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a b s t r a c t

Tm3+–Yb3+ co-doped transparent oxyfluoride glass ceramics were prepared through thermal treatment
of the as-prepared glasses. The precipitation of nanocrystals and the incorporation of Tm3+ and Yb3+ into
the nanocrystals were confirmed by X-ray diffraction and absorption spectra. Based on the Judd–Ofelt
theory, the J–O parameters ˝ (� = 2, 4, 6), spontaneous radiative transition rates, radiative lifetimes and
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�

fluorescence branching ratios of Tm3+ in both as-prepared glasses and glass ceramics were calculated.
Intense mid-IR emission and upconversion luminescence in the Tm3+ and Yb3+ co-doped glass ceram-
ics were observed under 980 nm excitation. Especially, compared with that of the as-prepared glasses,
mid-IR luminescence intensity of Tm3+ in the glass ceramics was greatly enhanced. Desirable spectro-
scopic characteristics suggest that these oxyfluoride glass ceramics may be promising mid-IR laser active
b3+–Tm3+ co-doped medium.

. Introduction

Mid-IR lasers operating in the spectral range of 1.5–2.2 �m
ave drawn considerable attention for numerous applications, such
s eye-safe lasers for radar, remote chemical sensing, military,
edicine, and atmospheric monitoring. And a number of differ-

nt laser systems have been adopted to obtain lasers in the mid-IR
ange [1]. Lasers utilizing the 3F4 → 3H6 transition of Tm3+ emit
oherent photons near 2 �m radiation. And the large degree of Stark
plitting of the 3H6 ground state of Tm3+ provides the 3F4 → 3H6
ransition with a very broad emission spanning (400 nm) in many
osts and allows a large degree of wavelength tunability [2]. There-

ore, Tm3+ activated laser systems have been paid special attention.
asing operations have been demonstrated at ∼2 �m in Tm3+ doped
rystals [3], silica fibers [4], germanate fibers [5], and tellurite fibers
6].

Silica based oxide glasses generally show better chemical and
hermal stabilities than other glass materials. Meanwhile, fluo-
ide crystals are favorable to have good optical properties of rare
arth ions. Excellent performance of hybrid materials may be

btained with the combination of the advantages of silica based
lasses and fluoride crystals. Fluoride nanocrystals precipitated in
he glasses have high solubility of rare earth ions. And high solu-
ility of sensitizer in some degree can improve pump efficiency.

∗ Corresponding author. Tel.: +86 571 88214392; fax: +86 571 88214392.
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Therefore, transparent oxyfluoride glass ceramics, which contain
homogeneously distributed fluoride nanocrystals have attracted
much attention [7,8]. Efficient neodymium-doped glass–ceramic
fiber laser has been reported [9]. And enhanced NIR or mid-IR emis-
sion intensities have been demonstrated in Er3+/Yb3+ [10,11], and
Tm3+/Ho3+ [12] co-doped transparent glass ceramics.

Sensitizers are often used for increasing the absorption effi-
ciency of pump light or meeting the wavelength requirements
of commercial laser diodes. For Tm3+, Yb3+ is a useful co-dopant
due to its unique high absorption cross-section and efficient
energy transfer to Tm3+ ions [13]. In our research, Tm3+/Yb3+ co-
doped transparent oxyfluoride glass ceramics were fabricated by
melt-quenching and subsequent thermal-treatment method. The
structural and spectroscopic characteristics of these materials are
presented in this paper. According to the Judd–Ofelt theory [14,15],
the J–O parameters ˝� (� = 2, 4, 6), spontaneous radiative transi-
tion rates, radiative lifetimes and fluorescence branching ratios of
rare-earth ions in both as-prepared glasses and glass ceramics were
also calculated.

2. Experimental

Oxyfluoride glasses with molar compositions of 60SiO2–20Al2O3–20CaF2–
1TmF3–xYbF3 (x = 0, 0.5, 1, 2, 4, 6, 8) were prepared by using high purity (99.99%)

SiO2, Al2O3, CaF2, TmF3 and YbF3 as raw materials. The raw materials were mixed
and then melted at 1400 ◦C for 40 min in a covered corundum crucible under
atmospheric conditions. The melts were poured onto a cold brass plate and then
pressed by another plate. The as-prepared glasses were then heat treated at the first
crystallization temperature of the as-prepared glasses (633 ◦C, determined by the
differential thermal analysis (DTA)) for 4 h to obtain transparent glass ceramics. We

dx.doi.org/10.1016/j.jallcom.2010.11.192
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XRD patterns of samples AG0, GC0 and GC8.

ote AGx as the as-prepared glass and GCx as the glass ceramics, where x is the above
entioned molar concentration of YbF3. The glass and glass ceramic samples were

ut and polished to the size of 10 mm × 10 mm × 1 mm for optical measurements.
DTA measurements were carried out in the SDT Q600 differential thermal

nalyzer in the ambient atmosphere with a heating rate of 5 ◦C/min to deter-
ine the glass transition temperature and the crystallized peak temperature.
-ray diffraction (XRD) measurements were performed on a XD-98 diffractome-

er with Cu K� radiation (� = 1.5418 Å). The microstructures of the samples were
bserved by JEM-2010 high resolution transmission electron microscopy (HRTEM).
bsorption spectra were measured with a JASCO V-570 ultraviolet/visible/infrared
pectrophotometer. The emission spectra were measured with an Edinburgh FLS920
uorescence spectrometer. Meanwhile, a commercial 980 nm laser diode was used
s excitation source. All the measurements were carried out at room temperature.

. Results and discussion

The XRD patterns of AG0, GC0 and GC8 are shown in Fig. 1. The
lass sample AG0 is completely amorphous with no sharp diffrac-
ion peaks. After crystallization by thermal treatment at 633 ◦C for
h, the XRD patterns of both GC0 and GC8 show intense diffrac-

ion peaks, and these XRD patterns can be assigned to cubic CaF2
hase (JCPDS Card # 77-2093). It can be seen that the XRD peaks
f GC8 shift to smaller diffraction angles in comparison to those of
C0, suggesting the occupation of the Ca2+ sites by Yb3+ or Tm3+

ons. By means of Debye–Scherrer’s formula, the mean sizes of the
recipitated nanocrystals in the GC8 were evaluated to be about
.4 nm. Fig. 2(a) and (b) shows the TEM and HRTEM images of GC8,

espectively. The size of the roughly spherical particles distributed
omogeneously in the glass matrix is approximately 6–9 nm, which
grees with the calculated diameter based on Scherrer equation.
he diffraction rings of the SAED pattern, as displayed in inset of

Fig. 2. (a) TEM and (b) HR
Fig. 3. Absorption spectra of AG0, GC0 and GC8 at room temperature. Some absorp-
tion transitions of Yb3+ and Tm3+ are post-signed. The inset shows optical images of
AG0, GC0, and GC8 on top of a printed paper sheet.

Fig. 2a, reveal that the nanoparticles are polycrystalline. The large
circle can be ascribed to the diffuse scattering of the glassy matrix,
and the numerous spots on virtual circles correspond to different
diffraction planes.

Fig. 3 shows the absorption spectra of AG0, GC0 and GC8. The
inset clearly shows that the glass and glass ceramics exhibit high
transparency. From these absorption spectra, all intrinsic absorp-
tion transitions of Tm3+ and Yb3+ in the region from 300 to 2200 nm
are observed. The intensive absorption band near 975 nm wave-
length is attributed to the 2F7/2 → 2F5/2 transition of Yb3+. It can be
seen that after the crystallization process, the absorption bands of
the 3H6 → 3H4 and 3H6 → 3F4 transitions show better resolved Stark
components, indicating that the dopant ions have been incorpo-
rated into the nanocrystalline phase. Because of the trivalent state
of the doping ions, charge compensation has to occur. Different
charge compensation mechanisms can occur, leading to differ-
ent crystal field effects. The inhomogeneous broadening of the
absorption spectra is due to site distribution in the unit cell in the
nanocrystalline phase [16]. When considering the desirable pump-
ing scheme at 980 nm, a wavelength at which low cost diode lasers
are commercially available, the broadening is advantageous since
it eliminates the need of temperature control of the diode laser for
best tuning conditions.
The Judd–Ofelt (J–O) theory can be used to calculate the optical
parameters.

Sed is the line strength for the electric dipole transition
between J and J′ manifolds, which is given by using following

TEM images of GC8.
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Table 1
Calculated optical parameters of Tm3+ in AG8 and GC8.

[SL]J [S′L′]J′ AG8 GC8

AJJ′ (s−1) ˇJJ′ ′ (J (ms) AJJ′ (s−1) ˇJJ′ (J (ms)

3F4
3H6 127.225 1 7.860 120.854 1 8.274

3H5

3H6 169.212 0.965
5.704

184.887 0.965
5.2163F4 6.10916 0.035 6.8473 0.035

3H4

3H6 666.458 0.873
1.310

671.296 0.873
1.3003F4 73.9493 0.097 73.2223 0.095

3H5 22.82337 0.030 24.79632 0.032

3F3

3H6 987.25 0.834

0.844

1166.74 0.864

0.741
3F4 42.9453 0.036 50.8206 0.038
3H5 151.438 0.128 129.326 0.096
3H4 2.82122 0.002 3.04826 0.002

3F2

3H6 232.22 0.404

1.741

278.209 0.468

1.681

3F4 242.289 0.422 200.712 0.337
3H5 92.8964 0.162 109.467 0.184
3H4 7.04682 0.012 6.52257 0.011
3F3 0.01877269 0.00003 0.019587 0.00003

1G4

3H6 541.223 0.374

0.691

513.966 0.343

0.668

3F4 141.868 0.098 163.442 0.109
3H5 493.466 0.341 540.474 0.361
3H4 187.908 0.130 185.488 0.124
3F3 59.3119 0.041 68.9262 0.046
3F2 22.4635 0.016 25.1505 0.017

1

3H6 2616.74 0.224 3022.48 0.275
3F4 6921.15 0.592 5925.36 0.538
3H5 43.2919 0.004 51.6148 0.005
3
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Arad S, L, J|S′′, L′′, J′′

Least-square fitting procedure is applied to calculate ˝� (� = 2,
4, 6) parameters by using the experimentally measured values of
oscillator strength for different transitions. Table 2 shows ˝� (� = 2,

Table 2
D2 H4 749.573 0.064
3F3 550.661 0.047
3F2 738.378 0.063
1G4 71.2182 0.006

quations [17,18]

ed =
∑

�=2,4,6

˝�

∣∣〈S, L, J
∣∣ ∣∣U(�)

∣∣ ∣∣S′, L′, J′
〉∣∣ , (1)

here ˝� (� = 2, 4, 6) are J–O intensity parameters, |U(�)| is the
educed matrix element,

∣∣S, L, J
〉

and
∣∣S′, L′, J′

〉
are the energy state.

hile the magnetic dipole line strength Smd is calculated by

md =
(

h

2mc

)2∣∣〈S, L, J
∣∣ ∣∣L + 2S

∣∣ ∣∣S′, L′, J′
〉∣∣2

. (2)

The matrix elements can be calculated by

〈
S, L, J

∣∣ ∣∣L + 2S
∣∣ ∣∣S′, L′, J+1

〉∣∣2 = [(S + L + 1)2 − J2]

[
J2 − (L − S)2

4J

]

(3)

〈
S, L, J

∣∣ ∣∣L + 2S
∣∣ ∣∣S′, L′, J + 1

〉∣∣2 = [(S + L + 1)2 − (J + 1)2]

×
[

(J + 1)2 − (L − S)2

4(J + 1)

]
, (4)

∣∣〈S, l, J
∣∣ ∣∣L + 2S

∣∣ ∣∣S′, L′, J′
〉∣∣2

is nonzero only if S = S′ and L = L′.
According to the J–O theory, the theoretical oscillator strength

or an electric dipole transition from initial state
∣∣S, L, J

〉
to an

xcited state
∣∣S′, L′, J′

〉
is described by

ED
theor = 8�2mv

3h(2J + 1)

[
(n2 + 2)

2

9n

]

∑ ∣〈 ∣ ∣ ∣ ∣ 〉∣

×

�=2,4,6

˝�
∣ S, L, J∣ ∣U(�)∣ ∣S′, L′, J′ ∣2

, (5)

here n is the refractive index of the matrix, m is the mass of the
lectron, h is the Planck constant, � is the transition frequency.
0.085 0.091720.792 0.065
463.009 0.042
763.633 0.069

63.4434 0.006

From the absorption spectra, experimental oscillator strength
of the electronic transition can be calculated by the expression

Fexp = 2.303mc2

�e2Nd�2

∫
OD(�)d�, (6)

where e is the charge of the electron, c is the speed of the light in
vacuum, N is the number concentration of rare-earth ions, d is the
thickness of the sample, and

∫
OD(�)d� is the integrated absorption

coefficient.
The spontaneous radiative transition rates Arad, radiative life-

times �J and fluorescence branching ratios ˇ from the excited state∣∣S′, L′, J′
〉

to the initial state
∣∣S, L, J

〉
can be calculated from the line

strengths. Table 1 presents the calculated results.

Arad

(〈
S, L, J|S′, L′, J′

〉)
= 64�4e2

3h(2J + 1)�3

×
[

n(n2 + 1)
2

9
SED + n3SMD

]
, (7)

�rad = 1∑
Arad

(〈
S, L, J|S′, L′, J′

〉) , (8)

ˇ
〈

S, L, J|S′, L′, J′
〉

=
Arad

(〈
S, L, J|S′, L′, J′

〉)
∑ (〈 〉) . (9)
The J–O parameters of Tm3+-doped AG8 and GC8.

Hosts ˝2 ˝4 ˝6 ˝4/˝6

AG8 5.76 2.70 2.49 1.09
GC8 4.60 3.69 2.46 1.50



J. Xie et al. / Journal of Alloys and Compounds 509 (2011) 3032–3037 3035

4
s
t
o
r
i
X
i

�

e

�

w
e
o

�

w
N
T
t
T
f
l
t

t
9
b
Y
i
m
8
c
p
i
s
t
t
a
t

In an upconversion process, the emission intensity (Iem) and
the excitation power (Iex) of the 980 nm laser diode (LD) have the
following relation [21]:

Iem∝ (Iex)n (13)
Fig. 4. Calculated gain cross section of 3F4 → 3H6 transition of Tm3+ in GC8.

, 6) parameters of Tm3+ in AG8 and GC8. It is known that ˝2 is sen-
itive to the environment around Tm3+ ions, and is associated with
he asymmetry and covalency of Tm3+ sites. Therefore, the decrease
f ˝2 of Tm3+ in GC8 indicates that Tm3+ ions have been incorpo-
ated into the nanocrystals in the glass ceramic. Besides, X = ˝4/˝6
s usually regarded as the spectroscopic quality factor [19] and large
value means intense laser transition [14]. The values of X for Tm3+

n AG8 and GC8 are 1.09 and 1.50, respectively.
The absorption cross section (�abs) can be calculated by

abs(�) = 2.303
OD(�)

Nd
. (10)

And the emission cross section (�em) can be calculated by the
xpression according to Fuchtbauer–Ladenburg theory [20]

em (�) = �4Arad

8�cn2
× �I(�)∫

�I(�)d�
(11)

here � is the wavelength, OD(�) is the optical density, I(�) is the
mission spectrum. The peak absorption and emission cross section
f Tm3+ in GC8 are 5.07 and 4.01 × 10−21 cm2, respectively.

The gain cross section (�g) at room temperature is obtained by

g = ˇ�em − (1 − ˇ)�abs, (12)

here ˇ = N2/N1 is the excited state population fraction, N2 and
1 are the electron population densities of 3F4 and 3H6 levels of
m3+, respectively. By assuming a set of ˇ values ranging from 0
o 1, the calculated gain cross section of 3F4 → 3H6 transition of
m3+ in GC8 is plotted in Fig. 4. It can be seen that the laser per-
ormance wavelengths of the maximum gain cross section shift to
onger wavelengths with decreasing the value of ˇ. And this is a
ypical characteristic of the quasi-three level system.

Fig. 5 presents the room temperature mid-IR emission spec-
ra of Tm3+/Yb3+ co-doped AG8 and GC8 under the excitation of
80 nm laser diode. Integrated emission intensities of Tm3+ in
oth as-prepared glasses and glass ceramics as a function of the
bF3 concentrations are shown in the inset. The mid-IR emission

ntensities of Tm3+ in both glasses and glass ceramics increase
onotonically as the concentration of YbF3 increases from 0 to
mol%. Moreover, the integrated emission intensity of Tm3+ in glass
eramics increases faster with increasing YbF3 concentration com-
ared with that of Tm3+ in the as-prepared glasses. The relative

ntensity even increases by two times in glass ceramics under the

ame excitation condition when YbF3 concentration is 8 mol%. Due
o the reduced distance between the co-dopants in the nanocrys-
als, an efficient energy transfer may occur between Yb3+ and Tm3+

fter the excitation of Yb3+. This results in a fast depopulation of
he excited levels and subsequently feeds the emission band of
Fig. 5. Mid-IR emission spectra of Tm3+ in AG8 and GC8 under 980 nm excitation.
The inset shows the integrated mid-IR emission intensities as a function of YbF3

concentration.

Tm3+: 3F4 → 3H6. As the YbF3 concentration increases, it is advanta-
geous for Yb3+ to absorb more pumping light, and Yb3+ has only one
upper level of 2F5/2, which enables Yb3+ to easily transfer energy to
Tm3+. This is the reason for the increased mid-IR emission intensity.
Fig. 6 shows the temperature-dependent luminescence intensity
of Tm3+: 3F4 → 3H6 in GC8. It is found that the mid-IR emission
intensity of Tm3+ almost remains constant with increasing tem-
perature. This indicates that the nonradiative relaxation in the GC8
can almost be ignored.

Strong visible emission due to upconversion was also observed
in Yb3+–Tm3+ co-doped glasses and glass ceramics. This emission
was measured to further understand the fluorescence and energy
transfer mechanisms. Fig. 7 shows the upconversion emission spec-
trum in Yb3+–Tm3+ co-doped glass ceramics. The emission peaks at
approximately 478, 700 and 800 nm can be distinctly assigned to
the 1G4 → 3H6,3F2,3 → 3H6, 3H4 → 3H6 transitions of Tm3+, respec-
tively. The concentration dependence is illustrated in the inset of
Fig. 7. The emission intensities at 478, 700 and 800 nm increase
monotonically with an increase in YbF3 concentration. This could
also be ascribed to the enhanced energy transfer rate from Yb3+ to
Tm3+ due to the shortening of the distance between lanthanide ions
in the precipitated nanocrystals.
Fig. 6. Temperature-dependent luminescence intensity of Tm3+: 3F4 → 3H6 in GC8.
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ig. 7. Visible upconversion luminescence spectrum of Tm3+ in GC8 under 980 nm
xcitation. The inset shows the integrated upconversion luminescence intensities
s a function of YbF3 concentration.

here n represents the number of IR photons needed to popu-
ate the visible emitting state. Therefore, a plot of log(Iem) versus
og(Iex) should yield a straight line with slope n. The dependence of
pconversion and mid-IR integrated emission intensities of Tm3+

n the LD pump power is shown in Fig. 8. The slope values for
he 478, 700, 800 and 1820 nm emission are 2.73, 1.98, 2.20 and
.18, respectively. The 478 nm-emission signals have an approxi-
ately third-power relation with the pump intensity, indicating a

hree-photon process. Meanwhile, the dependence of the infrared
00 nm fluorescence on pump power is found to be quadratic,
hereby indicating a two-photon process. The 3F4 → 3H6 transition
s related to the one-photon process. Based on these spectroscopic

easurements, the possible luminescence mechanisms could be
escribed, as shown in Fig. 9. The Yb3+ is excited by a pho-
on and transfers this energy to the Tm3+ ion: 2F5/2 (Yb3+) + 3H6
Tm3+) → 2F7/2 (Yb3+) + 3H5 (Tm3+). The Tm3+ ion then relaxes from
he 3H5 to the 3F4 level and can either decay, emitting at 1820 nm,
r absorb another photon, which is called energy transfer (ET):
F5/2 (Yb3+) + 3F4 (Tm3+) → 2F7/2 (Yb3+) + 3F2,3 (Tm3+) or excited-
tate absorption (ESA): 3F4 (Tm3+) + a photon → 3F2,3 (Tm3+). The
m3+ ion at the 3F2,3 level can do one of the following three things:

3
ecay, emitting at 700 nm, nonradiatively relax (NR) from the F2,3
o the 3H4 level, decay, emitting at 800 nm or absorb yet another
hoton: ET: 2F5/2 (Yb3+) + 3H4 (Tm3+) → 2F7/2 (Yb3+) + 1G4 (Tm3+)
r ESA: 3H4 (Tm3+) + a photon → 1G4 (Tm3+). In this latter case, the
m3+ ion decays from the 1G4 level and emits at 478 nm.

ig. 8. Dependence of upconversion and mid-IR integrated emission intensities of
m3+ in GC8 on LD pump power.
Fig. 9. Simplified energy levels diagram of Tm3+ and Yb3+ ions and possible lumi-
nescence mechanisms.

4. Conclusions

In summary, Tm3+ and Yb3+ co-doped transparent oxyfluoride
glasses and glass ceramics were prepared and characterized. The
J–O parameters, spontaneous radiative transition rates, radiative
lifetimes and fluorescence branching ratios of Tm3+ in both as-
prepared glasses and glass ceramics were obtained according to
Judd–Ofelt theory. The XRD results, absorption spectra and optical
parameters suggested that Tm3+ and Yb3+ ions had been enriched
in the nanocrystals of the glass ceramics. Due to reduced distance
between lanthanide ions in the precipitated fluoride nanocrystals,
mid-IR emission intensity of Tm3+/Yb3+ co-doped glass ceramics
was found to be stronger than that of Tm3+/Yb3+ co-doped glasses
as a result of enhanced energy transfer rate from Yb3+ to Tm3+.
This ET also contributed to the observed strong visible upconver-
sion emissions of Tm3+ located at 478, 700 and 800 nm for the
glass ceramic samples. The results show the potential application of
Tm3+/Yb3+ co-doped oxyfluoride glass ceramics as mid-IR tunable
laser/amplifier media.
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