 50 GPa allowed us to carry out an &woigic structural refinement

14



performed with the 1462 collected reflections, 20@hem unique, with an internB;
value of ~10% as shown iRable 2 Since the silenT,, mode starts to rapidly soften
above 20 GPa, we should already notice such matiothe thermal displacement
parameters of the oxygen atoms at 50 GPa. The aquivatomic displacement
parameterdJeq found at 50 GPa are 0.0153(8},4.0156(9) A, 0.0152(9) A, and
0.21(2) & for Y, Gal, Ga2, and O, respectively. These resuliicate, as expected,
that one the one hand the oxygen atoms have htgkenal displacement parameters
than the Y and the two Ga ions, and on the othedhgalso indicates that at this
pressure all the atoms of YGG remain rather dtithair sites. However, when we look
at the off-diagonal elements of the thermal disphaent tensor of the four atomic sites
we find that they are zero except théJ¥; = 0.0011(2) Aand the QU,3 = 0.002(1) A.
Therefore, both sites present anisotropic motismenEhough 50 GPa is still a pressure
too low to evaluate the effects of PIA this resupports the conclusions of Lin et al.
[16]. The PIA process in garnets originates as an asymnmerease of the oxygen
local environment of ¥. The dramatic shortening of the distances betvpedyhedra
further supports this. According to our structwsalution at 50 GPa with single-crystal
x-ray diffraction, the distance between the g¥dddecahedra and the Gat@trahedra
changes from 3.4304(2) A at ambient pressure t822@) A at 50 GPa. At a Eu-Ga
distance of ~2.85 A (~85 GPa) {8801, amorphize$16].

In garnets the compression mechanism can be dadinaither by bond
compression or polyhedral rotatif8i/]. The structural refinement of the structure at 50
GPa yields atomic coordinates for oxygens whicly wamaximum of 3% from those at

ambient pressure. This indicates the robustnesthefcrystal structure. The Y-O

15



distances in the irregular YQlodecahedra are 2.35 and 2.42 A at ambient pessur
while the Ga-O distances are 2.03 A and 1.83 A aO@Gand GaQ, respectively.
However, at 50 GPa, as obtained from the structglaition of the high-pressure single
crystal data shown ifiable 2, the Y-O distances are 2.22 and 2.24 A, whileGleO
distances reduce to 1.89 and 1.75 A in ga@d GaQ, respectively. Regarding the
distortion Y-O-Ga angle it changes from 104.84amabient pressure to 102.34° at 50
GPa. Therefore, in YGG compression involves bothmegularization of the Y®
dodecahedra and a tilting increase of the &Eadahedra. This must be the mechanism
to reduce the Y-Ga distance so much under compressi

In Fig. 5 we show the pressure dependence of the YGG palghedlumes
obtained in run 3 since those are the only diffeecpatterns that allowed us to perform
reliable Rietveld refinements at least up to 30 Gi#ach is the hydrostatic limit in Ne

[38].
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Fig. 5. Pressure dependence of gr@yhedral volume of ¥Ga0;,. The points are the data obtained
in the hydrostatic limit in run 3. The red contimsolines are the fits to second-order Birch-Murmaha

equations of statl38]. The individual bulk moduli are also shown.

The pressure-volume curves of the polyhedra weétedfiaccording to a second order
Birch-Murnaghan39] EoS since fits to third order EoS provided unstalipressure
derivatives of the bulk modulus. The bulk moddlable 2) indicate that most of the
compression is accommodated by theg\Xd0decahedra, being the Gatetrahedra the
most incompressible units. According to Milman kef37] the bulk modulus in garnets
can be correlated to the bulk modulus of their datledra according g, = 35 GPa +

1.05K(YOg), which in the case of YGG would lead to a bulkdulois of 169 GPa.
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The pressure dependence of the unit-cell volumé&® is shown irFig. 6 for the data
obtained for both nano and single crystal YGG. Theoretical pressure-volume

dependence is also shown for comparison.

T 1
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Fig. 6. Pressure dependence of the unit-cell volume ofYf}t&a;0,,. Blacks dots correspond to volume
values obtained from the nanopowder in run3 andices are volume points obtained from run2. The red
and black solid lines correspond to second ordechBMiurnaghan EoS fit§38]. The blue line
correspond to the calculated EoSRief. [12].

The obtained results after performing independecbisd order BM EoS fits are
shown inTable 2 The agreement with the proposed correlation batw® andKyog
by Milman et al.[37] is excellent demonstrating that independentlyh&f ¢hemical

formula garnets relay most of their compressiothar of their dodecahedra.

VO KO KYOS KGaOG KGaO4
(A% (GPa) (GPa) (GPa) (GPa)
Single crystal  1859.1(8) 178(3)
Nano 1859(1) 172(3)  128(5) 151(3) 197(3)
Calc.[12] 1853 170

Table 2. Ambient pressure volume and bulk moduli ofG&O;, and its polyhedral obtained byray
diffraction from single-crystal and nano forms ammnpared with previous calculations.
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5. Conclusions

The pressure-induced amorphization (PIA) ofG&0:2 (YGG) nano-garnet (56
nm) has been compared with its homologous singistalr (20 um) YGG up to 100
GPa. It has been found that the PIA of YGG is bgthin-size and pressure medium
independent occurring at ~76 GPa. That result agveey well with the previously
calculated value[12] which predict a mechanical instability at 79 GPaheT
amorphization pressure of the YGG compares ver{witl the amorphization onset of
other garnets as GGG (84(4) GPa) and GSGG (58(3 JR4]. The anisotropic
structural refinement of our single crystal x-raffrelction experiment at 50 GPa has
confirmed previous conclusiond 6] that establish that the mechanism of the PIA
process in garnets is the result of a strong résluadf the inter YQ and GaQ
polyhedral distances. Such a reduction producesoaadapping of both coordination
blocks that results in a PIA. The volume-pressunwes of YGG have been fitted by a
second-order BM Eo0S. The obtained values for teenrpressure volume and the bulk

modulus are in very good agreement with previolsuéations.
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Micro-beam synchrotron x-ray diffraction up to 1 Mbar.

Comparative simultaneously 56 nm and bulk micrometric Y 3GasO1, garnet
crystals.

Pressure-induced amorphization does not depend neither pressure-transmitting
medium or crystal size.

Independently of the chemical formula garnets relay most of their compression
on that of their dodecahedra.
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