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The optical spectroscopy of strong- and weak-field sites of Cr**-doped gallogermanates have been in-
vestigated using fluorescence line narrowing, selective excitation, and selective fluorescence lifetime mea-
surements. A statistical model has been used to model the spectroscopic data obtained from the R-line
fluorescence of the strong-field sites whilst an adiabatic model of the spin-orbit and electron-phonon cou-
pling interactions has been used to model the broadband absorption and emission of the weak-field sites.
For both strong- and weak-field sites it is shown that inhomogeneous broadening is dominated by the
nonoctahedral component of the crystal field rather than by variation of the octahedral crystal-field

strength.

INTRODUCTION

The inhomogeneous broadening of optical transitions
in solids is of great importance to the fundamental under-
standing of the interaction between optically active im-
purity ions and their host lattices. The ability to predict
the nature and magnitude of inhomogeneous broadening
in crystals provides information vital for “crystal-field en-
gineering,” a term that refers to the production of optical
materials that conform to a set of predetermined opti-
mized characteristics. The widths of spectral features are
of particular importance for gain media used in tuneable
and short pulse lasers and for spectral hole-burning ma-
terials.

Purely electronic transitions in perfect crystals have
linewidths determined entirely by lifetime and dephasing
mechanisms. The dominant contribution to dephasing
comes from electron-phonon interactions resulting in a
homogeneous linewidth that is highly temperature depen-
dent. In a real crystal the local environment of different
impurity ions in crystallographically equivalent sites
varies by small, random amounts. The resulting superpo-
sition of homogeneous line shapes produces a broadened,
nominally Gaussian inhomogeneous line shape. Normal-
ly, the inhomogeneous contribution to broadening is only
weakly temperature dependent and so homogeneous
broadening usually dominates the linewidth above a cer-
tain temperature (the broadening crossover temperature).
For most materials this is below room temperature.

It is, however, possible to engineer a substantial in-
crease in the magnitude of inhomogeneous broadening.
This is most vividly illustrated by glassy hosts in which
crystalline periodicity is lacking and, despite the usual ac-
companying increase in homogeneous linewidths, the
randomly disordered impurity sites lead to line shapes
dominated by inhomogeneous broadening even at room
temperature. However, there are ways in which the
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broadening crossover temperature may be increased
without forfeiting the crystalline nature of the material.
Substitutional disorder in crystals occurs when two or
more constituent ions have interchangeable lattice posi-
tions. While the stoichiometry and periodicity of the
crystal is maintained, the local environment varies
throughout the structure. Optically active impurity ions
experience different crystal fields as a result of this local
variation. The inhomogeneous broadening of the zero-
phonon electronic transitions of the impurity ions are
consequently significantly broadened such that other
sources of inhomogeneous broadening are negligible in
comparison. Other spectral features are similarly
broadened.

Inhomogeneous broadening through substitutional dis-
order is strongest when it is the nearest-neighbor ions
that are randomly occupied. For instance, the 'F,— D
transition of Sm?* in BaFCl is broadened from less than
2 cm™! to more than 50 cm™! at low temperatures
through the addition of bromine to the melt to produce
BaFCl, Br,_,.! Such is the magnitude of the effect that
inhomogeneous broadening dominates homogeneous
broadening up to temperatures in excess of 300 K. This
discovery prompted a successful search for room-
temperature persistent spectral hole-burning materials.”

The sharp line spectra of Cr** ions have been used as
probes of disorder in both crystalline and glassy solids.
In dilute ruby (i.e., Cr3" in Al,0;) the 2E —* 4, lumines-
cence lines (R lines) are typically narrower than 1 cm™ 13
For these R lines, the effect of even second-nearest-
neighbor substitutional disorder can be considerable. In
the case of some Cr**t-doped oxides (e.g., the garnets and
gallogermanates), it is supposed that the randomly occu-
pied second-nearest neighbors affect the separation and
position of nearest-neighbor oxygen ions. For instance,
in Gd,Sc,Ga;0,, the R lines are broadened to 12 cm™1*
and by about twice that amount in Ca;Ga,Ge,Oy,
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(CGGO) and Sr;Ga,Ge,0,, (SGGO). In contrast, the R
line in glassy hosts may have half widths as large as
~200 cm™ 187

Of particular interest in the cases of CGGO and
SGGO is the fact that the R lines are accompanied by
broadband emission from centers radiating through the
4T,—*A, transition. This suggests that there are either
crystallographically inequivalent sets of sites for Cr’* in
these materials or that the random occupation of Ga and
Ge sites is sufficient to produce a distribution of crystal-
field strengths at a single crystallographic site such that
the lowest excited state may be either *T’, or 2E for Cr®*.
Multiple separated R lines have been observed in several
materials such as yttrium aluminum garnet® and ascribed
to substitutional disorder and so either explanation is
feasible on the basis of optical spectroscopy alone. There
is strong evidence from electron paramagnetic resonance
(EPR) studies that two inequivalent sites do exist in the
gallogermanates.’ Both sites have strong trigonal distor-
tions along the c axis, the distinction between sites being
a small off-axis distortion resulting in orthorhombic sym-
metry in one case.

For the purposes of this paper, a strong crystal field is
defined as resulting in the %E state being lower than the
“T, state and vice versa for weak crystal fields. In
strong-field sites at low temperature the luminescence of
Cr’% ions is predominantly via the R lines, whereas in
weak-field sites the broadband *T,—*4, transition is
dominant. It should be noted that the difference in
crystal-field strength between weak- and strong-field sites
may actually be very small, the distinction is between two
sets of ions experiencing an intermediate crystal field
close to the crossing between *T, and 2E states.!®!!

This paper reports an experimental and theoretical in-
vestigation of inhomogeneous broadening in CGGO:Cr>*
and SGGO:Cr*", materials that have been suggested as
laser gain media.'? The results of excitation spectroscopy,
resonant and nonresonant fluorescence lifetime measure-
ments and high- and low-resolution fluorescence line nar-
rowing (FLN) experiments are used to provide parame-
ters to fit to an adiabatic model.!> Although these ma-
terials have subsequently been shown to be unsuitable for
real applications in lasers,” the methods of investigation
and calculation described here are of general applicabili-

ty.

EXPERIMENTAL DETAILS

Experiments were conducted on high-quality samples
of SGGO and CGGO of dimension 6X3X3 mm?® doped
with 0.5 at. % chromium as described previously.’ They
were cooled to 14 K by attachment to the cold finger of a
cryorefrigerator.

Luminescence spectra in the range 690014 500 cm™
were excited by either a dye laser operating with rhodam-
ine 6 G, a pulsed dye laser operating with DCM or a sin-
gle frequency Ti:sapphire ring laser. Emitted light was
dispersed in a 0.5 m grating monochromator and detect-
ed by a nitrogen-cooled germanium detector with lock-in
amplification.

Fluorescence line narrowing studies used the highly

1
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monochromatic output of the Ti:sapphire laser tuned to
excite the R lines resonantly. The jitter-limited linewidth
of the laser emission is thought to have been well below 1
MHz even though active stabilization was not employed:
the long-term drift of the output was substantially greater
than this. Nevertheless, the detection resolution of all ex-
perimental arrangements dwarfed the effective laser
linewidth. The wavelength of excitation was recorded by
a wave meter. Emission was dispersed in a 1 m mono-
chromator and detected by a cooled photomultiplier tube
connected to a photon counter. Luminescence was isolat-
ed from laser scatter by chopping the laser and gating the
photon counter. Higher-resolution fluorescence line nar-
rowing spectra were recorded by analyzing the emission
using a Fabry-Pérot étalon set with its plates 0.5 mm
apart to give a free spectral range of 5 cm™! and an
effective resolution of 0.2 cm ™!,

Lifetimes of the resonantly excited and detected R lines
were obtained using the boxcar integration technique by
scanning the delay of the photon counter gate from 0.1 to
1.5 ms after excitation. Resonant fluorescence was select-
ed using the 1 m monochromator. Lifetimes of the
broadband emission were measured by exciting the sam-
ple at 17200 cm™ ' using a rhodamine 6 G dye cell
pumped by a pulsed nitrogen laser. The resulting
luminescence decay was detected for the following 50 us
by a photomultiplier tube and averaged by a digital oscil-
loscope.

EXPERIMENTAL RESULTS

A comprehensive series of fluorescence spectra were
recorded for both materials using excitation energies be-
tween 17500 and 13300 cm™!. Representative spectra
have been published previously’ but slightly modified
spectra are presented in Fig. 1 for which the response of
the detection apparatus has been taken into account. The
main features are a sharp R-line feature at about 14 500
cm ™! and a broadband that stretches from about 7140
cm ™! to about 13300 cm~!. These features correspond
to the ions that experience strong and weak crystal fields,
respectively. Of importance to this investigation is the
position of the peak of the broadband fluorescence. This
varies nonlinearly with excitation wavelength and a
graphical illustration of the data is given in Fig. 2. It is
recalled that in glasses of various compositions this shift
of the broadband peak is linear in the energy of the excit-
ing radiation.'% 1

The fluorescence lifetime of broadband emission was
found to fit a single exponential for both materials, the
time constants being 10.6 us for SGGO and 9.9 us for
CGGO. As reported previously,® the decay of the R lines
is nonexponential when excited in the *4,—*T, absorp-
tion band. Single exponential decays were obtained by
exciting the * 4, —2E transition while detecting only res-
onantly emitted fluorescence. However, the fluorescence
lifetime varied dramatically with wavelength across the
line, from 550 to 850 us in SGGO and from 350 to 450 us
in CGGO, in both cases shortening with increasing wave-
length, as is shown in Fig. 3.

In very few crystals [e.g., MgO (Ref. 3)] is the local
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FIG. 1. The fluorescence spectra of SGGO:Cr’*t and
CGGO:Cr** at 15 K, corrected for apparatus response (dashed
curves). Excitation is in the center of the * 4,—*T, absorption
band at 17240 cm™!. The smooth lines represent the results of
calculations described in the text to model the fluorescence
spectra of the weak-field sites.
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FIG. 2. Dependence of the peak of the broadband emission
on excitation energy for SGGO (circles) and CGGO (triangles).
The lines represent the results of fitting calculations described in
the text.
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FIG. 3. Dependence of the resonant fluorescence lifetime
upon excitation energy for SGGO:Cr** and CGGO:Cr** as in-
dicated. The fluorescence line shapes, as excited at 20000
cm™!, are shown as a guide.

symmetry of the Cr’t ion accurately octahedral such
that the 2E —* 4, emission is revealed as a single R line.
More usually even-parity distortions of the octahedral en-
vironment cause splittings of both 2E and *4, states.
Generally, the excited-state splitting is much larger than
the ground-state splitting,> and may sometimes be mea-
sured directly in optical spectra as a splitting of the R
line. In the case of SGGO (see Fig. 3 and Ref. 5) the
splitting of the 2E state manifests itself as a shoulder on
the R line, and a broadening of the R line in CGGO. Lit-
tle can be deduced as to the origin of these effects without
additional information that may be obtained from the
FLN data now presented.

Fluorescence line narrowing studies were conducted in
two regimes, low and high resolution, in order to sepa-
rately examine the excited- and ground-state splittings.
Spectra obtained using the 1 m monochromator to
disperse the fluorescence are shown in Fig. 4 for both
host crystals. In this case the resolution of the experi-
mental system is too small to detect the ground-state
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FIG. 4. Fluorescence spectra obtained by resonantly exciting
the R lines in SGGO:Cr*" and CGGO:Cr**, as indicated, and
dispersed by the monochromator. Excitation wavelengths are
indicated by the peak of the sharpest feature in each spectrum.
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FIG. 5. Comparison of fluorescence line narrowed spectra
obtained using the monochromator (outside) and Fabry-Pérot
étalon (inside). Arrows indicate the relevant energy levels of
Cr** ions involved in producing each spectrum. See text for
fuller expansion.

GRINBERG, MACFARLANE, HENDERSON, AND HOLLIDAY 32

splitting (Fig. 5). Resonant fluorescence is accompanied
by emission that is either red or blue shifted or, in the
case of emission excited from the center of the R lines,
both. This may be simply explained in terms of the split-
ting of the excited state into 2E(E ) and 2E(24 ) levels (as
the local symmetry is trigonal or pseudotrigonal) so that
there are two R-line components, R; (lower energy) and
R,. The R line corresponds to the transition from the E
level which is at lower energy than the 24 level as the
distortion that causes the splitting is a stretch rather than
a compression of the octahedron of nearest-neighbor oxy-
gen ions.® On the low-energy wing of the composite R
line, absorption is exclusively into the R; component.
Emission is observed resonantly and, after thermalization
into the 2E(24) state at higher energy, a small amount
from the corresponding R, line. On the high-energy
wing of the composite R line, absorption is exclusively
into the R, component. Thermalization leads to much of
the fluorescence being emitted from the corresponding
R, state. In between these extremes, absorption may be
to either of the two R-line components depending on the
crystal field that the absorbing chromium ion experi-
ences. Consequently some ions emit nonresonantly to
lower energy and some to higher energy. This explana-
tion is confirmed by repeating the measurements at
higher temperatures, resulting in greater thermal occupa-
tion of the 2E(24 ) state and a subsequent increase in the
strength of the blue-shifted R, line emission. Of particu-
lar interest to the analysis that follows is the variation in
the size of the splitting of the R line as a function of exci-
tation energy, which is interpreted in terms of a variation
in the magnitude of the distortion to the octahedral crys-
tal field.

Replacement of the monochromator by a Fabry-Pérot
étalon allowed the much smaller * 4, ground-state split-
ting to be measured. Again, a three line pattern is ob-
tained (Fig. 5) as a result of the ground-state splitting into
two components, *4,(E) and *4,(24 ), the explanation
in terms of inhomogeneous broadening being entirely
analogous to that for the excited state. In Fig. 5 the FLN
spectrum excited at the center of the component R line is
shown for both low-resolution and high-resolution detec-
tion. The three-line pattern due to the ground-state split-
ting is seen to fit within the resonant line recorded at low
resolution where it is therefore not resolved. In the case
of the high-resolution spectrum, the free spectral range of
the Fabry-Pérot étalon is sufficiently small to cause the
fluorescence from nonresonant excited states to appear as
a constant background rather than as a specific feature.
In ruby, similar three-line patterns corresponding to
ground-state splittings have been observed and used to
study energy transfer.!® There was no evidence for energy
transfer in gallogermanate hosts; the fluorescence reso-
nant with the laser is the central feature of the three-line
pattern in Fig. 5 and the relative line strengths are invari-
ant with delay. The relative intensity of the three
ground-state-related fluorescence lines was invariant as a
function of excitation wavelength except for the extreme
wings of the distribution as expected for a material with
large inhomogeneous broadening. The ground-state split-
ting was also found to be constant for all excitation wave-
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lengths to within the limits of experimental resolution,
and in agreement with estimated values from EPR spec-
troscopy.’

In summary, the experimental results presented above
show that Cr’" ions in SGGO and CGGO occupy two
distinct sites which result in different photoluminescence
spectra. Those Cr’" ions occupying strong-field sites
emit into a strong R-line system with weak vibronic
structures whereas weak-field emitters are characterized
by a structureless broadband associated with ‘T, —*4,
transitions. FLN measurements on the R lines have per-
mitted direct resolution of crystal-field splittings of both
ground (*4,) and excited (’E) states of the 3d°> ion,
demonstrating that the local environments of these Cr3*
emitters are distorted from perfectly octahedral symme-
try. Excitation spectroscopy and fluorescence decay-time
measurements confirm the influence of the crystalline dis-
order on the material’s optical properties. In what fol-
lows, the purpose of theoretical analysis is to assess
whether disorder influences the octahedral or lower
crystal-field splittings and to model the distribution of
crystal-field splittings of Cr3" ions in these disordered
materials. Finally, such characterizations of the disorder
will permit comparison with the mechanisms of disorder

known to be present in glasses and other disordered ox-
ides.67:10,11,17,18

THEORETICAL ANALYSIS

In analyzing the data presented above the approach
will be to consider the strong- and weak-field sites in-
dependently, assuming that they correspond to the two
crystallographically inequivalent sites identified in EPR
measurements.” Although for higher excitation energies
the ratio of the intensity of R-line emission to broadband
emission does not depend on excitation wavelength, the
decrease in the relative intensity of the R line for excita-
tion energies less than 15 600 cm™! in CGGO,’ and the
large variation in the fluorescence lifetimes between the R
lines and the broadband suggest that this approach is
justified. This is contrary to the case of another substitu-
tionally disordered material, (Ca,Zr)-substituted
Gd;Gas0,,:Cr’" where spectroscopic data suggest that
weak- and strong-field sites are part of the same crystal-
field distribution.!”18

The *4,—*T, absorption transition is a broadband
with a maximum at 17000 cm ™! and 16 100 cm™! for
SGGO and CGGO, respectively.® This is well above the
energy of the R-line emission suggesting that this absorp-
tion is related to the strong-field sites. However, the exci-
tation spectra of the broadbands are almost identical to
the absorption spectra for both materials. Thus, either
there is a negligible concentration of weak-field sites,
which are excited by nonradiative energy transfer from
strong-field sites, or both types of sites have almost iden-
tical absorption bands. For both materials, the weak-
and strong-field sites are estimated from EPR measure-
ments to be similarly numerous® and so the latter as-
sumption is used. The indistinguishable nature of the
broad absorption bands from weak- and strong-field sites
corresponds to a situation in which the main difference
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between the sites is in the electron-lattice interaction en-
ergy. In the case of weak-field sites the electron-lattice
coupling must be sufficiently large that the minimum
electronic energy of the *T’, manifold is below the energy
of the 2E state.

To analyze the spectroscopic data and in particular to
reproduce the emission line shapes, we have used an adia-
batic model of the electron-phonon interaction in which
the first electronic manifold consists of I'y components of
the *T, and the 2E states admixed by spin-orbit cou-
pling.'>'® In this approach the probability of emission
from the ith chromium ion is given by

P (EI_E

e )<

3
E em
em T

2
‘fanql(Q)X?(Q)X;’(Q) .

where x(Q) and Xg(Q) are the vibronic wave functions,
Q is the configuration coordinate of the ionic motion, the
electronic manifolds being associated with the vibration
being denoted by subscripts and the vibronic quantum
numbers by superscripts. The ground-state vibronic
quantum number n is given by (E{—EJ—E,,)/#iw
where E_ represents the energy of the emitted photon
and 7w is the energy of the representative phonon. The
4T, state lifetime 7 is taken as the fluorescence decay
time of the broadband and a,(Q) is a function which de-
scribes the T, contribution to the first excited electronic
manifold.!3 18

Distribution of strong-field sites

The low-resolution fluorescence line narrowing results
allow the distribution of the energies of the R, and R,
lines to be determined. It is therefore appropriate to be-
gin the analysis of the strong-field sites with a statistical
model in which the first moment (most probable value)
and standard deviation of the distributions of the density
of the 2E(E) and 2E(2 4 ) states are described. Probabili-
ties that the R; and R, lines have the energy E are given
by following convolutions:

O, (E,05)=[0,] |E~ E0+% ,02]
*O,[(A—Ap),0,]dA (2a)
and
GRI(E,GR)=f61HE— EO——’;— ,01]
*0,[(A—Ay),0,1dA , (2b)
respectively.  Here O,{[E—(E,+A/2)],0,} and

O, {[E—(E;—A/2)],0,} describe the distributions of
the split components of the 2E state around the energies
(Ey+A/2) and (Ey—A/2), respectively, whereas
O,[(A—Ay),0,] is the probability that the splitting is
equal to A.

This statistical representation is chosen to separate the
octahedral and nonoctahedral contributions to the crystal
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field. Accordingly, ©, and O, represent the distribution
of the octahedral crystal field whereas the distribution ©,
is related to the distribution of the trigonal component of
the crystal field. In general, the distributions of the den-
sity of the 2E(E) and 2E(24) states, described by distri-
butions © R, and (5] R, and also ©, and ©,, are not neces-

sarily equal to each other, especially when some specific
relationship between 6., ©,, and 6, is introduced. How-
ever, since the splitting A should not depend on the octa-
hedral crystal field, we have assumed that the distribu-
tions O, and 6,, and O, and O, are independent of each
other. Under this condition, the standard deviations of
the distributions, o,, 0, 0,, and oy are related to each

other by Pythagoras’ equation. Assuming that
0,=0,=0, one obtains
or=V oL +(1/4)0} 3)

for both R, and R, lines. It should be noted here that
the relationship, 0,=0,=0g, implies that
O,(E)=6,(E’) under the condition that E'=FE +A.
Thus one can use one distribution function Oy to
represent ©; or ©, when the most probable value of ener-
gy is equal to Ey+A /2 or E,— A /2, respectively.

The experimental data provide information on the sep-
aration between the 2E(E ) and 2E(2 4 ) states and so it is
necessary to relate the statistical model to the probability
that when exciting the 2E(2 4 ) state at energy E the ac-
companying 2E (E) state has the energy E'’=E —A. This
probability is denoted as O R2<E'=E"A’AemaAeﬁ)7
and is equal to the products of the probabilities of the en-
ergy splitting being equal to A and the average energy of
the 2E states being (E +E’)/2, once again separating the
nonoctahedral and octahedral contributions to the proba-
bility distribution. The distribution is characterized by
the most probable splitting A4, and the half width of the
nonresonant band which is related to the standard devia-
tion of the distribution, o Ag

eRlRZ(E’=E—A’AeH’0Aeﬁ)

o]

Similarly, the probability that the upper component of
the 2E state (24 ) has energy A greater than E, for the
case that excitation is via the R line is given by

O,z (E'=E+A,Agp0y )

E— Eo+% Jop 1OA[(A—Ay),04] -

(4a)

A
EO“?

yO R leA[(A—-AO),O‘A] .

(4b)

Formulas (4) describe the density of nonresonant 2E com-
ponents for the resonantly excited multisite system. Oc-
cupation of the nonresonant 2E components is deter-
mined by the temperature according to the Maxwell-
Boltzmann distribution. When the density of states dis-
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tributions, © R,R, and © R,R,> aT€ broad this will tend to

skew the higher-energy nonresonant line to lower energy
and the lower-energy nonresonant line to higher energy.
This is because the thermal occupation of strongly split R
lines will be more uneven than for R line pairs with small
splittings. In this analysis, the shape of the nonresonant
lines is irrelevant and the small shift in the measured
value of the peak R-line splittings are negligible.

The model developed so far is valid for arbitrary distri-
butions. There are no general statements to relate the
peak energies and standard deviations of the distributions
Ok, and © R,R, tO parameters of the distributions ©,

and ©. Relationships can only be obtained for particu-
lar distributions. For the purpose of this paper it is use-
ful to assume Gaussian distributions. It is easy to calcu-
late that for all distributions given by Gaussians, the
standard deviations of the distributions O g, and OR,r,

do not depend on the excitation energy and are equal to

2 2 1/2
OEOA
» (5)

40% +03

aAeff— 2

whereas the positions of the maxima of the nonresonant
bands depend on the excitation energy, E, as follows:

AR Ry))=2E—Ey)*Q)+A;*Qf , (6a)
Aeﬁ'(Rle)=2(E0_E)*QA+A0*QE N (6b)
where
2
OA
= (7a)
Qs (03+40%) :
and
402
Qp= (7b)

(40%+03)

and oy, of, and o, are standard deviations of the
respective distributions. Consequently, A. can vary
across a broad range of energy depending on the energy
of excitation.

The magnitudes of the basic parameters that quantify
the statistical model can now be estimated. Assuming
that the spectra in Fig. 3, measured at low temperature
for excitation into the 4T2 band, correspond mainly to
luminescence in the R line, estimates can be made of the
parameters of the distribution of the R, line, © R

Ey—Ay/2 and 0. The weak R, contribution comes
from ions in sites characterized by small A splittings.
Thus Eq. (3) allows estimates for o5 and o, to be related
to o g. Furthermore, using the series of resonantly excit-
ed fluorescence spectra in Fig. 4 estimates are made of
Q, and Qp, using formulas (6). Estimates of o g and o,
follow from formulas (5) and (7). Using formulas (6), the
values for the most probable splitting A, and energy E,
are estimated. Through an analysis of the line shape of
the nonresonant band the standard deviation of the
(S} R,R, distribution o A Can be obtained.

The experimental data and calculated values of the dis-
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TABLE 1. Measured and calculated distribution parameters
for SGGO:Cr’* and CGGO:Cr®™.

SGGO CGGO

Experimentally estimated parameters

R, line position (Eq—Aq/2) (cm™!) 14436 14388
or (cm™) 19.4 20.7
Ong (cm™1) 15.9 20.5
N 0.21 0.34
QOx 0.79 0.66
Calculated parameters (cm™!)

o From Egs. (5) and (7) 17.3 17.5
oy From Eq. (3) 17.2 16.4
o 18 25
A, (the most probable value of splitting) 30 22
E, (average energy of the 2E state) 14 455 14399

tribution parameters are listed in Table I. The values of
OR» 04 and Q, are estimated directly from the experi-

mental results giving three independent equations with
only two unknown variables, o, and og. Thus, one of
the unknown quantities oz can be obtained in two in-
dependent ways. The resulting estimates for o g, listed in
Table I and corresponding to results from formulas (5)
and (7) and then (3), are very similar, suggesting that the
statistical model is reliable.

The results of this analysis confirm the considerable ex-
tent of the inhomogeneous broadening of the R; and R,
lines in chromium-doped gallogermanates arising from
the broad distribution of the crystal field at the chromi-
um sites. Although there is no correlation between the
magnitude of the 2E splitting and the octahedral com-
ponent of the crystal field, there is a correlation between
the energies of the two components of the ?E level and
the splitting between them, A. This results from the large
distribution of the R-line splitting. The R line is split
symmetrically with respect to E, when there is no contri-
bution to the inhomogeneous broadening from the octa-
hedral crystal field. However, this is not the case. The
resulting intensities of the nonresonant bands are there-
fore given by the distributions in Egs. (4). The experi-
mentally determined dependence of the position of the
nonresonant bands on the excitation energy is presented
in Fig. 6. The statistical model yields a linear dependence
of the energies of the nonresonant bands on the excitation
energy and reproduces the experimental data. Neverthe-
less, in both CGGO and SGGO, the half width of the oc-
tahedral field distribution is smaller than the half width
of the distribution of the splitting energy, meaning that
the principal inhomogeneous broadening mechanism for
the R lines is the distribution of the trigonal component
of the crystal field. Thus the disorder in gallogermanates
is related to those defects which break the octahedral
symmetry at the Cr>™ sites, rather than to changes of the
lattice constant or the size of the octahedron of nearest-
neighbor oxygen ions which influence the 10Dg parame-
ter.

The statistical model also explains the shapes of the R-
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FIG. 6. Plots of resonant and nonresonant feature energies
corresponding to excited state splittings of R lines in
CGGO:Cr*t and SGGO:Cr3* as indicated. Squares represent
resonant features, circles nonresonant emission from R, levels
and triangles nonresonant emission from R, levels.

line luminescence spectra that result from excitation into
the *T, band (Fig. 3). A shoulder represents the contri-
bution of the R, line in the case of SGGO but there ap-
pears to be no contribution from the R, line for CGGO.
The results in Table I show that the standard deviation of
the distribution of the splitting energy o, is considerably
greater than the most probable splitting A, in CGGO but
not in SGGO. In consequence, the inhomogeneous
broadening almost completely mixes the R, and R, lines
in CGGO but less strongly in SGGO. This result shows
that the disorder is stronger in CGGO (in which o, is
larger) whereas the distortion is stronger in SGGO (in
which A is larger).

The relationship between the fluorescence decay time
and excitation energy in Fig. 3 can also be explained us-
ing the statistical model. Since the correlation between
the absolute energy of the R line and the size of splitting
is significant, the changes in luminescence decay time
may be attributed to the influence of the trigonal distor-
tion of the field rather than to the strength of the octahe-
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dral crystal field. It is reasonable to assume that fluores-
cence in the R, line dominates at low temperatures and
so, as the excitation energy is increased, states character-
ized by increasingly small splittings are excited.

To account for the R-line lifetime data it is necessary
to consider the interaction of the electrons in the *T,
state with the crystal field. This interaction should be
much greater than in the 2E state and will dominate the
determination of the 2E —>4A2 transition probability.
The octahedral and nonoctahedral components are con-
sidered separately.

(1) The octahedral crystal field. The electron-lattice
coupling energy remains constant (S7o=1900 cm™!)
and so the mixing of the *T, wave function into the 2E
wave function will vary almost linearly with the separa-
tion between the energy minima of the states. The
configuration coordinate diagram for this case is shown
in Fig. 7, marked 1.

(2) The distortion to the octahedral crystal field. Cou-
pling to nonsymmetric vibrational modes can result in an
increase in the effective electron-phonon coupling
strength in the *T, state, reducing the minimum energy
of the manifold. This effect (related to the Jahn-Teller
effect) will be stronger for more distorted sites with larger
2E splittings corresponding to low-energy resonant exci-
tation. It should be noted that such an effect will not
change the octahedral crystal-field component when the
average distance between the central ion and the ligands
remains fixed. The admixture of the states is no longer
linear with energy separation. The configuration coordi-
nate diagram for this case is shown in Fig. 7, marked 2.

The radiative transition probabilities have been calcu-
lated for both of these two cases using the adiabatic mod-
el'® and the resulting lifetimes are plotted in Fig. 8. For
case 2, when resonantly exciting to the 2F state, the cross-
ing points of the energies of the *T’, electronic manifolds
of all sites correspond to the configuration coordinate
where the 2E electronic manifold has a minimum and so
the energy of the *T’, electronic manifold is the same for
each site. This case corresponds to constant octahedral
crystal field. Sites with lower *T, energy minima have

’E ‘T, £ T,

FIG. 7. Representative excited-state configuration coordi-
nate diagrams for strong-field sites corresponding to models 1
and 2, discussed in the text.
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FIG. 8. Fluorescence lifetimes for strong-field sites as calcu-
lated from models 1 and 2, discussed in the text, plotted as a
function of the separation of the 2E and *T, states for
SGGO:Cr’*t and CGGO:Cr’" as indicated.

stronger electron-lattice coupling as the value of S7iw fol-
lows the energy of the *T, state thus varying from 1650
to 2150 cm ™! and from 970 to 1230 cm™' at the half
width of the distributions of SGGO and CGGO, respec-
tively. As a result of this, changes in the radiative transi-
tion probability are much lower than for case 1. Inter-
mediate cases, for which both octahedral crystal field and
electron-phonon coupling vary, yield results that produce
dependencies between those of curves 1 and 2 in Fig. 8.
The analysis of the FLN data above has shown that the
nonoctahedral component of the crystal field dominates
the inhomogeneous broadening of the R lines in galloger-
manates. It is therefore assumed that curve 2 provides a
more realistic relationship, in particular for SGGO, and
this is used for subsequent calculations of strong-field site
distribution parameters.

The fluorescence lifetimes at the half-width energies of
the R, line can be obtained from Fig. 3. From Fig. 8 the
2E —*T, energy separation can be obtained for these life-
times and this must correspond to the half width of the
distribution of 2E —*T, energy separations. It then be-
comes possible to build a complete model of the distribu-
tion of strong-field sites. Representative configuration
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18000 duced from the model.

17600 A consideration that has not been taken account of so
strong field sites far is the odd-parity crystal-field contribution of the dis-
~—~ 16000 1 tortion Hamiltonian. This does not cause the splitting of
's 15000 e the R lines but will increase the electric dipole transition
= = probability. If the odd-parity lattice distortion has a
§2 14000 — similar distribution to the nonoctahedral component of
£ 13000 | — the crystal field the variation in fluorescence lifetime
weak field sites could be partially accounted for in this way. However,
12000 1 EPR results suggest that the main distortion to the oxy-
11000 1 gen octahedra is a stretch along the c axis, an even-parity
perturbation, and it is therefore unlikely that the contri-
10000 bution of odd-parity distortion induced electric dipole
-5 0 S 10 15 transitions is significant. The fluorescence lifetime data
Configurational coordinate can be well reproduced without considering the odd-

parity distortion and so it is considered to be negligible.
18000 There are strong arguments which support the notion
that the optical properties of gallogermanates result prin-
17000 1 cipally from the low-symmetry crystal-field contribution.
—~ 16000 strong field sites Previous studies of Cr3+-doped lattices have shown that
7 when the octahedral crystal field increases, the energy of
§ 15000 % the 2E state usually decreases. This effect has been
- 14000 L confirmed by high-pressure spectroscopy of ruby,?%?!
%D | = alexandrite,? elpasolite,23 and garnets24 where increases
& 13000 ¢ — in the R-line decay times are usually accompanied by a
12000 1 = decrease in the 2E energy. Thus, if changes in R-line de-
o cay times are related only to changes of the effective octa-
11000 weak field sites hedral crystal field, it would be expected that the shortest
10000 decays should be observed on the higher-energy side of

Configurational coordinate

FIG. 9. For SGGO:Cr** and CGGO:Cr**, as indicated,
representative configuration coordinate diagrams for the mul-
tisite system (left) and the density of states corresponding to
each *T, minimum (right), calculated as described in the text.
Strong-field sites are indicated by dotted lines and weak-field
sites by solid lines. The configuration coordinate in this figure is
an effective coordinate that is chosen, in many-dimensional
configuration coordinate space to connect the points where the
’E and *T, electronic manifolds have minimum energy. The
units of the configuration coordinate are (%/M®)'/? where M is
the effective ionic mass of the vibrating ions.

coordinate diagrams are shown with dotted lines in Fig. 9
together with histograms that represent the distribution.
The configuration coordinate parameters are given in
Table II and obtained assuming that the absorption
characteristics of the strong-field sites are similar to those
of the weak-field sites discussed below. It can be seen the
distribution of strong-field sites leads to some ions with
2E —*T, energy separations that are close to or less than
zero. Figure 8 shows that the fluorescence lifetime for
such centers should be much smaller than that measured.
However, this behavior is only to be expected on the
wings of the R lines where signal strength prevented life-
time measurements from being performed. The fluores-
cence lifetime and FLN data are therefore both con-
sistent with the configuration coordinate diagrams pro-

the R line contrary to the experimental results for gallo-
germanates. It is therefore concluded that model 2,
which predicts that the minimum energy of the *T, elec-
tronic manifold is decreased mainly by the electron-
lattice interaction, is realistic.

Distribution of weak-field sites

Assuming that the distribution of the energies of the
4T, states is broad, the line shape of the absorption spec-
trum of the multisite system, I, (E,, o.,), can be calcu-
lated as follows:

Iex(Eexiaex)=2 Pa(Eex "Ei’ai )ea(Ei’oa’Ui) ’ (8)
i

where E, is the excitation energy and E; is defined as the
minimum energy of the *T, electronic manifold of the ith
site. The functions P,(E. —E;,o;) and ©,(E;,0,,0;)
are, respectively, the probability of absorption and the
site distribution relating to absorption at this energy.
The quantity o; is the standard deviation of the absorp-
tion band of the ith site and o, is the standard deviation
of the distribution ©,. For a Pekarian absorption line
shape®

o,=V'S#w , (9)

where S; is Huang-Rhys factor for the ith site. The quan-
tity ©, depends on the energy of the *T, electronic mani-
fold for ions occupying the equilibrium position of the
ground state * 4, electronic manifold. Thus ©, also de-
pendson o;.

The standard deviation of the convolution given in Eq.
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TABLE II. Configuration coordinate diagram parameters for Cr’* in SGGO and CGGO (wave
numbers). Spin-orbit parameter £=210 cm ™!, iw =250 cm ™!,

Strong-field sites

Standard
Mean electron deviation
lattice coupling of S#iw Mean *T,—2E Standard deviation
energy (S#io) distribution energy of *T,—2E energy K
SGGO 1900 250 550 250 1.0
CGGO 1100 130 700 130 1.0
Weak-field sites
SGGO 3700 320 —900 250 13
CGGO 3200 330 — 1400 500 0.65
Energy distribution
Maximum Standard deviation
SGGO
e, 9900 570
0, 17000 80
CGGO
o, 9900 830
0, 16 000 180

(8), 0y is greater than the standard deviation of the ab-
sorption and the standard deviation of the site distribu-
tion. When electron-lattice coupling is the same for each
site o; =0, one obtains, from the Pythagoras relationship

0=V (6*+02) . (10

The emission line shape I, also depends on the excita-
tion energy E, and the excitation conditions. The exper-
imental conditions under which spectra were obtained
here can be considered to be those of weak excitation in
that the average period an optically active ion spends in
the ground state between excitations is large compared to
the fluorescence lifetimes. Then the intensity of the emis-
sion is dependent only on the intensity of exciting light
and the absorption cross section of the material. In order
that the expression for emission intensity is independent
of fluorescence lifetime, which is very different for strong-
and weak-field sites, a normalized relative emission prob-
ability, P,(E;—E,,,,0;), is introduced and results in the
following expression:

E,<E,
Iem(Eem’aem’Eex )= 2 Pa(Eex -—Ei’ai)

*eC(E,',O'e,U,')

XP,(E;—E.,,0;) (11)

for monochromatic excitation. The summation is for
those sites for which the energy of the minimum of the
4T, electronic manifold is lower than E,,. For any given
excitation energy, an effective site distribution can be
defined

©(E,,E,,,0,)=P,(E.,—E,;,0,)0 ,(E;,0,,0,) , (12)

which corresponds to the probability of a chromium ion

in the ith site being excited by energy E.,.

It has already been assumed that o'; appears as an addi-
tional parameter in the site distribution functions, ©, and
O,. If the site distribution is such that both E; and the
value of the electron-lattice coupling, represented by the
Huang-Rhys factors S;, are variables then the expressions
for emission and absorption are given by

©,(E;,0,,0,)=0,(E,~S#0,0,) (13a)

and

6,(E;,0,,0,)=0,(E,+Sfin,0,) (13b)

respectively, where #iw is the characteristic phonon ener-
gy. It is useful to note at this point that the octahedral
distribution of the crystal field is described by 6.

In the simplest case, the Huang-Rhys factor is approxi-
mated as being the same for all sites so that the site distri-
butions for absorption and emission are independent of
o; and equal to each other:

6,(E;,0,)=0,(E,;0,)=6(E,,0¢) . (14a)
Then
g.0¢
0"e=—: . (14b)
Viol+al

This is the expected behavior when the sites differ only by
the strength of the octahedral crystal field.

Equations (12) and (14) imply that a broad site distribu-
tion should result in the standard deviation of the emis-
sion spectrum being smaller than the standard deviation
of the absorption spectrum. However, the experimental
spectra show the opposite behavior. This phenomenon
can be explained by assuming that the site distribution
for emission ©, is much broader than the respective site
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distribution for absorption ©,.

Use of the relationships (13) correspond to the Huang-
Rhys factor increasing as the energy of the *T’, state de-
creases. It has been shown that almost all of the decrease
in energy of the *T, state is caused by electron-lattice in-
teraction. This means that the quantity E; +S;#iw has al-
most the same value for each site, whereas E;—S;fio
varies at twice the rate of E;, resulting in a very narrow
site distribution for absorption and a very broad site dis-
tribution for emission. As discussed above for the
strong-field sites, this corresponds to the case where the
site distribution is related to the distribution of lower
symmetry crystal-field contributions rather than to the
distribution of the octahedral crystal-field characterizing
parameter 10Dg.

The basic parameters of the site distribution, o, and
o,, can be estimated by considering the dependence of
the broadband luminescence maximum on the energy of
excitation. For this purpose, calculations have been per-
formed to simulate the emission spectra using formula
(11). In defining the site distribution it has been assumed
that the Huang-Rhys parameter changes linearly with en-
ergy E;. Thus, for the ith site,

Si#fio=Sy#o—K(E,—E,) , (15)

where E and S, are defined as being the most probable
value of the minimum energy of the *T, manifold and the
most probable value of the Huang-Rhys factor, respec-
tively. Gaussian shapes are assumed for both site distri-
butions. The parameter K is a constant, the value of
which describes to some extent the influence of the
lower-symmetry field. When K =0, all variation in the
crystal field is due to the octahedral contribution whereas
when K =1 the crystal field variation is due exclusively to
the nonoctahedral distortion. All other cases, 0<K <1
and K > 1, correspond to situations where there is varia-
tion in both symmetries. Equations (13) and (15) allow
the standard deviations of the site distributions adequate
for calculation of the absorption and emission bands to be
defined as follows:

0a=|(l_K)|Ue N
o,=(1+K)og ,

(16a)
(16b)

where og is the standard deviation of the distribution of
the energy of the minimum of the *T, electronic mani-
fold. From Eq. (16) it follows that the standard deviation
of the distribution of the Huang-Rhys factor is given by
0,=Kog. The probability of *4,—*T, absorption,
P, (E.,—E;o0;), was calculated using the standard
Pekarian form

e—si n
Pa[Eex“Ei’Ui(Si)]z—_—n —

B[ E,,—(E;+n#o)] . (17)

Since a very broad distribution of the energies of the
4T, state is expected there is a possibility that for some
sites the energy separation from the 2E doublet is very
small or even zero. This is one reason why the emission
spectra have been modeled using the adiabatic model and
calculated using formula (1).

Using this model, the dependence of the energy of the
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broadband peak on the excitation energy has been calcu-
lated (Fig. 2). It is assumed that the absorption max-
imum corresponds to the maximum of the distribution
6O,, and the parameters of the weak-field distribution (i.e.,
the most probable energy of the *T, electronic manifold,
the expected electron-lattice interaction energy, S#w, and
their standard deviations) have bene treated as free pa-
rameters. The decrease in the emission peak at very high
excitation photon energies is caused by rounding errors.
In Fig. 9 the configuration coordinate diagrams of the
weak-field sites are shown together with histograms
representing the best-fit distributions. Knowing the dis-
tribution of the weak-field sites it was possible to repro-
duce the broadband fluorescence line shape shown in Fig.
1 where it is compared with the measured spectrum.

The parameters for the configuration coordinate dia-
grams are listed in Table II. The distribution of the
weak-field sites is very broad in both materials. The stan-
dard deviation of the distribution of the electron-lattice
interaction energy o is similar for both hosts at 325 and
320 cm ! for CGGO and SGGO, respectively. However,
the site distribution is additionally broadened in CGGO
by the distribution of the average octahedral field, which
is almost negligible in SGGO.

There is strong evidence for the dominating influence
of the distribution of nonoctahedral crystal-field com-
ponents in the weak-field sites. For instance, the emission
spectrum is broadened, as a result of the distribution of
the electron-lattice interaction energy, to the extent that
it is as broad as the absorption spectrum. Furthermore,
the maximum energy of broadband emission should vary
linearly with excitation energy when the sites differ by
only the 10Dg parameter, as is the case in glasses of vari-
ous chemical compositions.'>'* This is not the case for
either SGGO or CGGO though the plot of peak emission
against excitation energy is more linear over a broader
range for CGGO than SGGO due to the greater influence
of octahedral inhomogeneity in the former. As for the
strong-field sites, it has been shown that the inhomogene-
ous broadening of the weak-field sites is dominated by
nonoctahedral contributions to the crystal field and that
the smaller contribution of the octahedral crystal field is
more pronounced in CGGO than in SGGO.

CONCLUSIONS

The inhomogeneous broadening of optical transitions
of impurities in solids is usually caused by variations in
the local crystal field experienced by the optically active
ion. It is frequently sufficient to consider only variations
in the strength of the crystal field to account for both the
broadening of the transition and the variation of atten-
dant characteristics of optical behavior that may be mea-
sured through selective excitation.

It is usual for the configuration of Cr3" nearest neigh-
bors in oxides to be an approximate octahedron of oxy-
gen ions.> Variation in the size of the octahedra causes
large variations in the strength of the crystal field result-
ing in broadened transitions. This has been observed, for
instance, in silicate and Li borate glasses where the R
lines are broadened to about 200 cm ™ !. This broadening
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was confirmed to be due to variations in the strength of
the octahedral field using FLN Zeeman spectroscopy.’

When the host lattice is crystalline the magnitude of
inhomogeneous broadening is expected to be much small-
er, reflecting the order of the crystal field. However,
when the host crystal contains sites that may be occupied
randomly by two or more constituent ions, substitutional
disorder may cause a number of crystallographically
equivalent centers to be spectroscopically distinguished.
For instance, five 2E —* 4, transitions due to nonequiva-
lent Cr®" centers have been observed in yttrium alumi-
num garnet and attributed to different configurations of
second-nearest neighbors that alter the size of the oxygen
octahedra.® Nevertheless, the inhomogeneous broadening
of each of these lines may be attributed to variation of the
octahedral field at the Cr®* ion. Alternatively, the indivi-
dual environments that result from the random occupa-
tion of second-nearest neighbors may be such that all
contributions to the fluorescence spectrum appear to pro-
duce a single, very broad line. This is the case in
CaYAIO, in which the single R line is broadened to
greater than 100 cm ™ 1.2

A further complication in the broadening of Cr** opti-
cal transitions is the splitting of the energy levels caused
by distortions of the oxygen octahedra. The splittings
that result from such reductions in the symmetry of the
crystal field at the Cr®* jon have been discussed above.
Again, the octahedral component of the crystal field usu-
ally dominates the inhomogeneous broadening of result-
ing spectral features, the splitting due to the crystal field
being almost constant for all ions.

This study of Cr*' impurities in gallogermate hosts
has shown the existence of a new mechanism for inhomo-
geneous broadening. While there is a contribution to the
inhomogeneous broadening of both the R-line and broad-
band fluorescence from the purely octahedral component
of the crystal field, the observed behavior is dominated by
variation in the size of distortions to the oxygen octahe-
dra. In the case of the strong-field sites this manifests it-
self experimentally as a variation in the separation be-
tween resonant and nonresonant components of FLN
spectra and as a variation of the fluorescence lifetime as a
function of excitation energy. Such is the extent of this
effect that the R-line fluorescence appears as a single line
despite large splittings of the energy levels of the indivi-
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dual Cr** ions. For weak-field sites, it is the large varia-
tion in the coupling to nonsymmetric vibrational modes
that results in a strong dependence of the peak fluores-
cence energy on excitation energy and in a broadened
fluorescence spectrum.

It is reasonable to expect that the defects responsible
for broad energy distributions in both weak- and strong-
field sites have a common cause. The distribution of dis-
tortions from octahedral symmetry has been shown to
dominate the contribution of the distribution of octahe-
dral crystal fields for both sets of sites. It is also reason-
able to expect that the source of this disorder is the ran-
dom statistical occupation of Ga3"and Ge*" sites that
influence the precise size and shapes of nearby oxygen oc-
tahedra, resulting in a large number of environments for
the Cr3" ions. It would then have to be assumed that the
crystal field experienced by the Cr’% ions divides into
two distributions, each causing either the 2E or the *T,
level to be at slightly higher energy than the other. Fur-
ther information on the precise nature of the sites may be
gained from EPR measurements.’

The identification of a new mechanism for inhomo-
geneous broadening has important implications for laser
gain media. In order to produce materials capable of
providing optical gain over large wavelength ranges for
utilization in tunable or ultrashort pulse lasers it is neces-
sary to maximize the width of the emission bands. An
understanding of the physical principles underlying the
nature of broadening mechanisms is essential to fully un-
derstand the operational characteristics of devices, for
the identification of potential new materials, and for the
general development of crystal-field engineering.
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