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ABSTRACT

The absorption and fluorescence spectra of Er'":LiGdF, crystal was measured at room temperature. Base on the
Judd-Ofelt theory, the intensity parameters of Er** in LiGdF) crystal were determined, Q, =0.905 x 102 em?, Q, =

247 x 10 em® and Q, =492 x 102 em?®. The values of the radiative transition probabilities, branching ratios, in-

tegrated emission cross-section and radiative lifetimes of excited states of Er’* in LiGdF) crystal were calculated. The
stimulated emission cross-section was also evaluated for the 30— s, transitions. In comparisons with other EF*

doped laser crystals, Er’":LiGdF, crystal has potential as a promising laser crystal.
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1. Introduction

Diode-pumped solid-state lasers operating in the eye-safe
spectral region around 1.5 um have been of increasing
interest in recent years, for a mass of application fields
such as eye-safe compact devices for laser medical,
environmental detection, laser radar, electro-optical jam-
ming, remote sensing, optical communication and laser
ranging [1-3]. During the last few years Er’*-doped ma-
terials have been widely investigated for possible laser
applications, especially in spectral ranges around 1540
nm (*I;30—*1;55 ) , which have low in optical waveguide
and are safe to human eyes [4].

1.5 um laser emission of Er’" has been investigated in
several hosts, both oxides [5,6] and fluorides [7,8]. Fur-
thermore, fluoride hosts possess a low phonon energy,
lower emitted threshold, wide-in-wavelength transmission
region, lower thermal effects [9,21], resulting in longer
lifetimes with respect to oxide crystals, without significant
decreasing of the emission cross section values.

In this work, The Judd-Ofelt (J-O) intensity par- ame-
ters Q, (4 =2, 4, 6) were determined by analyzing the
room temperature absorption spectra of Er’'-doped
LiGdF, crystal. And the radiative transition probabilities,
branching ratios, integrated emission cross-sections and
radiative lifetimes of excited states of Er’" in LiGdF, were
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calculated In addition, The stimulated emission cross-sect-
ions for selected transitions were also calculated. The re-
sults show that this crystal may be a preferable candidate
for a tunable infrared laser media.

2. Experimental

The starting material was prepared from commercially
available LiF and GdF, powders of high purity (>
99.999%). As dopants, high purity ErF; powder (>
99.999%) was used. The concentration of Er*" in the star-
ting material was 2.1 mol%. As the LiGdF, compound
melts slightly incongruent and a few LiF evaporate during
process of Er:LiGdF, growth, the starting material was
LiF:GdF; = 68:32. All the powders were purified by HF
processing in order to prevent OH contamination.

The growth of Er:LiGdF, crystal has been performed
with a growth apparatus consisted of DJL-400 Czochralski
furnace with conventional resistive heating, special care has
been devoted to the quality of the vacuum system, which
should have an ultimate pressure limit better under 10~ Pa,
the growth process was carried out in a high purity(SN)
argon atmosphere. Thereafter, the starting materials were
melted at approximately 860°C. The pull and the rotation
rate were 0.16 mm/h and 3 rpm. After growth, the crystal
was cooled to room temperature at a rate of 10°C /h.
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The absorption spectrum of the square slice sample was
measured with ultraviolet (UV) spectrophotometer (Model
UV360, SHIMADZU Company, Japan) in the 300 - 1800
nm range at room temperature. The fluorescence spectrum
was measured with a fluorescence spectrometer (Model
Fluoro-Log-3, Horiba Company, Japan) in the 900 - 1700
nm range at room temperature, and with the wavelength of
532 nm excited by an excitation source.

3. Results and Discussion
3.1. Absorption Spectrum

Figure 1 shows the absorption spectrum of Er:LiGdF,
crystal in room temperature. The spectrum consists of six
resolved bands associating with the transitions from the
ground state 4115/2 to excited states 4113/2, 411125 419/2,
*Fonr *Szns Hiin, ‘Frn. Fsp, *Fan, *Hopn, *Gii, *Gopp and
2Gy)p. The strong absorption bands at 986 nm and 1540.9
nm are suitable for diode laser pumping. The absorption
cross-section o, can be determined by the following
equation:

o, =— (1)

where a is the absorption coefficient, o = A/(L x logyge),
A is the absorbance, L is the thickness of the polished
crystal, and N, is the concentration of Er*" ions in
Er*":LiGdF, crystal. The absorption cross-section of
*1,5p—"1,3, transiton can be observed in Figure 1. The
full width at half maximum (FWHM) at 986 nm and
1540.9 nm is 2.469 nm and 5.0319 nm; the correspond-
ing absorption cross-section is 0.43 x 10>’ cm’ and 1.09
x 102° em?, respectively.

3.2. Spectroscopic Analysis (J-O)

Rare-earth doped crystals and glasses analyzed with
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Figure 1. Absorption spectrum of Er:LiGdF, crystal.
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Judd-Ofelt theory was successfully, especially for deter-
mining the branching ratios () from one level to other
levels [10]. According to the Judd-Ofelt theory [11,12],
electronic dipole transitions within the 4f, configuration
of a rare-earth ion can be analyzed. The electronic dipole
transition line strength S, between two different J states
can be expressed as:
2
Sw= Y <t el @
A=2,4,6

where J represents the quantum number of the initial
state transition, J' represents the quantum number of the
terminal state transition, f; represents the electronic con-
figuration, ¢ represents the electronic wave functions,
U? represents the unit tensor element of the J-J' transi-
tion, <foJ | UY | ;' @ 'J> represents the unit tensor
reduced element of the J-J' transition and Q, represen-
ts the phenomenological strength parameters determined
by the coordinated property of the host materials.

The relationship between the integral absorption inten-
sity I' and the spectral line intensity can ben described as
follows:

. jo-d/l ~ 2n’e? (n2 +2)2

= S, 3
A 2Thgme(2J +1) 7 ©)

where 4 represents the average wavelength of the J-J'
transition, n represents the refractive index of the transition
wavelength, &, represents the vacuum dielectric constant,
c represents the vacuum speed of the light, / represents the
Plank's constant, e represents the electronic charge and o
represents the absorption cross-section.

The central wavelength absorption peaks correspond
to each energy level, the unit tensor element of the J-J'
transition. The integral absorption intensity and the spec-
tral line intensity of the Er:LGdF, crystal sample absorp-
tion spectrum are shown in Table 2. According to the
data in Table 2 and Formulas (2) and (3), the phe-
nomenological strength parameters €, were fitted out
as follows: Q, =0.905 x 10°° cm’, Q, =2.47 x 10
em’ and Q= 4.92 x 10°° cm’. In formulas (2) and (3),
Jis equal to 15/2 as the 115 energy level of the Er** jon.

Generally, the intensity parameters can reflect the
crystal structure, coordinated symmetry and order prop-
erties. The higher the values of the intensity parameters
and the stronger the covalent characteristic of the inten-
sity parameters are, the stronger the ionic characteristic
of the crystal is.

The spontaneous radiation probability can be deter-
mined by the absorption spectrum. In fact, the probability
contains the contributions of all kinds of multi-pole
moments. Here we only consider the electric dipole mo-
ment. In respect to the radiation transition of the multiple
excited state aSLJ-a'S'L'J', the spontaneous radiation
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Table 1. Comparison of the Judd-Ofelt intensity parameters of some Er®* doped laser crystal to those of LiGdF,,

crystal Q,/(x 10%%cm?)  Q/(x 10%em?)  Qg/(x 10%°cm?) Ref.
CaSGG 12.2 7.38 5.1 13
LiNbO; 7.29 224 1.27 14
YAIO; 0.95 0.58 0.55 15
YAG 0.45 0.98 0.62 16
Bi,TeOs 0.698 0.174 0.123 17
LaGaO; 3.59 2.49 0.44 18
Li,Gd(M0Oy,); 7.93 2.50 2.03 19
LiGdF, 0.905 247 4.92 This work

Table 2. Integral absorption intensities and spectral line intensities of Er:LiGdF, crystal sample.

Transtion Mnm U(Q) U4) uU(6) I/10%cm? Si/10% em?
Ti3n 1540.9 0.0191 0.1179 1.4309 11.3015 13.7713
T 986 0.0281 0.0002 0.3958 42636 4.7203
Lo 804.6 0 0.1738 0.0099 13174 1.5237
*Fop 654.7 0 0.5353 0.4619 8.7108 10.3608
*Sin 541 0 0 0.2211 1.0458 1.2745
Hyip 519 0.7124 0.4123 0.0925 9.4401 11.1739
*Fn 488 0 0.1468 0.6266 53117 6.4948
*Fspp 45245 0 0 0.2231 0.7425 0.8201
*F3n 441.1 0 0 0.1272 1.2611 1.4214
Ho/ 400.7 0 0.0190 0.2254 2.6321 2.8352
*Giip 378.96 0.9182 0.5261 0.1171 15.1142 19.0383
*Gop 368.2 0 0.2414 0.1234 2.1748 2.2831
G, 359.13 0 0.0173 0.1163 2.3047 2.4825

probability induced by the electric dipole moment transi-
tion can be expressed as follows:

32 2 2
4 _léme’n(n” +2) ZQA

Y2700 + Dhe A 4 @

<aSLJ|U(“|a'S'L'J'>r

where a, S, L, J and o, S', L', J' represent the quantum
numbers of the initial state and terminal state, respec-
tively.

The J-O theory can be used to evaluate the radiative
properties of the rare-earth ions by using J-O parameters.

The fluorescence branch ratio S, , the fluorescence
life 7 and the integral emission cross-section can be ex-
pressed as follows: where A4 represents the probability
of spontaneous ra

A
By =< Q)
JJ ZAJJ'
e
— ©)
> 4,
e
2
[Ca)dv=—"-4,, (7)
8mnc

diation transition from energy level J to J'. the calcula-
tion of the spontaneous radiative transition probability,
fluorescence life, fluorescence branch ratio and integral
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emission cross-section for partial energy levels of Er’*
ions are shown in Table 3. The results prove that the
N30 5, transition corresponds to a larger integral
emission cross-section, a higher fluorescence branch ratio
and a longer fluorescence life, and which is the essential
condition for generating laser oscillation. The laser output
for generating laser oscillation. The laser output for the
,3,—",5,, transition waveband can be obtained at room
temperature.

3.3. Fluorescence Spectrum

The fluorescence spectra ranging from 900 to 1700 nm at
room temperature were obtained under the 532 nm
pumping shown in Figure 2. The main peak around
1530.5 nm is due to the Er'" 4113/2—4115/2 transition.
From Figure 2, we can see that the FWHM of the sample
is about 52 nm. It is well known that the broad emission
band is fit for tunable laser medium. Therefore, the fluo-
rescence spectra indicates that Er:LiGdF4 crystal is a po-
tential candidate for compact and efficient near-infrared
lasers.

The stimulate emission cross-sections were calculated
by the Fuchtbauer-Ladenburg (F-L) equation [20]:

5
o (/1 A 77[(/1)

8mn’cr[AI(2)dA
where c is the speed of light, n is the refractive index, # is
the radiative efficiency that can be estimated from the

®)
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Table 3. Spectral parameters of Er:LiGdF, crystal sample.
transition AJJv /s By 7/ ms J'c)",m(v)dv/lO"xcm2
Ti30—"Tisn 222.2123 1 4.5002 1.7137
Ti1p—"Tisn 36.9014 0.2049 3.9614 1.1246
Top—"T1in 3.0362 0.013 2.9431 0.312
*Fon—"Tyn 168.7002 0.0854 0.3438 7.9909
S5, —*Ton 75.7212 0.0377 0.3896 0.8362
*H,1—*Fon 10.6593 0.0013 0.1212 0.319
*F7,—*Fo 32.2013 0.0068 0.2018 0.4921
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Figure 2. Photoluminescence spectrum of Er:LiGdF,crystal
Excitated by 532 nm laser.

comparison between the theoretical radiative and the
fluorescence lifetime, /(1) represents the experimental
emission intensity as a function of the wavelength.

According to Eq. (8), the Er’* 4113/2—4115/2 IR tran-
sition is a broad emission band at about 1530.5 nm. The
corresponding FWHM is 52 nm, and the maximum
emission cross-section of the Er*" 4113/2—4115/2 transi-
tion is 2.127 x10%° cm? near 1530.5 nm.

4. Conclusions

Er*'-doped LiGdF4 single crystal was grown success-
fully by Czochralski method. The absorption spectrum
was measured at room temperature. The broad absorption
band and relative high absorption cross-section around 986
and 1540.9 nm are suitable for laser diode pumping. The
Judd-Ofelt theory has been applied to the analysis of the
room temperature absorption spectrum. Three intensity
parameters were obtained: Q, =0.905 x10*’ cm’, Q,
=247 x10 " cm*and Q, =4.92 x10* ¢cm”. The room
temperature emission spectra were recorded. The Er'
4113/2—4115/2 IR transition is a broad emission band at
about 1530.5 nm; the corresponding FWHM is 52 nm.
The stimulated emission cross-section around 1530.5 nm
were calculated by the F-L equation. The maximum
emission cross-section with the peak at 1530.5 nm is
2.127 x 10> em®.

Copyright © 2011 SciRes.

[2]1 R. A. Mcfarlane. “Upconversion Laser in BaY,Fg:Er 5%
Pumped by Ground-State and Excited-State Absorption,”
Optics InfoBase, Vol. 11, No. 5, 1994, pp. 871-800.

[3] V. Sudesh and J. A. Piper, “Spectroscopy, Modeling, and
Laser Operation of Thulium-Doped Crystals at 2.3 um,”
IEEE Journal of Quantum Electronics, Vol. 36, No. 7,
2000, pp. 879-884.doi:10.1109/3.848362

[4] R. Sosa, 1. Foldvari, A. Watterich, A. Munoz, R. S.
Maillard and G. Kugel, “Photoluminescence of Er’* ions
in Bi,TeOs Single Crystals,” Journal of Luminescence,
Vol. 111, No. 1-2, 2005, pp. 25-35.
doi:org/10.1016/.jlumin.2004.05.005

[5] R. C. Stoneman and L. Esterowitz, “Efficient, Broadly
Tunable, Laser-pumped Tm: YAG and Tm: YSGG cw
Lasers,” Optics Letters, Vol. 15, No. 9, 1990, pp. 486-488.
doi:10.1364/0OL.15.000486

[6] E.C. Honea, R. J. Beach, S. B. Sutton, J. A. Speth, S. C.
Mitchell, J. A. Skidmore, M. A. Emanuel and S. A. Payne,
“115W Tm: YAG CW Diode-Pumped Solid-State Laser,”
IEEE Journal of Quantum Electron, Vol. 33, No. 9, 1997,
pp. 1592-1600. doi:10.1109/3.622641

[7] S. A. Payne, L. K. Smith, W. L. Kway, J. B. Tassano and
W. F. Krupke, “The Mechanism of Tm to Ho Energy
Transfer in LiYF,,” Journal of Physics: Condensed Matter,
Vol. 4, No. 44, 1992, pp. 8525-8542.
doi:10.1088/0953-8984/4/44/014

[8] F. Cornacchia, D. Parisi, C. Bernardini, A. Toncelli and
M. Tonelli, “Efficient, Diode-pumped Tm’": BaY,Fg
Vibronic Laser,” Optics Express, Vol. 12, No. 9, 2004, pp.
1982-1989. doi:10.1364/OPEX.12.001982

[91 L. H. Guilbert, J. Y. Gesland, A. Bulou and R. Retoux,
“Structure and Raman Spectroscopy of Czochralski-Gr-
own Barium Yttrium and Barium Ytterbium Fluorides
Crystals,” Materials Research Bulletin, Vol. 28, No. 9,

MSA


http://dx.doi.org/10.1063/1.127018
http://dx.doi.org/10.1109/3.848362
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TJH-4D5JXGG-1&_mathId=mml122&_user=10&_cdi=5311&_pii=S0022231304002194&_rdoc=1&_issn=00222313&_acct=C000050221&_version=1&_userid=10&md5=4ec263e09d4f0d258c6ab99c17a5605f
http://dx.doi.org/10.1016/j.jlumin.2004.05.005
http://dx.doi.org/10.1016/j.jlumin.2004.05.005
http://dx.doi.org/10.1016/j.jlumin.2004.05.005
http://dx.doi.org/10.1364/OL.15.000486
http://dx.doi.org/10.1109/3.622641
http://dx.doi.org/10.1088/0953-8984/4/44/014
http://dx.doi.org/10.1364/OPEX.12.001982

(10]

Spectral Properties and Parameters Calculation of Er:LiGdF, Crystal

1993, pp. 923-930.
doi:10.1016/0025-5408(93)90039-G

B. M. Walsh, N. P. Barnes and B. Di Bartolo, “The Tem-
perature Dependence of Energy Transfer between the TmsF,
and Hosl; Manifolds of Tm-sensitized Ho Luminescence

in YAG and YLF,” Journal of Luminescence, Vol. 90, No.

1-2, 2000, pp. 39-48.
doi:10.1016/S0022-2313(99)00604-3

B. R. Judd, “Optical Absorption Intensities of Rare-Earth
lons,” Physical Review, Vol. 127, No. 3, 1962, pp. 750-
761.doi:10.1103/PhysRev.127.750

G. S. Ofelt, “Intensities of Crystal Spectra of Rare-Earth
lons,” The Journal of Chemical Physics, Vol. 37, No. 3,
1962, pp. 511-520. doi:10.1063/1.1701366

E. Comini, A. Toncelli, M. Tonelli, E. Zannoni, E.
Cavalli, A. Speghini and M. Bettinelli, “Optical Spec-
troscopy and Fluorescence Dynamics of Er’* in Ca;Sc,-
Ge;0y;, Crystal,” Journal of the Optical Society of Am-
erican B, Vol. 14, No. 8, 1997, pp. 1938-1944.
doi:10.1364/JOSAB.14.001938

J. Amina, B. Dussardierb, T. Schweizera, and M. Hemp-
steada, “Spectroscopic Analysis of Er’’ transitions in
Lithium Niobate,” Journal of Luminescence, Vol. 69, No.
1, 1996, pp. 17-26.

d0i:10.1016/0022-2313(96)00063-4

A. A. Kaminskii, V. S. Mironov, A. Kornienko, S. N.
Bagaev, G. Boulon, A. Brenier and B. Di Bartolo, “New
Laser Properties and Spectroscopy of Orthorhombic
Crystals YAIOy:Er*". Intensity Luminescence Charac-
teritics, Stimulated Emission, and Full Set of Squared
Reduced-Matrix Elements |[<a[SL)J] |U(#)||a'[S'L']J>|2 for
Er** lons,” Physica Status Solidi (a), Vol. 151, No.l,
1995, pp. 231-255.

doi:10.1002/pssa.2211510127

Copyright © 2011 SciRes.

[16]

[17]

[20]

(21]

1165

A. A. Kaminskii, A. G. Petrosyan, A. G. Denisenko, T. L.
Butaeva, V. A. Fedorov and S. E. Sarkisov, “Spectrosco
pic Properties and 3 ym Stimulated Emission of Er*" ions
in the (YI_XEI'X)3A15012 and (Lul_xEr3)3A15012 Garnet
Crystal Systems,” Physica Status Solidi (4), Vol. 71, No.
2, 1982, pp. 291-312.

doi:10.1002/pssa.2210710202

R. Sosa, I. FOldvari, A. Watterich, A. Munoz, R. S.
Maillard and G. Kugel, “Photoluminescence of Er** Tons
in Bi,TeOs Single Crystals,” Journal of Luminescence,
Vol. 111, No. 1-2, 2005, pp. 25-35.
d0i:10.1016/j.jlumin.2004.05.005

I. Sokoélska, E. Heumann, S. Kiick, T. Lukasiewicz, “La-
ser Oscillation of Er*":YVO, and Er*’, Yb*":YVO, Crys-
tals in the Spectral Range around 1.6 um,” Applied Phys-
ics B Lasers and Optics, Vol. 71, No. 6, 2000, pp.
893-896.

W. Zhao, L. Z. Zhang and G. F. Wang, “Growth, Thermal
and Spectral Characterization of Er3+-D0ped Li,Gd4 (Mo-
Oy)scrystal,” Journal of Crystal Growth, Vol. 311, No. 8,
2009, pp. 2336-2340.

doi:10.1016/j.jerysgro.2009.01.124

F. Cornacchia, A. Di Lieto and M. Tonelli, “2um Lasers
with Fluoride Crystals: Researchand Development,” Pro-
gress in Quantum Electronics, Vol. 33, No. 1-2, 2009, pp.
61-109. doi:10.1016/j.pquantelec.2009.04.001

J. L. Doualan, P. Camy, R. Moncorge, E. Daran, M.
Couchaud, B. Ferrand, “Latest Developments of Bulk
Crystals and Thin Films of Rare-Earth Doped CaF, for
Laser Applications,” Journal of Fluorine Chemistry, Vol.
128, No. 4, 2007, pp. 459-464.
doi:10.1016/j.jfluchem.2006.12.017

MSA


http://dx.doi.org/10.1016/S0022-2313(99)00604-3
http://dx.doi.org/10.1103/PhysRev.127.750
http://dx.doi.org/10.1063/1.1701366
http://dx.doi.org/10.1364/JOSAB.14.001938
http://dx.doi.org/10.1016/0022-2313(96)00063-4
http://dx.doi.org/10.1016/0022-2313(96)00063-4
http://dx.doi.org/10.1016/0022-2313(96)00063-4
http://dx.doi.org/10.1016/0022-2313(96)00063-4
http://dx.doi.org/10.1016/0022-2313(96)00063-4
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(KORNIENKO)
http://dx.doi.org/10.1002/pssa.2211510127
http://dx.doi.org/10.1002/pssa.2211510127
http://dx.doi.org/10.1002/pssa.2211510127
http://adsabs.harvard.edu/cgi-bin/author_form?author=Denisenko,+G&fullauthor=Denisenko,%20G.%20A.&charset=UTF-8&db_key=PHY
http://dx.doi.org/10.1002/pssa.2210710202
http://dx.doi.org/10.1002/pssa.2210710202
http://dx.doi.org/10.1002/pssa.2210710202
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TJH-4D5JXGG-1&_mathId=mml122&_user=10&_cdi=5311&_pii=S0022231304002194&_rdoc=1&_issn=00222313&_acct=C000050221&_version=1&_userid=10&md5=4ec263e09d4f0d258c6ab99c17a5605f
http://dx.doi.org/10.1016/j.jlumin.2004.05.005
http://dx.doi.org/10.1016/j.jlumin.2004.05.005
http://adsabs.harvard.edu/cgi-bin/author_form?author=Kueck,+S&fullauthor=K%C3%BCck,%20S.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Lukasiewicz,+T&fullauthor=Lukasiewicz,%20T.&charset=UTF-8&db_key=PHY
http://dx.doi.org/10.1016/j.jcrysgro.2009.01.124
http://dx.doi.org/10.1016/j.pquantelec.2009.04.001
http://dx.doi.org/10.1016/j.jfluchem.2006.12.017

