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We have measured the pressure shifts of the ruby R lines and several surrounding lines to 156
GPa in a quasihydrostatic xenon pressure medium. We fit these lines to a cubic crystal-field scaling
theory, including trigonal field distortions and spin-orbit coupling as perturbations. By scaling with
volume, rather than pressure, we obtained good agreement with the observed curvature in the line
shifts with pressure. Measurements of the R} line to 140 GPa in a nonhydrostatic environment
yielded R} line shifts similar to those observed in the quasihydrostatic measurements. We also mea-
sured the U absorption band shift to 106 GPa in a nonhydrostatic environment and found good
agreement with our scaling theory. We infer a U-band—B-line anticrossing near 70 GPa and predict
an R}-R line crossing near 200 GPa. The implications of these results to pressure measurements us-

ing the ruby pressure scales are discussed.

I. INTRODUCTION

The pressure dependence of the ruby R, line (see Fig.
1) is widely used to determine pressures in diamond-
anvil-cell experiments.’?> The ruby R, pressure scale has
been calibrated to 80 GPa under quasihydrostatic condi-
tions® and to 180 GPa under nonhydrostatic conditions.*
Recently, however, experimental results have been re-
ported in the 150-250-GPa range>® using extrapolations
of the quasihydrostatic ruby pressure scale and in the
450-550-GPa range”® using extrapolations of the nonhy-
drostatic ruby pressure scale. These extrapolations to ap-
proximately 3 times the calibrated pressure range under-
score the need for a better understanding of the spectra of
ruby at ultrahigh pressures.

High-pressure electronic transitions in ruby, other than
the R, line, have not been studied extensively. Several
investigators have studied the pressure dependence of the
electronic transitions in ruby to 15 GPa (Refs. 9-12) and
shock measurements of the broad absorption bands have
been made to over 50 GPa.'>!'* We have measured the
spectra of a number of lines near the R lines to 156 GPa,
and have measured the U-band pressure shift to 106 GPa.
Fits of these data to a crystal-field scaling theory give in-
sight into the high-pressure electronic structure of ruby
and into the use of the ruby pressure scale at very high
pressures.

We begin with a review of the electronic structure of
ruby in the following section. In Secs. III and IV the ex-
perimental measurements are presented and discussed.
Sections V and VI are devoted to a discussion of ruby as a
pressure measurement standard and conclusions. In a
companion article, results of ruby R-line lifetime mea-
surements to 130 GPa are presented.

II. REVIEW OF THE RUBY CRYSTAL
AND ELECTRONIC STRUCTURE

The crystal structure of ruby consists of a corundum
(Al,0,) lattice with impurity chromium ions (Cr**) sub-
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stituted for aluminum ions.!>!® Corundum is a

hexagonal-close-packed oxygen lattice with aluminum oc-
cupying two-thirds of the octahedral sites. The site sym-
metry of these octahedral sites would be cubic O, if no
distortions occurred. However, repulsive interactions be-
tween neighboring aluminum ions introduce a slight tri-
gonal distortion, reducing the aluminum site symmetry to
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FIG. 1. A summary of the ambient-pressure electronic struc-
ture of ruby for transitions in the visible energy region. The
transition energies are from the compilation by Mcfarlane (Ref.
30). The notation for transitions to the ground state is shown in
parentheses. The dependence of the splittings upon the trigonal
field distortion (k ~ <t,|V,|t,)) and the spin-orbit interaction
(&~ {1, F£,|t,)) are shown.
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C;. This trigonal distortion removes the inversion sym-
metry of the aluminum sites.

Ligand-field theory has been successful in describing
the electronic excitations of ruby.!” The electronic states
for the three chromium valence d electrons are first treat-
ed in the strong-field scheme for the Coulomb interaction
in the cubic approximation (site symmetry O,). The tri-
gonal distortion and spin-orbit interaction are treated as
perturbations. '

The effect of a cubic field on d electrons is to split the
single-electron wave function into two states designated
by their symmetry labels, ¢,, and e,. All states in the
cubic-field approximation are of even parity and we sub-
sequently drop the subscript g. The energy of the e state
is higher than that of the ¢, state by a factor of 10 times
the cubic crystal-field parameter Dq.!” The distribution
of the d electrons into these states is called the electron
configuration. In O, symmetry, t3 is the lowest-energy
electron configuration (see Fig. 1).

For d? electrons, O, symmetry leads to the energy
terms *A,(t3), 2E(t3), 2T,(£3), *T,(t2e), 2T,(t}), and
“T,(t3e) in the visible energy region. Transitions be-
tween the upper states and the ground state (*A4,) are
denoted R, R’, U, B, and Y, respectively. We use the
term notation when referring to a specific energy state
and the transition notation when referring to transitions
to the ground state. In Fig. 1 we give the notation for
transitions to the ground state in parentheses. Given the
cubic-field parameter Dg and the two Racah parameters
B and C, the term energies may be calculated by di-
agonalizing the energy matrices given by Sugano et al.!’
The transition energies between terms with different elec-
tron configurations (U,Y) depend strongly upon the
crystal-field parameter Dg and result in broad bands,
while transitions between terms with the same
configuration (R,R’,B) depend weakly upon Dg and re-
sult in narrow lines.!”

The trigonal distortion (V) and spin-orbit coupling
(#,) can connect different terms ((T'|V,|T"),
(T|#,IT")#0, where T' and I are O,-symmetry
terms). The coupling scheme for V,. and %, among

FIG. 2. The couplings between cubic-field terms due to the
trigonal field distortion (V,) and the spin-orbit interaction (¥,)
(after Sugano et al.) (Ref. 18).
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different terms'® is shown in Fig. 2. Such couplings give
rise to energy-level splittings. Figure 1 shows the depen-
dence of the splittings upon the trigonal and spin-orbit
perturbations (here k~{t,|V,[t,), C~{t,|F,|t,))."8
The *T, and the *T, levels are split by the trigonal field
alone, while the 2T and the 2T, levels are split in second
order. The *4, and the 2E levels are split by the com-
bined effect of the trigonal field and the spin-orbit in-
teraction.

Surrounding the intense R lines are many weak satel-
lite lines caused by static and dynamic distortions of the
crystal field. The presence of neighboring Cr** impuri-
ties perturbs the local crystal field and gives rise to neigh-
bor lines. The most prominent of these neighbor lines,
arising from third- and fourth-nearest neighbors, are
denoted N, and N,, respectively, and lie on the low-
energy side of the R, line.! Interactions with lattice
phonons give rise to vibronic sidebands shifted from the
R lines by the absorption or emission of phonons.

III. EXPERIMENTAL METHODS

We report results on ruby (0.5 wt.% Cr*%) in two
different experimental conditions. First, we studied ~2-
pm-diam ruby grains in a quasihydrostatic xenon
pressure-transmitting medium.> We measured ruby line
positions and intensities in the frequency range
12500—15500 cm ™! at pressures up to 156 GPa. Pres-
sures were determined by the quasihydrostatic ruby cali-
bration.> Second, we determined the absorption U-band
shift to 106 GPa and the R} line shift to 140 GPa on
~1-5-um-diam ruby grains at a diamond-rhenium gas-
ket interface. In this nonhydrostatic environment we
used the nonhydrostatic pressure calibration.*

The pressure cell was a slightly modified Mao-
Bell-type diamond-anvil cell.?®. We used double-beveled
diamond anvils and rhenium gaskets in all of the experi-
ments.”??2 A liquid-nitrogen-cooled box and a scheme
similar to that described by Silvera and Wijngaarden??
was used to load the xenon pressure-transmitting medi-
um?® in the quasihydrostatic measurements.

Our optical system consisted of a microscope system
with several optical ports, allowing the entrance of a laser
beam, visual viewing of the sample, and signal output.?*
This system focused argon-ion laser light to a spot size
less than 5 um in diameter. Unless stated otherwise, we
used the argon-ion laser line at 458 nm for all measure-
ments. A sample stage with three-axis translation al-
lowed 1-um positioning resolution of the sample. Spatial
filtering of the ruby fluorescence signal, with a pinhole lo-
cated at a real image of the sample, allowed us to limit
the sampling-area diameter to 4 um. We coupled the
fluorescence signal into a high-throughput grating spec-
trometer, where the light was detected with an intensified
diode array.

Identification of the ruby lines was achieved at ambient
pressure using a 1200-groove/mm grating [full width at
half maximum (FWHM) resolution ~10 cm ™ !]. High-
pressure spectra (Fig. 3) were taken using a 300-
groove/mm grating (FWHM resolution ~40 cm™!), in
addition to the 1200-groove/mm grating. In the quasihy-
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FIG. 3. Ruby fluorescence spectra at various pressures in the
quasihydrostatic pressure medium. To facilitate comparison of
spectra at different pressures, we plot the frequency relative to
the R -line frequency at each pressure. The R, line shifts with
pressure as shown in Fig. 4. The spectra are normalized to their
maximum intensities and vertically offset for clarity.

drostatic xenon sample, we followed the two R lines, the
R} line, an unresolved doublet of the R} and R} lines
(R1,), and one neighbor line (N,) to 156 GPa. We fol-
lowed another neighbor line (V;) and a vibronic sideband
on the low-energy side of the R, line to 82.5 GPa. Due
to more rapid broadening of the N, line, we were unable
to follow the N, line to as high a pressure as the N, line.
This is consistent with other observations that have
found greater microscopic strain broadening in the N,
line.?

The width of the lines was such that significant overlap
existed among adjacent lines and the intense R lines (see
Fig. 3). To measure line-center frequencies and integrat-
ed intensities, we fit a convolution of Lorentzians to the
measured spectrum at each pressure. The pressure
dependence of the observed lines is shown in Fig. 4. All
of the lines display red shifts similar to that of the R,
line. We note that the R, line broadens more rapidly
than does the R, line, and that the R,-R, line separation
at the highest pressure was ~ 100 cm ™.

We determined the pressure shift of the *T, state (U
band) up to 106 GPa by measuring the R-line lumines-
cence intensity as a function of U-band excitation wave-
length for three argon-ion laser lines (514, 488, and 458
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FIG. 4. The pressure shifts of the peak frequency for the
seven lines which we studied. The drawn lines simply connect
the data points as a visual aid.

nm) in the nonhydrostatic sample. This is possible, when
the transition is not power saturated, because the 2E level
is populated by very rapid nonradiative transitions from
the *T, level.?® More importantly, the quantum
efficiency, defined as the ratio of the number of fluores-
cent R-line photons to the number of absorbed photons,
is nearly constant over the U and Y absorption bands.?’
Thus, at a given pressure for excitation at a given fre-
quency, the R-line luminescence intensity is proportional
to the U-band absorption efficiency.

IV. RESULTS AND DISCUSSION

A. Fits in the cubic (O, ) Coulomb approximation

We fit the R and R’ lines to a scaling theory developed
by Munro?® which was able to predict the red and blue
line shifts of the electronic transitions in ruby up to 10
GPa. He assumed hydrostatic pressure and no structural
phase transitions. These two assumptions are supported
by x-ray diffraction measurements on ruby in which the
¢/a ratio was fairly constant and no phase transitions
were detected up to 175 GPa.? Munro scaled the elec-
tronic charge (e) and nuclear charge number (z) with
pressure:

Q(P) ,
A(P)

A(P) and Q(P) are scaling parameters with A(0)
=Q(0)=1. By scaling the cubic crystal field and Racah
parameters (Dg,B,C) in this way, Munro derived a sim-
ple expression for the shift of any line in terms of Q(P)
and A(P):

e?e?=A(Ple?, z—>Z=

BE _pdD | (5 B AP)—1]+(1—35B)[Q(P)—1],
E, "D
where
_ | Xo | |dy _Dg _E
F=15 1 lax |y =B "B
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In this expression 8D /D is determined by the equation of
state,?® and B is found from the energy matrices given by
Sugano et al.!” Munro was able to limit the number of
adjustable parameters to two by assuming a linear depen-
dence of the scaling parameters upon pressure:

Q(P)=1+8QP, A(P)=1+8AP .

Using 80=1.5X10"* GPa~! and 8A=—4.5X10"*
GPa~!, he achieved good results up to 10 GPa, below
which all line shifts are linear with pressure. In repro-
ducing Munro’s work, using B=650 cm ™! and C=3120
cm™ !, we found B(R)=0.0340, B(R’')=0.0236, B(U)
=1.000, B(B)=0.131, and B(Y)=0.788. For E, we used
cubic-field line centers, determined from the data given
by Mcfarlane®® averaged over the appropriate splittings.

We believe that a somewhat more realistic but still sim-
ple behavior for © and A is to scale linearly with the
volume difference:

Q(P)=1+8QdV, A(P)=1+86AdV ,

where

av V(P)—V,
- v
V is the molar volume, and ¥V, the ambient-pressure
volume, is 25.6 cm3/mol.3! We averaged our data for
the split components of the R and R’ lines to give a
cubic-field line center [ER=%(ER1+ER2), Eg.
=3(2E,, +E_,)]. Using these pressure-shift data, we
12 3

found best-fit values for 8Q and 8A to be 8= —0.051(7)
and 8A=0.129(3). We used a Birch-Murnaghan equation
of state:

P(f)=3Kof(1+2f)"*1+a,f),

where
2/3

& , @ =UKy—4),

-1
=3

with K;=254 GPa and K (,=4.3.23! In Fig. 5(a) we show
that below ~30 GPa our fit, scaling with dV, reproduces
Munro’s fit, scaling with pressure. At higher pressures,
our fit closely follows the observed nonlinearity in both
the R and R’ line-center shifts versus pressure. A slight
difference exists between the quasihydrostatic pressure
calibration and our fit to the R line at pressures above
100 GPa. This disagreement is fairly minor, considering
the simplicity of the assumptions in our fit and the fact
that the quasihydrostatic scale has been calibrated only
to 80 GPa. The pressure shifts predicted for all transi-
tions by our fit are shown by the solid lines in Fig. 5(b).
Considering the scatter in the available data, our fit is in
good agreement with previous measurements of the R’,
B, U, and Y transition pressure shifts.

Ma et al.*? have also developed a scaling theory simi-
lar to Munro’s. However, it requires seven adjustable pa-
rameters and predicts a turnover in the crystal-field pa-
rameter, Dg, at around 50 GPa. The Dg behavior is
reflected by the turnover in the fit by Ma et al. to the U-
and Y-band energies shown by the dashed lines in Fig.
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FIG. 5. (a) The pressure dependence of the R- and R’-line
centers, and two variations of Munro’s scaling theory (Ref. 28).
The solid lines scale A and Q linearly with dV (present work),
while the dashed lines scale linearly with pressure (Munro). (b)
Our data, including our U-band shift data, along with previous
absorption measurements (Refs. 9, 10, 13, and 14). Our fit, scal-
ing A and Q with dV, is shown by solid lines. The dashed lines
indicate the results for the scaling theory developed by Ma
et al. (Ref. 32).

5(b). The monotonically increasing behavior of Dg in our
scaling method (using two adjustable parameters) fits our
new high-pressure data better than does the theory by
Ma et al. Ohnishi and Sugano®® have developed a
quantum-mechanical theory for the pressure response of
the energy states of an octahedral [CrO4]°~ cluster.
Their results for the pressure shift of the U band and the
R line are in agreement with our fits at low pressure but
tend to diverge at pressures above about 10 GPa.

B. U-band absorption fits

Our technique for determining the U-band absorption
shift, by measuring the R-line fluorescence intensity
versus pump frequency, requires a model U-band absorp-
tion line shape. Our three U-band absorption data
(pumped at 514, 488, and 458 nm) were fitted to
the quantum-mechanical single-configuration-coordinate
(QMSCC) model given by Struck and Fonger®* for
phonon-assisted radiative excitation to a Franck-Condon
(FC) offset level. For a review of the single-
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configuration-coordinate (SCC) model, see the article by
Klick and Schulman.?®> The QMSCC model uses parame-
ters from the SCC diagram: The Manneback angle 6,
which is related to the relative parabola force constants
(phonon energies) of the upper (v) and lower (u) states,
the offset parameter a,,, which is a measure of the FC
offset, the phonon energies %o, ,, and the zero-phonon
energy difference hv,. Fonger and Struck’® gave the
relevant parameters for U-band o- (E Lc) polarization ab-
sorption at room temperature as 0=44°, a, =3.526,
#fiw, =500 cm ™!, and hvy;=16480 cm . For 7 (E|c)
polarization they suggested identical parameters except
that *hv,=17010 cm~'. The measured oscillator
strength for o polarization is about 2 times that for 7 po-
larization.?® For our unoriented ruby we assumed a
weighted average line shape,

Iw)=1{2[2I (0)]+1 ()] .

The additional factor of 2 is due to the two equivalent o
polarizations. We assumed that 0 and a,, are constant as
a function of pressure, and that #iw, has the volume (pres-
sure) dependence appropriate for a constant overall
Griineisen parameter of ¥ =1.3.37 We varied hv, and a
multiplicative scaling factor for the best fit to our data
(Fig. 6). The experimental points represent a chi-squared
fit to all three data points, and the error bars represent
the spread in the zero-phonon energy obtained by equally
weighted pairs of data. The first moment of the band,
defined as

hvi=hvy+to,S,, S,=L(a,sind)

approximates the band peak. We plot both the zero-
phonon energy and the first moment of the band in Fig.
6.

When our U-band data is plotted with our scaling-
theory fits [Figs. 5(b) and 6], we note that although the
first moment of the U band crosses the B line with no
effect, the zero-phonon energy (hv,) approaches the B
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FIG. 6. Our U-band absorption data. The open circles and
solid lines indicate the zero-phonon energy of the *T, band in o
polarization. The thin lines are from our scaling-theory fit,
while the thick lines are fitted to an anticrossing theory with
M= (*T,|F#,|*T, ) =700 cm .

line asymptotically. This is the behavior expected near a
line crossing for interacting states. From Fig. 2, we see
that the *T’, state and the 2T, states are coupled by the
spin-orbit interaction (#£,). ¥, is given by the sum of
one-electron operators §(7)(I-s), where

e 1.dV(r)
2m3c? r dr

§(r)=—

and V is the potential in which the electron moves.!’

We make the simplifying assumption that #,(P)
~Dgq(P). This assumption, while not rigorously justified,
gives adequate fits to both our U-band-B-line crossing
data and our R;-R, line-splitting data. From our
scaling-theory fits we find Dg~1-1.462dV. Letting
M=(>T,|#,|*T,) be the energy-matrix mixing ele-
ment and diagonalizing the resulting energy matrix, we
find two mixed states,

|+ )Y=u_|*T,)+b,|*T,),
|=)=u_|*T,)+b_|2T,),

where
(u+)2: 4M2
= AMPH(Ez—Ey )2’
P T s
+

=AM H(Ez—Eytn)?
7' =(Ep—Ey)*+4M* .

Ep and E are the zero-phonon energies of the unper-
turbed B and U transitions, respectively, and the energy
eigenvalues are

}\'i':-%(EB +EUi7]) .

Note that for low pressures |+ )—|2T,), |—)—|*T,),
and for high pressures |+ )—|*T,), |—)—|%T,). Our
U-band absorption data are well described by this an-
ticrossing model, using the energy shifts of the *T, and
the 2T, levels predicted by our scaling theory and the
ambient-pressure value of M,=700 cm™! (Fig. 6). The
matrix elements of the spin-orbit interaction have been
calculated,!” and yield (27T,|%#,|*T,)=v6f". Using
£'=170 cm ™! implies that M,=416 cm™!; our ambient-
pressure value of M is seen to be larger than, but of the
same magnitude as, the predicted value.?®

C. The R- and R ’-line splittings

Although our adaptation of Munro’s theory gives good
fits to the R- and R’-line centers, we would also like to fit
the individual split components. The splitting of the R,
and R} lines (AR’) is proportional to the square of the
trigonal field parameter (k2) (Fig. 1), and we found a
good fit to the data shown in Fig. 7(a) for

AR'=228+5100(—dV)>% .

We note that k& is dependent upon the degree of nonhy-
drostatic stresses in the ruby sample®* ~*! and that this is
not a universal relation for k. Similarly, the splitting of
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the R, and R, lines (AR) is proportional to the product
of the trigonal field parameter and the spin-orbit-
coupling parameter (k§). Using the assumption made
earlier that the spin-orbit coupling is proportional to Dgq,
and the value of k found for the R’-line splitting, we find
the fit shown in Fig. 7(b),

AR =2.07[228+5100( —dV)*%]1/2(1—1.4624dV) .

Combining our line-center fits [Fig. 5(a)] with these line-
splitting fits, we achieved the fits to the R- and R'-line
components shown in Fig. 7(c).

Our data suggest that the R line will cross the R lines
near 200 GPa. We note that unlike the *T,-2T, level
crossing discussed earlier, neither the trigonal nor the
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FIG. 7. (a) The R’ splitting fit to the empirical function
AR'~k*=A[1+B(—dV)]l. (b) The R splitting fitted to
AR ~k(, assuming that k varies with pressure as in (a), and £
varies as the crystal-field parameter Dg ~1—1.462dV. (c) The
fits obtained by combining our cubic-field scaling fit with our fits
to the line splittings. Note that the R} line is predicted to cross
the R lines at pressures near 200 GPa. The quasihydrostatic
pressure scale of Mao et al. (Ref. 3) is also shown.
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spin-orbit perturbations couple the 2E and the 2T, lev-
els.!””!® Therefore, the R and the R lines should cross
one another unperturbed.

D. Line intensities

The integrated intensities of the R’ lines relative to the
R lines increase dramatically with pressure (Fig. 3). The
R’ shows the greatest increase in relative intensity, rising
from 7% at ambient pressure to approximately 100%
above 130 GPa (Fig. 8). This increase in relative intensity
must be accounted for by relative changes in the popula-
tions and or transition rates of the states. The 2E and T,
levels, as well as those responsible for the N lines are in
thermal equilibrium at 300 K.2%** The relative popula-
tions in these levels obey a Boltzmann distribution and
depend upon pressure as their relative energies shift. Al-
though the population in the T state relative to the E
state increases with pressure, this increase is not sufficient
to explain our data. It appears that a relative change in
the transition rates must be invoked to explain our obser-
vations.

E. Nonhydrostatic measurements of R

In Fig. 9(a) we show a nonhydrostatic ruby spectrum at
109 GPa, obtained on a rhenium gasket, together with a
quasihydrostatic ruby spectrum at 114 GPa, obtained
from a ruby in xenon. The observed increasing intensity
of the R} line and our fit to its pressure shift allow us to
identify the shoulder on the high-energy side of the R
lines in the nonhydrostatic spectrum as the Rj line. We
measured the position of the R} shoulder in a number of
nonhydrostatic rubies [Fig. 9(b)]. None of the rubies we
measured above 140 GPa displayed this R j shoulder, due
to the diminishing line separation and the broad width of
the lines.

The nonhydrostatic R} line is shifted to a lower fre-
quency from its quasihydrostatic position. This is the ex-
pected behavior since the R’-line splitting should be
larger due to the increased trigonal distortion in a nonhy-
drostatic environment. The similarity of the pressure
dependence of the nonhydrostatic splittings to the
quasihydrostatic splittings is striking. Two explanations

1.2 . . . . , r
10f . } ]
0.8F .. ]
0.6 1
0.4} ) ]

02t i 1

Integrated Intensity Relative to R lines

0.0 s L L L " "
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FIG. 8. The R} integrated intensity relative to the R lines
showing the strong increase in intensity with pressure.
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FIG. 9. (a) Spectra taken in nonhydrostatic (rhenium gasket)
and quasihydrostatic (xenon sample) environments at similar
pressures determined by the appropriate ruby calibration. We
identify the shoulder in the nonhydrostatic spectrum, on the
high-frequency side of the R lines as the R line. (b) Our mea-
surements of the R} shoulder in nonhydrostatic measurements
plotted along with our quasihydrostatic line fits.

may be postulated; one, the quasihydrostatic ruby is not
very hydrostatic, and two, the increasing trigonal distor-
tion at high pressure is not due entirely to nonhydrostatic
stresses.” It is reasonable to assume that each of these
postulates is true to a degree. We note that in assessing
the nonhydrostatic stress of a given sample, the R’-line
splitting, which is independent of the spin-orbit coupling,
may be a better gauge than the R-line splitting which has
been commonly used.*!'4?

V. IMPLICATIONS FOR RUBY PRESSURE
MEASUREMENTS

A. Gradients in nonhydrostatic pressure measurements

Nonhydrostatic measurements of the ruby lines gen-
erally yield broadened lines, due largely to pressure gra-
dients.** We have observed substantial nonhydrostatic
line narrowing in areas of sparse ruby coverage when
compared to areas of heavy ruby coverage. We have ob-
served a similar effect when the sampling area is de-
creased by spatial filtering. Lorenzana er al.** have
shown that the effect of spatial averaging is to underesti-
mate the peak pressure. These observations indicate that
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in the presence of pressure gradients small sampling areas
are advisable.

B. Nonhydrostatic and quasihydrostatic calibration scales

At high pressures the nonhydrostatic* and quasihydro-
static® pressure scales show a large difference in pressure
for a given R -line frequency (Fig. 10). If nonhydrostatic
measurements measure an average peak due to broad, un-
resolved R-R, peaks, then for a given frequency shift
the nonhydrostatic scale should give a higher pressure
than the hydrostatic scale. Likewise, if frequency pulling
by either decreasing fluorescence efficiency at higher
pressures or spatial averaging over pressure gradients®
were responsible for the difference, then the nonhydro-
static scale should yield a higher pressure for a given line
shift. The actual calibrations, however, exhibit the oppo-
site behavior, with the nonhydrostatic scale yielding
lower pressures than the hydrostatic scale (Fig. 10).

In the nonhydrostatic calibration to 100 GPa by Mao
et al.,% a discussion was given of the possible underes-
timation of pressure (average stress) due to differing nor-
mal and horizontal stresses in the x-ray measurements.
This effect has also been discussed by Wilburn and
Basset,*” who found a large effect for relatively stiff ma-
terials. If this is the true cause of the difference in the
nonhydrostatic and quasihydrostatic pressure scales, and
if the nonhydrostatic pressure scale underestimates the
true pressure (as originally proposed by Mao et al.*9),
then perhaps the quasihydrostatic scale is the better cali-
bration to use in all cases. At high pressures, where the
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FIG. 10. The ultrahigh-pressure ruby fluorescence peaks re-
ported by Moss et al. (Ref. 7) and Xu et al. (Ref. 8) are shown
along with their widths at half maximum indicated by the verti-
cal bars. The low-frequency widths of Xu’s data at the highest
pressures are undetermined due to a truncation of the experi-
mental data. Our line fits along with the nonhydrostatic and
quasihydrostatic calibrations are shown with the regions of ex-
trapolation dashed. We note that the widths of the ultrahigh-
pressure ruby spectra span the extrapolations of the R, R,, and
R} lines.
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two scales differ greatly, pressures in nonhydrostatic ex-
periments may have been systematically underestimated.
More theoretical and experimental work on the effects of
nonhydrostatic stress on ruby at high pressures is needed.

C. Pressure estimates at ultrahigh pressures

Moss et al.” and Xu et al.® have observed ruby
fluorescence that when assigned to the R; line yielded
pressures in the 450—550-GPa region by extrapolation of
the nonhydrostatic ruby calibration.* The accuracy of
these extreme pressures is uncertain because of the long
extrapolation from the ruby calibration which extends
only to 180 GPa (in Fig. 10 extrapolations are shown by
dashed lines). Our observation of the rapidly increasing
strength of the R} line and the proposed R 3-R line cross-
ing raises questions about the identity of the line(s) re-
sponsible for the observed fluorescence. In Fig. 10, we
plot the observed ultrahigh-pressure ruby peaks’® and
their widths at half maximum. The lines are very broad,
encompassing the line positions expected for the R, R,,
and R} lines from extrapolation of our data. If the R
line gives a significant contribution to the fluorescence in-
tensity after the line crossing, then assignment of the
broad ultrahigh-pressure ruby fluorescence peaks to the
R, line may result in an overestimation of the pressure.
Questions have been raised as to whether these
ultrahigh-pressure fluorescence peaks are due to ruby or
diamond.”® However, recent results suggest that these
fluorescence peaks are due to ruby.*’ In future experi-
ments chopping of the fluorescence signal should aid this
identification.?*

VI. CONCLUSION

The ruby pressure scale has potential to continue to be
a simple, accurate pressure-determination technique up
to the highest pressures currently obtainable. However,
caution regarding its assumed degree of accuracy and its
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use at ultrahigh pressures is advisable. As discussed
above, use of the nonhydrostatic pressure scale may re-
sult in substantial systematic underestimation of ul-
trahigh pressures, while misidentification of the R, and
R} lines may result in substantial overestimation of ul-
trahigh pressures. Reduction of the uncertainty about
the accuracy of ultrahigh-pressure measurements re-
quires calibration of ruby fluorescence to higher pres-
sures, better understanding of the effects of nonhydrostat-
ic stress on the spectra of ruby, and reconsideration of
the effects of nonhydrostatic stress upon pressure deter-
minations using x-ray diffraction and equations of state.
In nonhydrostatic environments, the optical sampling
area should be minimized to reduce the effects of pressure
gradients. In light of these various effects it may be im-
portant to consider the experimental parameters of the
calibration and the experiment in order to determine ac-
curately the pressure of an experiment.

Several questions about the electronic behavior of ruby
at high pressure remain unresolved. We do not have a
complete explanation for the large increase in intensity of
the R’ lines relative to the R lines. The effects of nonhy-
drostatic stress on the spectra of ruby need to be explored
more fully, both theoretically and experimentally. The
need for calibrations to higher pressures and for under-
standing of the unresolved questions about ruby indicate
that high-pressure investigation of ruby should continue
to be an important research area.
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