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We report high-pressure and high-temperature studies on a series of oxide garnets of chemical composition
A;B,C30;,. The members of this family investigated are gadolinium scandium gallium géB®EQG,
gadolinium gallium garnetGGG), and yttrium aluminum garn€YAG). The GSGG and GGG are doped with
both neodymium and chromium while the YAG is doped only with neodymium. Photoluminescence, synchro-
tron x-ray-diffraction, and laser heating studies were carried out in a diamond-anvil cell. Variety of optical
sensorgruby, Sm-doped YAGand x-ray pressure marké&roppej were employed for pressure measurement.
Pressure-induced amorphization was observed in GSGG a8 88Pa and GGG at 844 GPa by x-ray-
diffraction studies. The photoluminescence studies show only gradual broadening of emission bands through
the amorphization transition. On increasing pressure beyond amorphization, very broad and featureless emis-
sion bands were observed in the fluorescence spectraia? GPa for GSGG and at 8@ GPa for GGG.

Laser heating of the pressure-induced amorphous phase in GSGG caused recrystallization to the stable cubic
phase. High-pressure x-ray study on YAG shows that it retains cubic phase uptd IBRa. A pressure-

volume relation for each member of the oxide garnet at ambient temperatures is presented, structural transfor-
mation mechanisms, and application of oxide garnets as pressure sensors are also discussed.
[S0163-182696)08833-9

[. INTRODUCTION can arise from chemical inequivalertBlow, with the high-
pressure technique, we are able to tune the crystal-field
Oxide garnets belong to the family of solid-state laserstrength encountered by the dopant ion continuously, thus
materials. High-pressure optical studies and crystallographigvoid the complicating effects due to the different chemical
studies on gamets are expected to yield interesting data g¥Pmpositions:®In addition, the current development of laser
the phase stability of the cubic structure and dopants’ energjeating techniquebwhen combined with the high-pressure:
levels. Some doped oxide garnet materials have been applié@chnique, enables us to investigate the transformations in
as optical pressure sensdrsOur recent result of GSGG Materials at the condition of the earth’s interior.
under high pressure using the synchrotron x-ray-diffraction In this paper, we will review our past and recent works on
technique documented the amorphization of gadoliniunf3SGG, i.e., synchrotron x-ray-diffraction and microphotolu-
scandium gallium garndiGSGG at 58+3 GPa’ This phe- Minescence hlgh—pressurg experiments on crystalline GSGG
nomena motivated us to investigate other garnet materialnd also the laser heating experiment on the amorphous
properties under high pressure. Using synchrotron x-ray dif6SGG sample that was quenched from high pressure. Be-
fraction, microphotoluminescence, and laser heating techsides that, we will report our results on synchrotron x-ray-
niques, we conducted high-pressure investigations on a fangliffraction and microphotoluminescence high-pressure stud-
ily of oxide garnets. In this paper, we will present structuralies of GGG and YAG, which were carried out at ambient
data, fluorescence data, and recrystallization studies on selgmperature.
eral oxide garnets.
The three materials studied in this paper,;8@Ga;0,,
(GSGQ, Gd;Ga0;, (GGG), and Y;Al;04, (YAG), all be-
long to oxide garnets of formulaz;B,C;0,,, whereA de- In this section, we will give some theoretical introduction
notes the dodecahedr#,the octahedral, an@ the tetrahe- to (1) pressure-induced amorphization af®l pressure ef-
dral sites>* Oxide garnets can achieve systematic changefects on dopant’s energy-level splitting.
in the crystal-field strength by variation of the unit-cell
size. Along the series YAGQY ;AI50;5), YGG (Y 3G&0;,), N
GGG (GdGaO;), GSAG (GASGAIO), GSGG A. Amorphization
(Gd;S6,Ga0;9), LLGG (Laglu,Ga;0;4,) the unit cell's size In 1984, Mishima, Calvert, and Whallégiscovered the
increases and the crystal-field strength decreasemmorphization of HO ice | at 1 GPa and 77 K. Since then,
progressively GSGG is a derivative of GGG, in which gal- this crystalline-to-amorphousc{~a) transformation in the
lium that is octahedrally coordinated is replaced with scansolid state has been the focus of intense study and has been
dium. documented in more materiafSusing x-ray-diffraction and
As shown above, we can change the crystal-field strengtbBpectroscopic methods.
of the garnets via changing the chemical composition. But Various models have been proposed so far to understand
this method can only give a set of discrete points along theéhe thermodynamics and driving mechanism for thisa
crystal-field strength continuum and potential complicationgtransition. It has been suggestehat this transition is a con-
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crystal field in strength and symmetry. In a first point-charge
- approximation, the energy separations between the Stark lev-
= els of one|L,S,J) increase as the crystal-field strength in-
4 = E:E”GY“’""” creases. The deviation of Stark splitting from this tendency is
oy attributed to phase or site symmetry change, second-order
< A1 effect, etc.
The dopant, rare-earth ion, Rt (4f%) in garnet lattice is
== generally assumed to be located in thg site symmetry
4 bz <= (which belongs to orthorhombic symmetand all Stark lev-
els of it can be represented by the same symmetry fikel
<=

4
li2

: For state’F,, cubic symmetry gives no splitting, while
7 symmetry lower than cubic will give the splitting ®, and
é 2 R,. The ground stat8l o, split into five levels:Z; (which is
always setto ) Z,, Z5, Z,, andZg. Corresponding to dif-
COULOME  SPINORBIT CRYSTAL ferent crystalline environment the dopant is in, the energy
REPULSION  COUPLING FIELD values will be slightly different and it is reflected in the pho-
STRENGTH OF INTERACTIONS =~ ——p~ toluminescence spectra as measured by us in Fay. Zhe
bands in Fig. a) are indexed according to the notation of
FIG. 1. Schematic representation of the energy levels 6N the energy levels defined in Fig(l. Table | summarizes
garnet showing the effects of Coulomb repulsion, spin-orbit couthe data for energy-level splittings of statés,,, *lg, of
pling, and crystal-field interaction. Nd®*" in GSGG, GGG, and YAG.
For dopant-transition-metal ion €r (3d%), the lowest ex-

sequence of a competition between the close packing arfited state can be eithé or *T,, depending on the strength
long range order: the application of high pressure promote@f the. octa}hedral crystal fleld_lt is The lowest excited
close packing but the shape of the basic block in the crystaftate is’E in a strong crystal field antlr, in a weak cr}(stal
may not favor this, thus further compression may result infi€ld. The ground state #,. Since the transitioRE—“A,

. . . 4 4 . . 2 . .
steric hindrances and ultimately destabilizing the parent crys'S SPin forbidden,T,—"A; is spin allowed E gives rise to

. . 1 1 1 i 4 i 1
tal structure. Also, for the substances which can amorphiz&'® sharpR-line emission, while™T, gives rise to broad
under pressure, there exists a three-level free-energy di&Mmission bands. For the intermediate crystal-field strength

gram, with kinetic barriergFig. 1 in Ref. 8. In this diagram, systems/T, and’E levels are close to each other in energy.

a crystalline solid is first driven to a high-energy state, therl" this4paper,_ for GSGG and GGG, which areg_tdoped,_a
the free energy of this crystalline state can be lowered b)broad T, emission bands is observed at ambient conditions.

forming either a metastable amorphous state or a more ener-
getically favored crystalline state. However, the existence of . EXPERIMENTAL
the kinetic barrier between metastable and stable phases will
promote formation of metastable phase at room temperature.
The amorphization of garnet can be documented directly in GSGG, GGG single crystaléoth containing approxi-
x-ray-diffraction studies, where the sharp diffraction peaksmately 0.6 at. wt. % for Nt and 1.0 at. wt. % for Gf') and
due to crystalline phase broaden abruptly during the amoryAG single crystal§doped with approximately 1.0 at. wt. %
phization. of Nd®*) were grown at the General Physics Institute of Rus-
sian Academy of Sciences. GSGG is green, GGG is slightly
green, and YAG is almost transparent in appearance.

We employed diamond-anvil cel(DAC) to generate

For doped garnet, the observed photoluminescence spestatic high pressure. DAC is now the most powerful
trum is composed of the emission bands of the dopants. Pregirahigh-pressure device which can generate the static pres-
sure effect on the dopant’'s emission in a crystalline environsure up to 400 GPa. The sample is placed between the flat
ment such as garnet is determined by different contributiongparallel faces of two opposed diamond anvils and is sub-
like electronic shielding, hybridization of wave functions, jected to pressure when a force is applied on the anvils. The
strength, and symmetry of the crystal fi€ldkigure 1 is a gasket between two parallel diamond flat planes can hold the
schematic example of the energy-level splitting of the dopansample and provide a uniform pressure distribution and sup-
Nd®* in garnet host. There are three major contributions tgport. Three different DAC’s were used in the present series
the observed fine structures in the dopant energy levels: Cowf experiments. The first celDAC,) is with diamonds of
lomb repulsion, spin-orbit coupling, and the crystal-field ef-300 um culet. Spring steel gaskets with the @ sample
fects. The pressure-dependent variation of the balance b&ole were prepared for holding the sample. The second cell
tween these interactions yields three shifts sucilaghe (DAC,) is with diamonds of 60Qum culet and the sample
shift of the LS manifolds with respect to each other due to hole in the spring steel gasket was 1&0. In the third cell
variations in the Coulomb interactio(®) the shift of the (DAC;), the two diamonds are of different size. The top
centers of each crystal-field-spltmanifold for a givenLS  diamond is of 80um central flat with 7° bevel and 350m
value which results from the variations of the spin-orbit cou-culet, while the bottom one is of 30@m culet, and the
pling and(3) the shift of the Stark leveléof one LSJ mani- sample hole was 5pm. In the rest of this report, we will use
fold) with respect to each other due to the variation of thethe notations DAE, DAC,, DAC; to specify these three

[Xel4 Yl

A. Sample preparation

B. Dopant’s energy-level splitting
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B. Photoluminescence

584 Photoluminescence data were recorded during both com-
Ambient Condition . . . .
pression and decompression of all the samples investigated.
The 514.5 or 457.9 nm wavelength of an argon-ion laser was
GSGG:NA.Cr utilized to excite the photoluminescence spectra. A micro-
Raman and photoluminescence spectrometer as described in
Ref. 14 was used in all these experiments. This spectrometer
consists of two adjacent spectrometers, one 0.6 m long with
7 8 cCaNCH a 1200 grooves/mm grating, and the other 0.2 m long with
o 150 grooves/mm and 600 grooves/mm gratings. With the
1200 grooves/mm grating, the spectral resolutior &cmi *
(in the unit of wave numbérand ~1.5 nm(in the unit of
wavelength for the 150 grooves/mm grating. The laser beam
YAG:Nd . .
060 o 0 o o0 5o 20 was focused to a spot size of 5—10n on the samples in
(a) Wavelength(nm) DAC.
Various experiments described in this paper are summa-
rized in Table Il. For photoluminescence experiments on
R, GSGG, three slightly different experiments were performed.
R The first one(Exp. I) was carried in DAG and employed
ruby as pressure sensor. The excitation source was 514.5 nm
argon laser line. Since in this experiment, the rubiy'8nes
were so strong that they masked the GSGRines, in the
second experimerfExp. 1) we substitute the ruby crystal by
a Sm:YAG crystal and used the 457.9 nm laser to achieve
better excitation. For the third experiméigxp. 1), we used
DAC, and used ruby crystal as pressure sensor, the excita-
tion source was 514.5 nm laser line. The highest pressures
for these three experiments were#7Z, 68+1, and 51.6:0.5
GPa, respectively.
For photoluminescence of GGG with high pressure, two
experiments were conducted. In one experim@&xp. V),
1 we employed DAG and used the 514.5 nm laser to achieve
zs excitation. In another experimefExp. V), we used DAG
and the 457.9 nm laser line. Ruby was employed as pressure
Zs sensor in both experiments. The highest pressure for these
(b) o Z two experiments are 944 GPa and 862 GPa, respectively.
- ! YAG photoluminescence stud¢exp. VI) was done with
DAC; and the pressure was calibrated against rehines.
FIG. 2. (8 A comparison of Nd" emission corresponding to  The 514.5 nm argon laser line was the excitation source. The

4F 30— transition in different garnet lattice hosts: GSGG, highest pressure we reached was-12GPa.
GGG, and YAG (b) Various transitions in th&F ,, and“l o/, mani-

folds for N&®* in garnet lattice hosts.

Intensity (arb. units)

1(R2) 5

Energy (10% cm™)
1(Ry)
2(Ry)

4
6
8

C. X-ray diffraction

DAC's, respectively. Pressure sengor standard chips of The energy-dispersive x-ray-diffraction studies were car-
small size 3—5um were placed inside the hole together with ried out at either the X-17C beam line, National Synchrotron
the sample, both were surrounded by pressure medium. Inight Source(NSLS), Brookhaven National Laboratory or at
optical experiments, rudyon Sm:YAG(Ref. 1) was used as the B1 station, Cornell High Energy Synchrotron Source
pressure sensor, while in x-ray experiments, copper was enfCHESS in Cornell University. Copper was employed as an
ployed as pressure standafd? In all experiments, a 4:1 internal pressure standafd®in all the x-ray-diffraction ex-
methanol-ethanol mixture served as pressure medium thaeriments. We label these experiments performing on
provided the hydrostatic pressures below 15 GPa. GSGG, GGG, and YAG as Exp. VII, Exp. VIII, and Exp. IX,

TABLE |. Experimental data for the observ&iandZ lines for the Nd™: F5, and®l g, in the photo-
luminescence spectra of GSGG, GGG, and YAG. Energy units are in wave nu(bers.

YAG GGG GSGG

“F35 (R lines 11 423, 11 507 11 442, 11 485 11 424, 11 492
Y952 (Z lines 0, 132, 200, 311, 852 0, 93, 178, 253, 772 0, 105, 167, 263
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TABLE IIl. The summary of various high-pressure experiments conducted on oxide garnets. The diamond
geometry, laser excitation source, pressure calibrant, and the highest pressure attained in various experiments

are included.
Highest

Excitation Pressure pressure
Experiment Sample DAC source calibrant (GPa Note
Exp. | GSGG:Nd,Cr DAG Ar*5145nm Rubyr,line 77 =2  Loss of fine structure
Exp. Il GSGG:Nd,Cr DAG Art457.9nm SmYAGY 68 *1 Loss of fine structure

lines

Exp. Il GSGG:Nd,Cr DAG Ar*5145nm RubyR, line 51.0+0.5
Exp. IV GGG:Nd,Cr DAG Ar*5145nm RubyR,line 94 +4  Loss of fine structure
Exp. V GGG:Nd,Cr DAG Art457.9nm RubyR,line 86 =2
Exp. VI YAG:Nd DAC, Ar"5145nm RubyR,line 72 =1
Exp. VI GSGG:Nd,Cr DAG X ray Copper 65 +1  Amorphization
Exp. VI GGG:Nd,Cr DAG X ray Copper 84 £4  Amorphization
Exp. IX YAG:Nd DAC, X ray Copper 101 =4
Exp. X GSGG:Nd,Cr DAG Nd:YAG laser Following Exp. |

respectively. The highest pressures we have obtained awhere X3=V/V, is the volume compressiony=1.5(B}
65+1 GPa in Exp. VII, 84-4 GPa in Exp. VI, and 1014 —-1), and H:PX2/[3(1—X)]. Vo, By, and By are the
GPa in Exp. IX. atomic volume, isothermal bulk modulus, and the first pres-
sure derivative of the bulk modulus at ambient pressure, re-
spectively. The MUEOS with parameteBy=143.7 GPa,

A laser heating facility is added to the micro-Raman/Bo=3-904, and3=13.77 was fitted to the shock-wave data

Photoluminescence Spectrometer described above. The ladrcOPPer up to 240 GP&'*The pressure error is related to
heating source is a Quantronix Model 116EBW-0/CW-20the_ maximum fitting error of the copper diffraction peak lo-
Nd:YAG laser operating at 1.06m with cw power of 20 W. ~ cation. _ ,
The sensitive CCD detector in the spectrometer can cover For laser heating experiment, we followed the procedure
400 nm to 1.1um spectrum range. This laser heating systenfl€veloped in Ref. 15 and measured the temperature by mea-
can heat the sample under high pressure in the DAC up t84'ngd tE‘Se energy spectrum of the emitted light from the
3000-4000 K. Typical sample area to be heated is approxfmate“al- From Wle_n’s Ia_lw, energy spec_trum of the emitted
mately 50um in diameter. A laser heating experiméixp  light from the material with temperatue is
X) was conducted after Exp. |, when the sample was totally
guenched from the highest Z2 GPa. TheQ-switched
Nd:YAG laser beam was used to heat the sample. Black-
body emission spectrum was taken during the laser heatingvhere F(\) is the efficiency of the measurement system,
while photoluminescence spectrum of the sample was takesi(\,T) is the emissivity of the material, ar@,,C, are con-
with a 514.5 nm line of an argon-ion laser after the heatingstants. By measuring the emission from a material with tem-
peratureT,, we can determind(\,T) and w(\) as follows:

D. Laser heating

[N, T)=F(MN)e(N, T)(2C /N exp(—C,/AT), (2)

E. Pressure and temperature calibration

In photoluminescence experiments, the pressure was cali- IO =In{I(\, T)NY[2C1F(N)eo(N, To) I}, 3)
brated against either rulbig lines or Sm:YAG Y lines. For
two of our samples, Nt ,Cr":GSGG and N&I',Cr**:GGG o(N\)=C,/\. 4
a problem arises when we use ruby as the pressure calibrant
because ruby's lines and associated broadband emissionsye can get the following equation:
are mixed with the emission of &rions in GSGG and GGG
samples in the range of 690-720 nm. Since rukyine INT)=(— 1M e(\) I\ T)eoN,T)].  (5)

emission is very strong, great care was taken to separate the
ruby R lines from theR emission of the sample by perform-
ing high-reso|uti0n(using 1200 grooves/mm grati)’}gcans The emiSSiVity, which is a function of Wavelength and
in the R-line region. The pressure error is estimated from the€mperature does not change much within the visible spectral
full width at half maximum of the rubf, line, which affects ~region. Thus from Eq.(5), if we assume the ratio
the accuracy ORl position reading_ 8()\,T)/80()\,T0) is a constant independent wpfwithin the

In x-ray experiments, pressure calibration was carried ougbserved range, the spectrum becomes a straight line when it

using Copper’s modified universal equa‘[ion of é[zd"té is plotted as a function af vs w. The temperaturé' can be

(MUEOS) as described below: calculated from the slope of the straight line. The tempera-
ture error was calculated from averaging over several scans
under the same heating condition.

In H=In By+ 7(1—X)+ B(1—X)?, )
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FIG. 3. Pressure dependence of the emission in*"Nd
Cr*":GSGG at room temperature, excited by argon 514.5 nm laser,
ruby is the pressure sensd@xp. I). The spectrum covers the broad
spectral range of 570—-990 nm.

FIG. 4. Emission in N&", Cr*":GSGG at room temperature,
excited by argon 457.9 nm, showing that emergencR tifies of

the sample under high pressure, Sm:YAG is the pressure sensor
(Exp. Il). The sharp features appear ir"Cmanifold on increasing

IV. EXPERIMENTAL RESULTS pressure.

A. GSGG gions. Since the sample stayed transparent and no visible
change has been observed in the sample absorbance through-
out the experiment,we attribute this broadening to the
a. Broad spectral range. In all the optical experiments orthange of site symmetry or coordination for the dopants in
GSGG Exp. I, II, and Ill using 150 grooves/mm to cover aGSGG, and the totally broadening of sharp emission bands
broad spectral range from 570 to 990 nm,3Ndemission  to the loss of fine structure.
bands were shown to broaden with increasing pressure, as b. High-resolution study of the Nd *F,— %4, transi-
presented in Fig. 3 with the typical spectra taken from Exp. Ition. The 1200 grooves/mm grating was used to study the
Additional pressure effect on & transition-induced emis- high-pressure effect on Nt *F4,—“lg, emission bands
sion was obtained in Exp. Il as represented in Fig. 4. ltwhich dominates in the range of 860—920 )nim detail in
should be added that in the spectral range of 570—990 nrall the three experiments. Following the changes of those
three distinct emissions from the sample are apparent in Figemission bandgR,, R;, 3, 4, 5, 6 as in Fig. @], we found
3 and 4. A broadband in the range of 650—850 nm indicatethat all bands broadened gradually as pressure increBsed.
the dominance of the € *T,—*A, transition, while two  band became the strongest and sharpest one a1 TPa.
sets of sharp bands in the range of 770—-840 nm and 850As pressure increased from ¥4 to 77+2 GPa, all the sharp
900 nm are due to Nd *Fg, and?Hg;,—*l g, *F3—*lg,  bands (including R, band broadened significantly and
transitions respectively. In Exp. | and Exp. lll, where ruby merged together. The whole merged band was retained on
was used as pressure sensor, the mbines lie in the left  decreasing pressure.

1. Photoluminescence

region of the broadban¢Fig. 3), while in Exp. Il, where c. High-resolution study of Gf emission: from
Sm:YAG was the pressure sensor instead, the Sm:YAG YT,—“A, to 2E—“A, transition. In Exp. I, as pressure
lines lie in the region of 595—630 nitFig. 4). In Exp. Il,  increased from ambient to 4®.5 GPa, in the spectral

sharp emission bandsvhich corresponds to &f 2E—*A,  range of 650—850 nm, the broad emission band due to
transition emerged at about 10 GPa and was seen superin€r’* 4T,—4A, transition, shift toward shorter wavelength
posed on the broad &t *T,—*A, transition bandFig. 4). (Fig. 4). As shown in Fig. 5, using 1200 grooves/mm grating
Upon compression, the emission bands show graduab scan that spectral region, we can see clearly that below
broadening at the beginning. As pressure increased from.0+0.5 GPa, that is only a very broadband emission. How-
75+1 to 77+2 GPa in Exp. I(Fig. 3, and from 651 to  ever, narrosz—>“A2 emission bands emerge at 0.5
68+2 GPa in Exp. I[(Fig. 4), all the narrow bands caused by GPa. At 161 GPa, the underlying broadband emission is
Cr** and N&* transitions in GSGG broadened significantly, almost completely eliminated. After that, the sharp bands
leaving three featureless broad bands at the above three rieroaden and shift toward longer wavelength as pressure in-
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FIG. 6. Laser heating experiment on amorphous GSGG pro-
. . . duced by Exp. I(a) original crystalline sample for comparis¢h

FIG. 5. H|gh-res+ol_ut|onss+cans+of the photoluminescence Spec"?etainedyamoFr)ph(o)us sgmple gt ambient corﬁ)dition afterphighfépr)essure
of the R lines of CF* in Nd®", Cr*":GSGG at high pressur@xp. experiment up to 77 GP&) amorphous state after laser heating
In). with temperature of about 2700 Kl) recrystallization of sample

after laser heating with temperature of about 3100 K.

creases. At pressure abovez6B GPa, the narrow band be-
comes featureless and centers at about 718 nmRTlwees Wwe conclude that after the amorphous GSGG sample was

of Nd,Cr:GSGG are not resolved in this experiment. heated to a temperature of 310000 K, it recrystallized to
the original cubic phase.

2. X-ray diffraction
B. GGG

The synchrotron x-ray-diffraction experiment clearly
demonstrated that GSGG becomes amorphous aB838Pa
and the quenched sample remains amorphous, as previously Similar emission band broadening phenomena occurred in
discussed in Ref. 3. Also, during compression up to 55.58 GGG sample as in the GSGG sample. Typical spectra
+0.5 GPa(which is before amorphizationthe sample re- taken from Exp. IV using 150 grooves/mm gratings are
mains in cubic phase. The lattice parameter changes froshown in Fig. 8. At ambient conditions, we observe two sets

12.53+0.02 A at ambient pressure to 11:88.04 A at 55.5  Of sharp emission bands in the regions of 780-850 nm and
+0.5 GPa, with the compression of 16.0.5%. ?55_9%0 nm, du.e. to N‘d: Fsiz “Hop—="lon anq N
Fso—"lg;p transitions in the sample, respectively. The
broad CF':*T,, 2E—*A, emission bands of GGG in the
region of 670—750 nm are masked by strong r&dines. As
Figure 6 demonstrates the recrystallization of amorphougressure increases, the two sets of sharp bands gradually
GSGG using laser heating technigiiexp. X). Spectrum(@  broaden and shift toward longer wavelength. But as the pres-
in Fig. 6 represents the original crystalline material, whilesure increases from 88 to 903 GPa, the sharp bands
spectrum(b) in Fig. 6 represents the quenched amorphousignificantly broaden and leave two featureless broad bands
sample from the high-pressure experiméBkp. I). After  in the two regions of 800—850 nm and 850-1000 nm.
heating the sample using Nd:YAG laser current of 26e A higher resolution 1200 grooves/mm grating scan was
calibrated temperature is 278Q00 K), the sample retained used to investigate the Nt *F5,—*l4, transitions in the
its amorphous statd-ig. 6(c)]. When increasing the current region of 860—910 nm in detail. In Exp. 1V, it is found that
to 28 A (the temperature we calibrated is about 3tQ00 the emission bands broaden and shift toward longer wave-
K), the sample transformed to a crystalline sfdtigy. 6(d)].  length as pressure increases. At 65150 GPa, all the bands
Comparing spectrda) and (d) in Fig. 6, the transformed expect forR, line become very broad. When pressure in-
sample is nearly identical to the original. This similarity is creased from 862 to 90+3 GPa, even th&, line broad-
clearer in Fig. 7 using higher resoluti¢h200 grooves/mm ened significantly, leaving a very broadband in the whole
grating to scan the Nd&':*F,,,—*1 5, emission bands. Thus, region. Since the sample remains transparent throughout the

1. Photoluminescence

3. Laser heating
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FIG. 8. Pressure dependence of the emission in®*Nd
e?r"*:GGG at room temperature, excited by argon 514.5 nm laser,
ruby is the pressure sens@Exp. 1V). The spectrum covers the
broad spectral range of 570—990 nm.

FIG. 7. High-resolution scans of the Rfd*F 3,,—*l o/, photolu-
minescence spectra for the original crystalline GSGG and las
heated samplérecrystallized from amorphous phase

experiment, we attribute the broadening to the change in sit92+2 GPa. theR. and R, lines become the most intense
— ' 1 2

symmetry in GGG. L : . .
: . bands in this region. The sample returned back to its original
The highest pressure we reached for Exp. V is only 86 @te after totallg)]/ releasing theF:) pressure. 9

GPa and at that pressure the sample still has some strong an
resolvable emission bands such asfjdine. The nature of
the quenched samples of Exp. V was different from that of
Exp. IV: the quenched sample in Exp. IV has broad emission An x-ray-diffraction experiment was performed up to
bands, while in Exp. V, the spectrum of the quenched samplé01=4 GPa, and the sample retained cubic structure
is nearly identical to the original one. throughout the experiment. The YAG lattice changes from

2. X-ray diffraction

2. X-ray diffraction

GakoZ

In the x-ray-diffraction experiment, as pressure increased,
the sample’s cubic lattice was changed from 128203 A
at ambient pressure to 11.48.04 A at a pressure of 743
GPa. As pressure increased from=73lto 84+-4 GPa, the
sample’s diffraction significantly broadened, which indicates
that the sample became amorphous. The quenched sample
retained its amorphous staféig. 9). The measured compres-
sion for the cubic phase of GGG at ¥8 GPa is 22.9
+0.5%.
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C. YAG

1. Photoluminescence

0 L .
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The photoluminescence experimenExp. VI) on Energy (KeV)

Nd®**:YAG was conducted up to 222 GPa, as shown in

Fig. 10, employing 150 grooves/mm grating. Using higher FiG. 9. Energy-dispersive x-ray-diffraction spectra obtained at
resolution 1200 grooves/mm grating, the spectra in Fig. 1ihe B1 station, CHESS of the GSGG sample mixed with copper
show the pressure effect on the transitith,—*l g, of pressure standarEd=35.137 KeV A.(a) spectrum at 844 GPa
Nd®** in YAG. It is clear that from Fig. 11, th&®; and R, in the amorphous phase showing only weak markeppei peak
lines broaden slightly as pressure increases while the othels) ambient pressure spectrum after decompression frorh484
bands broaden wider, especially after 256005 GPa. At GPa. The sample is still in the amorphous state.
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FIG. 10. Pressure dependence of the emissigiNdi*:YAG at FIG. 11. High-resolution scans of the Rid*F 3,,—*I o/, photo-

room temperature, excited by argon 514.5 nm, ruby is the pressuigminescence spectra of RitYAG at various pressures, the labels
senso). The changes in spectrum in this sample are reversible oR, andR; are defined in Fig. ().
decompression.

] sion bands for Sm:YAG abruptly broaden above 100 GPa,
12.00£0.05 A at ambient pressure to 11:00.03 A at  \hich was documented befotaye will find that in x-ray-
101+4 GPa, with the compression of 23:0.5%. The (iffraction experiments, the pressure at which the garnet
sample recovers its initial cubic structure after que”Che‘émorphizes(which is 58+3 GPa for GSGG and 844 GPa

from the highest pressure. for GGG ) is related to the crystal-field strength of the garnet:
the lower the crystal-field strength, the lower the amorphiza-
V. DISCUSSION tion pressure In photoluminescence experiments, the pro-

cess at which the emission bands spectra become featureless

follows the same tendency: it is Z2 GPa for GSGG and
According to the three-level diagram for~a transition, 84+=4 GPa for GGG.

if there is no intervention of metastable phases, the system

would go to the lowest free-energy state, which is the crys- B. Energy-level splittings

talline phase. It has been proposed before that this stable o )

crystalline phase is a phase mixture which resulted from the The pressure effect on the energy-level splittings is ex-

A. Amorphization

following decomposition path of;B,C30;, (Ref. 16: plained using crystal-field theory. We assume the crystal
field at the Nd" sites possesses three different symmetry
A3B,C30,,—3ACO0;+B,0; (stable phase components:
where theACO; is of perovskitelike structure anl,O; of V=V +V+V,

corundum structure. The laser heating experin{&xip. X)
on guenched amorphous GSGG shows that the stable phaséereV, is the field component with cubic symmetiy,. is
for GSGG at ambient condition is single cubic phase. Tdfield component with noncubic symmetrincluding D,
document the existence of mixture as the stable phase, fusymmetry andV, is component with no symmetry.
ther laser heating experiments needed to be done at high As we mentioned before, for stal€,, of Nd®** in garnet
pressure. lattice, cubic symmetry gives no splitting, while symmetry
In photoluminescence experiments, after amorphization dbwer than cubic will give the splitting aR; andR,. Thus
58+3 GPa for GSGG and at 84 GPa for GGG(docu- the component . as well as the componeWt, contribute to
mented by the x-ray-diffraction experimgnthe samples’ the splitting ofR; andR,, while the componen¥,, tends to
emission bands continue broadening and eventually becormmerge them together. Figure 12 compares the pressure ef-
featureless, which means the materials lose their fine strudects on these two energy levelR; and R,) of Nd** in
tures. If comparing our results on the three samples, GSGG3SGG, GGG, and YAG, with the data taken from Exp. I,
GGG, and YAG, and also combining the result that the emisExp. 1V, and Exp. VI, respectively. From this figure, we
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FIG. 12. TheR-line splitting of N (R, and R,) in GSGG,
GGG, and YAG with increasing pressure. In all three garnets the
splitting first decreases and then increases with increasing pressure.

FIG. 13. The measured pressure-volume-Y) curve for
GSGG, GGG, and YAG at ambient temperature obtained from

. . : N
notice that in all the three gamets, the tRdines of NeP x-ray-diffraction data. The dashed curves are the fit to the modified

ting is at around 10 GPa in GSGG, 15 GPa in GGG and
about 25 GPa in YAG. This indica[l%tes that there is a tendenc
toward a cubic site symmetry for Ntlin the garnet lattice at

low pressure around 15 GPa. After that, the fitines split (253.3 GPa, 1.@8«_31nd(381.2 GPa, 0.05for GSGG, GGG,
further apart with increasing pressure, implying noncubicand YAG, respectively.
symmetryV,. and no symmetry/, components dominate.
Since GSGG, GGG eventually lose their fine structures at
77+2 and 86-2 GPa, respectively, we deduce that near , , ) i
those pressures, no symmety, component contributes In all the opt|cal and x-ray ex_penments, we investigated
strongly to the splitting. The minimum splitting @2;, R, the changes in the spectra during compression as well as

lines is less in GGG than that in GSGG, which implies thatafter total decompression. We found that the_ nature of the
v : . . quenched sample depends upon the maximum pressure
the Nf* in a GGG lattice experiences a stronger cubic sym- . . :
metry component. reached. For optical exp(?nmer.lts.on GSGG, in Exp. | and
Exp. Il, where the sample’s emission bands become feature-
less broad at the highest pressure, the sample is irreversible
with pressure. In Exp. Il with the highest pressure of 51.0
+0.5 GPa, at which the sample still has some sharp emission
Figure 13 compares tHe-V properties of these three gar- bands, the quenched sample has the same cubic phase as the
nets: GSGG, GGG, and YAG obtained from synchrotronoriginal one. The same tendency occurs in GGG, i.e., the
x-ray-diffraction experiments. The calculation of pressure ersample cannot go back to its original cubic phase if it is
ror is explained previously in Sec. Il E of this paper. Thequenched from the highest pressure with all the emission
error in the measured compressidfiVy) is estimated from bands being featureless. The optical experiment on YAG
the maximum fitting error in the diffraction peak location. reaches 722 GPa as the highest pressure and sample only
The scatter in the experimental data in Fig. 13 is due largeljnas gradual broadening, the quenched sample returns back to
to pressure averaging over the @th x-ray beam size, which its original crystalline phase. In x-ray experiment on GSGG
is not included in the current error calculation. It is clearand GGG, wherdhe samples undergo amorphization, they
from Fig. 13 that all the three oxide garnets show similarretain the amorphous state upon decompressidre x-ray
compression at high pressure within experimental errorsstudy on YAG has not shown amorphization and the sample
Equations of state for the three oxide garnets were fitted tis reversible with pressure.

Pressure (GPa)

%q. (1). The fitted parameter®(,B;) are(294.0 GPa, 2.15

D. Decompression

C. Garnet lattice change
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E. Application as pressure sensor ments, we noticed at pressures beyond amorphization, gar-

The application of any optical pressure sensor is generall(}€tS show featureless emission bands, which is due to the
limited to certain pressure and temperature region. RuRy’s 0SS of fine structure. This occurs at76 GPa in GSGG and
line is a well established pressure sensor and is used widef§8=2 GPa in GGG.
and well calibrated. All the three garnets we investigated (3) Laser heating The amorphous GSGG sample
show to be promising pressure sensor in the near-infrareguenched from high pressure is subjected to laser heating by
region around 900 nm due to the Nd*F5,,—* o, emission  the Nd:YAG laser. Heating above 318Q00 K resulted in
bands. Among these bandg®; emission line remains sharp the crystallization to the cubic garnet phase. The decompo-
and intense at high pressure in all three garnets and seemssition of the garnet into perovskitelike and corundum struc-
be the best line for calibration. However, since the garnetsures is not observed in laser heating carried out at ambient
eventually lose their fine structures, all the emission bandpressure.
including R, line, become very broad and featureless after (4) P-V property All three oxide garnets show similar
certain high pressure and are not suitable for calibration. BeP-V relation at ambient temperature. The compressiat
cause this occurs at 76l GPa in GSGG and 882 GPa in ume changeof about 17% is achieved by 55 GPa in all the
GGG, while YAG has stable cubic phase up to 1@1GPa, oxide garnets we investigated.

YAG is a better sensor than the other two. Also the singly
doped YAG (Nd®":YAG) has advantage over codoped
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