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Abstract. Energy levels of Er3+ in calcium lithium niobium gallium garnet
(CLNGG) up to 4 S3/2 are estimated using absorption and luminescence spectra at
low temperature. Multiple non-equivalent Er3+ centers (at least three) were put into
evidence in the absorption spectra. The luminescence spectrum of transition 4 S3/2 →
4
I15/2 was used for the identification of the energy levels of two luminescent centers
in Er:CLNGG.
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1. INTRODUCTION

The rare-earth-doped partially disordered garnets from the calcium niobium
gallium garnet (CNGG) family are intensely studied in present due to their broad
spectral bands combined with mechanical and thermal properties superior to glasses
[1]. Their wide absorption bands make them suitable active media for laser-diodepumped solid-state lasers [2–4], while their wide emission bands can be used to
obtain tunable solid-state lasers and ultrashort-pulse lasers [5–7].
Nd3+ and Yb3+ ions are the most studied as doping ions in these partially
disordered hosts. Comparatively, the spectroscopy of Er3+ in these hosts is less
known. Laser emission at 2.7 µm was obtained in calcium lithium niobium gallium
garnet (CLNGG) doped with Er and Cr [8] on transition 4 I11/2 → 4 I13/2 of Er3+ .
Interaction of Er3+ ions in CNGG at low concentrations was also studied [9].
Studies regarding the presence of nonequivalent luminescent centers in CNGG
and CLNGG were carried out on crystals doped with Eu3+ [10], Nd3+ [10, 11], and
Yb3+ [10, 12]. The study of the Eu3+ spectra allowed the identification of three
luminescent centers; Nd3+ spectra made possible the identification of four [10] or
five luminescent centers [11]. The Yb3+ spectra also put into evidence the multi-
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ple luminescent centers in CNGG [10, 12]; however, the energy transfer between
centers made it difficult to identify individual configurations. Various models were
developed for the description of nearest-neighbor configurations of the luminescent
centers [11, 12].
In this paper, we investigate the energy levels of Er3+ in CLNGG. The presence
of non-equivalent centers is put into evidence using absorption and luminescence
spectra at low temperature.
2. EXPERIMENTAL

The erbium-doped CLNGG crystal in atomic concentration of 5% with respect
to Ca2+ was grown by the Czochralski method.
The absorption spectra were recorded using a tungsten-halogen lamp and a
1-m-long Jarrell-Ash monochromator; the signal was chopped (using a Stanford Research Systems SR540 mechanical chopper), detected with detectors appropriate to
the various spectral ranges of the transitions (a Judson J16 Ge detector, and two
EMI photomultipliers, of types S-1 and S-20) and recorded using a lock-in amplifier
(Stanford Research Systems, SR830), in line with a computer.
The luminescence spectra were excited using a xenon arc lamp.
For the cooling of samples at low temperatures (10 K), a closed cycle Helium
cryostat CS 202 X1 (Advanced Research Systems) was used.
3. RESULTS AND DISCUSSION

Due to the inhomogeneous broadening of rare earth ions’ spectral lines caused
by the disorder of the CLNGG crystalline host, the identification of the lines corresponding to different non-equivalent centers or even different Stark levels of the
same multiplet is difficult at room temperature. This is especially true for Er3+ ,
whose ground level 4 I15/2 is split into eight Stark levels, yielding a multitude of
lines in spectra both originating or ending on the ground level. Moreover, Er3+ excited levels up to 4 S3/2 also have great multiplicities, so that their absorption and
emission spectra are abundant in lines. To simplify the analysis of absorption and
emission spectra, the samples were cooled down to 10 K, in order to depopulate the
higher-energy Stark levels in every multiplet and decrease the number of lines that
are visible in both absorption and emission spectra. At this low temperature: (i) the
only significantly populated Stark level in each multiplet is the lowest one, so that
the number of spectral lines in an absorption or emission spectrum should be equal
to the multiplicity of the final level (if we ignore disorder) (ii) line broadening is
mainly inhomogeneous due to host disorder, so the spectral lines are considered to
(c) RRP 64(Supplement) 1381–1390 2012
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have a Gaussian profile. The analysis of Er3+ spectra was done by fitting (LevenbergMarquardt algorithm, using the fityk software [13]) each spectrum with the minimum
number of lines that reproduce it well.
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Fig. 1 – Absorption spectrum of transition 4 I15/2 → 4 I13/2 in Er(5%):CLNGG, at 10 K. The
spectrum was fitted with 16 Gaussian lines. Gray symbols: experimental data; light gray: sum of
fitting functions; black: Gaussian fitting functions.

The absorption spectrum of transition 4 I15/2 → 4 I13/2 is presented in Fig. 1.
The spectrum was recorded with a resolution of 0.16 Å. The centers of the spectral lines obtained by fitting (16 lines) are listed in the second column of Table 1.
The first two lines listed correspond to the low-intensity lines at the lowest energy;
their energy differences to each of the next two lines’ centers are, respectively, 24
cm−1 and 29 cm−1 . These values are close to the energy of the first excited Stark
level of 4 I15/2 reported in other erbium-doped garnets [14], so the two lowest-energy
lines can be interpreted as hotbands corresponding to absorption from the first excited Stark level of 4 I15/2 , which is not entirely depleted by the decrease of sample
temperature. The positions of the next 3 lines are also very different from the position reported in [14] for other garnets; they can correspond to an Er3+ center with
neighborhood very different from the neighborhood of the dominant centers with dodecahedral coordination (symmetry D2 ). Such centers can be occupied by Er3+ in
garnets by substituting the ions placed in octahedral coordination sites (in our case,
Ga3+ or Nb5+ ); these centers have C3i symmetry which forbids electric-dipole tran(c) RRP 64(Supplement) 1381–1390 2012
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Table 1
Energy levels of Er3+ in CLNGG (cm−1 ). The values marked with an asterisk are most likely to
represent hotbands in the absorption spectra that led to these results. Two asterisks indicate lines
supposed to belong to an Er3+ center in octahedral coordination
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sitions and are visible only in magnetic-dipole transitions like 4 I15/2 → 4 I13/2 . Thus,
not taking into account the first 5 lines, there are 11 spectral lines remaining that compose the spectrum of the transition 4 I15/2 → 4 I13/2 ; as this transition must contain,
at 10 K, only 7 lines, the presence of 11 discernible lines in its spectrum indicates the
presence in Er:CLNGG of 2 non-equivalent Er3+ centers.
The absorption spectrum of transition 4 I15/2 → 4 I11/2 was recorded in the same
conditions as the above one and is presented in Fig. 2. The centers of its lines are
listed in the third column of Table 1. A hotband is also present in this spectrum,
with center wavenumber of 10206 cm−1 , i. e., at 24 cm−1 from the next peak in
the spectrum. Excluding this line from the absorption spectrum of 4 I15/2 → 4 I11/2 ,
the minimum number of Gaussian lines that can fit the spectrum well is 14; as the
number of lines that should be present in this spectrum at 10 K is 6, this spectrum
can only be explained by the presence of at least three non-equivalent Er3+ centers
in CLNGG. The position of the hotband indicates an energy of 24 cm−1 for the first
excited Stark level of 4 I15/2 .
Fig. 3 presents the absorption spectrum of transition 4 I15/2 → 4 I9/2 , recorded
(c) RRP 64(Supplement) 1381–1390 2012
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Fig. 2 – Absorption spectrum of transition 4 I15/2 → 4 I11/2 in Er(5%):CLNGG, at 10 K. The
spectrum was fitted with 15 Gaussian lines. Gray symbols: experimental data; light gray: sum of
fitting functions; black: Gaussian fitting functions.

in the same conditions. The centers of the 14 Gaussian lines needed to fit this spectrum are listed in the fourth column of Table 1. The first line listed (12278 cm−1 ) is a
hotband (low intensity and 26 cm−1 energy difference to the next spectral line). The
next peak, located at 12304 cm−1 , corresponds to the transition between the lowest
Stark levels of 4 I15/2 and 4 I9/2 . This line can be decomposed into at least three Gaussian lines, showing the existence of at least three non-equivalent Er3+ centers. This
multi-center structure is reflected also by the fact that the spectrum is composed of
at least 13 Gaussian lines (not counting the hotband), while the 4 I9/2 level is splitted
in only five Stark levels (that is, at least three non-equivalent centers). The energy of
the first excited Stark level of 4 I15/2 indicated by the hotband is 26 cm−1 .
The absorption spectrum of transition 4 I15/2 → 4 F9/2 is presented in Fig. 4.
This spectrum was recorded in the same conditions as the above ones. Its structure
presents 13 lines that could be clearly separated, of which the low-intensity one at
the lowest energy (15221 cm−1 ) is most likely a hotband. This spectrum can be
explained by the existence of at least 3 non-equivalent Er3+ centers, as it contains 12
lines instead of 5 that should be seen at 10 K. The first excited Stark energy level of
4I
−1
15/2 , indicated by the hotband, is 22 cm .
4
As the level S3/2 has a simple structure with only two well-separated Stark
levels, it offers the possibility of a closer investigation of the presence of multiple
(c) RRP 64(Supplement) 1381–1390 2012
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Fig. 3 – Absorption spectrum of transition 4 I15/2 → 4 I9/2 in Er(5%):CLNGG, at 10 K. The spectrum
was fitted with 15 Gaussian lines. Gray symbols: experimental data; light gray: sum of fitting
functions; black: Gaussian fitting functions.

non-equivalent Er3+ centers in CLNGG. Two well-separated peaks are present in
the absorption spectrum of transition 4 I15/2 → 4 S3/2 in Fig. 5. This spectrum was
recorded in the same conditions as the previous ones. A special attention was paid
to the 0-0 line (the lowest-energy line) corresponding to the transition between the
lowest-energy Stark levels of the two multiplets. This line is the least affected by
homogeneous broadening in the spectrum; the number of its Gaussian components
at 10 K is the number of non-equivalent Er3+ centers. The 0-0 line can be fitted
with four Gaussian functions, while the high-energy line can be well fitted with two
Gaussian functions; the central wavenumbers of these functions are listed in Table
1. As can be seen, the lowest-energy Gaussian component is of low intensity and is
placed at only 22 cm−1 from the next Gaussian component; this component is likely
to correspond to a hotband. Excluding this Gaussian component, the 0-0 line can be
decomposed in 3 Gaussian lines; this proves the existence of at least 3 non-equivalent
Er3+ centers in CLNGG. The positions of the hotband allows an estimation of 22
cm−1 for the first excited Stark level of 4 I15/2 .
The luminescence spectrum of transition 4 S3/2 → 4 I15/2 was also recorded at
10 K on an Er(5%):CLNGG sample (resolution 1.6 Å), in order to find the Stark levels of the ground level 4 I15/2 of Er3+ . The spectrum presented in Fig. 6 contains
two groups of lines, typical to erbium in garnets [14], where the 4 I15/2 level is split(c) RRP 64(Supplement) 1381–1390 2012
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Fig. 4 – Absorption spectrum of transition 4 I15/2 → 4 F9/2 in Er(5%):CLNGG, at 10 K. The
spectrum was fitted with 13 Gaussian lines. Gray symbols: experimental data; light gray: sum of
fitting functions; black: Gaussian fitting functions.

ted in two groups of 4 Stark levels each, groups separated by 300-400 cm−1 . In this
spectrum, each group of lines could be well fitted with 5 Gaussian functions, putting
again into evidence a multi-center structure. The wavenumbers of the Stark levels of
4I
15/2 could be calculated using the center wavenumbers of these Gaussian functions
and are listed in the first column of Table 1. Not all the three non-equivalent centers
put into evidence in absorption manifest themselves in luminescence; however, there
are more spectral lines than the eight Stark levels of 4 I15/2 . A hint for the identification of lines originating from different luminescent centers can be given in the case
of the two highest-energy Gaussian lines: they are the only lines that superpose on
the absorption spectrum of 4 S3/2 in Fig. 5. As the only Stark levels populated in both
4S
4
3/2 (in luminescence) and I15/2 (in absorption) are the lowest-energy ones, these
lines (centered at 18389 cm−1 and 18361 cm−1 ) correspond both to transition 0-0
and are emitted by two different luminescent centers. Table 1 also shows the coincidence of these lines with the two most intense lines in the decomposition of the 0-0
absorption peak of transition 4 I15/2 → 4 S3/2 (18387 cm−1 and 18366 cm−1 , respectively). Considering these lines as 0-phonon lines for the two luminescent centers,
two series of Stark levels could be separated for the two centers: (i) 0, 58 cm−1 , 79
cm−1 , 399 cm−1 , 525 cm−1 , and (ii) 0, 70 cm−1 , 414 cm−1 , 524 cm−1 . The series
were chosen so as their energy levels be as close as possible to the values found for
(c) RRP 64(Supplement) 1381–1390 2012
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Fig. 5 – Absorption spectrum of transition 4 I15/2 → 4 S3/2 in Er(5%):CLNGG, at 10 K. The
spectrum was fitted with 6 Gaussian lines. Gray symbols: experimental data; light gray: sum of fitting
functions; black: Gaussian fitting functions.

Er:YAG [14]. The estimated energy levels for the two centers were listed separately
in the first column of Table 1.
4. CONCLUSIONS

Absorption and luminescence spectra of Er:CLNGG at low temperatures (10
K) were recorded. The energy levels of Er3+ in CLNGG, up to 4 S3/2 , were estimated using these spectra. The structure of the absorption and luminescence peaks
indicates at least three non-equivalent centers. An important role in proving this
multi-center structure was played by transition 4 I15/2 → 4 S3/2 , whose spectrum is
composed, at 10 K, by two well-separated peaks; the lowest-energy peak corresponding to transition between the lowest Stark levels of the two multiplets, can be decomposed in no less than 3 Gaussian lines, indicating the presence of at least three
Er3+ non-equivalent centers in CLNGG. This result was confirmed by the 0-0 line
in the absorption spectrum of 4 I15/2 → 4 I9/2 , which is also well separated and could
be decomposed also in a minimum number of 3 Gaussian lines. The luminescence
spectrum of transition 4 S3/2 → 4 I15/2 was used to identify Stark levels of the ground
(c) RRP 64(Supplement) 1381–1390 2012
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Fig. 6 – Luminescence spectrum of transition 4 S3/2 → 4 I15/2 at 10 K (normalized). The spectrum
could be well fitted with 10 Gaussian lines. Gray symbols: experimental data; light gray: sum of
fitting functions; black: Gaussian fitting functions.

multiplet corresponding to two distinct luminescent centers.
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