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Pressure dependence of the 4T, and 4T, absorption bands of ruby to 35 GPa
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The pressure dependence of the Aq~ T2 and Ag~ Tq absorption bands of ruby have been
studied to 35 Gpa using a luminescence excitation technique developed for use at high pressure
in the diamond anvil cell. The quasihydrostatic (Ar medium) pressure dependence of the zero
phonon lines, the crystal-field splitting parameter (6), and the Racah parameters B and C are
determined. A significantly smaller variation of 4 is found for nonhydrostatic stress conditions
for a ruby powder compact, and the implications of this on the pressure calibrations, lifetime
measurements, and excitation of the 8 lines at high pressure are discussed.

I. INTRODUCTION

The R~ and R2 luminescence lines of the electronic
spectrum of Cr in A120s (ruby) have been used ex-
tensively for measurement of pressure in the diamond
anvil cell (DAC). i 2 Calibration of the Ri energy ver-
sus pressure has been done to 180 GPa in a nonhydro-
static environment, ~ and to 80 GPa in a quasihydro-
static environment. The energy difference between the
Ri [ E(E) -+ A2) and the R2 [ E(2A) ~ A2] lumines-
cence lines has been used to estimate the nonhydrostatic-
ity of the str'ess environment at the ruby site. '" Recently
it lias been observed that above 200 GPa observation
and calibration become exceedingly diKcult ' since the
luminescence intensity continuously decreases when the
blue lines of an Ar-ion laser are used to excite the R
lines through the A~ ~ T2 absorption band. Also, in-
vestigations of the R-line lifetime, 7, versus pressure
have shown a significant dependence of r on pressure and
the details of nonhydrostaticity. ~ In order to understand
the pressure dependence of the interrelated properties of
energy, intensity, and lifetime of the R lines, an under-
standing of the entire electronic spectrum of Cr + in ruby
is necessary.

For the purposes of this paper the lIamiltonian of the
3d electrons of Cr + in ruby can be written:

+ —+0 + +cubic + +Coul + +trig + ~SO

The first terna, ufo, is that, of the Cr + ion and results in
the usual (degenerate) 3d-electron orbitals. 'Hc„b;, is the
cubic (Oh) symmetry part of the crystal field originat-
ing from the 0 ligands. It splits the one-electron 3d
orbitals into two, e and tg, separated by 6, the crystal-
field-splitting parameter, of order 17000 cm . Vt'c „~
represents the Coulomb interaction between the three 3d
electrons of the Crs+ ion, and is treated as a perturba-
tion of the single-electron orbitals. This causes splittings
of the e and t2 orbitals of the order of the Racah pa-
rameters B ( 500 cm ) and C ( 3400 cm '), which
are related to Slater integrals between the multielectron
orbitals. The Cr + ion site is distorted from cubic to

and (2)

k'—:(t2 ( gt, ,s ) e) = 400 cm

The last term, 'Hso, is the spin-orbit interaction between
the d electron and the Cr nucleus which causes split-
tings characterized by

( = —2(t2 )
'Hso

~
ta) = 140 cm

and (3)

'Mq„,s and 'Rso generally cause small splittings in the lev-

els, but play a crucial role in mixing states and allowing
transitions that would otherwise be spin or parity for-
bidden. The resulting energy-level diagram is shown in
Fig. 1.

This paper presents experimental data on the pressure
dependence of the quartet states of Cr + in ruby: the

A~ ~ T~ and A2 ~ Ty transition absorption bands.
We have investigated these in environments of both the-
oretical and experimental interest: in a quasihydrostatic

(QH) environment as a single crystal and a powder, and
in a nonhydrostatic (NH) environment as a powder com-
pact. The pressure dependence of the quartet states is
important for several reasons. First, it is through these
states that the R-line luminescence is excited in high-
pressure experiments. Second, the e orbital, occupied by
one of the three Cr + 3d electrons in a quartet state, ex-
tends in space towards the 0 ligands, in contrast to
the t~ orbital occupied by all three 3d electrons in a sin-
glet state (from which the R and R' luminescence lines
of ruby originate). Thus, the quartet states are consid-

trigonal (Cs„) symmetry ar.d Rq„,&, is the trigonal part of
the crystal field. It causes splittings of the Crs+ levels of
the order

k =——3(t2 (
'Ri, ,s ) t2) = 800 cm
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FIG. 1. Energy-level and configurational-coordinate dia-
grams of ruby at atmospheric pressure. In the energy-level
diagram radiative transitions are solid downward arrows, and
nonradiative transitions are dashed. For clarity only the o
states are shown on the configurational-coordinate diagram,
and phonon states are shown only for the ground state ( A2)
and the excited state Ti(n). The 29-cm ' splitting between
the E and 2A states of E state is too small to be resolved in
the figure.

erably more sensitive to changes in the Crs+ —0 dis-
tance due to compression, making them more amenable
to experimental investigation. Third, by observing the
T2, Ty, and E state energies one can determine the

crystal-field parameter 6 and the Racah parametersi2 is

B and C. The pressure dependence of the Racah param-
eters can be related to changes in the Crs+ —0 bond
covalency and, in the cubic field approximation, solely
determine the R-line energy. Several experimental stud-
ies of the pressure dependence of the quartet states have
been done;is is however, none have measured the com-
plete spectrum of 4A2~4Tz and A2-+4Ti absorption
bands, as well as the R-line luminescence.

Ideally the absorption caused by 4A&~ T& and
~A2~~Ti transitions in ruby can be directly measured
to determine the pressure dependence of these electronic
levels. However, in order to obtain the pressures of this
study, a DAC must be employed, requiring samples of
&2500 pm~ surface area and &30-pm thickness. With
this thickness and an absorption coefFicient of 7 cm
for 0.5 wt. % Crs+, there is only 2% attenuation of in-
cident light at the maximum of an absorption band. It
is difficult to measure such weak absorption accurately,
especially in the spectral region ~here the absorption in

the type-Ia diamond anvils themselves is varying consid-
erably. We have developed an excitation technique that
eliminates this problem by observing the R-line lumines-
cence intensity as a function of exciting wavelength in
the T2 and Tq absorption bands. We make use of
the high quantum efficiencyi9 (95%) in ruby of the ra-
diative R luminescence transitions after absorption into
the quartet states and subsequent nonradiative transfer
to the E states. Misu has shown that the excita-
tion spectrum of ruby accurately reproduces the absorp-
tion band spectrum. The technique is similar to previous
measurements; ' however, our use of monochromated
broadband light sources allows us to scan over the en-
tire spectral region of the quartet absorptions, as well as
compensate for diamond absorption. This complete in-

formation allows a model fit to the absorption bands and
the extraction of the pressure dependence of zero-phonon
lines and absorption amplitudes.

II. EXPERIMENT

Four room-temperature experiments were performed
between atmospheric pressure and 30—35 GPa, as sum-
marized in Table I. These experiments cover most of the
stress environments commonly encountered in DAC ex-
periments. Experiment 1 is particularly important since
it is a single crystal in a quasihydrostatic environment,
and most closely matches the conditions assumed in the-
oretical work. In all of the experiments type-Ia diamond
anvils with 640-pm fIat tips, a stainless-steel gasket, and
a 150-pm-diam sample chamber were used. Type-Ia di-
amonds have a strong zero-phonon line and broadband
absorption feature (N3) between 24400 cm ' and 28600
cm which must be compensated for when measuring
the Ti band. This normalization will be described be-
low.

All ruby samples are from the same ruby boule of 0.5%
Cr + by weight. The powder samples were ground to
particle sizes (5 iLim, and in experiment 3 constituted

25% of the sample-chamber volume. The single crys-
tal in experiment 4 was an irregular chip approximately
50x70x30 pm thick. For the single crystal in experi-
ment 1 part of the boule was polished to 35-pm thiclc-
ness. The orientation of the polished face of the boule
was determined to be perpendicular to the [315]crystallo-
graphic axis (hexagonal indices) of ruby, and we estimate
that after loading into the DAC the incident light k was
parallel (within 5O) to this crystallographic axis. Argon

TABLE I. Ruby excitation experiments in the diamond anvil cell.

Experiment
no. Ruby

single crystal
powder
powder
single crystal

Press»re
medium

Ar
none (ruby compact)
Ar
4:1 methanol-ethanol

IIICidelit, -l lt~al t,

orle» ta t. i oil

king[3]5]
I'a, nd0 nl

I'an d 0 Ill

ll n kll o&&11
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was loaded into the cell as a cryogenic liquid. No bridging
of the diamond anvils by the ruby chip in experiment 1

occurred as evidenced both by fringes due to interference
between the polished ruby and diamond surfaces, and by
an intact single crystal of ruby after decompression.

Figure 2 shows a schematic of the optical system
used to measure the excitation spectra. The light
source is selectable between a 150-W Xe arc lamp and
a 100-W quartz tungsten halogen lamp. This beam is
monochromated by a 4-m monochromator with a 1200-
grooves/mm grating blazed at 520 nm. The monochro-
mated light passes through a field stop of 1 mm diame-
ter, and then through a 2-mm-thick Schott BG40 filter
to eliminate stray light reflections from the monochro-
mator. This unpolarized beam is focused by half of a
15x reflecting objective through a 5-Hz chopper onto the
sample. At the sample the spot size is approximately 40
pm in diameter. The reHected and luminescence beam
is directed out the other half of the objective, through
a 3-mm-thick Schott RG695 filter which passes only the
luminescence signal, through a second 1-mm field stop,
and into a GaAs phototube cooled to approximately
—30' C. The phototube signal is preamplified and an-

alyzed by a lock-in amplifier. Usable signal was obtained
through the monochromator filter and diamond anvil be-
tween 16 000 cm and 30 500 cm for the Xe source
and 16000 cm ' to 23800 cm ' for the W source.

The R~ and R2 luminescence lines were recorded on
a separate system using the 19460-cm line of an
Ar-ion laser. The focused laser spot ( 20-pm diam) was

coincident with the spot on the ruby where the excita-
tion spectrum was obtained. The luminescence light is

detected by a 4-m spectrometer with 600 grooves jmm
blazed at 700 nm, and an EG&G 1454 OMA diode ar-

ray. This system has a resolution of 9 cm i at the ruby
R lines. A least-squares-fitting routine was used to de-
convolve the R-line luminescence data into two Gaussian
peaks. This was particularly important in experiment
2 (ruby compact) where the luminescence lines broad-
ened considerably. Pressures are based on the nonhy-
drostatic Ri-line calibration" for experiment 2, and on

the quasihydrostatic calibration for the other experi-
ments, although in the pressure range of this study the
difference between the two calibrations is less than 1 GPa.
In each system the exciting light enters and the lumines-
cence light exits perpendicular to the anvil flat.

III. ANALYSIS

A. Spectrum normalization

As mentioned previously, it is important to compen-
sate the excitation spectra for the wavelength dependence
of absorption in the diamond anvils. Also the spectra
must be normalized to the source spectrum, monochro-
mator filter response, and detector response. This nor-
malization will now be described.

The signal detected by the photomultiplier tube, P(v),
as a function of the monochromator wave number v, is

P(v) = CiIp(ti)TM(ti)e

xE(ti)e ' '~""lTD(v~)D(v~), (4)

()=C o() () '"'"' (). (5)

The excitation spectrum, E(v), is determined by nor-
malizing these data. A normalization curve, ItI(v), is col-
lected as an atmospheric pressure absorption spectrum of
the single diamond anvil through which the incident light
passes in the excitation experiment. This is done by re-
moving the sample and gasl&et, the opposing diamond
anvil, and the detector filter, and positioning the detec-
tor on the opposite end of the DAC from which the light
enters. This curve is given by

W(v) —C3Ip(v)TJtqe
' ' " D(v), (6)

where Ci is a geometrical constant independent of wave

number, Ip(ti) the source spectrum intensity that ex-
its the monochromator, TM(v) the transmission of the
monochromator filter, t the diamond thickness, n~(v) the
diamond absorption coeFicient, vR the ruby R lumines-
cence wave number, TD(&i) the detector filter transmis-
sion, and D(v) the detector response. The intensity of
emitted R luminescence light when the ruby is excited
by light of wave number ti is E(v), the ruby excitation
signal. Equation (4) neglects the light refiected off the
ruby and diamond surfaces since this is completely ab-
sorbed by the detector filter. Note that for an excitation
spectrum at a given pressure the terms to the right of
E(v) are constants, and Eq. (4) can be written

Field Stop

from Chopper
I

pC Lock iii Pico j
Amplifier Amineter

GaAs
PMT

Detector ~ HV

Joystick
with

Digital
Readout

where Cs is a third wave-number-independent constant
that includes losses due to reflection at the diamond-air
interfaces. Dividing Eq. (5) by Eq. (6) yields

P(v) E(v)
&(~) D(~)

FIG. 2. Schematic diagram of the high-pressure excitation
experiment.

Finally, this result, is multiplied by the detector response
given by



41 PRESSURE DEPENDENCE OF THE T~ AND T, . . . 5375

log»[D(v)] = —0.1455
1620

(33 300 cm ' ( v ( 11 100 cm ') (8)

which gives a result proportional to the excitation spec-
tra. This normalization assumes that the diamond ab-

sorption remains constant as the pressure is increased,
which is considered reasonable for the pressures attained
in this study.

B. Electronic transition parameters

Due to the coupling in ruby of the quartet states to
the lattice, these excited states are modified by strains
due to phonons. In fact, for the Az -+ Tq and 4A2

-+ Tj transitions in ruby at room temperature, the ab-

sorption (or excitation) spectra show no sharp feature
corresponding to the unmodified zero-phonon-line (ZPL)
transition. 2o Since most theoretical treatments determine
ZPL energies, and the R lines themselves are ZPL's, we

want to extract the pressure dependence of the quartet
state ZPL energies from the excitation data. Further, we

want to determine the pressure dependence of the lattice
coupling in order to understand the pressure variation
of phenomena that are related to this coupling, such as
nonradiative transition probabilities and absorption band
shapes. 24

To extract the ZPL's and lattice coupling parame-
ters, we use a method similar to that used by Eggert,
Goettel, and Silvera. s The quantum-mechanical single-
configurational-coordinate model (QMSCC) of Struck
and Fonger24 is used to calculate the absorption band
shape of ruby. The ruby configurational-coordinate di-

agram is shown in Fig. 1. Each excited state v or ground
state u is modeled by a phonon spectrum consisting of
a single phonon frequency u„or ~„, respectively. Each
pair of states is characterized by a Franck-Condon off-

set between the parabola minima, a„„(in units of zero-
point-vibration amplitude), and a ZPL energy difFerence,

f(u ~ v). The Manneback angle 0 for the transition is

defined as'4
i/2

0 = arctan

For the quartet absorption bands in ruby the ground

state, u, is always A2 while there are four excited states,
v: T2(o'), T2(~), Ti(a), and Ti(7r). The o states are
excited by light with EJ c and the 7r states with E~~ c.
The 14 QMSCC and data acquisition parameters needed,
in general, to be fitted to the ruby absorption data are
given in Table II. The amplitudes a~, a2, a3, and aq in-
clude the u ~ v transition probablility, the qua. ntum ef-

ficiency, and an experimental factor due to C4 in Eq. (7).
For ruby, the Manneback angle 0 is the same for all four
transitions. A small wave-number-independent offset 6

is added to the calculated spectrum to account for stray
light. The a„„and ~„are considered the same for both
o and x transitions within the same quartet state.

I'he 14 parameters of Table II are reduced to seven
pressure-dependent ones by the following assumptions
and calculations.

The Manneback angle 0, Eq. (9), is related to the ra-
tio of ground- and excited-state phonon energies, each
of which are expected to have similar dependencies on
pressure. Therefore, 0 is considered constant at the at-
mospheric pressure value of 44'.

The ratios ai/as and as/a4 are known from single-

crystal studies with polarized light. In experiments 1

through 3 the relative intensities of o and 7i transitions
can be calculated for the unpolarized incident light by
averaging over all polarizations (assuming a random ori-
entation in the powder experiments). Therefore a2 can
be calculated from a~, and a4 from a3. This is not known
for experiment 4 since the orientation of the irregular chip
was not determined.

The ZPL energy difi'erences 8[ T2(s')] —E[ T2(a)] and

8[ Ti(s)] —8[ Ti(o)] can be estimated from energy differ-
ences between the R~ and Rg luminescence lines. For this
we assume that the Ri, Rs splitting is proportional to k,
the trigonal-field-splitting parameter [Eq. (2)], and that
k' is constant with pressure. Macfarlane has shown
that, for ruby,

and

k
F['Ti(7r)] —E[4Ti(o.)] = —+ k'.

2

TABLE II. QMSCC and data acquisition parameters for the T2 and Tr absorption bands in
ruby. These 14 parameters can be reduced to seven pressure-dependent variables as discussed in
Sec. III B.

Parameter

Zero-phonon-line energy
Band amplitude
Excited-state phonon kequency
Franck-Condon offset
Manneback angle
Data offset

Z[ Tg(o)]

~„('Tr )
a „('Tg )

E'['Tg (7r)]
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By scaling the atmospheric pressure value of /co —800
cm ' with the measured Ri,Rz splitting, and using the
constant value k' = 400 cm, we can determine these
ZPL energy diAerences.

The nine remaining parameters (E[ T2(o )],
8[ Ti (a')], ai, as,u„( Ti),cu„( T2), a„„(Ti), a„„( T~),
and b) were least-squares fitted to three excita-
tion spectra taken at low pressures ((I GPa).
By averaging the phonon-frequency results we ob-
tain initial values of u„o( Tz) =491+13 cm ' and
u„o( Ti)=504+12 cm . These values are in excellent
agreement with the 500 cm i determined for ruby by
Fonger and Struck. zs The excited-state phonon frequen-
cies are then removed from the parameter list by linearly
scaling them with pressure using the AlzOs Griineisen
parameter 8

y = 1.310:

t' d~„
~v =~so+

I dP ~p =~~o+ 8 7RdP ~ o) Bo

where Bo ——253 GPa is the bulk modulus of ruby and
P the pressure.

~('T2) = &(2~['T2(~)]+~['»(~)])

~('») = —,'(2~['Ti(~)]+ ~['Ti(~)])

8( E) = —,
' f(2A)+F(E),

(14)

Ernax —@zpL + 2 fib)" 0, „sin 0 (15)

where Ezpr. is the ZPL energy. Since there is no a priori
reason to assume a„„ is constant with pressure, and h~„
varies as given in Eq. (11), the use of E~ „ to calculate
the pressure dependence of 6, 8, and C may lead to
systematic errors.

IV. RESULTS

where 8'(~T2) represents the ZPL energy of the 4A2 ~~T2
transition. It is important to recognize that 6, 8, and C
are calculated from the ZPL energies and not the energy
of the absorption band maximum. The energy of this
maximum can be approximated by t, he first moment of
the band which is given by

C. Crystal-fieM and Racah parameters

8( Az~ T2)=6,

8('A& ~' Ti)=-,'[3b, + 158—(2 z 1886+ 2258z)il'-]

Z(4Az ~zE) = 98+ 3C. (12)

In the cubic crystal-field approximation the ZPL ener-
gies are given by

We first present results from experiment 1, a single-
crystal ruby sample in an Ar quasihydrostatic pressure
environment. Figure 3 contrasts the A2~ T2 and
Az~ Ti excitation and R-line luminescence spectra at

low pressure (3.7 GPa) and high pressure (34 GPa). The
blue shifts of the quartet states are approximately an or-
der of magnitude greater than the R-line red shifts. Also
shown in the figure are the fits to the QMSCC model,
which are seen to be successful over the entire pressure
range of the study. Figure 4 shows the pressure depen-
dence of 8( Tz) and S(~Ti), respectively. These data for
the quasihydrostatic environment are well characterized
by a linear dependence on pressure:

where 4 is the crystal-field-splitting parameter, and B
and C are Racah parameters. If the 02 ligands are
modeled as point charges —Ze at a distance a in the
cubic symmetry (Oh), then the crystal-field-splitting pa-
rameter is~2 R1, Rg

Luminesce

P = 34 Cpa

70 Ze'(r')sg—
42 a5 (13)

where (r )sd = f dr r
~

Rod(r')
~

and Rsg(r) is the radial
part of the Cr + 3d electronic state. If we assume Z and
(r )sg remain constant with pressure, then the volume
dependence of 4 will be 6 V ~ . We point, out that the
power of a in Eq. (13), and therefore the power of V, will

depend on the ligand charge distribution. For example,
replacing the point charges with dipoles results in a
in the denominator of Eq. (13).

In experiments 1 and 3 we have all three transition en-
ergies in Eq. (12), and therefore can determine b, , 8, and
C to 35 GPa. Experiment 2 yielded only the Az~ Tz
transition and b, . In all cases the cubic field ZPL's were
determined from the measured full trigonal field ZPL's
using an average weighted by the ZPL degeneracy:

0

Q ~L
CQ

R, , R
Lurn

ID0
8

6

ion

I I

13000 16000 19000 22000 25000 28000 31000
Wave number (crn ')

FIG. 3. Comparison of the room-temperature ruby R~
and Rq luminescence and excitation signal at 3.7 GPa and
34 GPa in experiment 1. For the excitation signal the solid
line is the data, and the points are the results of the QMSCG
model fits.
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FIG. 4. {a) Values of Z( Ti) in the cubic approxiination
[Eq. (14)] for the quasihydrostatic experiment 1. (b) Values
of E( Tz) for experiment 1 (circles), and the nonhydrostatic
experiment 2 (squares). For experiment 1 the data are fit
to straight lines with parameters given in Eq. (16), and for

experiment 2 the line through the data is a guide to the eye.

FIG. 5. The pressure dependence of the crystal-field-
splitting parameter 4 and Racah parameters 8 and | in
the quasihydrostatic experiment 1. The parameters of the
straight-line fits through the data are given in Eq. (17). As
an aid in observing relative shifts, the range of each ordinate
is 25% of the parameter's atmospheric pressure value.

Z( Tg) = (16730 6 50) + (84 6 3)P,

Z('T, ) = (21630+20)+ (78 +1)P,

(16)

b, = (16730+ 50) + (84 + 3)P,

B = (468 6 6) —(1.1 + 0.3)P,

C = (3402 + 17) + (0.8 + 0.9)P,

(17)

where P is in GPa, and S(~T2) and E'( Ti) are in cm
The atmospheric pressure ZPL energies are in good
agreement with those determined by Fonger and Struck
(16620 cm i for "Tq and 21580 cm ' for 4Ti).

The Franck-Condon offsets a„„(T2) and a„„(Ti) are
only slightly affected in the quasihydrostatic pressure en-
vironment to 35 GPa: a„„(T2) has decreased by 5%
from 3.59 at atmospheric pressure and a„„(Ti) has in-
creased by 2% from 5.25. The resulting changes at
35 GPa are approximately the magnitude of the scatter
in the data. The atmospheric pressure a„, values are
in good agreement with those determined by Fonger and
Struck [3.53 and 5.23 for a„„(~T2)and a„„(4Ti),respec-
tively]. No significant changes were observed in either the
absolute excitation signal amplitudes or the ratio of the

Tz amplitude to the "Ti amplitude (ai/az).
The pressure dependencies of b, , B, and C as deter-

mined from Eq. (12) are shown in Fig. 5. The data are
satisfactorily fitted by a linear dependence on pressure:

where each parameter is in cm and P is in GPa.
has increased by 18% at 35 GPa, B has decreased by
7.5%, and C remains constant within the scatter of the
data. The ratio B/C therefore decreases by 7.5% be-
tween atmospheric pressure and 35 GPa, a result in con-
trast to the constant B/C assumed in most theoretical
work. ' These results will be discussed more fuHy
in the next section.

We turn now to experiment 2, a ruby powder compact
in a nonhydrostatic environment. Fit results of E'("T2)
for this experiment are shown in Fig. 4 along with those
for the quasihydrostatic experiment. The nonhydrostatic
data show a considerably smaller increase with pressure,
and nonlinearity at the highest pressures. In fact, the
value of 8( T2) at 35.6 GPa of 18320 cm i represents a
1590-cm change from the atmospheric pressure value,
only half as great as the change in the quasihydrostatic
case. It is noted that in shock experiments, which
are expected to be nonhydrostatic, the absorption band
maximum is found at a lower wave number than would be
expected from a linear extrapolation of the hydrostatic
part of the static data of Stephens and Dricl'amer. The
measured band maximum at 31.8 GPa in our nonhy-
drostatic experiment is 20000+100 cm which agrees
with the shock result of 19600+200 cm at 30.1+ 0.5
GPa. i The low pressure static data of Ref. 16 also show a
bendover at 7.5 GPa in 8[ T2(0)] and E[4Ti(ir)] which
has been attributed to nonhydrostatic stresses. These
results are all consistent with our observation that S(4T2)
(and therefore b, ) depend significantly on the state of
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st, ress.
Although the scatter in a„„(Tg) in experiment, 2 is

approximately twice that of experiment 1, we are able to
see a diA'erence in this parameter also. VVhile there was

only a slight decrease in a„„(Tq) in the quasihydrostatic
case, there is an increase in the nonhydrostatic case. At
35 GPa a„„=3.94+0.15, a 12% increase over the atmo-
spheric pressure value of 3.53. A small part of this
increase may be due to pressure gradients over the 40-
pm area sampled in the excitation spectra, which would
effectively broaden the absorption band. From Eq. (15)
we see that a» is related to the bandwidth, defined in

this case as the difference between the ZPL energy and
the band maximum. From the Rq luminescence mea-
surements at 32 GPa we estimate a 1.5 GPa gradient
over the 40-pm spot, which corresponds to a 120-cm
shift in the T2 ZPL energy. Using this shift as an esti-
mate of the amount of broadening of the T2 bar. c' this
gradient would cause, Eq. (15) gives a 1.5%%uo increase in

a„„(T2), not enough to explain the measured increase.
By a similar argument the pressure gradient cannot ex-
plain the dramatic differences in the Z( T2) ZPL energy
between the quasihydrostatic and nonhydrostatic exper-
iments. Between atmospheric pressure and 10 GPa the

T2 amplitude increased fivefold due to the closing of
voids and reduction of grain-boundary scattering. Above
10 GPa the nonhydrostatic experiment showed no signifi-
cant changes in the excitation amplitude of the «Tq band,
the same behavior observed in the quasihydrostatic ex-
periment.

Finally, we discuss the results of experiments 3 and 4.
The QMSCC model fits to the quasihydrostatic powder
data of experiment 3 show no deviation from the single-
crystal data, with the exception of a small (—200 cm ')
constant offset of the S(~Tq) ZPL energy, the origin of
which is not known. Otherwise the pressure dependence
of ZPL energies, a„„'s, and amplitude data in experi-
ments 1 and 3 agree within experimental error. Tl.is elim-
inates the possibility that the large differences in E( Tp)
observed for experiment 2 were due to the powder nature
of the sample. Since the orientation of the single crys-
tal in 4:1 methanol-ethanol (experiment 4) is unknown
a complete analysis is not possible. However, the Tq
band excitation data qualitatively agree with that of the
quasihydrostatic experiments 1 and 3.

V. DISCUSSION

A. Quasihydrostatic pressure dependence
ofD, B, and C

From the discussion after Eq. (13), the point-charge
model in the cubic approximation predicts 4 oc V
Figure 6 shows a plot of log~o(A/b. o) versus log~u(Vp/V)
for the quasihydrostatic single-crystal data. The frac-
tional volume V/Vo has been calculated from the Birch-
Murnaghan 3 equation of state using2 B0 ——253 GPa
and 80 ——5.0. The measured data fall systematically be-
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0

~0.04

bD0

0.02
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FIG. 6. Log-log plot of the reduced crystal-field-splitting
parameter (b,/6o) versus the inverse of the reduced volume

(V/Vo) for the quasihydrostatic experiment 1. The solid
line is a fit to the data ~vith an intercept of zero and slope
1.50 + 0.02. The dashed line has slope 3, as predicted by the
point-charge model [Eq. (13)j.

low the line with slope s predicted by the point-charge
model. The fitted slope of these data is 1.50 + 0.02.

This failure of the model has been rectified in the lit-
erature in two ways. First, the theories of Munro and
Eggert et al. ,

~s use pressure and volume, respectively, to
scale the electronic charge (e) and nuclear charge number

(Z) of Eq. (13). The values of dZ( T2)/dP calculated by
the two methods give 97 cm /GPa for pressure scaling
and 74 cm ~/GPa for volume scaling. ' Equation (13)
without scaling yields 110 cm ~/GPa. The addition of
scaling improves the agreement with our measured quasi-
hydrostatic slope of 84+3 cm '/GPa. We note that in-
clusion of the anticrossing theory~s due to interactions
between the 4T2 and ~T2 states would not improve the
agreement with the volume scaling theory. At 35 GPa
we do not expect such interactions to play a critical role
in determining the 4T2 level energy.

Second, the cubic field point charge model prediction
for b. [see Eq. (13)j can be kept, in its entirety if the
lower measured slope in Fig. 6 is a result of lower com-
pressibility of the Cr + site compared to the bulk A120s
lattice. Using a bulk modulus of 320 GPa brings the data
of Fig. 6 to a slope of 3. It has been pointed out that if
the substituting ion is larger than the host, then the local
compressibility will be lower. This is the case for ruby
where @A[3+ —0.53 A and r( .3+ —0.615 A. Our data
indicate that the local Cr + compressibility is lower than
the bulk at all pressures, not just at volume compressions
greater than 6% as suggested earlier. ~7 The earlier con-
clusion was based on a combination of hydrostatic and
nonhydrostatic~ data.

As shown in Eq. (12) the R luminescence energy in the
cubic crystal-Geld approximation is given by the Racah
parameters B and C. The measured values of these pa-
rameters indicate that the primary contribution to the
pressure dependence of the R lines is through B. Of
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course, a full analysis must include the eA'ects of the trig-
onal part of the crystal field, 'H&„,@, and 'Msp.

B. Nonhydrostatic pressure dependence of E(4T, )

Our data indicate a significant dependence of E'(4T2)
on the state of stress experienced by the Cr + ion. The
analysis of this dependence is complicated by several fac-
tors. I'irst, the nonhydrostatic state may result in crystal
fields deviating significantly from cubic symmetry. The
lowering of this symmetry will result in further splittings
of the quartet states and a more complicated interpreta-
tion of the absorption spectrum. Such effects have been
observed in shock experiments below the EIugoniot elastic
limit. s Second, the existence of shear stresses will intro-
duce nonisotropic changes in the crystal field. Details of
the resulting changes in the Oz 2p orbital overlap with
the Crs+ 3d orbitals, completely ignored in the point-
charge model, may become important.

Irrespective of the source, the differences in t'(~Tz)
during quasihydrostatic and nonhydrostatic loading in-
fluence several other properties of the Crs+ electronic
spectrum. For example, the E state interacts with the

T2 state through the spin-orbit contribution 'Mso to the
full 3d-electron Hamiltonian. Since the spin-orbit contri-
bution to the energy is much smaller than that of the
crystal field, we use perturbation theory to estimate the
interaction. To first order there is no interaction since

( E
~

'Mso
~ E) = 0. To second order the perturbation

of the F state is

f
('E

[
'Mso I' Tz) I'

E'('E) —F(4Tz)

where [( EPtso( Tz)) =
~

—4i('(z 3.1x 10s (cm ')z.
Our data indicate that there are significant differences in
the denominator of Eq. (18) between the quasihydrostatic
and nonhydrostatic conditions. Evaluating the difference
in the perturbation in the two cases at 35 GPa, we get a
difference in E'(~E) (the R-line mean energy) of

AEqH( E) —EtNH( E) = 17 cm (35 GPa),

where QH and NH refer to quasihydrostatic and non-
hydrostatic environments, respectively. At 35 GPa the
difFerence in the QH and NH Ri-line calibrationss s is
approximately 6 cm . Although this is a small effect
at this pressure, the difference in perturbation of the zE
level by the Tz level under different states of stress is of
the same sign and order of magnitude, and clearly plays
a role in explaining the difference in the two calibrations.
The nonhydrostaticity of our ruby compact is expected
to be greater than that generated in the nonhydrostatic
calibration where the ruby was mixed with metallic pres-
sure markers, possibly explaining the larger deviation
observed here. In addition to this effect the influence
of nonhydrostatic stresses on the x-ray diffraction results
used in the calibration must also be considered. A com-

piete analysis will require a better understanding of the
states of stress generated in the DAC, as well as a more
accurate evaluation of (' in Eq. (3).

The measured difference of E( E)—F( T2) under QH
and NH states of stress will also influence the R-line life-

time, 7 Sh. arma and Gupta have obtained an expres-
sion for the oscillator strength of the E ~ A2 transition
which can be related to the R-line lifetime by

1 27h [5( E) —E( Tz)]

f 16ir~m f(zE)('
~
P,p ~

(20)

where [ P,~
~

is the effective. electric dipole transition
moment for E ~ A2 transitions. AVhen we evaluate the
state of stress dependence of the numerator of Eq. (20)
at 35 GPa we have

&QH AH 40(P
WH

(21)

Scatter of this magnitude has been observed in the life-
time experiments of Eggert et al. and has been at-
tributed to the probing of ruby crystallites in different
states of stress. We see that this stress dependence can
be entirely ascribed to the differences in E( E) —E( Tz).
This implies that the product E( E)('

~
P,g

~

is rela-
tively insensitive to nonhydrostatic states of stress.

C. Excitation of R lines for pressure measurement

Figure 3 shows that the T2 and Tq states and their as-
sociated phonon sidebands move to higher energy rapidly
with pressure. At 35 GPa there is no indication that the
efficiency of excitation through either of these bands is di-
minishing significantly with pressure. The problem with
excitation at higher pressures is due to the movement
of these bands away from the Ar-ion laser lines used to
excite the luminescence. However, the normalized data
presented in Fig. 3 are deceiving for DAC use since di-
amond absorption needs to be considered. For example,
it would appear that excitation through T~ would be

2 times as efFicient as through 4T~. Eiowever, even at
35 GPa the 4Ti band has moved sufficiently far into the
N3 absorption of the type Ia diamond anvils to render
it less efFicient for R-line excitation than the T2 band.

Also, since the 4Tz band does not move as quickly in
the nonhydrostatic case we expect rubies in this stress
environment to be more efFiciently excited with an Ar-
ion laser than ruby chips in a more hydrostatic environ-
ment. This effect is in addition to the greater R-line in-

tensity in a nonhydrostatic environment due to a shorter
lifetime and resulting greater R-line intensity at power
saturation.

Finally, grain-boundary scattering can be an impor-
tant mechanism for loss of e%ciency of excitation and
detection of the R luminescence in the DAC. In the non-
hydrostatic ruby powder experiment the excitation signal
increased by a factor of 5 between atmospheric pressure
and 10 GPa as the intergrain voids were closed. If, at
extreme pressures, a ruby crystal originally loaded as a
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single crystal breaks due to bridging we expect the lumi-

nescence signal to decrease. This may become especially
significant on unloading as voids are formed.

VI. CONCLUSIONS

We have shown that excitation spectroscopy in the dia-
mond anvil cell can be used to study the pressure depen-
dence of absorption features that are too weak to study
directly. For the case of Cr + in ruby, the following con-
clusions can be drawn for the Aq ~ Tg and A2 ~ T1
transition ZPL's and phonon side bands.

In a quasihydrostatic medium S(4') and E( T&), and
therefore b, , depend linearly on pressure to 35 GPa.
The Racah parameter 8 shows a 12'%%uo decrease, and C
shows no significant change. The amplitudes and Franck-
Condon offsets of the QMSCC model do not vary with
pressure for either of the two transitions.

The pressure dependence of S(4') for ruby in a non-
hydrostatic environment shows very difFerent behavior.
It has a 34'%%uo smaller slope at low pressure, and a ben-
dover at the highest pressures, implying a difference in
the effects of the 02 crystal field in this environment.
Therefore theories that do not explicitly take into ac-
count the effects of nonhydrostatic stresses should not
be expected to explain a combination of data taken un-
der different conditions of stress. While the excitation
amplitude of the ruby compact remained constant after
the closure of voids, the Franck-Condon offset increased

15'%%uo between atmospheric pressure and 35 GPa.
The prediction of the cubic crystal-field point-charge

model that 6 oc V sls is not satisfied if V is interpreted

as the volume of the A13+ site in the bulk crystal. For
the quasihydrostatic data 6 is proportional to V 3~ . If
the Crs+ site bulk modulus is modeled as 320 GPa (28%
greater than that of the bulk crystal), then the V
prediction is satisfied.

The difference in f(4T~) between quasihydrostatic and
nonhydrostatic loading infIuences other properties of the
ruby spectrum. We have shown that through spin-orbit
coupling this can become a significant factor in determin-

ing the Rq line calibration difference between these states
of stress. Similarly, the R-line lifetime will be shorter in
a nonhydrostatic environment due to an increase in the
oscillator strength resulting from increased mixing of the

Ts and E states since their energy levels are closer
together.

Since the amplitude of the excitation signal remains
constant and the bands do not broaden significantly with

pressure, we conclude that the band movement away from
the Ar-ion laser lines is primarily responsible for the de-

crease in R-line integrated intensity as the pressure is
increased. Also, significant broadening of the lumines-
cence R lines themselves will reduce the measured peak
height.
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