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Tm®" doped NasLugFs, single crystal with high optical quality was grown by an improved Bridgman method. The

Judd-Ofelt intensity parameters £, (=2, 4, 6) were calculated according to the measured absorption spectra and physi-

cal-chemical properties of the obtained NasLugF;, single crystal. The stimulated emission cross-section of the

3F,—Hg transition (~1.8 pm) is 0.35x102° cm? for Tm®>" doped NasLuoFj, single crystal. The emission spectra under

the excitation of 790 nm laser diode (LD) and fluorescence lifetime at 1.8 um were measured to reveal the fluores-

cence properties of Tm** doped NasLugFs, single crystal. The research results show that the Tm** doped NasLugFs,

single crystal has larger stimulated emission cross-section compared with other crystals. All these spectral properties

suggest that this kind of Tm**doped NasLuoFj, crystal with high physical-chemical stability and high-efficiency emis-

sion at 1.8 um may be used as potential laser materials for optical devices.
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Recently, much attention has focused on the Tm*" doped
single crystals because of their potential application in
mid-infrared laser'"?. It is known that the transition of
Tm®* (3F4—>3H6) can generate 1.8 um laser radiation, and
the cross relaxation energy transfer process
(3H6+3H4—>3F4+3F4) between Tm>" ions has been demon-
strated to increase the quantum efficiency of Tm’"
reaching about 200%"*. Therefore, the Tm*" doped la-
ser crystals working at 1.8 um are of wide tunability and
high efficiency, as well as the advantage of direct diode
pumping at ~800 nm'™.

Recently, Tm*" doped LiYF, and o-NaYF, fluoride
single crystals with excellent optical spectra were suc-
cessfully prepared by using Bridgman method®”). Since
fluoride hosts surpass oxide ones in minimum matrix
phonon energy and transparency within the infrared
wavelength range, it becomes possible to extend the
study beyond the limitations of oxide matrices™”).

As a fluoride compound, NasLugF;, possesses good
physical-chemical performance and thermal stability. It
plays an important role for the doped trivalent rare-earth
ions in taking the place of Lu’"ions. On the other hand,
its high optical transparency in the infrared range and
low phonon energy also make NasLugF3, single crystal
very suitable as potential laser material for the mid-IR

laser devices. However, the previous studies about
NasLugF3, doped with rare earth ions were paid more
attention on powders and their up-conversions!'”. The
NasLugF3, powders limit their performance because of
bad light scattering.

In this paper, the NasLugF;, single crystal doped with
1% Tm®" (molar concentration) with high optical trans-
parency was grown by Bridgman method. The optical
properties of the crystal are investigated from the meas-
ured absorption and emission spectra, as well as the de-
cay curve at 1.8 um under excitation of 790 nm laser
diode (LD).

Tm®" doped NasLuFs, single crystal was grown by an
improved Bridgman method. The starting materials were
commercially available powders of high purity NaF
(99.99%), YF; (99.99%), LuF; (99.99%) and TmF;
(99.99%). The molar composition ratio of NaF:LuF;:TmF;
is 50:49:1 for NasLugF;, crystal. These initial compounds
were mixed and grounded sufficiently for 1—2h in a
mortar. The mixture was put into apparatus in anhydrous
HF atmosphere for fluoridation processing for about
6—38 h at 820 °C to fully remove moisture and impurities
in the raw material. The temperature gradient across the
solid-liquid interface is 70—90 °C/cm. The crystal
growth process was carried out by descending the crucible
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with a rate of 0.08 mm/h, which would last about 8—10
days. The detailed description has been described else-
where!!l.

The inserts of Fig.l show the photos of the high
transparent grown crystal with length of 30 mm and di-
ameter of 10 mm and a polished piece. The X-ray dif-
fraction (XRD) of the crystal was recorded by a XD-98X
diffraction (XD-3, Beijing). The concentration of Tm’" in
NasLugF3, crystal was measured by an inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES,
PerkinElmer Inc, Optima 3000), and the final actual re-
sult of the sample is 0.97%. The absorption spectrum
was recorded by a Cary 5000 UV/VIS/NIR spectropho-
tometer over a spectral region from 400 nm to 2 200 nm.
The emission spectra were investigated under the excita-
tion of 790 nm LD by a Triax 320 type spectrometer in
the range of 1 000—2 200 nm. The fluorescence lifetime
was obtained with the FLSP920 fluorescence spectro-
photometer. All these properties were measured at room
temperature.

In order to identify the chemical phase, the powder
XRD pattern of Tm>* doped NasLuoFs, single crystal at
the room temperature is shown in Fig.1. By comparing
the peak positions with standard JCPDS cards of
NasLugF3, crystal (No.27-0725), the XRD diffraction
peaks and relative intensity of the sample are very simi-
lar with the standard line patterns. The similar XRD pat-
terns indicate that the sample are crystallized into pure
NasLugF3, crystal, and the doped Tm®" ions don’t intro-
duce any obvious peak changes. The bottom section cell
parameters can be calculated by

d=—— (1)

NI+
The cell parameters of Nas;LugF3, crystal are calcu-
lated to be a=b=c=0.546 6 nm.
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Fig.1 XRD patterns of m* doped NasLugFs; single
crystal and standard JCPDS cards of NasLugF3, crys-
tal (No.27-0725) (The inserts show the photographs of
Tm* doped NasLugF3; single crystal and a polished
piece.)

Fig.2 illustrates the absorption spectrum of Tm’
doped NasLugF3, single crystal in the wavelength range
of 400—2 200 nm at room temperature. All the bands
associate with the energy level diagram of Tm®" ions. It
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can be seen from Fig.2 that there are six absorption
bands of Tm®", which are located at 461 nm, 653 nm,
678 nm, 770 nm, 1 201 nm and 1 635 nm, corresponding
to the transitions from the ground state *Hg to the excited
states 'Gy, °Fa, *F3, *Hy, *Hsand °F, of Tm*" ions, respec-
tively.
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Fig.2 Absorption spectrum of the Tm® doped
NasLugF3; crystal

Based on the data from above absorption spectrum, the
experimental oscillator strengths are obtained by the fol-
lowing expression'":

mc® 2303
C = x———[OD(A)dA, 2
Jeo wNeA g [OD(2) 2

where m is the electron mass, e is the electron charge, N
is the number of the absorption ions in unit volume,
OD(4) is the optical density, c is the speed of light, and d
is the thickness of the sample.

According to Judd-Ofelt theory, the calculated oscil-
lator strengths are obtained by

Ja=Tat o> (3)
i = 8men’ y (n* +2) y

3hA(2J +1) " 9n
> Ql(4r 1S L U 4r s L) " (4)
fn’\d’ _ h y 7 +2) y

6mcA(2J +1) 9n
(4715, LWL+ 25415721 ) )

where n is the refractive index of samples, 4 is the
wavelength of the absorption peak, % is the Planck
constant, J and J' are the total angular momentum
quantum number of the initial and final states, and

‘<4fN[S,L]JHU‘” |4fN[S',L']J '>‘ is the reduced matrix

elements.

The root-mean-square (RMS) deviation of the experi-
mental and calculated oscillator strengths is defined by

M 2
5 D fu= 1) ’ ©
M-3

where M is the number of absorption bands involved
in the calculation of the measured line strengths.

Judd-Ofelt parameters Q, (=2, 4, 6) can be calculated
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by Judd-Ofelt theory. The experimental and calculated
oscillator strengths of Tm’" from the ground state (3H6)
to excited states in the NasLugF3, crystal and their
RMS deviation for § are listed in Tab.1.

Tab.1 The experimental and calculated oscillator
strengths of Tm**:NasLugFs2

Oscillator strengths (x107)

Transition =~ Wavelength (nm)
Joxp Jeal
*He—"F,4 1635 1.608 1.621
*He—"Hs 1201 1.414 1.123
*He—"H,4 770 1.284 1.654
*He—"F; 678 1.468 2.281
*He—'G,4 461 2.342 0.517
ums (x107) 1.45

The obtained Judd-Ofelt parameters of Tm®" doped
NasLugF3, crystal compared with those of Tm®* doped
other crystals are presented in Tab.2.

Tab.2 Comparison of the Judd-Ofelt parameters for
Tm** doped crystals

Crystals foz ) f: B f: ,. References
(x10"cm®)  (x107cm”) (X107 cm”)
YLF 1.99 1.16 0.69 [12]
LLF 2.12 1.17 1.11 [13]
a-NaYF, 1.31 0.81 0.59 [14]
NasLugFs, 1.02 1.49 0.98 This work

The value of ©, is closely related to the matrix struc-
ture, the symmetry and the order of the vicinity of rare
earth ions in the crystals. According to Judd-Ofelt theory,
the symmetry of crystal structure is much higher, and the
electrovalent bond is stronger when the value of ©, is
much lower. Meanwhile, Q, is sensitive to the environ-
mental configuration symmetry of rare earth ions, and it
will decrease with the host material varying from oxide
to fluoride. As is shown in Tab.2, the value of ©, in
Tm*":a-NaYF, single crystal is very similar with that in
Tm®":NasLuoF;, crystal, and both of them are lower than
those in Tm*":YLF and Tm’":LLF crystals. This com-
parison confirms that the symmetry of a-NaYF, and
NasLugF3, crystal structure is much stricter.

Once the intensity parameters are obtained, the electric
dipole transition rate 4.4 from J manifold to lower energy
J’ manifold can be expressed as

_ 6Arn'e y n(n’ +2)° y
3R (2J +1) 9

> Qfars.Lvfor (7

The magnetic dipole transition rate 4,4 can be ex-
pressed as

2

47718 L)
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(47718, L3 |L+28]457[S",L") (8)
The transition rate A4 can be deduced by A(J,

J)=Acq+Ama- The fluorescence branching ratio § and the
radiative lifetime 7,4 can be respectively calculated by:

2

g AUSLIL(SVLY (9)
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All results calculated by above formulas are listed in
Tab.3.

Tab.3 The calculated transition rate A, luorescence
branching ratiof and radiative lifetime r.q of Tm®:
NasLugF3; crystal

J —J 2mm)  Aa () A T4 B Tra (Ms)
F, —°Hs 1635  93.970 93.970 1.000 10.642
Hs —°Hs 1201 120.856 44.362 169.827 0.973  5.888
—%F, 3724 4490 0.119 0.027
*Hy — *He 770 487.048  0.000 549.196 0.887  1.821
—%F, 1437 31951 12.039 0.080
—°Hs 2323 13.816 4344 0.033
3F; — Hs 678 1211.838  0.000 1367.677 0.886  0.731
—%F, 1125 35994 33.625 0.051
—3Hs; 1612 84216  0.000 0.062
—°Hy, 5269 1.847  0.157 0.001

°F, — Hg 655 368.721  0.000 662.751 0.556  1.509

—%, 1059 157.439  0.000 0.238
—3Hs; 1479 132.611  0.000 0.200
—3H, 4072 3971  0.000 0.006
—3%F; 17920  0.009  0.001 0.000
'G, — *Hs 461 396.829  0.000 1016.075 0.391  0.984
—F, 650 118268  0.047 0.116
— *Hs 787 296.013  71.802 0.362
—°H, 1190 81.024 16.739 0.096
—3F; 1537 27141  0.721 0.027
—%F, 1684  7.493  0.000 0.007

Based on previous absorption spectrum, it can be seen
that there is a strong absorption peak at about 800 nm, so
790 nm LD is a very viable pump light source. The
emission spectrum for Tm’" doped NasLuoFs, single
crystal in the wavelength range of 1 000—2 200 nm ex-
cited by 790 nm at room temperature is shown in Fig.3.
It can be seen that there are two fluorescence emission
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peaks at about 1480 nm and 1 800 nm, which are respec-
tively corresponded with Tm’" transitions of *H4—’F, and
3F,—H,. However, the latter fluorescence intensity is
much stronger than that of the former, and the main rea-
son is that the energy spacing between °F4 and *Hg is
highly close to the energy spacing between °F, and H,.
This can lead to Tm®" at *H,, which comes from Tm>" at
ground state 3Hj transition under the excitation of 790 nm,
interacting with Tm’" at ground state *Hgin the contiguous
field. This process is named as cross-relaxation energy
transfer process (23F4—>3H6+3H4), which contributes to the
1.8 um emission intensity.
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Fig.3 Emission spectrum of the ™m* doped NasLugF32
crystal

The absorption cross-section can be measured from
the absorption spectrum of Tm®* doped NasLuoFs, single
crystal by using following formula:

o, (A)=2303 ob4) . (11)
Nd

The stimulated emission cross-section for the laser
channel of the 3F4—>3H6 transition can be calculated from
the fluorescence spectrum by the McCumber theory:

0. (A)= oabsm)exp[%j : (12)

where 1 represents the transition wavelength, ¢ is the
light velocity, k is the Boltzmann constant (1.38x107%
J/K), h is the Planck constant, T is absolute temperature
(here is room temperature), and ¢ is the free energy
needed to excite one Tm’" ion from *H to °F, at room
temperature (for *F4— *Hy transition of Tm’*, ex5 778 cm™).

Observed from cross-section spectrum, the value of
emission cross-section at 1 850 nm is about 0.35x10?° cm”.
As one important factor to evaluate the property of a laser,
this relatively high value indicates that Tm’" doped
NasLugF3, single crystal can be regarded as a suitable
working-laser material.

The calculated stimulated emission cross-section is
shown in Fig.4.

Because the fluorescence emission peak located at
around 1 850 nm reaches the maximum, the fluores-
cence decay curve for 3 F,— 3 Hg transition of Tm>" at
1.8 um excited by 790 nm LD is measured and shown

Optoelectron. Lett. Vol.13 No.3

in Fig.5. At the same time, the comparison of several
important parameters among various host crystals is
shown in Tab.4.
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Fig.4 Stimulated emission cross-section of Tm*':’F,
manifold
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Fig.5 Fluorescence decay curve of Tm**:*F4 manifold

Tab.4 Comparison of several important parameters for
Tm*" doped crystals

Host crystal NasLugF3, a-NaYF; LiLuF, LiYF,
Symmetry Cubic Cubic Tetragonal Tetragonal
Tm®" concentration (%) 1.0 1.0 1.0 1.0
Emission  cross-section
5 202 0.35 0.38 0.3 0.369
of °F4 (X107 cm”)
Fluorescence lifetime of
5 10.642 9.937 9.552 8.447
F4 (ms)
References This work  [14] [15] [15]

From the comparison shown in Tab.4, it is evident that
a-NaYF, and NasLugF;, crystals exhibit better optical
quality, such as fluorescence lifetime and emission
cross-section, leading to laser oscillations. But when
talks about the contrast between these two Tm®" doped
single crystals, it cannot be ignored that there are still
some differences between these two samples, although
they both have the same cubic system and space group.
As for optical properties of Tm®" doped a-NaYF, single
crystal, there has been certainly comprehensive research
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in previous work. However, for the study of Tm®" doped
NasLugF3, single crystal, it is still in infancy. Hence, the
contradiction in optical parameters is not enough to de-
termine which one is better as a laser hosts between
a-NaYF, and NasLugF5; crystals. Further theoretical in-
vestigations and related experimental works still need to
be in progress.

Our experiments demonstrate that Bridgman method is
a proper way to grow Tm’" doped NasLuoFs, single
crystal. The intensity parameters of €,, Q,, and Qg are
estimated to be 1.02x10%°cm?, 1.49x10%° cm® and
0.98x10%° cm®, which are lower than those of Tm®"
doped LiYF,4 crystal. It meant that the symmetry of
NasLugF3, crystal structure is much stricter. The stimu-
lated emission cross-section at 1.8 pum is calculated to be
0.35x10° cm® for Tm** doped NasLuoFs, single crystal,
which is slightly less than that of Tm*" doped LiYF,sin-
gle crystal for 0.369x10%° cm”. However, the fluores-
cence lifetime of the Tm*" doped NasLuoFs, single crys-
tal (10.642 ms) is higher than that of Tm’" doped LiYF,
single crystal (8.447 ms). All these spectral properties
indicate that the Tm’" doped NasLuoF;, single crystal
may be regarded as a potential candidate material for
mid-infrared laser application.
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