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The detailed spectroscopy of Cr:LiScGeO4 and Cr:LiInGeO4 is presented. Low temperature absorption,
emission, and excitation spectroscopies reveal two types of optical centers: trivalent chromium in the distorted
octahedral sites and tetravalent chromium in the tetrahedral sites. Energies of the transitions calculated from
the exact atom positions using the angular overlap model are in a satisfactory agreement with the experimental
data and describe the unusually low energy position of the Cr3+ metastable level. The spin-forbidden 2E and
2T1 transitions of Cr3+ appear as a Fano antiresonance in the absorption and excitation spectra. The temperature
quenching of Cr3+ fluorescence is described in terms of the Struck and Fonger model. Cr3+ ions in highly
distorted octahedral positions are active centers responsible for recently discovered Cr3+ laser action in the
near-infrared range in these crystals.
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I. INTRODUCTION

Since Cr3+ doped tunable lasers were discovered in the
early 1980s they have attracted great interest because of a
wide range of possible applications. The range of tunability
of known Cr3+ doped materials is from 700 nm �for alexan-
drite, BeAl2O6 �Ref. 1�� to 1107 nm �for La3Ga5SiO14 �Ref.
2��. The range of tunable laser operation was extended to the
near infrared range with the discovery of tunable laser op-
eration in forsterite3 and YAG.4 The assignment of electronic
transitions to Cr4+ ions in these crystals has generated grow-
ing interest in Cr4+ based laser materials. Tetrahedral sur-
rounding of Cr4+ ions produces lower crystal field than octa-
hedral surrounding of Cr3+ ions, therefore the range of
operation of Cr4+-doped materials is typically shifted toward
lower energies than the range of operation of Cr3+ doped
materials. Attempts to achieve near-infrared laser action from
Cr3+ ions in octahedral positions were unsuccessful because
of strong nonradiative quenching of the fluorescence.5,6

These experimental results lead to the trend to consider chro-
mium in the tetravalent state as the only available valence
state for laser operation in the near infrared region.

In our recent work, we have demonstrated laser action in
two new chromium doped crystals LiScGeO4 and LiInGeO4
in the range 1150–1480 nm for LiInGeO4 and 1220–1380
for LiScGeO4, respectively.7 These crystals exhibit unusual
fluorescence in the near-infrared range. Preliminary spectro-
scopic study revealed two types of optical centers, assigned
to octahedrally coordinated Cr3+ and tetrahedrally coordi-
nated Cr4+. Based on this study we have assigned laser action
to Cr3+ centers rather than Cr4+ centers �previously, we re-
ported chromium-doped LiScGeO4 as a laser material,8 but
emission was incorrectly assigned to the tetrahedral Cr4+

centers�. To our knowledge this was the first demonstration
of laser operation of Cr3+ centers in the near infrared �NIR�
region.7,8

In this paper, we present spectroscopy of both Cr3+ and
Cr4+ centers in detail. Low temperature absorption, emission,
and excitation spectra are analyzed in terms of the angular
overlap model �AOM� and Fano-antiresonance effect; and

the nonradiative quenching of fluorescence is analyzed on
the basis of the Struck and Fonger model. This detailed study
clarifies electronic structure and energy transfer in these
promising and extremely wideband NIR materials.

II. EXPERIMENT

A. Crystal growth and spectroscopic measurements

Crystals were grown by the conventional flux �solution�
method by use of a Bi2O3-based solvent. Chromium content
in the flux was �2 wt % of Cr2O3. Bulk crystals of size up to
1 cm�1 cm�2 cm in size grew on the bottom of the cru-
cible. Although the crystals were severely solvent entrapped,
relatively large LiInGeO4 and LiScGeO4 transparent plates
suitable for spectroscopic and laser experiments were pre-
pared. Spontaneous crystallization is characterized by aniso-
tropic incorporation of an impurity in the crystals; it usually
appears as stripes of different colors that are clearly visible
under an optical microscope. Impurity incorporation in the
crystal during high-temperature growth from solution �spon-
taneous or crystallization on seeds� always varies with
growth temperature and it is very sensitive to any changes in
growth kinetics �growth rate, growth direction, and others�.
In our case, it led to variable chromium concentration in the
crystals taken from different parts of the crucible �bottom,
walls, or melt surface�, as well as different parts of the crys-
tal �core and surface area� which are characterized by the
inhomogeneous chromium distribution. As a result, the total
amount and relative contents of Cr3+ and Cr4+ centers that
depend on growth parameters varies from crystal to crystal.
Details of crystal growth are described in Refs. 9 and 10 for
Cr:LiScGeO4 and Cr:LiInGeO4, respectively.

Absorption spectra were measured on a Cary 500 double
beam spectrophotometer. Spontaneous emission spectra were
measured on excitation with an Ar laser �488, 514.5 nm
lines� and a 670 nm laser diode. Excitation spectra were re-
corded on excitation with a 1000 W tungsten lamp or Xe arc
lamp dispersed through the McPherson 0.3-m monochro-
mator. Decay curves were measured on excitation with a
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Ti:sapphire laser �at 800 nm� pumped with Q-switched
pulses of a second harmonic YAG:Nd laser. Decay traces
were recorded on a Tektronix TDS 684a oscilloscope and
where transferred to a PC. To improve the signal-to-noise
ratio 300–1000 traces were averaged for each measurement.
For low temperature measurements a helium close-cycle Ja-
nis Research cryostat was used with the range of 10–360 K.
AOM calculations were performed with the computer pro-
gram developed by us11 and with the AOMX program.12

B. Crystal structure

LiScGeO4 and LiInGeO4 belong to the olivine group of
crystals, similar to well-known Cr4+-doped laser crystals
Cr4+ :Mg2SiO4 �forsterite�,3 Cr4+ :Ca2GeO4 �cunyite�,13 and
Cr3+-doped BeAl2O4 �alexandrite�. In this paper Pnma nota-
tion of the crystal space group is used. This group indicates a
rectangular ��=�=�=� /2� primitive cell with unequal lat-
tice constant, the unit cell has the following dimensions: a
=1.0673 nm, b=0.5993 nm, and c=0.4967 nm for
LiScGeO4 crystals14 and a=1.0754, b=0.6088, and c
=0.5007 for LiInGeO4 crystals.15 There are two major types
of sites in the olivine lattice: distorted octahedrons and dis-
torted tetrahedrons. The chromium in Cr-doped Mg2SiO4 can
occupy both octahedral �Cr3+� �two different 4a and 4c sites�
and tetrahedral �Cr4+� positions; the relative content of Cr3+

and Cr4+ depends on growing conditions.16 In forsterite, Cr4+

in tetrahedral positions is responsible for laser action,
whereas Cr3+ in octahedral coordination was not found to be
a laser ion because of Cr3+ emission overlapped with the
absorption of divalent and tetravalent centers. The formation
of Cr3+ centers in Ca2GeO4 is avoided by replacing the Mg2+

ion with a much larger Ca2+ ion, thus in Ca2GeO4 only Cr4+

centers are possible. In LiScGeO4 and LiInGeO4 crystals
both octahedral and tetrahedral centers can be occupied by
chromium in trivalent �octahedral centers� and tetravalent
�tetrahedral centers� states. Cr3+ centers in Cr:LiScGeO4
were detected by electron paramagnetic resonance �EPR� in
octahedral 4c sites.17

III. RESULTS

A. Absorption

Figure 1 shows polarized absorption spectra of
Cr:LiScGeO4 crystal, at 20 K. E �a polarization is shown by
a dotted curve, E �b polarization is shown by a dashed curve,
and E �c polarization is shown by a thin solid curve. The tops
of the bands for E �a and E �c are affected by saturation of
the spectrometer �we used samples of �2 mm thickness to
get better resolution of the weak bands�, the “corrected” pro-
files are shown by a dash-dot-dash line. The bands are indi-
cated with roman numerals. Spectra show several absorption
bands typical for Cr4+ in tetrahedral environment. Strongly
polarized peaks of the absorption bands at �12 500 nm �IV�,
�15 000 nm �III�, and �17 000 nm �II� are attributed to the
low-symmetry components of the 3T1 tetrahedral state of the
Cr4+ ion. Weak absorption bands at 8000–10 000 cm−1 �V�
are attributed to the components of 3T2 state, this area is
shown in the insert in Fig 1; the zero-phonon line is indicated

as 0-0. Similar to forsterite �Mg2SiO4� and cunyite
�Ca2GeO4� crystals, the lowest 3T2 band shows a sharp zero-
phonon line and its phonon repetitions.18 strong band at
�21 000 cm−1 �I� was not observed in Cr4+ doped forsterite
and cunyite, but this band exists in Cr3+ forsterite and is
assigned to the 4T1 band of octahedrally coordinated Cr3+.
Similar absorption spectrum for Cr:LiInGeO4 is shown in
Fig. 2. Absorption at 6000–10 000 cm−1�E �a� is much
weaker for Cr:LiInGeO4 than for Cr:LiScGeO4 �see bump
indicated as V in Figs. 1 and 2 for E �a�. For both
Cr:LiScGeO4 and Cr:LiInGeO4 sharp lines are clearly seen
at �14 600 cm−1. These lines were not observed in other
olivines doped with tetravalent chromium. The lines are dis-
cussed below.

Since there are both Cr3+ and Cr4+ centers in the lattice,
absorption bands are not “pure” Cr4+ or Cr3+ bands. Bands in

FIG. 1. Polarized absorption spectra of Cr:LiScGeO4 crystal at
20 K. E �a polarization is shown by a dotted curve, E �b polariza-
tion is shown by a dashed curve, and E �c polarization is shown by
a solid curve. The tops of the bands for E �a and E �c are affected by
saturation of the spectrometer, the “corrected” profiles are shown by
a dash-dot-dash curve. The inset shows low-energy region at higher
resolution, zero-phonon line is indicated by 0-0.

FIG. 2. Polarized absorption spectra of Cr:LiInGeO4 at 20 K.
E �a polarization is shown by a dotted curve, E �b polarization is
shown by a dashed curve, and E �c polarization is shown by a solid
curve.
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the near-infrared located at 7000–10 000 cm−1 belong pri-
marily to Cr4+ 3T2 transitions �the “vibronic progression”
shape and location of these bands are very similar to those in
other Cr4+ doped olivine crystals�. The band at 21 000 cm−1

belongs primarily to the Cr3+ 4T1 transition �because a simi-
lar strong band exists in Cr3+ doped forsterite�. Bands in the
range 10 000–20 000 cm−1 can be a composition of both
Cr3+ and Cr4+ bands, because both of these ions have strong
absorption in this range. The ratios of intensities of the
above-mentioned bands depend on growing conditions and
reflect the relative content of Cr3+ and Cr4+ ions. Ratios of
some selected transition to the intensity of the peak at
17 000 cm−1�E �c� �one of the most typical Cr4+ lines as-
signed to the highest components of 3T1 state� for several
samples of the studied crystals at room temperature are listed
in Table I. A and B indicate samples cut from different
samples where the relative content of Cr3+ and Cr4+ ions is
different �clearly distinguished by different coloring of the
samples; even so content of Cr in the flux was the same in all
crystal grow experiments. The valency of chromium was de-
termined by growing conditions rather than by different flux
composition�. In Table I columns are marked by roman nu-
merals for some selected electronic transitions: �I� denotes
this ratio for the transition at �21 000 cm−1 for E �c; �II� is
the ratio for the transition at �17 000 cm−1 for E �c �this
ratio is always equal to 1, because this transition is used for
normalization�; �III� is the ratio for the transition at
15 000 cm−1 for E �b; �IV� is the ratio at �12 500 cm−1 for
E �a; and �V� is the ratio at 8500 cm−1 for E �a. The roman
numeral notation of the bands corresponds to the notation
used in Figs. 1 and 2.

As we discussed above, transition I is attributed mainly to
the 4T1 absorption of Cr3+, transitions II and V are attributed
mainly to Cr4+ transitions, transitions III and IV can be a sum
of Cr3+�4T2� and Cr4+�3T1� transitions. In agreement with our
suggestion on the assignment of Cr3+ and Cr4+ transitions,
the most noticeable change is for the transition I. This ratio
represents relative content of Cr3+ and Cr4+: higher relative
content of Cr3+ corresponds to the higher ratio of 4T1�Cr3+�
to 3T1�Cr4+�. Laser action was obtained only for the samples

with relatively small content of Cr4+, where there is no
strong absorption of Cr3+ radiation by Cr4+3T2 transitions.7

B. Emission

Fluorescence spectra of Cr:LiScGeO4 and Cr:LiInGeO4
crystals at room temperature �solid line� and 10 K �dotted
line� are shown in Figs. 3�a� and 3�b�, respectively. For ref-
erence, in Fig. 3�a� the low temperature absorption spectrum
of Cr:LiScGeO4 for E �a is also shown. In contrast to Cr4+

doped forsterite and cunyite, the fluorescence spectra are
broadband and structureless even at low temperature. Weak
structure at �8000 cm−1 most probably is caused by 3A2
-3T1 absorption of Cr4+. Maxima of the fluorescence spectra
are located at 9100 cm−1�1100 nm� and
8670 cm−1�1153 nm� for LiScGeO4 and LiInGeO4 crystals,
respectively. Fluorescence begins well above the metastable
level of Cr4+, this fact excludes the 3T2 state of Cr4+ as an
origin of the fluorescence.

The spectra are the same on excitation with 488, 514.5,
and 670 nm laser sources. Surprisingly, we did not find any
fluorescence from the Cr4+3T2 states neither at room nor at
low temperature for any of our samples �even with high Cr4+

content�; for these measurements we used a Nd:YAG laser to
pump Cr4+ ions directly through the 3T2 absorption band.
Complete lack of the emission from Cr4+ centers in these
crystals can be explained by strong nonradiative quenching.
This is rather unusual for germanate and silicate olivines, but
was observed in many other Cr4+ doped crystals.

Decay of the fluorescence measured on excitation by a
pulsed Ti:sapphire laser at 800 nm is single exponential in
the whole temperature range �10–360 K� and the lifetime of
the decay stays the same within the range of the fluorescence
�but depends on temperature as discussed later�. The inde-
pendence of the lifetime on the wavelength of fluorescence
indicates that fluorescence originates from the single type of
optical centers.

C. Excitation spectra

Polarized excitation spectra of LiScGeO4 and LiInGeO4
at 10 K are shown in Figs. 4 and 5, respectively �by a dotted

TABLE I. The ratio of the intensity of selected transitions to the intensity of the transition at 17 000 cm−1

for E �c at room temperature �the ratio for the transition II is always 1, because this transition is used for
normalization�.

Sample

The ratio of the intensity of the specified absorption band to the intensity of
the absorption band at �17 000 cm−1, E �c

Laser
action

I
�21 000 cm−1

E �c

II
�17 000 cm−1

E �c

III
�15 000 cm−1

E �b

IV
�12 500 cm−1

E �a

V
�8500 cm−1

E �a

LiScGeO4

A 0.27 1 0.52 0.47 0.038 No

B 0.73 1 0.62 0.67 0.033 Yes

LiInGeO4

A 1.09 1 0.65 1.05 �0.011 No

B 1.61 1 0.76 1.47 �0.008 Yes
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curve for E �a, by a dashed curve for E �b and by a solid
curve for E �c�. Emission was monitored at the maximum of
the fluorescence band at �9000 cm−1. There are two major
bands in the spectra located at �14 000 and �21 000 cm−1.
Excitation spectra are very different from the absorption
spectra where there are three typical for 3T1 transition of Cr4+

strongly polarized bands at �12 500, �15 000, and
�17 000 cm−1. We assign two bands observed in the excita-
tion spectra to 4T2��14 000 cm−1� and 4T1��21 000 cm−1�
transitions of Cr3+ octahedral centers. This assignment is in
agreement with an intensity analysis of the absorption spec-
tra discussed above. Cr3+ octahedra are strongly distorted;
and this distortion produces low-symmetry splitting of 4T2
transitions into three components. Axes of the octahedral
sites are not parallel to the crystal axes; there are always
several projections of the octahedron axes to any certain axis
of the crystal. This leads to the relatively weak dependence
on polarization and to the complex structure of the bands at
any polarization. The structure and orientation of Cr3+ octa-
hedral sites is discussed below. At the high-energy side of the
4A2-4T2 band there is a fine structure in the profile of the
band clearly seen also in the low-temperature absorption
spectra. The inset to Fig. 4 shows this fine structure together
with the smooth background of the transition �shown by a

dotted line�. The fine structure has “derivative-like” behavior
and is very similar to the structure observed in some Cr3+

glasses and crystals.19,20 This structure appears due to inter-
action of the sharp spin-forbidden 4A2-2E and 4A2-2T1 tran-
sitions with the wideband vibronic 4T2 state.

The structure shown in Figs. 4 and 5 can be described in
terms of Fano theory �originally developed for gases21 and
later modified to solids by Struge et al.22�. Fano antireso-
nance is described as an interference between sharp forbid-
den transition to an excited state and a broadband “con-
tinuum.” A fraction of vibronic 4T2 state interacts with the
sharp transition �2E , 2T1�. The spin-orbit interaction is re-
sponsible for the interference of states. The profile in the
absorption spectrum is characterized by parameters of the
interaction and has in general dispersionlike shape at the

FIG. 3. �a� Emission spectrum of Cr:LiScGeO4 at room tem-
perature �dotted curve� and 20 K �solid curve�, the reference ab-
sorption spectrum at 20 K for E �a is shown by a dashed curve; and
�b� emission spectrum of Cr:LiInGeO4 at room temperature �dotted
curve� and 20 K �solid curve�.

FIG. 4. Polarized excitation spectra of the emission �monitored
at �9000 cm−1� in Cr:LiScGeO4 �E �a is shown by a dotted curve,
E �b is shown by a dashed curve, and E �c is shown by a solid
curve� at 20 K. The inset shows the region of sharp lines at higher
resolution.

FIG. 5. Polarized excitation spectra of the emission �monitored
at �9000 cm−1� in Cr:LiInGeO4 �E �a is shown by a dotted curve,
E �b is shown by a dashed curve, and E �c is shown by a solid
curve� at 20 K. The inset shows the region of sharp lines at higher
resolution.
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resonance frequency �r. The analysis of the profile and ob-
taining of the parameters of the theory is very sensitive to the
correct subtraction of the background. In our case the situa-
tion becomes even more complicated, since we have a sum
of low-symmetry spitted components of both sharp 2E, 2T1
and broadband 4T2 transitions in all polarizations. All this
makes fitting the shape unreasonable, and therefore param-
eters of theory cannot be determined. �r differs from the
frequency of “pure” sharp 2E or 2T1 transitions �Lamb shift�,
uncertainty in the �r parameter and other parameters makes
it impossible to find the position of “pure” 2E and 2T1 states
with the accuracy more than �100 cm−1.

IV. DISCUSSION

A. Structure of chromium centers and energy level
calculations

LiScGeO4 and LiInGeO4 belong to the olivine group of
crystals. This group has an orthorhombic structure with the
space group Pnma and contains four formula units per unit
cell. There are two possible positions for chromium ions: �a�
Ge tetrahedrons and �b� Sc or In �for LiScGeO4 and
LiInGeO4, respectively� octahedrons. In the sites of �a� type,
Ge is replaced by tetravalent chromium; in the �b� sites Sc or
In is replaced by trivalent chromium. In contrast to forsterite,
where there are two inequivalent octahedral positions for
trivalent chromium �4a and 4c sites� and one for tetravalent
chromium; in these crystals there is only one octahedral �4c�
and one tetrahedral position for the chromium ions in the
trivalent and the tetravalent states, respectively. Octahedral
4a sites are occupied by Li-ions and the Li-ions are not sub-
stitutable by Cr3+ ions �such substitution is difficult from a
crystallochemical point of view; absence of such substitution
was proven by EPR study17 for Cr:LiScGeO4�. Atom posi-
tions and geometry of optical centers were derived from
structural data published in Ref. 14 for LiScGeO4 Ref. 15 for
LiInGeO4. Ligand field analysis was performed using the
angular overlap model �AOM�. One e� and one e� parameter
were used to describe CruO bonding. This assumption is
better for tetrahedrons where GeuO distances vary within
2.5% and is not as good for octahedrons, where Sc, InuO
distances vary within 7%. The C/B parameter was fixed to
the value for a free atom. The ratio e� /e� was fixed to 1/6.23

Spin orbit interaction was neglected.
The energy position of maxima of the bands for Cr4+ and

Cr3+ centers derived from the absorption and the excitation
spectra are summarized in Tables III and V for Cr:LiScGeO4
and Cr:LiInGeO4, respectively.

1. Cr4+ tetrahedral centers

Figure 6�a� shows crystal axes �a ,b ,c� and atom positions
for the tetrahedral centers, atom positions are listed in Table
II �	 denotes Euler angle relative to the c- axis and 
 is an
Euler angle relative to the a-axis�. Symmetry of local envi-
ronment is Cs. The energy level diagram for subsequent sym-
metry reduction Td-C3V-Cs is shown in Fig. 6�b�. The dia-
gram is similar to the diagram for tetrahedral centers in
forsterite �Mg2SiO4� and cunyite �Ca2GeO4� crystals.

The results of AOM calculations for tetrahedral centers
are shown in Table III. The agreement between calculated
and experimentally observed transition energies is satisfac-
tory. Similar to other Cr4+-doped olivines18 the distortion of
tetrahedrons adequately describes splitting of energy levels
in the low-symmetry field. A crystal field strength 10Dq pa-
rameter is used for the fields with “pure” cubical symmetry
and cannot describe low-symmetry crystal fields; however,
this parameter can be used as a “mean value” of the crystal
field strength for comparison with other materials. 10Dq pa-
rameter calculated as 4/9�3e�-4e�� is 9932 and 9790 cm−1

for LiScGeO4 and LiInGeO4, respectively. We assign sharp
lines from the absorption spectra at �20 000–21 000 to
1T1Cr4+ transitions because these lines were not detected in
the excitation spectra of Cr3+ fluorescence. We could not
determine positions of possible 3T1�P� transitions because
there are strong bands attributed to Cr3+ transitions in this
range.

Parameters of AOM obtained from the best fit are close
those obtained for Cr4+-doped Mg2SiO4 and Ca2GeO4. The
3A2-1E transitions were not observed experimentally, similar
to Mg2SiO4 the 1E state is found to be �by AOM calcula-
tions� the lowest excited state in LiScGeO4 and LiInGeO4
�see Table III�. For Cr4+ :Mg2SiO4 this is in contradiction
with the assignment of fluorescence to the vibronic 3T2-3A2
transitions; in LiScGeO4 and LiInGeO4 we did not detect
any Cr4+ fluorescence neither broadband nor sharp, so no
definite conclusion on the lowest excited state can be done.

2. Cr3+ octahedral centers

Figure 7�a� shows crystal axes �a ,b ,c� and the axes of
octahedron �x ,y ,z�. Octahedron axes are rotated relative to
crystal axes. Therefore polarized excitation and absorption
spectra are the result of sum of projections of corresponding
octahedron axes to the crystal axes. Figure 7�b� shows ro-
tated octahedron for better understanding of its symmetry. In
general, symmetry of the distorted octahedrons can be de-
scribed as a Cs with the mirror plane in the XZ plane �see
Fig. 7�b��. Energy level diagram for symmetry reduction

FIG. 6. �a� Orientation of tetrahedral centers and atom assign-
ments �a, b, and c denote crystal axes in Pnma notation�. �b� En-
ergy level diagram showing energy levels at Td-C3v-Cs symmetry of
the local environment.
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chain Oh-D2h-Cs is shown in Fig. 7�c�. Euler coordinates of
oxygen atoms are listed in Table IV �	 denotes Euler angle
relative to the z- axis and 
 is a Euler angle relative to the x-
axis, see Fig. 7�b��.

The results of AOM calculation of the transition energies
for octahedral centers are summarized in Table V. Experi-
mentally observed maximums of bands derived from the ab-
sorption and excitation spectra are also shown in this table.
The calculated transition energies are in a reasonable agree-
ment with experimentally observed values taking into ac-
count assumptions made to the model and uncertainties in
determination of the energies of the bands. In the model we
assumed for simplicity that metal-ligand distances are equal
for all ligands �in fact they vary within a 7% range�; another

factor of imperfection can be modification of the local sur-
rounding where a Sc or Li ion is replaced by a smaller Cr3+

ion.
In the case of Cr3+ centers, transitions cannot be assigned

to the certain low-symmetry components of 4T2 splitting be-
cause absorption or excitation bands at any polarization are a
composition of a few projections of the octahedral axes to
the crystal axis. Low-symmetry splitting of the 4T2 state
leads to the location of the lowest component at
�12 500–12 800 cm−1 �confirmed by both calculations and
experiment�. Such low energy of the metastable state is the
reason for unusual Cr3+ octahedral centers near-infrared fluo-
rescence observed in these crystals. Slightly less strength of
the crystal field and larger lattice parameters in LiInGeO4

TABLE II. Euler coordinates of the oxygen atoms for tetrahedral positions for LiScGeO4 and
LiInGeO4.

Atom

LiScGeO4 LiInGeO4

	 
 	 


1 2.5 0 2.73 0

2 114.8 180 115.31 180

3 116.8 56.1 117.8 57.16

4 116.8 −56.1 117.8 −57.16

TABLE III. Comparison of absorption band maxima at 20 K and calculated AOM energies of the transitions of the tetrahedral Cr4+

centers in Cr:LiScGeO4 and Cr:LiInGeO4 crystals. The AOM parameters are e�=9578 cm−1, e�=1596 cm−1, B=526 cm−1 for LiScGeO4

and B=557 cm−1, e�=9440 cm−1, e�=1573 cm−1 for LiInGeO4. For both crystals C=4.1B �the free ion ratio�.

Transition LiScGeO4 LiInGeO4

High spin Low spin
Calculated

�cm−1�
Expt.

�cm−1�
Calculated

�cm−1�
Expt.

�cm−1�

1A��1E� 8183 8643
1A��1E� 8196 8648

3A��3T2� 9125 8500
�0-0 8250�

8885 8230
�0-0 7930�

3A��3T2� 9192 9400 8958 8840
3A��3T2� 10271 10400 10184 10300
3A��3T1� 13000 12700 12954 12750

1A��1A1� 13794 14320
3A��3T1� 13842 14900 13773 14860
3A��3T1� 17338 16900 17582 17210

1A��1T2� 17240 17455
1A��1T2� 17363 17584
1A��1T2� 18434 18929
1A��1T1� 20046 20703 20480
1A��1T1� 20532 20310 20952
1A��1T1� 21290 21250 21667

3A��3T1�P�� 21622 21495
3A��3T1�P�� 23102 23223
3A��3T1�P�� 23637 23780
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agree well with the �300 cm−1 low-energy shift of the fluo-
rescence maximum in Cr:LiInGeO4�8730 cm−1� compared
to Cr:LiScGeO4�9020 cm−1�.

B. Decay of fluorescence

The decay of the fluorescence in both Cr:LiScGeO4 and
Cr:LiInGeO4 is a single exponential in the measured range
of temperatures �20–360 K� and is independent on wave-
length in the whole range of the fluorescence. Temperature
dependencies of decay lifetimes are shown in Figs. 8 and 9
by closed circles for LiScGeO4 and LiInGeO4 crystals, re-
spectively. For convenience, the same figures show also the
decay rates �calculated as 1/�� by solid triangles. At low
temperature the lifetimes of the metastable level are �=21
and 23 �s, at room temperature they are �=10.3 and 10.8 �s
for LiScGeO4 and LiInGeO4 crystals, respectively.

The total decay rate Wtotal of the metastable level is a sum
of the radiative decay rate Wr and the nonradiative decay rate
Wnr:

Wtotal = Wr + Wnr. �1�

A hint about the influence of the radiative rate can be deter-
mined by the ratio K of the normalized lifetime � and nor-
malized integral intensity I of the emission:24

K =
�rad�T�

�rad�T = 0�
=

��T�/��T = 0�
I�T�/I�T = 0�

. �2�

Variations of the K ratio from K=1 are within �10% for
both LiScGeO4 and LiInGeO4 crystals, so we conclude that
the rate of the radiative decay changes not significantly with
temperature. The temperature dependence of the radiative
decay rate on temperature can be neglected in the tempera-
ture dependence of the total decay rate and therefore the total
decay rate of the metastable level can be described as

TABLE IV. Euler coordinates of the oxygen atoms in the octahedral sites for LiScGeO4 and LiInGeO4.

Atom

LiScGeO4 LiInGeO4

	 
 	 


1 0 0 0 0

2 179 0 177.5 0

3 89.6 53.8 89.9 53.6

4 89.6 −53.8 89.9 −53.6

5 97.0 −142.8 96.2 −143.5

6 97.0 142.8 96.2 143.5

FIG. 7. �a� Orientation of octahedral centers relative to the crys-
tal axes �a, b, and c denote crystal axes in Pnma notation and x ,y ,z
denote axes of octahedron�; �b� coordinate axes of octahedral center
and atom assignment; and �c� energy level diagram showing energy
levels at Oh-D2h-Cs symmetry of the local environment.

FIG. 8. Temperature dependence of the decay time of the meta-
stable level in Cr:LiScGeO4 �left scale�. For convenience the decay
rate calculated as 1/� is also shown �right scale�. Experimental data
are shown by closed circles and closed triangles, for the decay time
and the decay rate, respectively. The best fit by the Struck and
Fonger model is shown by a solid curve.
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Wtotal�T� = Wnr�T� + Wr, �3�

where Wr is a constant. From our experimental data we ob-
tain Wr=49 500 s−1 for LiScGeO4 and Wr=43 000 s−1 for
LiInGeO4. The strong temperature dependence of the prob-
ability of the decay of the metastable level W is determined
mainly by increasing the nonradiative relaxation with tem-
perature.

The temperature quenching of Cr3+ fluorescence was not
observed for Cr3+ centers in forsterite.25 The reason of tem-
perature quenching of Cr3+ fluorescence in LiScGeO4 and
LiInGeO4 is a small energy gap between the ground and the
metastable level since the probability of nonradiative decay
is strongly enhanced with the lower number of phonons
bridging the gap. Strong temperature quenching was ob-
served in distorted Cr3+ centers in Sc2O3 with a small energy
gap between the emitting and the ground state levels.5,6

The temperature dependence of the nonradiative decay
rate can be expressed according to the model of Struck and
Fonger:26,27

Wnr�T� = Knr
ep−S

�2�p
�S

p
	p� p

p*	1/2�2p
1 + m�
p + p* 	p

e�p*−p−2mS�,

�4�

where p*=�p2+4S2
1+m�
m�, and 
m�=1/ �e�/kT−1�, Knr is
the nonradiative decay constant, p=E /� is the number of
phonons bridging the energy gap between the excited state
and the ground state �E is the energy of zero-phonon transi-
tion�, � is the energy of the effective symmetric even-parity
phonon, and S is the Huang-Rhys parameter.

The Huang-Rhys S parameter and phonon energy can be
obtained from the spectroscopic data. From the emission
spectra �Fig. 3� we see that active centers in LiScGeO4 and
LiInGeO4 are characterized by strong electron-phonon cou-
pling with a high value of S and Gaussian bandshape emis-

sion curve even at low temperature. At these conditions and
kT� distribution of the emission intensity G�E� at low
temperature is Gaussian:

G�E� � e−�E − �E0 + S���2/2S���2
, �5�

where E0 is the enegy of zero-phonon transition. We did not
detect any zero-phonon lines, but since absorption and emis-
sion bands are symmetrical relative to zero-phonon transition
E0 can be estimated as E0= �Eabs+Efluor� /2, where Eabs is the
lowest absorption band maximum and Eflour is the maximum
of the emission band. The E0, S, and � obtained from the
best fit are listed in the upper part of Table VI.

TABLE V. Experimental band maxima and calculated AOM energies of the transitions of the octahedral Cr3+ centers in Cr:LiScGeO4

and Cr:LiInGeO4 crystals. The AOM parameters are B=738 cm−1, e�=6670 cm−1, e�=1110 cm−1 for LiScGeO4 and B=746 cm−1, e�

=6530 cm−1, e�=1088 cm−1 for LiInGeO4. For both crystals C=4.2B �the free ion ratio�.

Transition LiScGeO4 LiInGeO4

High spin Low spin
Calculated

�cm−1�
Expt.

�cm−1�
Calculated

�cm−1�
Expt.

�cm−1�

4A��4T2� 12830 13420 12450 12800
2A��2E� 14515 14660
2A��2E� 14560 14540 14700 14680

4A��4T2� 14900 13900 14622 13650
4A��4T2� 14980 14500 14700 14000

2A��2T1� 15090 15210
2A��2T1� 15110 15270
2A��2T1� 15300 15280 15400 15370

4A��4T1� 21000 21200 20780 20600
4A��4T1� 21020 20800 20800 20700
4A��4T1� 21400 20800 20850 20700

FIG. 9. Temperature dependence of the decay time of the meta-
stable level in Cr:LiInGeO4 �left scale�. For convenience the decay
rate calculated as 1/� is also shown �right scale�. Experimental data
are shown by closed circles and closed triangles, for the decay time
and the decay rate, respectively. The best fit by the Struck and
Fonger model is shown by the solid curve.
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These parameters were used as starting parameters to fit
temperature dependence of the decay rates �with subtracted
value for Wr�. The best fit is shown in Figs. 8 and 9 by a
solid line and parameters of the best fit are listed at the bot-
tom part in Table VI. As we can see from curves in Figs. 8
and 9, the Struck and Fonger model describes well the ex-
perimentally observed values in the whole range of tempera-
tures �20–360 K�. The parameters of the best fit are in a
satisfactory agreement with those measured independently
from the spectroscopic data taking into account simplifica-
tions done to the model.

The quantum efficiency of Cr3+ emission at room tem-
perature is determined by ��300�=Wr /Wtotal�300� and equal
to �50% and �32% in LiScGeO4 and LiInGeO4, respec-
tively.

V. SUMMARY

The spectroscopic properties of trivalent and tetravalent
chromium centers in Cr:LiScGeO4 and Cr:LiInGeO4 have

been studied by low temperature absorption, emission, and
excitation spectroscopies. Two types of optical centers were
found: Cr3+ ions in octahedral positions and Cr4+ ions in
tetrahedral positions. Experimentally observed energies of
electronic transitions satisfactory agree with those calculated
from exact atom positions using the angular overlap model
for both types of optical centers. The decay of the fluores-
cence obey the Struck and Fonger model, the parameters of
the model were derived from the best fit to experimental
data. The results reported in this paper confirm our prelimi-
nary conclusion on the Cr3+ origin of the active fluorescence
centers responsible for the ultrabroadband Cr3+ near-infrared
emission and laser operation recently discovered by us in
these crystals.
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