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Nd-doped CaF, crystal with high optical quality was obtained by a temperature gradient technique (TGT).
Energies of the crystal field levels of Nd3* multiplets relevant to laser operation were determined based
on optical spectra recorded at T=10 K. Room temperature absorption spectra were analyzed in the frame-
work of the Judd-Ofelt theory to calculate radiative transition rates and luminescence branching ratios for
the *Fs, level. The 4F;, radiative lifetime was calculated to be 1295 s whereas a monotonous decrease
of the *F3; luminescence lifetime value from 1.45ms to 0.9 ms was observed when the temperature
increased from 10K to 300 K. The stimulated emission cross-section of 1.48 x 1072% cm? at 1061 nm was
determined using the Fuchtbauer-Ladenburg relation. All the results showed that Nd:CaF, would be a
promising gain media in solid-state lasers.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Early studies of rare earth-doped CaF, crystals have been
reported in the sixties of the past century already [1-4]. Subsequent
interest in these systems was rather small because the requirement
of the charge compensation has been considered as a major draw-
back. More recent works have been aimed at the understanding
of the nature of numerous non equivalent rare earth ion centers.
Considerable attention has been paid to neodymium-doped CaF,.
The laser-selective-excitation studies of hydrogenated CaF,:Nd3*
crystals have identified numerous F-charge compensated centers in
addition to well established C4y centers [5,6]. Site selective and time
resolved spectroscopy has been applied to determine level splitting
and nonradiative relaxation of aggregated centers in Nd3*-doped
CaF, [7-10]. As far as we know, only one published paper has been
devoted to the assessment of laser potential of Nd3*-doped CaF,
system [11]. Authors have performed an analysis of room temper-
ature absorption spectra in the framework of the Judd-Ofelt theory
and have determined radiative transition rates and luminescence
branching ratios for the 4F5, emission. Unfortunately, the evalu-
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ated 4F3 12 radiative lifetime of 199 ps was five times lower than the
luminescence lifetime measured [11].

Recently, an interest in the CaF, crystal as a host for rare earth
ions has been renewed. The scintillation properties of CaF,:Nd3*
crystals were studied in Ref. [12]. CaF,:Yb3* Er3* nanoparticles
and single crystals were synthesized. The upconversion and Near
Infrared fluorescence spectra have been analyzed, and the upcon-
version mechanism has been proposed [13,14]. Yb:CaF, system
has been identified as a promising laser-diode pumped active
material for the design of femtosecond lasers and large scale
DPSS lasers owing to broad spectral bands, long luminescence
lifetime and reasonably high thermal conductivity [15,16]. Full
color photoluminescence combining blue, green and orange-red
light was realized by ultraviolet light excitation in Tb3*/Sm3*-
codoped SiO,-Al,03-Ca0-CaF, glass and glass ceramics systems
[17]. Later, CaF,:Tb,Sm was used as a thermoluminescence dosime-
ter to measure the daily UV radiant energy in the human mouth
successfully [18]. Cooperative downconversion was realized in
glass ceramics containing Eu2*/Yb3*:CaF, nanocrystals with Eu2*
greatly absorbing ultraviolet photons [19]. And the spectroscopic
properties of Eu doped CaF, ceramics at different concentra-
tion were researched by Samuel et al. [20]. The clustering was
characterized by the cross-relaxation for Tm:CaF, system. A pair
model taking into account clustering has been developed [21].
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Fig. 1. The absorption spectra of CaF,:0.75wt% Nd>* crystal recorded at 10K and
300K. Inset shows the absorption band related to the #Ig;, — #Fs, transition.

Nanostructured CaF,:Tm ceramics was confirmed to be a poten-
tial gain media for two micro lasers [22]. The potential applications
of Pr3*-doped CaF, crystal to tunable and picosecond laser opera-
tion were studied in Ref. [23]. Among other important advantages
the ease of production of CaF, nanocrystals and feasibility of man-
ufacturing transparent ceramics are stressed [24-27].

Encouraged by the above arguments we examine in the present
work optical features of neodymium-doped CaF, crystal aiming at
the determination of fundamental spectroscopic parameters rele-
vant to the laser performance of the CaF,:Nd3* system.

2. Experimental

The raw materials with their purities in parentheses were CaF, (99.99%) and
NdF; (99.99%). The raw powders were mixed to obtain the CaF, crystal with inten-
tional 0.92 wt% Nd3* concentration and put into the sealed graphite crucible. The
mixtures were melted at 1400°C, and then grown on the (111) CaF, seeds with
reducing the temperature. The cooling rate was about 10°C/h. The concentration
of Nd3* in the crystal grown was measured to be 0.75 wt% by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis, pointing at the segrega-
tion coefficient for Nd3* ions of about 0.82. The Nd:CaF, sample with the thickness
of 4.0 mm was prepared and polished for spectroscopic study. Absorption spectra
were recorded with a Varian Modal 5E UV-VIS-NIR (UV-visible-near-IR) absorption
spectrophotometer at 10K and 300K. The spectral bandwidth of the spectropho-
tometer was set to 0.1 nm in the UV-VIS region and to 0.2nm in the NIR region.
The emission spectra at room temperature and at 10 K were excited by an Argon ion
laser at 514 nm and recorded with a Dongwoo Optron monochromator DM 711 with
750 mm focal length, coupled with an infrared detector InGaAs. For low tempera-
ture measurement the sample was put into an Oxford Model CF 1204 continuous
liquid helium cryostat equipped with a temperature controller.

3. Results and discussion
3.1. Analysis of absorption spectra

Survey absorption spectra recorded at 300K and at 10K for the
Nd-doped CaF, crystal are compared in Fig. 1. Significant broad-
ening of Nd3* absorption bands stems from a certain structural
disorder in the doped crystal as a consequence of the disparity in
ionic radii and oxidation states of calcium and neodymium ions. It
has been shown in the past that upon substitution of Ca2* ions in
the CaF, crystal lattice by Nd3* ions a number of Nd3* sites with dif-
ferent site symmetries such as Oy, C4y and C3, can be found [28]. In
addition, different clusters containing interstitial fluorine F;~ have
been also observed [5]. At 10K, the absorption transitions originate
from the lowest crystal field component of the 419/2 ground state of
Nd3* ions, and the absorption bands show rich structure.
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Fig. 2. Absorption spectra of the M and N-type Nd3* centers in CaF, crystal in the
4192(1) = 4Gs2(1) transition at 10K.

As an example, Fig. 2 presents details of the 10 Kabsorption band
related to the transition between the lowest crystal field levels of
the ground #Ig;; and excited 4Gs, states of Nd3* in CaF, crystal.
Assignment of the band components follows the analysis of the
spectra and notation proposed in [7]. The M and N centers are
the rhombic (Nd3*-F~;), dimer clusters and trigonal (Nd3*-F~)4
tetramer clusters formed through the mutual attraction of the
Nd3*-F~; dipoles. It can be seen from the figure that the absorption
associated with N centers dominates in this crystal.

Two features of absorption spectra shown in Fig. 1 are worth
our attention. First, the absorption band related to the 4Ig;; — 4F5
transition near 800 nm is advantageously broad thus offering a
possibility of optical pumping with AlGaAs laser diodes without
a stringent control of the laser diode temperature. In addition, the
band intensity is relatively high. The peak absorption coefficient of
the 4lg, — 4Fs, transition at 300 K amounts to 3.33cm~! and the
corresponding peak absorption cross-section is 0.75 x 1029 cm? at
791 nm a value comparable to 0.79 x 10-20 cm? at 796 nm reported
for Nd:SrF; crystal [28]. Second, an uncommonly small intensity of
the 4Ig;, — 4F3; transition implies a very long lifetime of the 4F3,
upper laser level, see inset in Fig. 1.

Room temperature absorption spectrum of the grown crystal
was analyzed in the framework of the Judd-Ofelt theory [29,30] to
determine radiative transition rates and luminescence branching
ratios for the 4F3/2 metastable level. The similar analysis of Nd-
doped CaF, crystals and nanocrystals contained in oxyfluoride glass
ceramics can be found in Ref. [11,31,32].

Experimental oscillator strengths fexp evaluated by a numerical
integration of absorption bands shown in Fig. 1 were used as input
data for the calculations. And it can be determined as

2meC
=—— = A)dA 1
feo = SoNei2 / o(2) )

where q; is the fine structure constant, Ny is the number of active
ions per unit volume, A is the average wavelength of the transition,
cis the velocity of the light, h is the Planck constant, 1. is the mass
of the electron and «(A) is the absorption coefficient.
Expressions for theoretical oscillator strengths fineor Were con-
structed using the reduced matrix elements from Ref. [31].
w1 [2] .

Jineor = 3p3 511y % 9
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Table 1
Measured and calculated oscillator strengths for Nd>* in CaF,.

Transitions from the 419/2 to levels indicated

Mean wavelength of the

Oscillator strength fexp Oscillator strength

transition [nm] [10-¢] fiheor [1076]
4F3py 896 0.02 0.015
4Es5p +2H(2)gp2 787 1.42 1.43
4F7/2 +4S3/2 741 1.46 1.56
4Fop 679 0.10 0.11
2Hyqp, 627 0.03 0.03
4Gspp +2G(1)7 576 1.64 1.66
2K ;372 +4Gypa +4Gopa 511 1.13 1.08
2K 152 +2G(1)oj2 +2D(1)312 +4Gr1pa 473 0.09 0.12
2p; ), 427 0.39 0.59
£2,=0.31x 10720 cm?; £2,=0.51 x 10720 cm?2; 26 =1.24 x 10-20 cm?; RMS=9.48 x 10-8.
Sed(SLI — ST )= Qe[SLINUD IS L) (3) Wavenumber(cm”)
(=2.4.6 11000 10000 9000 8000 7000
n 1 L 1 1 1 n 1 n 1
where £2¢ (t=2,4,6) are the Judd-Ofelt parameters which can be CaF :Nd*
obtained by fitting the experimental oscillator strength to the cal- 7 ) 25 S
culated oscillator strength using the least square technique, (S, L, 1 "Fw*"lwz T=1.0K
J) are the quantum numbers corresponding to the total spin, total =
orbit and the total angular momentum, respectively, U® are the % i
reduced matrix elements which do not vary with different hosts, =
and Seq is the calculated electronic dipole transition line strength E -
between two different J states. ﬁ
The root mean square deviation (RMS) between the experimen- 2
tal and the theoretic calculated values is given by § i
<] 4 4
1/2 £ F. ="l
RMS = (ftheor —fexp)2 (4) g 4Farz 4'9& B
a Z N-P -
| Loh,
where N is the number of the absorption transitions, P is the . . ! — : — —
number of fitted parameters. Results of the fitting procedure are 900 1000 1100 1200 1300 1400

given in Table 1. There is a very large dissimilarity between
our intensity parameters and the values £2,=0.87 x 10720 cm?,
£24=3.44x10"20cm? and £26=9.47 x 10~20 cm? reported earlier
in Ref. [11].

With the intensity parameters §2, 46 determined, the radiative
transition rates W;, luminescence branching ratios 8 and radiative
lifetime 7,4 for the 4F3/2 level were calculated and gathered in
Table 2. The expressions used are listed as follows

n(n2 +2)*
9

6474e?
Wi (SL] — S'L')) = 3] 1) x {

Sed +1*Sma (5)

Wi(SLJ — S'LJ)

B(SL — S'LT') = (6)
> Wilsy - sy
sy

Traa = [Wi(SY — ST (7)

where S,4 is the line strength for a magnetic dipole transi-
tion. In general, Sy,q is much smaller than S.4, and it can be
neglected.Defined as an inverse of the sum of radiative transition
rates, the 4F5, radiative lifetime of the grown crystal was found to
be 1295 ps.

Wavelength(nm)

Fig. 3. The NIR luminescence spectrum of Nd:CaF; crystal recorded at 10K.

3.2. Luminescence spectra and excited state relaxation dynamics

The NIR luminescence spectrum of Nd:CaF, crystal recorded
at 10K is shown in Fig. 3. The emission bands at 850-950 nm,
1000-1150 nm and 1300-1400 nm correspond to the 4F3, — 4195,
4F32 — 41112 and 4F3 5 — 41435 transitions, respectively. The emis-
sion bands are well resolved and make it possible to locate easily
the crystal field components of the terminal levels.

The energies of crystal field levels of Nd3* multiplets relevant
to laser operation, determined from low-temperature absorption
and emission spectra are gathered in Table 3. The 4F3/2 multiplet
splitting was found to be 244 cm™1, a value about 3 times higher
than that for Nd:YAG system. The overall 4111, splitting of 670 cm ™"
is markedly bigger than 519 cm~! reported for Nd:YAG.

Fig. 4 shows room temperature emission spectra related to the
4F3;2 — 41112 and 4F3, — 4133/, transitions calibrated in the cross
section units. To perform the calibration the calculated values of

Table 2

Calculated values of the radiative transition rates W; and branching ratios g for the 4F3/2 level of Nd3* in CaF,.
Transition from the “F5) level to level indicated Transition wavelength [nm] W, [s71] B
“Iop 881 203 0.26
T1p 1083 466 0.60
i3 1380 99 0.13
isp 1924 4 0.01

Zw.. [s711=772; Traq(*F32)=1295 ps.
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Table 3
Energies of the crystal field levels of the #Igp>, #1112, #1132 and #F3 ), multiplets of Nd**
in CaF, crystal.

SLJ manifold Energy [cm~']
lop 0,153, 301, 493, 790
*L1j 1788, 1967, 2156, 2198, 2346, 2458
i3 7129, 7244, 7399, 7454, 7494, 7570, 7672
“Fsp 11,339, 11,583
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Fig. 4. The emission cross-sections of the 4F, — #I;1> and #F3, — 41132 transitions
of Nd3* in CaF,.

the radiative lifetime and branching ratio were inserted into the
Fuchtbauer-Ladenburg relation, i.e.

BAS 1))

Oem(A) = s
em(2) 872,44 * J 1A dA

where g is the branching ratio (for 4F3/2 level, B=1), and I(1) rep-
resents the experimental emission intensity as a function of the
wavelength A.

The evaluated peak emission cross-section values for these
transitions are 1.48 x 10729 cm? at 1061 nm, and 0.34 x 1020 cm?
at 1380 nm, respectively. For a comparison the reported values
of the peak emission cross section for other Nd3*-doped fluo-
ride crystals are: 1.7 x 10720 cm? at 1036 nm and 0.4 x 1020 cm?
at 1.3pm [28] in Nd-doped SrF, crystal, 0.4-0.5 x 10720 cm?
at 1.3pum in Nd-doped SrF,-CaF, disordered crystal [33],
6.1 x10729cm? at 1.05pm and 1.5x1072%cm? at 1.35pm in

3
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Fig. 5. Semi-log plots of CaF,:0.75 wt% Nd3* luminescence decay curves recorded
at 10K and 300K.
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Fig. 6. The *F5; lifetime versus temperature for CaF,:0.75 wt% Nd3*.

Nd-doped ScF3-CaF, disordered crystal [34], 1.98 x 10-20 cm? at
1049 nm and 0.49 x 10720 cm?2 at 1.3 pum in Nd-doped GdF3-CaF,
disordered crystal [35]. It may be interesting to notice that the emis-
sion spectrum of Nd:CaF, system contains a narrow line at 1090 nm
having the peak cross section of 1.29 x 10-20 cm?, thus offering a
possibility of lasing at 1090 nm.

The 4F3/2 luminescence decay curves for Nd:CaF, were recorded
as a function of the temperature from 10K to 300K. Fig. 5 com-
pares the luminescence decay curves of Nd:CaF, recorded at 10K
and 300 K. They follow single-exponential time dependencies with
different time constants amounting to 1.45 ms at 10K and 0.90 ms
at 300 K. With the temperature increasing from 10K to 300K, the
luminescence lifetime values decrease monotonically (as shown in
Fig. 6).

Data shown in Figs. 5 and 6 indicate unambiguously that a
temperature-dependent process contributes to the 4F3/2 decay. We
think there are mainly three factors effecting on the nonradiative
transition rate of Nd3* 4F3/2 manifold state in the crystal. They are
the energy transfer from the Nd3* ions to the structure defects (i.e.
F;~, Vca), the interaction between Nd3* ions in Nd-Nd clusters, and
the multiphonon relaxation arose from the interaction between the
Nd3* ions and the fluctuating crystalline electric field due to the
vibrations of Ca-F bands, respectively.

With the temperature increasing, the vibrations of atoms will
be enhanced, and the formation of defects will be promoted. As
a result, the interaction between the Nd3* ions and that between
Nd3* ions and crystalline electric field will be potentiated. So, the
multiphonon relaxation process will be intensified, and the non-
radiative transition rate of Nd3* 4F3/2 level will increase. As far as
know, the phenomenon of the self-quenching of luminescence in
Nd:CaF, system has not been studied before and it is worth con-
sidering in future works.

4. Conclusions

High optical quality Nd-doped CaF, crystal was obtained by
TGT method. The segregation coefficient of Nd3* ion was about
0.82 in CaF, host crystal. At 300K, both the pump band near
791 nm and emission band near 1061 nm are advantageously broad.
Peak absorption cross-section of the 4[9/2 —>4F5/2 transition was
0.75 x 10720 cm? at 791 nm, and the peak emission cross-sections
of the 4F3;, — %141, transition was 1.48 x 10720 cm? at 1061 nm.
The 4Fs; luminescence lifetimes with 1.45 ms at 10K and 0.90 ms at
300K were determined from luminescence decay curves. The 4F3/2
radiative lifetime was calculated to be 1295 s and the lumines-
cence branching ratio of 4F3, — 411 laser transition was 60%. All
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these spectroscopic parameters combined with an advantageously
broad and intense absorption band near 791 nm indicate that the
Nd:CaF, system is a promising active material for the design of
laser-diode pumped infrared lasers.
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