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The dependence on hydrostatic pressure of the photoluminescent spectrum of alexandrite
has been measured to 40 kbar, at 300 and 167 K. The R; and R, lines red shift linearly
0.27+0.01 and 0.33+0.01 A/kbar, the same for both temperatures. Narrowing of the R
lines with pressure is observed. The phonon sidebands are blue shifted with pressure. By
analysis of these spectral shifts we calculate the anharmonicities of the ‘4, and 2E states
and explain the line narrowing. Thus from these analyses we propose that the linear depen-
dency of the R-line transition energies on hydrostatic pressure results from anharmonic ef-
fects on the zero-point levels of the ‘4, and 2E states, for Cr’*-doped materials in general.

I. INTRODUCTION

Alexandrite, BeAl,0,:Cr’*, has recently been
studied as the active lasing medium for broadly tun-
able lasers.! The Cr* ions enter the orthorhombic
alexandrite structure predominantly by substitution
at mirror symmetry Al sites. Such aluminum sites
are surrounded by approximately hexagonally close-
packed oxygen ions with the Cr’** being displaced
from the central position of this octagon of oxygen
ions.? Interatomic distances between Cr’* ions at
Al mirror symmetry sites and nearest-neighbor oxy-
gen ions range from 1.71 to 2.14 A} The pressure
dependence of the emission spectrum of chromium-
doped ruby has been extensively studied®> and offers
a convenient comparison with that of alexandrite.
The Cr* ions in ruby are also surrounded by an ap-
proximately octahedral arrangement of O?~ ions
with the Cr’* ion being located closer to the central
position of the O ions.

We have studied the alexandrite emission spec-
trum at hydrostatic pressures up to 40 kbar at both
room temperature and 167 K. Spectral changes are
noted for the R lines, which arise from 2E to *4,
transitions, and the high- and low-energy sidebands
associated with these R-line transitions. Major em-
phasis is placed on explaining the linear shifts of the
R lines with applied hydrostatic pressure, with vari-
ous pressure models being considered. The role that
anharmonic forces can have in affecting the pressure
dependence of fluorescence spectra is used in inter-
preting the experimental results. The changes in lo-
cal phonon modes with pressure for the 2E and ‘4,
states are obtained from analysis of the shifts of the
zero-phonon lines and phonon sidebands. These
changes in local modes are used to explain the R-line
narrowing with pressure.
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II. EXPERIMENTAL

Crystals of alexandrite used in this investigation
were obtained from Allied Corporation and were
doped with 0.2 at.% chromium with respect to
aluminum concentration. High-pressure measure-
ments were made using a diamond anvil pressure
cell utilizing a metal gasket and 4:1 methanol-
ethanol pressure transmitting fluid to obtain a hy-
drostatic environment. Pressures were determined
by monitoring the spectral shifts of the R lines from
a ruby chip that was included in the pressure
chamber. The alexandrite samples were optically
excited with the use of the 514.4-nm line from an
argon-ion laser with excitation intensities below 0.1
W to avoid sample heating. Fluorescence spectra
were resolved using a Spex 1702 three-quarter meter
monochromator and detected with a Hamamatsu
R446 photomultiplier tube. For high-pressure mea-
surements at reduced temperatures, the diamond an-
vil pressure cell was cooled with the use of chilled
nitrogen gas with type-K thermocouples for tem-
perature monitoring. Pressure measurements were
specifically performed at 167 K, at which tempera-
ture the pressure dependence of ruby has been cali-
brated.®

III. RESULTS

Figure 1 shows the general pressure-dependent
characteristics of the alexandrite emission spectrum
at room temperature. With the application of hy-
drostatic pressure, the relative intensity and struc-
ture of the high-energy sideband are enhanced, while
the relative intensity of the low-energy sideband de-
creases. The structure of the high-energy sideband
is due to 2T, to *4, transitions and R-line anti-
Stokes transitions (phonon annihilation replicas), as

1923



1924 T. KOTTKE AND F. WILLIAMS 28

R lines

6000 7000 8000
WAVELENGTH (angstrom)
FIG. 1. Luminescent spectra of alexandrite without
and with hydrostatic pressure.

with ruby. Spectral shifts of the R lines with ap-
plied hydrostatic pressure are also evident in this
figure. On the low-energy side of the R lines there
are pair lines and then a continuum of phonon
creation replicas. From these sidebands a phonon
density of states can be determined, as will be dis-
cussed later.

The red shifts of the R lines with pressure at
room temperature and 167 K are shown quantita-
tively in Fig. 2. At both temperatures the R-line
spectral positions are linearly shifted with applied
hydrostatic pressure over the pressure range 0—40
kbar. The pressure coefficients of the R, and R,
lines at room temperature are 0.27+0.01 and
0.33+0.01 A/kbar, respectively. To within the ac-
curacy of the measurements, these pressure coeffi-
cients are unchanged at 167 K. The difference be-
tween the pressure coefficients of the R lines in alex-
andrite is in contrast to the ruby system, where both
R lines exhibit the same pressure coefficient of 0.36
A/kbar. This difference between the pressure depen-
dence of the R lines for these two chromium-doped
systems may be due to the fact that the chromium
site in alexandrite is displaced farther from the cen-
tral position of the surrounding oxygen ions than in
ruby, or to alexandrite’s greater compressibility.
With the application of pressure, the chromium in
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FIG. 2. Wavelengths of spectral maxima of R lines vs
hydrostatic pressure.
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FIG. 3. Full width at half maximum of R lines vs hy-
drostatic pressure.

alexandrite is probably displaced more towards the
central position of the surrounding oxygen ions than
is the corresponding chromium site in ruby at the
same pressure. The lower-symmetry nonoctahedral
crystal field which causes the splitting of the
chromium R line is therefore reduced at the alexan-
drite chromium site with the result that the spectral
separation between the two R lines decreases with
increasing pressure.’

The application of hydrostatic pressure decreases
the observed linewidths of the R lines. Figure 3
shows the pressure dependences of the linewidth of
the alexandrite R, and R, lines.

IV. THEORETICAL

Various models are considered as possible ex-
planations of the linear pressure dependence of the
alexandrite R lines. These models include existing
pressure theories that make use of the harmonic ap-
proximation, consideration of the effects of anhar-
monic forces on the equilibrium position energies,
consideration of the effects of anharmonic forces on
zero-phonon-level energies, and multiple configura-
tion coordinate models.

A number of pressure theories exist which make
use of the harmonic approximation.®~!! These are
mainly focused at broadband spectra, for which a
linear pressure dependence of peak transition energy
exists. The broadband spectra are the envelope of
vibronic spectra which have changes in both transi-
tion energies and intensities with pressure. For spec-
tra with well-resolved vibronic spectra, the changes
in transition energies and intensities can be separat-
ed. Thus the change in transition energies with hy-
drostatic pressure, for example, of zero-phonon lines
such as R lines, can be considered in the harmonic
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approximation rather simply, as follows: When
pressure is applied quasistatically against harmonic
crystal forces, the work added is quadratic in the
pressure and thus the zero-phonon transition which
involves levels tied to the minima of the quasistatic
potentials for the excited and ground electronic
states has no linear but only quadratic pressure
dependence. Therefore, the linear shifts with hydro-
static pressure of the alexandrite R lines, and, for
that matter, the linear pressure shifts of the R lines
of a variety of materials doped with trivalent
chromium,* do not appear explainable using theories
which include only harmonic forces.

The possibility is considered that the forces acting
on a fluorescence center are not totally harmonic.
This possibility is particularly plausible for, al-
though not limited to, materials such as alexandrite
where the impurity ions occupy sites of low symme-
try. Effects of anharmonicity are considered for the
pressure dependence of the equilibrium configura-
tion energies and the zero-point energies in relation
to the equilibrium energies using the generalized
force expression

F(x)=a +b(x —xg)+c(x —xg0)*+P4, (1)

where a, b, and ¢ are coefficients characteristic of
the zero-pressure system, xq and xg, are the equili-
brium positions associated with each term, and 4 is
the coupling constant between the system and the
pressure P. Anharmonic forces are found not to add
a linear pressure term to the pressure dependence of
the equilibrium configuration energies. Instead,
anharmonic forces simply modify the quadratic
pressure dependence of the equilibrium configura-
tion energies predicted using the harmonic approxi-
mation. The pressure dependence for the equilibri-
um configuration energy including anharmonicity
becomes

=P4%/2b{1+4c[b(xg—xe)—al/b?}'?. (2)

As a result, the effect of anharmonicity on the pres-
sure dependence of the equilibrium configuration
energies cannot explain the linear shifts of the alex-
andrite R-line energies with pressure.

An additional effect of anharmonicity is the in-
troduction of a pressure-dependent effective force
constant. A pressure-dependent force constant
causes the frequencies of vibrational states to be
pressure dependent with the result that vibronic lev-
el energies measured with respect to the minimum
energy are also pressure dependent. Energies of
zero-phonon levels, when measured from the energy
minimum, are predicted to shift with pressure for

anharmonic systems according to the relation'!:
E,(P)=(3%/2)[(by /M) *(Agc, /b))
—(b, /M,)"*(A4,c,/b})]P
+[(A42/b,)—(Ag /bg)1P?/2
+E,,(P=0), (3)

where M refers to the reduced mass of the vibration-
al system, and the subscripts refer to the ground and
excited states. Phonon replicas (vibronic transitions)
are similarly shifted. The magnitudes of linear pres-
sure shifts of zero-phonon lines due to the effect of
anharmonicity on vibronic energy levels have been
estimated using the approximation that 10% of the
deformation energy is due to the anharmonic force
terms and are found to be large enough to account
for the linear pressure dependence of the zero-
phonon R-line transition energies. Thus, the pres-
sure dependence of the alexandrite R-line transition
energies appear to be due, at least in part, to the ef-
fects of anharmonicity on the energy levels of the in-
itial and final zero-phonon states.

Additional sources of linear shifts of the alexan-
drite R lines may be masked by basic assumptions of
the pressure models. The configurational coordinate
pressure models that have been considered all utilize
the approximation that the configuration coordinate
that describes the effects of applied pressure is the
same coordinate that is relevant to optical processes.
Models which allow multiple configuration coordi-
nates may predict additional linear pressure depen-
dences of spectral positions.'?

The generalization to any vibronic transition of
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FIG. 4. Anharmonic adiabatic potentials, vibrational
levels, and vibronic transitions for Cr*+ in alexandrite.
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the linear pressure term of Eq. (3) can be written in
the following form:

Ap(BVam ) =(n+ 3)Ap(Fiw, ) — (m + 5 )Ap(fidg) ,

4)

where Ap indicates the incremental change with
pressure P, 7w, and 7w, are, respectively, the local
phonon energies for the excited and ground electron-
ic states, and n and m index the vibrational levels.
These levels and the vibronic transitions hv,,, are il-
lustrated in Fig. 4. The adiabatic potentials (config-
uration coordinate curves) for the *4, and E states
of Fig. 4 anticipate the anharmonicities which will
be obtained from analysis of the spectral changes
with pressure.

We use the zero-phonon Avy, and first phonon re-
plica hvy,, obtained from Eq. (4), in the analysis.
Experimentally, AjgparlAvgg)=—3.2 meV for the
average of the two R lines; Asg pa(Avo;) can be es-
timated from the change in density of local phonon
levels obtained from the single-phonon creation re-
plica. At 10 K this replica shows structure and the
high-frequency limit of the local modes can be es-
timated. In other words, we use the 10 K spectrum
to determine the spectral cutoff of 660 cm™! for
one-phonon replicas, and then analyze the spectral
change with pressure at higher temperatures using
the same cutoff. The effective densities of phonon
levels are shown in Fig. 5. The Ajgpalhvgy) is
thus found to be approximately -+ 1.4 meV. Sub-
stitution Of A39 kbar(hVOO) and A39 kbar(hVOl) y1€ldS
A39 kbar(ﬁwg )= —46 meV and A39 kbar(ﬁa)e )= —_ 11
meV. The higher anharmonicity for the excited
state is expected. The negative anharmonicities are
somewhat unexpected but appear plausible from the
viewpoint that for the A (breathing) mode of the
near neighbors the oxygens move in against the un-
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FIG. 5. Effective densities of local modes vs their wave

number.

filled shell Cr3* 3d> electrons and out against the
filled shell AI** 2522p$ electrons.

From the estimated values of Ap(fiw,) and of
Ap(fiwg), other phonon replicas can be calculated.
For example, we predict Asgypar(hvg)=+6 meV;
experimentally, the value is about half the predicted
value.

The phonon sidebands can also be used to obtain
the narrowing of the linewidths with pressure of the
R lines. This is done by modifying the analysis of
Imbusch et al.,'® which was developed to explain
the temperature dependence of linewidth, to the
problem of the pressure dependence of linewidth.
The linewidth at pressure P is thus of the following
form:

W (P,T)=W(0,0)+« [ [p(P,T,0))*f (T,0)
X[1+f(T,0)]do, (5)

where p(P,T,w) is the density of phonon states of
frequency @ and f(T,w) is the occupational proba-
bility. The W (P,T) can thus be obtained using the
results in Fig. 5. From this analysis linewidth
reductions to 0.8 are predicted for 30 kbar; 0.7 and
0.8 are observed for R, and R,, respectively, as
shown in Fig. 3. The p(w) is obtained from the pho-
non sideband and, since the phonon sideband
changes with pressure, p(w) changes with pressure
and thus the width changes with pressure.

It is concluded that the linewidths of the R lines
of alexandrite are pressure dependent due to the ef-
fect of anharmonicity through the pressure depen-
dence of the effective phonon spectrum that in-
teracts with the chromium ions to broaden the R
lines.

V. CONCLUSION

The major outcome of this study of the pressure
dependence of the alexandrite emission spectrum is
the important role of anharmonic forces. It has
been shown that the linear pressure shifts of the R-
line energies can be explained by pressure-dependent
force constants which results from anharmonic
forces. The magnitudes of the linear pressure shifts
that would result from typical anharmonic forces
have been estimated and are found to be in agree-
ment with what is observed experimentally. From
an analysis of the red shifts of the R lines and the
blue shifts of the phonon sidebands, we obtain the
anharmonicities of the *4, and 2E states. The same
pressure dependence of phonon sidebands are used
to explain the narrowing with pressure of the R
lines.

Although our measurements of the spectral shifts
of the R lines are quite accurate, the corresponding
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shifts of the phonon replicas and the separation of
the one-phonon replicas from multiphonon replicas
are approximate and thus the calculated changes in
anharmonicities are approximate. Nevertheless, the
observations of R-line shifts, changes in effective
phonon densities, and line narrowing are all con-
sistent, based on this analysis. We note that addi-
tional measurements such as resonant Raman
scattering and inelastic neutron scattering as a func-
tion of hydrostatic pressure can lead to more accu-
rate values for the anharmonicities and their
changes with pressure.
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