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High-pressure luminescence of Cr3¿-doped CaO-Ga2O3-GeO2 glasses
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We present ambient-pressure luminescence, luminescence excitation spectra, and luminescence decays and
high-pressure luminescence of chromium doped CaO-Ga2O3-GeO2 glass material. The material has been found
to be very inhomogeneous with emission of Cr31 ions that are in different coordinated environments. Although
the broadband emission dominates the overall emission of Cr31 at ambient pressure, the high-pressure results
indicate that the Cr31 luminescence mainly originates from the high-field Cr31 sites and is characteristic of the
R line emission and the inhomogeneously broadened sideband. The physical quantities of crystal-field strength,
Racach parameters, and inhomogeneous crystal-field distribution function have been estimated in the context
of a standard configurational coordinate model.
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I. INTRODUCTION

Disordered crystal and glass matrices doped w
transition-metal and rare-earth ions are still attractive as
tential laser media, especially for tunable solid-state lase1,2

and optical fibers.3 Of particular interest is the octahedral
coordinated Cr31 ion. In low-medium strength crystal fields
Cr31 exhibits a broadened luminescence band related to
4T2→4A2 spin allowed transition4–7 or a superposition of
the broad 4T2→4A2 band and the sharper spin forbidde
2E→4A2 (R-line! transition.8,9 Structural disorder in glasse
results mainly in a broad distribution of the energy of t
4T2 state and inhomogeneous broadening of the4T2→4A2

transition. Less significant, but still considerable, inhomo
neous broadening of the2E→4A2 transition is also
observed.

In this paper, we present spectroscopic investigations
member of the CaO-Ga2O3-GeO2 family of glasses. We spe
cifically consider the garnet composition Ca3Ga2Ge3O12
(3CaO-Ga2O3-3GeO2) ~CGGG! doped with chromium. The
Nd31-doped crystalline analog, CGGG:Nd31, is a well-
known laser material.10 The emission spectrum of crystallin
CGGG:Cr31 is dominated by theR lines of high-field Cr31

sites11 ~commonly referred to as high-field Cr31 sites when
the energy of the4T2 state is higher than that of the2E state
of Cr31 and as low-field Cr31 sites when the energy o
the 4T2 state is lower than that of the2E state of Cr31).
In gallogermanate Ca3Ga2Ge4O14 (3CaO-Ga2O3-4GeO2)
~CGGO! crystals doped with Cr, Cr31 ions occupy primarily
low-field octahedral sites and exhibit primarily broad4T2
→4A2 emission. Only a small fraction of the Cr31 sites in
CGGO are high-field and only weakR line emission is
observed.12 Similarly, in the crystalline garnet Ca3Sc2Ge3O12
(3CaO-Sc2O3-3GeO2) ~CSGG! doped with chromium, Cr31

ions occupy only low-field octahedral sites.13

The effect of inhomogeneous broadening due to struct
disorder on the luminescence of Cr31 has been investigate
for several gallogermanate crystals,14–16 aluminosilicate
glasses,6 and congruent LiTaO3.17 In all of these systems, th
0163-1829/2002/65~6!/064203~9!/$20.00 65 0642
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disorder is large enough to differentiate the4T2 state energy
by hundreds of wave numbers. Since the energy of the2E
state is intrinsically much less sensitive to structural var
tions, its variation over a distribution of structurally in
equivalent sites in the presence of structural disorder is m
less pronounced. As a result of the disparate effects of di
der on the energies of the2E and 4T2 states, it becomes
possible for Cr31 to exist as both high field and low field in
nominally equivalent crystallographic sites. In such mate
als, the broadband4T2→4A2 emission and theR-line emis-
sion both contribute to the spectrum, even at very low te
perature. Ideally, an analysis of the inhomogeneou
broadened spectrum should provide information on the
tribution of crystal-field strengths as well as information
low-symmetry distortions from octahedral symmetry induc
by structural disorder. In practice, however, the strong hom
geneous broadening of the absorption and emission ba
between the4A2 and 4T2 states prevents one from separati
the homogeneous and inhomogeneous contributions to
spectrum when low-field Cr31 ions are present. As a result,
is not possible to properly distinguish different sites, to d
termine the distribution of crystal-field strengths, or to d
scribe low-symmetry distortions.

The ability of high pressure to induce the transitions fro
low field to high field in Cr31-doped materials has been pr
viously demonstrated.18–22 It has been shown that pressu
induces an increase in the energy of the4T2 state of
10–15 cm21/kbar, whereas the energy of the2E state de-
creases by 1 –2 cm21/kbar. Thus by applying pressure t
low-field Cr31 sites, we can induce an electronic crossov
of the 4T2-2E states. As a consequence of the crossover,
broad 4T2→4A2 emission band disappears and is replac
by the sharp2E→4A2 R-line emission. As a result, it be
comes possible with pressure to spectrally isolate theR-line
emission. Since theR-line luminescence is weakly broad
ened, the analysis of its line shape provides information
the number of different sites and the crystal-field stren
distribution.14,17,23In strongly disordered materials with mu
tiple sites, the broad distribution in the energy of the4T2
state means that the electronic crossover occ
©2002 The American Physical Society03-1
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over a wide range of pressures. As a result, the broadb
andR-line emission are simultaneously present over a w
range of pressure. In such systems, an analysis of the p
sure dependence of the ratio of theR-line intensity to the
broadband intensity allows one to determine the distribut
function of the 4T2 state energy.

We have previously reported the emission, luminesce
excitation, and high-pressure luminescence spectra
Cr31-doped CaO-Ga2O3-GeO2 glass.24 The luminescence
consisted of theR-line emission at about 690 nm and a mu
stronger4T2→4A2 emission band with a peak at about 8
nm. To resolve theR-line and 4T2→4A2 emission bands, we
measured the luminescence of the material under high hy
static pressure. We found that the energy of theR-line emis-
sion decreased with pressure by 1.73 cm21/kbar, whereas
the 4T2→4A2 emission band was unexpectedly almost ind
pendent of pressure.24 In this paper we present a more com
plete spectroscopic investigation of luminescence decays
minescence excitation, and high-pressure luminesce
spectroscopy of the Cr31-doped CaO-Ga2O3-GeO2 glass.
Specifically, we have analyzed the broadband emission
its dependence on pressure at variable temperature ov
broader spectral range.

II. PREPARATION OF GLASS SAMPLES

Cr-doped glasses of the CaO-Ga2O3-GeO2 system with
high chemical purity and optical quality and different st
ichiometric compositions were obtained in corundum c
cibles by standard high-temperature synthesis method25

The Cr31 was added to the glass composition in the form
CrCl3 liquid solution in amount ranging from 0.01–0.2 wt %
The CaO-Ga2O3-GeO2 system has three stable crystallin
forms: Ca3Ga2Ge3O12 ~ordered garnet structure, space gro
Ia3d), Ca3Ga2Ge3O14 ~substitutionally disordered Ca
gallogermanate structure, space groupP321), Ca2Ga2GeO7

~gelenite structure, space groupP4̄21m), and respective vit-
reous forms with compositions similar to these crystall
forms.25 The chemical composition of the glasses was de
mined by x-ray microanalysis using a ‘‘Camebax’’ apparat
Glasses with stoichiometric compositions similar to that
calcium-gallium-germanium garnet (Ca3Ga2Ge3O12) were
selected for spectroscopic investigations and analysis. X
diffraction showed that the product obtained in the synthe
was heterogeneous and consisted primarily of a glassy p
with small amount of crystalline precipitates.26

III. AMBIENT PRESSURE LUMINESCENCE OF BULK
SAMPLES

Argon and He-Ne laser excitation were used in the lum
nescence and the resulting spectra were corrected for in
mental response. Throughout this paper, the reported e
sion spectra were obtained by dividing the correc
emission intensity by the third power of photon energy.
normalizing the spectra in this way, the energy of the ma
mum of the spectrum is equal to the energy of the Fra
Condon transition.

The ambient pressure emission in the bulk sample
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found to depend on excitation energy as well as temperat
Luminescence spectra obtained under various conditions
presented in Figs. 1~a! and 1~b!. At room temperature@Fig.
1~a!#, the luminescence spectra consisted of a broadb
peaking at 12 000–13 000 cm21 and a weaker sharp line
peaking at 14 480 cm21. We observed that the relative in
tensity of the sharp line to the broadband depends weakly
the excitation wavelength. The sharp line is strongest u
457.9-nm excitation and weakest upon 488-nm excitati
Qualitatively different emission spectra were obtained wh
the temperature was decreased to 20 K. The sharp line
broadband emission features are still observed at 20 K,
the line shapes and peak energies changed significantly.
maximum of the broadband shifted to;10 300 cm21 @Fig.
1~b!#. The sharp line broadened and shifted
;14 230 cm21 @Fig. 1~b!#. An excitation wavelength depen
dence of the spectrum was also observed at 20 K. Un
514.5-nm excitation~and to some extent, under 488-nm e
citation as well!, it appeared that the spectral structure o
served at room temperature~the line at 14 480 cm21 and the
broadband 12 000–13 000 cm21) still contributed to the 20-
K spectrum. By contrast, the room-temperature spectrum
tained under 632.8-nm excitation appeared to include a l

FIG. 1. Ambient pressure luminescence spectra of a bulk sam
of CGGG:Cr31 glass obtained at different excitation wavelength
~a! room temperature and~b! 20 K.
3-2
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HIGH-PRESSURE LUMINESCENCE OF Cr31-DOPED . . . PHYSICAL REVIEW B 65 064203
energy (10 000–11 000 cm21) contribution from the 20-K
broadband feature.

It is interesting to compare the spectra obtained un
632.8-nm excitation at different temperatures~see Fig. 2!. At
lower temperatures~20, 50, and 100 K!, one can see emis
sion features characteristic of the low-temperature spectr
all excitation wavelengths: the broadband peaking
10 300 cm21 and the sharper line at 14 230 cm21. Both of
these features disappeared with increasing temperature~the
sharper band disappeared before the broadband!. For tem-
peratures above 200 K, the sharper band at 14 230 c21

was completely replaced by a band at 14 480 cm21 whose
intensity increased with increasing temperature. In the lo
energy region, the band at 10 300 cm21 was gradually re-
placed by the band at 12 000 cm21. Both broadband fea
tures, however, contributed to the spectrum over the en
temperature range of the study. Both broadbands exhib
strong blue shifts with increasing temperature.

The results indicate that the emission is dominated
different Cr31 centers. The ambient pressure emission sp
tra obtained at room temperature presented in Fig. 1~a! can
be interpreted as follows. The sharp line is due toR-line
emission (2E→4A2) from high-field octahedrally coordi
nated Cr31 sites. The relatively large linewidth of theR line
as well as its slightly asymmetric line shape are attributed
inhomogeneous broadening of the transition due to diso
of the host. As far as the broadband is concerned, its en
and line shape are consistent with an assignment to the4T2
→4A2 transition of low-field octahedrally coordinated Cr31

sites.
At 20 K @Fig. 1~b!#, the R line at 14 480 cm21 at room

temperature was replaced by a broader band peakin
14 230 cm21. We attribute the feature at 14 230 cm21 to
2E→4A2 emission of Cr31 sites in a glassy environmen
The larger linewidth is a consequence of the much m
significant inhomogeneous broadening in a glassy phase
tive to a disordered crystalline phase.27 The qualitative and
quantitative spectral changes observed with tempera

FIG. 2. Ambient pressure luminescence spectra of a bulk sam
of CGGG:Cr31 glass obtained at different temperatures up
632.8-nm excitation. TheR-line luminescence is presented in th
inset.
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~Fig. 2! are due to energy transfer between the different C31

centers and nonradiative processes in the glassy phase.

IV. PRESSURE CALIBRATION

For high-pressure spectroscopy measurements, the sa
was powdered and individual pieces were placed in the g
ket hole of a diamond-anvil cell. Samples with dimensions
75–100mm were selected for the high-pressure studies.
noticed that different glass samples selected for hi
pressure experiments had already at ambient pressure d
ent luminescence characteristics. We have distinguis
brighter samples with luminescence features similar to th
observed in the bulk sample at high temperature (R line at
14 480 cm21 and broadband peaking at 12 700 cm21) and
weakly emitting pieces whose emission consisted ma
of the lower energy (10 000–11 000 cm21) broadband
emission.

Experiments have been performed using two sets of
perimental systems. For pressure calibration,
CaO-Ga2O3-GeO2 glass sample and ruby crystal were plac
in a diamond-anvil cell ‘‘Diacold04’’ ~modified Merrill-
Basset design! made by Diacell Products. Emission light wa
dispersed by a 2-m monochromator~adapted from a spec
trograph, PGS2, Carl Zeiss Jena!, equipped with a 651
grooves/mm grating, and detected by a photon counting te
nique using a Hamamatsu R943-02 photomultiplier tu
~PMT!. For detailed investigations of the broadband em
sion, another detection system was used. The emission
dispersed by a 1-m spectrometer~SPEX 1704! and detected
with Hamamatsu R2228 PMT. This system had less disp
sion, but was sensitive up to 1200 nm. A 4:1 methanol:et
nol mixture or a spectroscopic oil~poly-dimethylsiloxane!
was used as the pressure transmitting medium. In the pre
high-pressure luminescence experiments, the well-kno
R-doublet lines and the symmetric line shapes of ruby in
cated a quasihydrostatic pressure distribution was mainta
up to 150 kbar.

Using the former experimental system, we were able
measure the rubyR1 and R2 lines and theR line emission
from glass samples with much better than single wa
number resolution. Since the rubyR1 and R2 emission
strongly overlap with theR lines of the glass we focused th
excitation light separately on the ruby and the sample
minimize interference of the luminescence signals. Given
much stronger luminescence intensity of ruby, its emiss
was still excited by scattered light when we focused on
sample. Consequently, at a given pressure we could obs
the ruby luminescence only or luminescence that was a
perposition of the ruby and sample luminescence@Figs. 3~a!
and 3~b!#. We were able to subtract the ruby emission fro
the spectrum to obtain the spectrum presented in Fig. 3~c!.
We found that the energy of theR-line luminescence of the
CGGG:Cr31 glass sample depends linearly on pressure. T
observed pressure shift was found to be equal
21.73 cm21/kbar. The data are summarized in Fig. 4. B
correlating the R-line energy of the CGGG:Cr31 glass
sample with the rubyR lines, we can use the glass as
secondary pressure calibration standard.

le
3-3
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For the brighter type of CGGG:Cr31 glass samples, we
measured high-pressure luminescence spectra without u
ruby and used the pressure shift of theR-line emission of the
glass sample for pressure determination. When we inve
gated the weaker emitting samples that exhibited only
broadband emission near 10 000–11 000 cm21 ~see above!,
we used ruby as the pressure indicator.

FIG. 3. R-line luminescence of a CGGG: Cr31 glass sample and
ruby in a diamond-anvil cell.~a! spectrum obtained when the exc
tation beam was focused on the CGGG:Cr31 sample;~b! spectrum
obtained when the excitation beam was focused on ruby; and~c! the
resulting CGGG:Cr31 R-line luminescence obtained by subtractin
out the rubyR-line emission features.

FIG. 4. Variation of the energy of theR line of CGGG:Cr31 and
the R1 line of ruby with pressure at room temperature.
06420
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V. HIGH-PRESSURE LUMINESCENCE

Figure 5 shows the luminescence spectra of the br
sample obtained for several pressures at room tempera
@Figs. 5~a!–5~c!# and at 20 K @Figs. 5~d!–5~f!#. At room
temperature, the emission spectrum retains its ambient p
sure appearance upon increasing pressure. As discu
above, theR lines exhibit a redshift. The pressure shift of th
broad emission band is more difficult to determine beca
of uncertainty in determining the peak maximum. The var
tion of the estimated broadband peak maximum with pr
sure is shown in Fig. 6. Although there is some variabili
the data indicate a weak redshift of the peak maximum w
pressure. From the data, we estimate a redshift of appr
mately 2 cm21/kbar. The magnitude of the broadband re
shift is similar to that observed for theR lines and is much
different than the;10-cm21/kbar blueshift typically ob-
served for the4T2→4A2 emission of Cr31 in crystalline ox-
ides. The shift behavior of the broadband emission
CGGG:Cr31 glass suggests that the emission is not due
the 4T2→4A2 transition of low-field Cr31 sites.

The low-temperature luminescence decay curves at am
ent pressure and room temperature are shown in Fig. 7.
cay curves upon excitation at 532 nm with double fr
quenced YAG:Nd laser and monitored at several waveleng
are shown. The monitored wavelengths were selected wi
both theR-line and broadband portions of the spectrum. T
decay curves at all monitored wavelengths are similar
are well represented by a double exponential function wit
long component of;2.5 ms and a short component o
;1 ms. The similar decay behavior of theR-line and broad-
band emission is a further indication that the broadba
emission is not due to the4T2→4A2 transition of low-field
Cr31 sites. The latter transition has a typical lifetime
;10–;100 ms in crystalline oxides.

Figure 8 depicts the pressure variation of the ratio of
integratedR-line intensity to the combined integrated inte
sity of theR-line and broadband emission. The data indic
a weak variation of the intensity ratio with pressure at roo
temperature and 20 K for several excitation wavelengt
Small increases in the intensity ratio at 20 K and room te
perature upon 488 and 514.5 nm excitation were obser
and a small decrease in the intensity ratio was observed a
K upon 457.9-nm excitation. The weak variation in intens
ratio observed in CGGG:Cr31 glass is in contrast to the larg
increase in intensity ratio observed in LiTaO3:Cr31.17 This
large increasing of theR-line intensity in LiTaO3:Cr31 was
attributed to a pressure-induced4T2-2E excited-state elec-
tronic crossover. Due to disorder in the crystal, the crosso
occurred over a wide range of pressure. The intensity rati
LiTaO3:Cr31 also showed a strong temperature depende
due to a thermal population of higher vibrational4T2 states.
The absence of a strong intensity ratio variation in CGG
Cr31 glass with pressure or temperature is a further indi
tion that the broadband emission observed in CGGG:Cr31 is
not due to the4T2→4A2 transition of low-field sites.

Figure 9 shows the pressure dependence of the emis
spectrum of a sample selected from the weakly emitting p
tion of the heterogeneous bulk sample. The sample retain
3-4
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FIG. 5. High-pressure luminescence spectra of CGGG:Cr31 glass at several excitation wavelengths. The sample used in the exper
was selected from a bright portion of the heterogeneous bulk sample:~a! lexc5457.9 nm, RT; ~b! lexc5488 nm, RT; ~c! lexc

5514.5 nm, RT;~d! lexc5457.9 nm, 20 K;~e! lexc5488 nm, 20 K;~f! lexc5514.5 nm, 20 K. RT5room temperature.
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broadband appearance and exhibits a redshift with increa
pressure.

VI. BULK SAMPLE EXCITATION SPECTRA

In order to obtain information about the higher excit
states of CGGG:Cr31 glass, we completed luminescence e
06420
ng

-

citation measurements on the bulk heterogeneous samp
ambient pressure. The excitation spectra obtained at ro
temperature and 85 K upon monitoring emission
14 480 cm21 (R line! and 12 700 cm21 ~broadband! are
shown in Fig. 10. The excitation spectrum at 85 K obtain
upon monitoring the emission at 14 480 cm21 consisted of
two broad Gaussian shaped bands. An analysis of the s
3-5
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M. GRINBERGet al. PHYSICAL REVIEW B 65 064203
trum indicates that it contains a band at 17 450 cm21 with a
standard dispersions51090 cm21 and bandwidth of
2567 cm21 and a band at 23 720 cm21 with a standard dis-
persions51150 cm21 and bandwidth of 2708 cm21. Both
bands exhibited a temperature shift of about21.5 cm21/K
between 85 K and room temperature. These spectra are
sistent with the existence of the high-field Cr31 ions in oc-
tahedral coordination. The low- and high-energy excitat
bands can be attributed to the4A2→4T2 and 4A2→4T1 tran-
sitions, respectively, of high-field Cr31 sites in CGGG:Cr31

glass. From the positions of the excitation bands and
energy of theR lines, we can calculate the crystal-field p
rameters. From the data, we obtain 10Dq517 450 cm21,
B5627 cm21, andC53253 cm21 for the high-field sites.

The excitation spectra of the broadband emiss
(12 700 cm21) are similar to those of theR-lines ~Fig. 10!.
The lower energy band has a maximum at 17 450 cm21 at
85 K. The energy and bandwidth of the band were nea
temperature independent. The high-energy excitation b
observed upon monitoring the broadband emission is m
intense and broader than the corresponding band obta
upon monitoring theR-line emission. The broadening is
consequence of a readily noticeable shoulder in the exc

FIG. 7. Luminescence decay curves of a sample of CGGG:C31

selected from a bright portion of the heterogeneous bulk sam
The decay curves were obtained at 20 K and ambient pressure
excitation at 532 nm.

FIG. 6. Pressure variation of the estimated peak maximum
the broadband portion of the spectra shown in Fig. 5.
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tion band. Instead of a single Gaussian, the high-energy
citation band observed upon monitoring the broadband em
sion can be resolved into two Gaussian components:
component with a peak at 22 270 cm21 and a standard dis
persion s51015 cm21 and a second component with
peak at 24 000 cm21 and a standard dispersions
51700 cm21. The lower energy band at 17 450 cm21 and
Gaussian component at 24 000 cm21 observed upon moni-
toring the broadband emission are similar to features
served upon monitoringR-line emission and are attributed t
4A2→4T2 and 4A2→4T1 transitions of Cr31, respectively.
The Gaussian component at 22 270 cm21 is likely not
related to Cr31.

VII. CONFIGURATIONAL COORDINATE DIAGRAM OF
HIGH-FIELD OCTAHEDRALLY COORDINATED

CHROMIUM CENTER

The crystal-field parameters 10Dq, B, and C calculated
from the excitation spectrum of theR-line emission do not

e.
on

FIG. 8. Ratio of the integratedR-line intensity to the total inte-
grated intensity of Cr31 in CGGG glass at room temperature and
K as a function of pressure for different excitation wavelengths

FIG. 9. High-pressure luminescence spectra of CGGG:C31

glass atlexc5457.9 nm. The sample used in the experiment w
selected from a weakly emitting portion of the heterogeneous b
sample.

f

3-6



c
e
ax

x

o
l
e
n

o
e
n
f

-
tic
e

ou

g

-

th
t
i

ou-

-

r
eous
hat
o-
sian

and

us

of

tan-

HIGH-PRESSURE LUMINESCENCE OF Cr31-DOPED . . . PHYSICAL REVIEW B 65 064203
account for electron-lattice coupling. Since the ground4A2

state and the excited4T2 state belong to different electroni
configurations (t3 and t2e), respectively, the excited-stat
system relaxes due to lattice rearrangement. Thus the rel
excited 4T2 state responsible for the4T2→4A2 emission has
an energy much lower than 10Dq. This effect is most readily
visualized in a configurational coordinate diagram@Fig.
11~a!#. In a one-dimensional approximation, the lattice rela
ation is described by a single parameterS\v whereS is the
Huang-Rhys factor that quantifies the electron-phonon c
pling strength and\v is the energy of the effective loca
phonon mode.28 We do not have direct information on th
energy minimum of the4T2 states since the broad emissio
band observed at;12 700 cm21 does not correspond t
4T2→4A2 emission. If the broadband emission did corr
spond to4T2→4A2 emission, we could estimate the positio
of the zero phonon energy of the4T2 state as the average o
the broadband emission maximum (;12 700 cm21) and the
4A2→4T2 maximum (17 450 cm21) observed in the excita
tion spectrum. We could also estimate the electron-lat
coupling energyS\v to be half of the difference between th
two maxima. If we were to proceed according to the assum
tion that the broadband emission did correspond to4T2

→4A2 emission from the Cr31 sites, we would find that the
4T2 zero phonon energy equaled;15 075 cm21 and that
S\v5;2375 cm21. The resulting hypothetical4T2 mini-
mum in the configuration coordinate diagram would be ab
;600 cm21 higher in energy than the2E minimum. Under
this scenario therefore the sites would emit primarily throu
the 2E→4A2 transition and any4T2→4A2 emission would
occur through thermal population of the4T2 state. Since
thermal population of the4T2 state would require overcom
ing a 600-cm21 activation barrier, we would expect the4T2
emission to be strongly temperature dependent under
scenario. The experimental data, however, indicate that
broadband emission intensity does not vary appreciably w
temperature relative to theR-line emission intensity. We
therefore further conclude that the broadband emission

FIG. 10. Ambient pressure luminescence excitation spectra
bulk heterogeneous sample of CGGG:Cr31 glass at 85 K and room
temperature. The spectra were obtained by monitoringR-line
(14 480 cm21) and broadband emission (12 700 cm21).
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12 700 cm21 is not due to the4T2→4A2 transition in the
high-field sites.

We can estimate the energy of the electron-lattice c
pling S\v of the high-field system in the4T2 excited state
by considering the standard dispersions of the homoge-
neously broadened excitation band (17 450 cm21) due to
the 4A2→4T2 transition obtained upon monitoring theR-line
emission at 14 480 cm21 ~Fig. 10!. Using standard configu
ration coordinate model analysis,28 we know the temperature
dependence of the homogeneous broadeningshom as
follows:

S\v5
shom

2 ~T!

\v
tanhS \v

2kTD . ~1!

When analyzing the CGGG:Cr31 glass, we need to conside
the inhomogeneous broadening as well as the homogen
broadening of the excitation spectrum. If we assume t
both the distribution of crystal-field strengths and the hom
geneous broadening of the spectrum are given by Gaus
functions, we can relate the standard dispersions of the
experimental excitation spectrum to the homogeneous
inhomogeneous contributions through

s5Ashom
2 1s10Dq

2 , ~2!

wheres10Dq is the standard dispersion of the inhomogeneo
crystal-field strength distribution for high-field Cr31 sites in

a

FIG. 11. Configurational coordinate diagrams of Cr31: ~a! sys-
tem without inhomogeneous broadening of the4T2 energy;~b! and
~c! system with inhomogeneous broadening characterized by s
dard dispersionss10Dq5300 cm21 ands10Dq5600 cm21, respec-
tively, of the 4T2 energy. Histograms represent the4T2 state energy
distribution functions.
3-7
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CGGG:Cr31 glass. Table I summarizes the calculated valu
of S\v for several representative values ofs10Dq. shom was
calculated from Eq.~2! and the standard dispersions
51090 cm21 obtained from a Gaussian fit of the expe
mental 4A2→4T2 excitation band~room temperature! for
high-field Cr31 sites ~Fig. 10!. S\v was further calculated
from Eq. ~1! using \v5300 cm21. The resulting configu-
ration coordinate diagram fors10Dq5300 cm21 and s10Dq
5600 cm21 are depicted in Figs. 11~b! and 11~c!, respec-
tively. The histograms represent the4T2 state energy distri-
bution functions. Thus single configuration coordinate cur
for the 2E state and the4T2 state show the existence also
the low-field Cr31 site. The two curves correspond to th
upper and lower bounds of the distribution of4T2 energies
resulting from the stated values ofs10Dq. From the dia-
grams, we see that only a small fraction of high-field Cr31

sites has a minimum4T2 energy below the2E state.
In order to estimate the actual value of the standard

persion of inhomogeneous broadening of the4T2 energy in
the present CGGG:Cr31 system, we must consider the tem
perature dependence of the bandwidth of excitation sp
trum. From the spectra presented in Fig. 10, we see tha
bandwidth~standard dispersion! of the 4A2→4T2 transition
depends weakly on temperature. Only a 15% increase
bandwidth was observed between 85 K and room temp
ture. Since the homogeneous contribution to the bandwid
temperature dependent, while the inhomogeneous contr
tion is not, the weak temperature dependence of
linewidth indicates that inhomogeneous broadening is
nificant. Using Eqs.~1! and~2! with \v5300 cm21 and the
experimental bandwidths at 85 and 293 K, we estim
s10Dq5600 cm21. This broad predicted distribution of th
energy of the4T2 state due to the inhomogeneous cryst
field strength distribution is supported by the significa
broadening observed for the2E→4A2 transition in CGGG:
Cr31 glass relative to other systems.

We have previously shown in the disorder
LiTaO3:Cr31 crystal that an inverse correlation of the4T2
and 2E energies exists for crystallographically equivale
sites. This correlation was described by the formula17

E2E2E
2E

0
52K~E4T2

2E4T2
!. ~3!

TABLE I. Electron-lattice coupling energyS\v obtained for
various values of the standard dispersions10Dq of the inhomoge-
neous crystal-field strength distribution for high-field Cr31 sites in
CGGG:Cr31 glass.shom, the standard dispersion of the homog
neous contribution to the4A2→4T2 excitation bandwidth, was cal
culated for each value ofs10Dq using Eq. ~2! and the standard
dispersions51090 cm21 of the experimental4A2→4T2 excita-
tion band~room temperature! of the high-field Cr31 sites in CGGG:
Cr31 glass.S\v was calculated usingshom and Eq.~1! using\v
5300 cm21.

s10Dq (cm21) 0 200 300 400 500 600
shom (cm21) 1090 1071 1048 1014 969 910
S\v(cm21) 2403 2320 2222 2080 1900 1675
06420
s

s

s-

c-
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in
a-
is
u-
e
-

e

-
t

t

Equation~3! relates the distribution function of the4T2 en-
ergy to the distribution of the2E energy, or equivalently the
R1 linewidth. For LiTaO3:Cr31, the coefficientK was found
to be of the order of 0.1 for each of the two grou
of inequivalent of sites. If we use a similar value ofK for
CGGG:Cr31 and the experimental dispersionsR1

538 cm21 for theR1 line, Eq.~3! would predict a standard
dispersions10Dq5380 cm21 for the 4T2 energy. This value
is smaller than that obtained from the temperature analysi
the excitation band. The difference is not unexpected, h
ever, since the excitation spectrum provides the informat
about all sites, while the luminescence spectrum provi
information only on those sites that were effectively excit
by monochromatic light. Our main conclusion at this time
that the approximate values ofs10Dq obtained in this work
indicates that4T2→4A2 emission is at most only a mino
contribution to the broad emission band at 12 700 cm21.

VIII. CONCLUSIONS

We have prepared a Cr31-doped glass materia
~CGGG:Cr31) with a stoichiometry close to that of the ga
net Ca3Ga2Ge3O12. It has been found that the material has
high-field Cr31 multisite character. We identified a high-fiel
Cr31 system whose luminescence consists ofR-line (2E
→4A2) emission at 14 480 cm21 accompanied by a broa
unstructured sideband that peaks near 12 700 cm21. High-
pressure luminescence spectroscopy up to 150 kbar
shown that the sharpR line behaves as expected for a hig
field octahedrally coordinated Cr31 center ~a redshift of
1.73 cm21/kbar!. The broad emission band, however, d
not exhibit the;10-cm21/kbar blueshift typically observed
for 4T2→4A2 emission of Cr31. Instead, it exhibited a red
shift of 260.5 cm21/kbar. This shift rate, combined with
lifetime decays comparable to those observed for theR line,
led us to conclude that the broad emission band is not du
the 4T2→4A2 transition in low-field octahedrally coordi
nated Cr31 sites. A configurational coordinate diagram d
veloped from luminescence excitation spectra supports
conclusion since it predicts the nearly exclusive existence
high-field sites. Since the broadband andR-line emission al-
ways appear simultaneously with the same lifetime and p
sure coefficients, they must be related to each other.
possibility is to consider the broadband as a phonon-indu
sideband of theR-line emission. The interaction of odd
parity phonons with Cr31 centers leads toR-line sidebands
in crystals.29,30Usually the sidebands reproduce the struct
of lattice phonons. Phonon energies in crystals are typic
smaller than 1000 cm21.30 Recently, however, Costaet al.31

found thatR-line sidebands of Cr31 in silicate glasses can
extend over a range of 1500 cm21. In the CGGG:Cr31 glass
of this study, the phonon sideband is structureless as
pected for a glass, with phonon energies up to ab
2000 cm21.

An additional weak emission band with a peak ne
10 300 cm21 was also observed. This emission was attr
uted to a superposition of the4T2→4A2 emission of the
low-field Cr31 sites and the emission of chromium ions
3-8
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highly valency states (Cr41 and Cr51). Supporting evidence
for the existence of emission from low-field Cr31 sites in the
broad 10 300-cm21 emission was obtained in the observ
tion of a weak increase in theR-line intensity with increasing
pressure upon 488- and 514.5-nm excitations@Figs. 5~b!,
5~c!, 5~e!, 5~f! and Fig. 8#. The weak increase of theR-line
intensity with pressure is consistent with a pressure-indu
electronic crossover from a small fraction of the inhomog
neous low-field Cr31 sites in the CGGG glass used for th
study. The contribution of the low-field Cr31 sites to the
broad 10 300-cm21 emission band was too small, howeve
to directly observe its shift behavior with pressure. The o
served very small redshift of the 10 300-cm21 emission band
with pressure~Fig. 9! indicates that the dominant cente
contributing to this emission (Cr41 or Cr51) are weakly
coupled to the glass host. Thus the macroscopic effec
pressure almost does not change the local environment o
center.

The relative contributions of the broad emission bands
12 700 and 10 300 cm21 to the spectrum were dependent
excitation wavelength. This dependence is readily explai
J.

, J

ys
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r,
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B

M

m
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y,

.

J

06420
d
-

-

of
he

t

d

by preferential excitation of lower field sites in the inhom
geneous distribution as the excitation wavelength increa
The excitation wavelength dependent studies also reve
the presence of an additionalR-line feature at 14 230 cm21.
It is evident from the data that the glass contains a w
range of Cr31 sites with crystal-field strengths ranging fro
the high field to the low field.
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