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GdsGas012, which crystallizes in the garnet structure at ambient conditions, was observed to
transform to a high-pressure phase at 88 GPa after laser-heating at 1500 K. This new phase is stable
at least up to 180 GPa, and can be preserved on decompression to 50 GPa. This phase is cubic
and consistent with a perovskite structure of stoichiometry (Gdo.75Gao.25)GaOs. The zero-pressure
bulk modulus, Ko, obtained from fitting to a Birch-Murnaghan equation of state is 373(5) GPa
with a fixed pressure derivative, Kj = 4. At 170 GPa, the bulk modulus of perovskite-type GGG
is 979(15) GPa which is comparable to that of diamond at the same pressure (956(21) GPa) and
consistent with recently reported shock compression data for GdgGasO12. The new high-pressure

phase of Gd3GasO;2 is thus highly incompressible.
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I. INTRODUCTION

Shock compression experiments have reported that gadolinium gallium garnet, Gd3Gas 012, (GGG) transforms to a
highly incompressible phase that is stiffer than shock-compressed sapphire or diamond above 170 GPa.! This finding
has practical relevance for shock experiments on metallic hydrogen and other highly compressible materials which rely
on shock reverberations between incompressible disks to achieve high pressures (up to ~300 GPa).2 More generally,
this discovery suggests that oxide phases formed from rare earth garnets may have interesting properties at high
pressures and are candidates for highly incompressible solids.

Rare earth oxide garnets (space group Ia3d) have the general chemical formula A3B;O15 where A is a rare earth
cation such as Y3T or Gd?*, and B is AI*t, Ga3™, or Fe3*. These garnets have a variety of technical applications such
as solid-state laser crystals, phosphors, ionic conductors, and magneto-optic devices.>* With suitable dopants, they
can serve as optical pressure sensors at high pressures (e.g. Sm-doped yttrium aluminum garnet).> GGG has also been
investigated as an anvil material for dynamic loading of pre-compressed samples.® High-temperature creep properties
of these materials have been of interest to geoscientists understanding deformation mechanisms in garnets.”®

A number of high-pressure experiments have been performed on GGG and other rare earth garnets. Based on
high-pressure diamond anvil cell (DAC) experiments at room temperature, GGG was found to remain in the garnet
structure until it became amorphous above 84 GPa.? Pressure-induced amorphization has also been observed at room
temperature in Gd3ScoGazO1o (GSGG) at 58 GPa® and Y3Fe5012 (YIG) at 50 GPa.'” Recently, the high-pressure
equation of state of GGG was investigated in diamond anvil cell experiments (to 25 GPa) and density functional theory
calculations.'’ A number of high-pressure spectroscopic studies and lattice dynamics calculations on rare earth oxide

garnets have also been performed to investigate their structure and thermodynamic properties at high pressures.'? 1?

Shock compression experiments on GGG up to 260 GPal>'6

show that the Hugoniot elastic limit of GGG is ap-
proximately 30 GPa. Pressure-volume compression data were interpreted as a continuous phase transition occurring
over 65-120 GPa and a quasi-incompressible phase stable above 120 GPa.'»'6 The Hugoniot compression curve for
the high-pressure phase becomes stiffer than that of diamond above 170 GPa. Electrical conductivity measurements
indicate that the high-pressure phase is a semi-conductor with a bandgap of 3.1 eV.

In the shock wave experiments, the structure of the high-pressure phase could not be determined. Moreover, none
of the static diamond cell experiments to date have reached the high-pressure conditions of the shock experiments, nor

used heating to promote phase transitions under compression. In this study we use the laser-heated diamond anvil

cell and synchrotron x-ray diffraction to investigate the phase stability and elastic properties of GGG to 180 GPa.
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We focus mainly on exploring the high-pressure phase of GGG, constraining the phase boundary and determining the

equation of state and crystal structure of the new phase.

II. EXPERIMENTAL DETAILS

Single-crystal GGG (from MTT corporation and Princeton Scientific Corporation) was ground into fine powder.
The starting sample was examined by X-ray diffraction and Raman spectroscopy, and confirmed to be in the garnet
structure without other phases detected. The lattice parameter at ambient conditions was 12.3796(6) A, consistent
with previous reports for a pure GGG phase.’!! High-pressure experiments were carried out using symmetric DAC.
The powder sample was mixed with 10 wt.% Pt which served as a pressure calibrant and laser absorber. The mixture
was compressed into a ~7 pm thick foil and loaded into the DAC sample chamber. For measurements up to 90 GPa,
a cell with 200 pym culet anvils was used. To provide a quasi-hydrostatic environment and a better thermal insulation
during laser heating, neon was loaded into the cell using the COMPRES/GSECARS system.'” A ~3 ym thick GGG
foil without Pt was placed below the sample foil to allow the neon medium to flow in. The second sample was loaded
into a cell with two beveled diamond anvils (75 pm inner culet and 300 pm outer culet) for measurements above 90
GPa. This sample was sandwiched between two NaCl foils which acted as the pressure medium and thermal insulation
layers. In both experiments, rhenium gasket was preindented to ~25 um thickness, and were drilled with a 100 or 25
pm diameter hole serving as sample chambers.

High-pressure angle dispersive x-ray diffraction experiments were carried out at 13-ID-D of the GSECARS sec-
tor and 16-ID-B station of the HPCAT sector at the Advanced Photon Source, Argonne National Laboratory. A
monochromatic beam was focused to a size of ~ 5 x 7 um? on the sample. All diffraction patterns were collected
using a CCD detector which was calibrated with a CeOq standard. Pressure was determined based on the equation
of state of Pt.'® We initially compressed the sample at ambient temperature to 86 GPa, and then laser-heated the
sample from both sides to approximately 1500 K. X-ray diffraction patterns of GGG were collected every 10 to 15
GPa up to 180 GPa. The sample was heated at each pressure step to between 1500 K and 1800 K for at least 30

minutes.
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III. RESULTS AND DISCUSSION

The cubic garnet phase was found to be stable up to 70 GPa. GGG became partially amorphous at 80 GPa, and
completely amorphous at 86 GPa, consistent with previous work.? The amorphous GGG immediately transformed
into a new high-pressure phase at 88 GPa upon laser heating to 1500 K. In total, we observed nine diffraction peaks
for the high-pressure phase. No difference in the X-ray diffraction pattern was observed under in situ high pressure-
temperature conditions and upon temperature quench. The program Dicvol was used to identity candidate unit
cells for the new structure.'® The new phase can be indexed as a cubic phase that is consistent with a perovskite
structure (Fig. 1). According to the stoichiometry of GGG, the formula for the cubic perovskite phase should be
(Gdo.75Gag.25)GaO3, implying that the high-pressure phase is an A-site ordered double perovskite. Table 1 compares
the position of the observed diffraction peaks with the fit to a cubic unit cell at 91.9 GPa and 300 K. Lattice parameters
and the corresponding unit cell volumes at each pressure are listed in Table 2.

GGG might be expected to decompose into GdGaQ3 perovskite plus the high-pressure phase of Gay;03.2° However,
comparing the diffraction peak positions of GagO3 in RhyO3 (II) type structure at ~92 GPa to our high-pressure GGG
(Fig. 1) shows that the obtained high-pressure phase could not be explained as a mixture of GdGaOz and Gay03.%!
No additional phase transitions were observed up to 180 GPa. Fig. 2 shows the representative diffraction patterns
of GGG collected at different pressures. The Hugoniot temperature for GGG at 120 GPa is calculated to be ~1000
K (T. Mashimo, Pers. Comm.), so our temperature range is comparable to or above the shock experiments. Upon
heating over 2000 K, we sometimes observed some additional peak splittings suggesting structural distortion and/or
chemical reaction with other components of the sample assemblage. This will be the subject of further investigation.
Decompressing the cell at ambient temperature showed that the high-pressure phase remained stable at least down to
50 GPa. Upon further decompression, the pressure suddenly dropped to 1 bar, and the sample could not be recovered.

A third-order Birch-Murnaghan equation of state was used to fit the measured pressure-volume (P-V) data for
the high-pressure perovskite phase of GGG (Fig. 3). Using both compression and decompression results in the
fitting, the bulk modulus, Ky, obtained is 373(5) GPa with Vj = 402.0(7) A% and K, = 4.0 (fixed) or 392(26) GPa
with Vo = 400.3(21) A3 and K} = 3.8(3). By only using the compression data, fitting the P-V relations yields:
Vo = 395.8(12) A% and K, = 414(9) GPa with fixed K}, = 4.0. The uncertainty in Ky and Vj is likely underestimated
due to the fixed value of K. We varied the fixed value of K from 3.5 to 4.5, and found that K, and Vj varied
by +46 GPa and +3.9 A3 over this range. The equation of state results also can depend on the choice of the Pt

equation of state.'®22 Using the equation of state of Ref. 22 instead of Ref. 18 for fixed K}, results in a K value that
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is lower by ~15% and V; that is larger by 1.6%. We also evaluated the differential stress in our samples using the
diffraction peaks 111 and 200 of Pt pressure standard.?3 2 From 90 to 177 GPa, the product of differential stress, t,
and elastic anisotropy factor, S, ranges from 0.0016 to 0.0026 after laser annealing.?’ The corresponding differential
stress according to ref. 26 is less than 1 GPa.

In Fig. 3, we compare the P-V relations of GGG with selected highly incompressible materials: diamond,?” cubic
boron nitride,?® and TiOz in the cotunnite (PbCly-type) structure.?? With increasing pressure, the perovskite phase
of Gd3Gas0q2 is slightly more compressible than diamond, comparable to cubic boron nitride, but is stiffer than
TiOs. In Ref.1, it was found that GGG becomes more incompressible than diamond above 170 GPa under shock-
wave loading. Here, our calculated bulk modulus for the high-pressure phase of GGG at 170 GPa is 979(15) GPa
which is indistinguishable from that of diamond (956(21) GPa) at this pressure.?” In the shock compression study,
Hugoniot data were reported to 260 GPa.! At low pressures, the Hugoniot is consistent with static data for the garnet
phase. Since shock temperatures are low below 65 GPa, the thermal pressure is small and the shock and static data are
directly comparable. At 65-120 GPa, the Hugoniot data are interpreted as indicating a broad phase transition interval
(a mixed phase region). The Hugoniot of the high-pressure phase above 120 GPa is quasi-incompressible and stiffer
than the Hugoniot of diamond above 170 GPa. FElectrical conductivity measurements show that the high-pressure
phase remains an insulator with a significant band gap. The reduced shock isotherm yields the following parameters:
po = 9.32 g/em?, Ko = 440(6) GPa, K, = 4.8(3).

In order to facilitate comparison with shock data, we plot our and other recent studies as pressure versus density
in Fig. 4 assuming two formula units per cell (Z=2) for the high-pressure GGG phase.1:%!! For the cubic garnet
phase, our data are consistent with low-pressure Hugoniot data and other static compression studies.’*?!! In detail,
there are differences between the static compression studies that are most likely due to different degrees of non-
hydrostatic stress as the samples were not annealed in this compression range. The zero-pressure bulk modulus of
the perovskite phase of GagGds0i2 (373 GPa) can be compared to those of other incompressible materials such
as diamond (442 GPa),?” osmium (395-463 GPa),3%3! cubic boron nitride (367 GPa),?® and sapphire (250 GPa).
Other highly incompressible materials that have been recently identified from static compression experiments include
cotunnite-type TiOs (431 GPa),3? and transition metal diborides such as ReBy (360 GPa).33 However, reports of
highly incompressible materials are often controversial because of using different pressure medium or without laser
annealing. For example, more recent studies of the cotunnite-type phase of TiOy have reported much lower bulk

moduli (~300 GPa) for this phase.3*
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There are a number of factors that must be considered when evaluating bulk moduli from static compression
experiments. Due to the tradeoffs with Vy and Kg’, our bulk modulus has uncertainty that could estimated to be
about +10%. In addition, the presence of residual differential stresses in high-pressure diamond anvil cell experiments
can lead to serious overestimation of the bulk modulus.?®> As discussed above, our experiments were conducted in
quasi-hydrostatic media, laser annealed at each compression step, and there was no evidence for systematic lattice
parameter differences indicative of differential stress. Note also that many reports of very high Ky values are coupled
with very low Kg’ values, thus maximizing the fit value of Kq for a particular equation of state. We have use a fixed
Kq’ of 4 to avoid this type of potential bias. In addition, we have also made a direct calculation of the bulk modulus
at high pressures to avoid some of the uncertainties associated with extrapolation back to ambient pressure.

Despite the uncertainties associated with determination of compressibility at such extreme conditions, our results do
indicate that the high-pressure perovskite phase observed here warrants further examination as a highly incompressible
material. This is supported by the independent shock and static compression studies for this material which each find
evidence for a highly incompressible phase. Note that finding from shock data that the high-pressure phase of GGG
is stiffer than diamond is based on a direct comparison of the measured Hugoniots of both materials, and does not
depend on the uncertain reduction of the shock data to a static isotherm.!

For the high-pressure phase of GGG, our densities are close to the directly measured Hugoniot points. If the shock
datum at 113 GPa is neglected, then the Hugoniot curve and our measured 300-K compression curve would be nearly
coincident. However, our data are offset by ~0.8 g/cm?® to a lower value from the 300-K isotherm inferred from the
shock wave data (Fig. 4). The reduction of shock compression data to an isotherm for a material undergoing a phase
transformation requires a number of assumptions and has considerable uncertainty associated with it, so a comparison
with direct Hugoniot data may be more meaningful in this case. For Al;Og, it has recently been shown that the shock
compression curve and 300-K isotherm are virtually identical up to 400 GPa,3% similar to what we observe for GGG.
The AlyO3 results were associated with dissipative energy going mostly not into heating the material but instead
concentrated in entropy production.36

Since the structure of the high-pressure phase in shock-wave studies is not determined, we cannot rule out the
possibility that the high-pressure phase obtained here is different from that in Ref. 1. For example, the high-pressure
phase on shock loading could be a disordered or metastable phase due to the short timescale of shock experiments.
In the higher pressure range of the shock data, a liquid phase is also possible. But such a large density difference

between the phase we observe and these other possible phases is still unlikely, and it is more probable that the shock
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data have been overcorrected in calculating the isotherm. Furthermore, the shock-reduced isotherm for GGG yields
a volume/density change of ~30% from garnet to the high-pressure phase at 1 bar. This is larger than what have
been typically reported in the volume change across the garnet-perovskite transition. For MgSiOg, MggAl;Si3O12,
and Y3Fe5012, the garnet-perovskite volume difference at 1 bar ranges from 11-16%.37 3% Our derived volume change
of 18% for GGG is consistent with expectations for this type of phase transition. At the phase transition pressure (90
GPa), the density change we observe for the phase transition in GdsGasO12 is close to 10%.

In conclusion, we have studied the high-pressure phase transition of Gd3GasO12 using synchrotron x-ray diffraction
up to 180 GPa. GGG is stable in the garnet phase from ambient pressure to 70 GPa at 300 K, and becomes partly
then completely amorphous at 86 GPa. A new high-pressure phase that can be indexed to a cubic cell was synthesized
at 88 GPa after laser-heating to 1500 K. This new phase matched the cubic perovskite structure and is stable up to
180 GPa. It can be preserved down to at least 50 GPa during decompression. The bulk modulus, Ky, and its pressure
derivative, K, derived from fitting the measured P-V relations are 373(5) GPa and 4(fixed), respectively.

Compared with Hugoniot data for GGG, our results are consistent in that we find there is a phase transition to a
phase with diamond-like compressibility above 90 GPa. However, our 300 K equation of state yields densities lower by
~20% compared to the reduced shock isotherm. The density change we observe is more consistent with typical values
for garnet-perovskite transitions. The difference may be partly due to uncertainties in the shock-reduced isotherm,
but the possibility of different phase being achieved by static and shock loading also needs further investigation.
Compared with the P-V relations of other super hard materials, the high-pressure phase of GdsGasO12 is slightly
more compressible than diamond at low pressures, and its bulk modulus is comparable to that of diamond at 170
GPa. The results reported here reveal that the high-pressure cubic perovskite phase of GGG is a highly incompressible

material at pressures above 1 Mbar.
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Figure captions

Fig 1. Angle dispersive x-ray diffraction pattern (wavelength A = 0.3344 A) of high-pressure Gd3GasO15 phase
(pv) indexed to a cubic unit cell . Tick marks show expected peak locations for GdsGasO12 garnet (gr) and GasOs

in RhyO3 (IT) type structure®! at 91.9 GPa. Re peaks are from gasket due to incomplete fitering X-ray beam tails.

Fig 2. Representative angle dispersive x-ray diffraction patterns of GGG.

Fig 3. Equation of state of high-pressure phase of GGG. Black solid circle: high-pressure Gd3GasO12 phase in
compression; gray solid circle: high-pressure phase of GGG in decompression; open square: diamond;?” open triangle:
cubic boron nitride (cBN);?® open diamond: TiO; in the cotunnite (PbCly) structure;?® solid lines: a fit to the P-V
relations of GGG using Birch-Murnaghan equation of state; dashed lines: a fit to the P-V relations of diamond, cubic

boron nitride and TiO».

Fig 4. Comparison of the density-pressure relationships of GGG in this study to results from Ref. 1, 9, and 11.
Solid circle and line: this study; open square: from Ref. 9; open triangle: Ref. 11; open diamond: from Ref. 1;
dashed line: 300 K reduced isotherm from shock-wave experiments;! dotted line: GayO3 in RhyO3 (II) type structure

and Cmem structure. 2140
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TABLE I. Observed x-ray diffraction peaks of high-pressure GdsGasO12 phase at 91.9 GPa and 300 K. The structure is refined

using cubic symmetry with a = 6.953(1) A. Wavelength A = 0.3344 A.

hkl 2theta (degree) dops (A) deate (A) dobs /deate — 1 Iops /I
200 5.5172 3.4740 3.4763 -0.0006 9
210 6.1673 3.1082 3.1093 -0.0004 <1
220 7.7985 2.4588 2.4581 0.0003 100
300 8.2612 2.3213 2.3175 0.0016 <1
221 8.2612 2.3213 2.3175 0.0016 <1
400 11.0435 1.7376 1.7381 -0.0003 21
322 11.3895 1.6850 1.6862 -0.0007 <1
410 11.3895 1.6850 1.6862 -0.0007 <1
421 12.6686 1.5155 1.5172 -0.0011 <1
422 13.5341 1.4190 1.4192 -0.0002 16

440 15.6373 1.2291 1.2291 0.0000 3




TABLE II. Lattice parameter and volume of the high-pressure phase of GdsGas0O12 at each pressure
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P (GPa) a (A) V (A?%)

Compression 91.9(5) 6.9527(10) 336.1(1)
109.5(7) 6.9139(17) 330.5(2)

118.8(8) 6.8901(19) 327.1(3)

129.2(9) 6.8563(13) 322.3(2)

140.4(9) 6.8299(22) 318.6(3)

145.3(10) 6.8127(31) 316.2(4)

156.9(9) 6.7860(26) 312.5(4)

163.7(9) 6.7708(29) 310.4(4)

177.1(10) 6.7306(53) 304.9(7)

Decompression 50.4(7) 7.1328(7) 362.9(1)
69.4(6) 7.0407(26) 349.0(4)

74.9(8) 7.0189(17) 345.8(3)

80.9(10) 7.0115(28) 344.7(4)

87.0(13) 6.9879(30) 341.2(4)

88.5(3) 6.9644(45) 337.8(7)
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