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Abstract: As a fundamental light source and a good window for atmospheric transmission, the mid-infrared 3 pm
lasers have led many promising applications. The rare earth doped crystalline materials, such as erbium doped
crystals, are some of the most important routes for generation of the lasers. However, they have an intrinsic
shortcoming of self-termination because of their short lifetime of *I,1,» and longer lifetime of *Ii3. To eliminate this
effect, a high concentration doping method is usually adopted to change the energy transfer process to decrease ‘1,3,
lifetime. The efficiency and output power of Er'*-doped crystals were thus limited due to their degraded thermal
properties. Trivalent erbium ions are easily clustering in fluoride crystals. Distances among the ions are short and
therefore energy transfer processes could be significantly improved in the crystals even doping with low
concentrations. Low doping concentrations could also alleviate the thermal effect in laser operations, which enable the
erbium doped fluorides to be promising candidates for high power and high efficiency mid-infrared lasers. However,
connection of spectral properties and erbium clusters is unknown. Here, the first principles calculation is utilized to
model the erbium ion clusters in CaF,, SrF, and PbF, crystals, concerning the absorption and photoluminescence
properties. The results reveal that spectral properties and structures of the erbium clusters, evolve gradually with
matrix crystals. Relationship between spectral properties and optical erbium clusters is determined qualitatively, which
could be used to design new erbium doped mid-infrared lasers.
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The mid-infrared 3 um lasers have aroused significant
interests due to a variety of applications in medical
surgery, light sources for generation of far infrared
wavelength lasers, infrared countermeasures“'“, etc. As
one of the most important routes, the rare earth doped
crystalline lasers have been addressed. In particular, the
Er'*-doped mid-infrared lasers which can be directly
pumped by the commercial laser diode (LD) have been
extensively studied in fluoride, oxide and garnet
crystals[4'7]. Due to the short lifetime of *I,,, and longer

lifetime of 4113,2, the heavy doping concentrations were
generally adopted to remove the self-termination™. For
example, more than 30% of Er'" ions were doped in
garnet crystals to realize the population inversion!”,
However, the high concentration doping degenerates the
thermal and mechanical properties and then laser
performances of the crystal''"),

The trivalent rare earth ions are easily clustering in
fluoride crystals and the distance between ions is greatly

shortened!"'"'?). It means that the intense energy transfer
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among ions is highly expected even with very low
doping concentrations. This is very beneficial for the
Er’*-doped mid-infrared lasers, in which the population
inversion could be easily realized through the energy
transfer processes'>'°\. The slope efficiency of 41.4%
was obtained when doped with 4%Er*''®.  The
continuous wave (CW) laser output power of 2 W was
demonstrated in 1.3%Er’:CaF,!'". Even doped with
0.5%Er’", two orders of magnitude lower than that of
Er'":'YAG crystal, the CW efficiency of 20% was
obtained"™. These results suggest that the Er’‘-doped
fluoride crystals are very promising candidates for
generation of high efficiency high power mid-infrared
lasers. Additionally, the erbium clusters contribute to the
inhomogeneously broadened photoluminescence, then
the tuning range of 123 nm was realized in the
Er’*-doped crystal!'”’. The broad emissions also support
the ultrafast mid-infrared lasers and the short pulses are
highly expected!*”’.

The clusters are very important for the Er’'-doped
fluorides, however, the erbium clusters and the relation-
ship with spectral properties are not clear, which hinders
further exploring of the Er’’-doped fluoride laser
materials. In this work, spectral properties and the
clusters of Er3+-d0ped CaF,, SrF, and PbF, were studied.
It reveals that there exist two kinds of clusters, and
concentrations of the centers are different, which leads to
different spectral properties.

1 Experiment and simulation

The crystals of 1%Er’"-doped (in atom) CaF,, SrF,
and PbF, were grown by the vertical Bridgeman method.
For the as-grown crystals, the part near the seed was cut
and double-face polished for the room temperature
spectral measurement. The absorption spectra were
detected with a Shimadzu UV-3600 ultraviolet-visible-
near infrared (UV-VIS-NIR) spectrophotometer. The
photoluminescence spectra were recorded by a FLS1000
time-resolved fluorimeter and the signals were collected
by the red Photomultiplier Tube (PMT) under a Xenon
lamp excitation. The erbium clusters were simulated by
the Vienna Ab-initio Simulation Package (VASP)?!%2,
The plane-wave basis set and the projector augmented
wave potential with Perdew-Burke-Ernzerhof (PAW_PBE)
formula have been used™). The supercell size was 2x2x2
and only a Gamma k-grid was used to sampling the first
Brillouin zone. The cut-off energy was set as 550 eV and
the spin polarization was included. The convergence
criteria were 10> eV and 0.01 eV-A™" for the electronics
and forces, respectively. The formation energy was
obtained based on the methods in Ref. [24].

2 Resultsand discussion

Before discussions about the spectral properties, the
energy level diagram of Er’" ions is sketched. Er’* ions
could be efficiently pumped with a 980 nm LD, leading
to a ~3 um emission (Fig. 1). The energy transfer
upconversion (ETU) process (‘lizn + “Tizn—"Ton + *Iisp)
among Er’" ions will deplete two photons from Tian
level and add one photon to the upper laser level N BN by
an additional nonradiative multiphonon relaxation (NMR)
step, which is favorable for the ~3 pum lasing. The strong
excited state absorption (ESA) process could also be
observed in Er*" ions!®). The particles on 1,1, level were
further excited to higher *F;, level, and the green light is
emitted from 2H” » and 4S3/2 after a NMR process. The
transition of *Hj;» to *I;sp is spin forbidden and very
weak intensity was expected!’]. As a comparison, the
S5, transition is spin allowed and S, is a
metastable level, from which clear emission signals could
be collected. More importantly, there are only two sublevels
in *S;, when compared with that of 2Hy1, “Fop, “Tii,
4113/2, and 4115/2, it means that the transitions from *S;,
level would be easier to identify. The 485,15, was
therefore chosen and studied in the following sections.

The absorption spectra were firstly investigated and
presented in Fig. 2. There exist three absorption lines at
520, 540 and 975 nm in the selected absorption range.
The absorptions correspond to the intraconfigurational
4f-4f transitions of Er’" from its ground state to “Hy,
4S5, and *1;10, respectively. Two absorption peaks can be
observed in the transition of *1;5,—>H;,,, as well as that
of *I;5,—",1,, and only one peak is observed for
1,5p—*S3. Tt can be seen that the absorption intensities
and wavelengths varied with the crystals. The intensity
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Fig. 1 Energy level diagram of Er’* ions
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Fig. 2 Absorption spectra of Er’-doped CaF,, StF, and PbF, crystals
(a) *Iiso—"H 125 (b) “Ij5,—"1112; Colorful figures are available on website

of absorption at 517 nm decreases while that at 522 nm
rises from CaF,, SrF, to PbF,, as the arrows denoted.
Similarly, the absorption intensity of 981 nm decreases
while that of 970 nm rises with increase of crystal cell
sizes. Obviously, the absorptions of 970 and 981 nm, as
well as that of 517 and 522 nm belong to different optical
centers. The absorption wavelength of Er’":CaF, is
968 nm and shifts to 971 and 972 nm in Er’**-doped SrF,
and PbF,, respectively, along with the red shift absorption
of *I;5,—"*S5,, which will be discussed in further.

The absorptions of 517 and 522 nm along with
519.5 nm were then chosen to excite the crystals. Since
(261 which

causes the weak intensity, and only emissions of

the transition rates of 2H;;,—*1;5, are slow

4S5, 5, are presented. As can be seen in Fig. 3, the
selectively excited emissions could be divided into three
sections, A, B and C. The C emission lines are
approximately parallel with each other under the three
excitations in CaF,, as well as that in SrF, and PbF,,
which indicates that the optical centers attributed to C
emissions could be excited directly by the three
wavelengths or indirectly through energy transfer. The
normalized emission intensity of Er'':PbF, sample is
higher when compared with that of Er’*-doped CaF, and
SrF,. The content of optical centers for C emissions is
expected to be larger in Er’":PbF,. Compared with C
emissions, B emission lines vary greatly with the
excitations, especially in CaF, and SrF, crystals. The
different emissions confirm that absorptions at 517 and
522 nm belong to different optical centers.

The A emission lines are also close to each other,
similar to that of C lines, except the linewidths and peak
wavelengths. The emission linewidth excited at 522 nm
is sharply narrowed when compared with that at 517 nm.
It suggests that more optical centers can be excited by
517 nm pumping which contributes to the broad
emissions. It can also be seen that the emission
wavelengths shift from 538.8 to 539.4 and 540.2 nm in

going from CaF,, SrF, to PbF,. The red shifted emission
wavelengths are in line with that of 1150—S3
absorptions in Fig. 2. It is noted that, as compared with
CaF, and SrF, crystals, the emission line shapes under
different excitations in Er’":PbF, are close to each other,
the optical centers or local structures of the active ions in
the crystal are probably the same.

The 522 nm excited emissions of the three crystals are
also compared in Fig. 4. As can be seen, the intensity of
B emission decreases while that of C rises from CaF,,
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Fig. 3
spectra of *S;,,—*1;5, transition in Er**-doped fluoride
(a) CaF,; (b) SrF»; (c) PbF,; Colorful figures are available on website
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Fig. 4 Comparison of height normalized emission spectra of
Er3+-d0ped CaF,, SrF, and PbF, excited at 522 nm

SrF, to PbF,. Although the 522 nm excited emissions are
different in the three crystals, however, based on the
discussions about the absorption spectra, the 522 nm
absorption is attributed to one group of centers. Two
viewpoints should be addressed here. First, structures of
the optical centers of 522 nm absorption depend on the
matrix crystal, which evolves and varies with increase of
lattice parameters. The evolved optical centers could be
pumped simultaneously and give a radiative emission at
544 nm. Second, since the energy transfer processes are
strong in the erbium clusters''™, the energy transfer
assisted radiation could also lead to emissions in the band.

In order to have a clear description about the varied
spectral properties, the erbium clusters are modeled and
relaxed!''??* Formation energies and structures of the
thermodynamic stable centers are listed in supplement of
Table S1 and Fig. S1, the cluster symbols are based on
Ref. [24]. It shows that the formation energy decreases as
number of rare earth ions rises, which confirms the rare
earth clustering in fluoride crystals'*’’. There are sixteen
kinds of erbium clusters in Er’":CaF,, which is in well
agreement with the site selective spectral results’®®.
Those centers are divided into three groups, the
monomers containing only one erbium ions, cubic
sublattice centers and square antiprism structure clusters.
Compared with erbium centers in CaF,, stabilities of the
monomer 1,]/0]0|1; center and cubic sublattice centers are
weakened in Er’":SrF,, and such centers become unstable
in PbF,. At the same time, the transformation ability
from cubic sublattice to square antiprism sublattice is
strengthened. As can be seen, 3,/0/6|4; and 3,|0|7|4, with
six and seven fluorines relaxed become 3,|0|8|4; with
complete eight fluorines relaxed in going from CaF, to
SrF,. While for PbF, crystal, there are four and six
fluorines relaxed even in the centers 1,|0]4|2; and
2,|0/6/3; containing only one and two erbium ions,
respectively, which means that the transformation ability

of Er’":PbF, is the strongest in the three crystals.

Number of erbium ions dependent formation energy is
then depicted. It can be seen in Fig. 5, there exists an
energy gap between the cubic sublattice and square
antiprism structure clusters. Values of the energy gap
rises from CaF,, SrF, to PbF,, which confirms the
strengthened transformation ability. Nevertheless, the
transformation from cubic to square antiprism sublattice
is not instantaneous. Structures of the cubic sublattice
and square antiprism sublattice clusters are gradually
evolving and intimately related with the matrix crystals.
That is why the 522 nm excited B emissions which
belong to one group centers, evolve gradually with the
varied matrix crystals. However, contributions from
energy transfer processes to the varied emissions could
not be absolutely ruled out.

Characteristics of the erbium clusters in CaF,, SrF,
and PbF, are thus clear. The erbium ions tend to form
both the cubic sublattice and square antiprism structure
clusters in CaF,. As a comparison, stability of the cubic
sublattice centers is weakened and that of square
antiprism sublattice clusters rises in SrF,. While for PbF,,
only square antiprism sublattice centers are thermody-
namically stable. Although structures of the centers also
depend on the doping concentrations, moderate doping
level of 1% in the crystals could support the formation of
cubic sublattice and square antiprism structure clusters?®".
Combined with the simulated cluster characters, it is
known that the cubic sublattice centers contribute to
517 and 980 nm absorptions, and square antiprism
sublattice clusters contribute to 522 and 970 nm
absorptions. It should be noted that influences of the
monomer centers are neglected. Since symmetries of the
local structures in monomers are high, the forced electric
dipole transition rates are very low which could be
ignored as compared with that of high order clusters.
Another question to be mentioned is the absorption and
emission wavelengths shift. First, the varied crystal field
splittings could lead to the shifted wavelengths. From
CaF,, SrF, to PbF,, the transformation ability from cubic
to square antiprism sublattice is enhanced and local
symmetries around erbium ions are decreased from cubic
to distorted tetragonal. The crystal field splittings are
enlarged which contributes to the red shifted absorption
and emission wavelengths. Second, the nephelauxetic
effect is non-negligible™. Although anions in the
crystals are the same, electronegativity of the lead is
higher than that of calcium and strontium ions. PbF, is
not a pure ionic crystal, and covalency effect could lead to
the downshifted energy levels of erbium ions.

Based on the aforementioned discussions, it is known
that erbium cluster structures are related with the matrix
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Fig. 5 Number of Er’* ions dependent formation energy of the clusters in fluoride
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crystals. In fact, not only matrix crystals, the rare earth
ionic radii could also influence the cluster structures!'"**!,
Thermodynamic stability of the cubic sublattice clusters
is weakened, and that of square antiprism structure
clusters is increased from La’* to Lu’*. Our previous
results also reveal that the relative stabilities of cubic
sublattice and square antiprism structure clusters are
intimately related with that of monomer centers 1,|0|0[1,
and 1;|0|0|1,. If the 1;]0|0|1; with interstitial F; at the
nearest site are more stable, the cubic sublattice centers
are thus more stable; if the 1,|0|0|1, with interstitial F; at
the next nearest site are more stable, the square antiprism
structure clusters are more stable. There exists a critical
line in which the stabilities of cubic and square antiprism
sublattice clusters are equal. Critical line of Au =0 eV is
uncovered for the rare earth doped CaF, and SrF,, and
critical line of Ax = 0.1 eV for the rare earth doped
BaF,!""??]. Au is the formation energy difference between
1,/0/0j1; and 1,]0]0]1,. Here critical line in rare earth
doped PbF, is expected.

The La*", Tb* and Y** centers in PbF, are modeled
and simulated as listed in supplement of Table S2 and
Fig. S2. Compared with 1;|0|0|1,, formation energy of
1,/0]0|1, is lower, which implies that the 1,/0/0|1, center
in La’*, Tb’" or Y** doped PbF, crystal is more stable.
The square antiprism structure clusters are therefore

more stable in Tb>* or Y** doped PbF,. However, it can be
seen that the cubic sublattice centers 2,|0[1|2,, 2,|0]1]3,,
3101131, 3,]/02|14; and 44[1|0|4, are thermodynamically
stable in La’"-doped PbF,, which indicates that Ay =
0 eV is not the critical line in rare earth doped PbF,.
Number of rare earth ions dependent formation energy of
the centers are then depicted in Fig. 6. A gap is observed
between formation energy of the cubic and square
antiprism sublattice centers, as the arrows denoted.
Values of the gap are sharply increased from La*’, Tb*"
to Y*>"-doped PbF,, which agrees well with the above
discussions. It should be noted that formation energies of
square antiprism sublattice clusters 3;|0|8/4, and 4,|0/8|4,
are even higher than those of cubic sublattice centers
3,]0]1|3, and 4,1/0|4, in La’":PbF,, respectively. It is in
contradiction with the results that formation energy of
1,/0]0|1, is lower about 0.1 eV as compared with 1|0|0|1,
center. It suggests that the critical value should be higher
than 0.1 eV, which is adjusted to be 0.1-0.15 eV
according to our previous work!"'*%. The critical line is
depicted in Fig. 7. Since values of Au in La*', Ce*', Pr**
and Nd* doped PbF, are around the critical line, it is
reasonable to deem that cubic and square antiprism sublattice
clusters would be coexisting in the crystals. And only square
antiprism sublattice clusters are thermodynamically
stable in the other rare earth doped PbF, crystals.
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Fig. 6 Number of rare earth ions dependent formation energy of the clusters
(a) La*":PbF,; (b) Tb*":PbF,; (c) Y*":PbF,



%5 3 11 TAM YU Puy Mang, et al: Spectroscopic Properties and Optical Clusters in Erbium-doped CaF,, StF, and PbF, Crystals 335

0.60
045 |
030 °288 g3 ° 0.1-0.15 eV
L o _o o
015 o, ° o 7 o |
% . § SR o o © T
~ 0_,,,0,,9 ,,,,,,,,,,,,,,, P Y e ——— .
3 o ° oo °e
015 f ° o o o
: o
. | © CaF, o o o
030 F ¢ G o
—-0.45 - © BaF,
L o PbF,
060 100 105 110 115

Effective radius of RE*" in eightfold coordination / pm

Fig. 7 Effective radius of RE*" dependent formation energy
difference, Au between 1,0/0/1; and 1,/0/0|1, center, RE*
includes La*" —Lu** and Y**

3 Conclusions

Spectral properties of the Er’’-doped samples vary
greatly with matrix crystals. Simulation results and
varied spectral properties reveal that structures of erbium
clusters evolve gradually from CaF,, SrF, to PbF,.
Stabilities of the cubic and square antiprism sublattice
clusters in Er’":CaF, are comparable, which results in
comparable absorptions of 517 and 522 nm, and of 970
and 980 nm, respectively. The square antiprism structure
centers are more thermodynamically stable in Er’":PbF,,

absorptions of 522 and 970 nm then dominate the spectra.

The relationship of spectral properties and optical
clusters is then clarified qualitatively. It is very important
for generation of mid-infrared lasers, especially the
absorptions of 970 and 980 nm, suitable for commercial
InGaAs LD pumping. The varied laser performances are
highly expected when changing the pumping
wavelengths. The relationship could also be used to
design the spectral properties then
mid-infrared laser performances. Critical line of the
centers is observed in rare earth doped PbF, crystal. The
value is found to be 0.1-0.15 eV, larger than that of CaF,,
SrF, and BaF,. Study on the differed critical values is on

needed and

the way.

Supporting infor mation:

Supporting materials related to this article can be
found at https://doi.org/10.15541/jim20230462.
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Spectroscopic Properties and Optical Clustersin
Erbium-doped CaF,, SrF, and PbF, Crystals

TAM YU Puy Mang'”, XU Yu®, GAO Quanhao'*, ZHOU Haiqiong'?, ZHANG Zhen®, YIN Hao'”,
LI Zhen"**, LU Qitao’, CHEN Zhenqiangl’z‘s, MA Fengkail’z, SU Liangbi4

(1. Guangdong Provincial Engineering Research Center of Crystal and Laser Technology, Department of Optoelectronic
Engineering, Jinan University, Guangzhou 510632, China; 2. Guangdong Provincial Key Laboratory of Optical Fiber Sensing
and Communications, Guangzhou 510632, China; 3. Analytical and Testing Center, Jinan University, Guangzhou 510632,
China; 4. The State Key Lab of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 201899, China; 5. Guangdong Provincial Key Laboratory of Industrial Ultrashort
Pulse Laser Technology, Shenzhen 518055, China)

TableS1 Formation energy of Er* Table S2 Formation energy of the clusters
clustersin CaF,, SrF, and PbF, in La**:PbF,, Tb*:PbF, and Y*:PbF,
Symbol Formation energy/eV Symbol Formation energy/eV

CaF, StF, PbF, La’* Tb*" Y
1,0/0/1, ~0.637 - - 1,0/0]1, -0.107 - -
1,/0/0]1, —0.624 —0.725 -0.371 1,/00]1, -0.204 —0.346 —0.355
1,012, -1272 - - 1,012, —0.653 -0.791 -
1,/01412, - - ~1.109 1,/01212, - - —0.785
2,[0[2]2, ~2.305 ~1.700 ~1.145" 2,012, 0914 - -
24[0[3[3, -3.214 -2.308 - 2,10122, - ~1.040 ~1.123
2,[0(6]3, - - ~1.825 2110/5/3, - ~1.530 ~1.523
3,]0[113, —3.909 —2.722° -1.662" 2,[0/113, -1.580 - -
3,|015/4, —4.729 - - 34]0[113, -1.911 -1.622" ~1.590"
3,[0[8[4, ~4.555 ~4.200 -3.350 3,0[2/4, 2215 - -
3,0[8]4,-C ~4.628 -4.220 - 3,/0/8/4, -1.511" -3.172 -3.203
4,|1/04, —4.328" —2.865" -1.5117 4,[1/014, -2.319 ~1.690" —1.488"
4,|0/8/4,-O —5.749 -5.651 -3.754 4,0/8]4,-0 - ~3.452 ~3.542
4,108]4-Al -5.781 ~5.655 -3.807 4,0/8]4-Al - -3.504 -3.575
4,0/8]5,-0 —6.407 - - 4,]0/8]41-A2 -2.132" -3.383 -3.417
4,10/8]5,-A —6.564 - ~4.280 4,]0[8]5,-A -2.605 ~3.984 -4.108
5,0/8]5, ~7.860 ~7.233 ~4.760 5,0[8]5, -3.196 —4.585 ~4.627
61/0[8]5, ~8.568 -8.134 ~5.360 610/8]5, -3.811 -5.153 -5.169
61/0[8[6 -9.042 - - 610/8/6 ~4.075 - -

The values marked with asterisk means the center was thermodyna- The values marked with asterisk means the center was thermodyna-

mically unstable mically unstable
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Fig. S1 Salculated thermodynamic stable centers of Er*" in fluoride (C) CaFs; (S) StF,; (P) PbF,
Centers are divided into three groups, the monomers, cubic sublattice clusters and square antiprism
structure clusters which are denoted as “1”, “2” and “3”, respectively
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Fig. S2 Calculated thermodynamic stable centers in PbF, (La) La**; (Tb) Tb*"; (Y) Y**



