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Optimizational 1.8 pm Emission of Na;LuyF;, Single Crystal
Doped with Tm*" Ions
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Abstract; The high quality Na; Lu, F., single crystals with different Tm®" concentrations ranging from 0.5
to 4 mol% were grown successfully by an improved Bridgman method. The fluorescence spectra and
decay curves at 1.86 pm were measured under the excitation of 790 nm LD to study the luminescent
properties of the crystals and the energy transfer process between Tm’" ions. The 1.86 pm emission
intensity gradually increases to the maximum value when the Tm’" concentration increases to around
1.95 mol%. Nevertheless, it decreases fleetly with the Tm'" concentration further increase from
2.0 mol% to 4.0 mol%. The maximum stimulated emission cross section at 1.86 um is also calculated to
0.80X10 * cm®. The 1.86 um fluorescence lifetime of Tm*" : *F, level decreases with the increase of
Tm’" doping concentration. The concentration quenching effect of Tm®" ions and the cross relaxation
energy transfer process between Tm’” ions are mainly in charge of the variety of the 1.86 um emission.
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0 Introduction

The synthesis of Tm*" doped materials and development of 2.0 pm mid-infrared solid state lasers are
inducing intense interest because of their potential applications in material processing, distance

[1-3]

measurement, laser medical and remote sensing''™. Very recently, a high power picosecond Tm*" doped

all-fiber oscillator was demonstrated by employing optical fiber Bragg grating for pulse spectrum formation

L4581  which greatly broaden their applications in optical field.

to achieve ultrashort pulse"
In the previous researches of materials, the Tm®" doped oxide single crystals were mainly focused
because of their ordered rigid crystal lattice, higher chemical-physical stability as well as the advantage of

L2190 Generally, oxide single crystals inherit low transmission in mid-

direct diode pumping at~ 800 nm
infrared range, low luminescent efficiency and high matrix phonon energy, which limits their practical
application in optical devices. Actually, the {luoride single crystal is more beneficial to be as 2.0 pm laser
due to its high transparency in infrared range, long lifetime of rare earth ions and high luminous efficiency.

Very lately, the a-NaYF, single crystal doped with Tm®" was successfully fabricated using KF as

1]

flux-""“. However, the growth of single crystal with big size and high quality becomes more difficulty due

to the use of KF flux. The FK composition may introduce into the a-NaYF, single crystal as defects of

L12J Our recent

impurities. Na; Luy F3, is a kind of fluoride compounds with excellent optical properties
investigation showed that the characteristic absorption band at 2.7 pm of OH" almost disappeared in
Na; Luy Fy, single crystal, it indicated that the Na; LuyFs, single crystal possesses very lower OH™ content
which is very important to eliminate the non-radiative energy transfer from the excited state of Tm*" ion to
OH™'[*1 Moreover, a more homogeneous distribution of Tm®" ion in the Nas;Lu, Fy, single crystal can be
expected because the difference of ionic radii between Tm®" (0.87A) and Lu*" (0.85A) is closer than that
between Tm®" and Y*' (0.893A). Thus, a higher optical quality of Tm®" doped Na; Lu, Fs, single crystal is
proposed for the intense emission at 1.8 pm. However, there are almost no reports on Tm*" doped
Na; Luy Fs; single crystal for 2 pm laser.

Toward this end, Tm’" doped Na; Lu, F3, single crystals were grown. Typical performance of 2 pm

emission spectra and an optimum doping concentration have been investigated in this study.

1 Experiments

An improved Bridgman method was used for growth of the Tm®" doped Na; Lu, Fy, single crystals.
The NaF, LuF; and TmF; raw materials with high purity of 99.999% were purchased from the market.

The molar ratio of NaF : LuF; : TmF, is 50 : 50-X : X(X=0.5, 1, 1.5, 2, 4). The initial powders were
mixed richly for 1 h. The detailed growing process has already reported elsewhere ",

The polished slices with various Tm®" doped concentrations were transparent as shown in Fig.1. The

X-Ray Diffraction (XRD) was recorded by using a XD-98X diffractometer (XD-3, Beijing). The real

- EEEEE

Tm*" concentrations in single crystal were B

measured by an inductively coupled plasma atomic

I v

emission spectroscopy (ICP-AES PerkinElmerlInc, 2 mol% Tm* :Na,Lu,F,,
Optima 3 000). Table 1 lists the measured Tm* l | la:b:c:0.54|l6f§nml

concentrations and the molar fractions of Tm*" in 4 mol% Tm™:Na,Lu,F,,
l l l a=b=c=0.5469 nm

raw material. A Cary 5 000 UV/VIS/NIR )

spectrophotometer was used for measurement of Na,Lu,F,, standard line pattern
JCPDS(27-0725) a=b=c=0.5463 nm

recorded under the 790 nm LD excitation by a : : .

Intensity/(a.u.)

the absorption spectra. The emission spectra were

Triax 320 type spectrometer. The fluorescence 20 40 200) 60 80
lifetime at 1.86 pm were recorded with FLLSP920 ' v

Fig.1 XRD pattern of 2.0 mol% and 4.0 mol% Tm** doped
fluorescence spectrophotometer. All these

) Ma; Lug F3; and the Nas Luy Fy, stadard line pattern
measurements were Carrled out at room

temperature.
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Table 1 Measured Tm*" concentrations in single crystals and molar fractions of Tm** in starting material

Samples 1 I Il v Vv
Tm®" /mol% 0.5 mol% 1.0 mol% 1.5 mol% 2.0 mol% 4.0 mol%
10*N/cm® 1.25 2.52 3.76 5.03 10.06

2 Results and discussion
Fig.1 shows the X-ray diffraction pattern of 2.0 mol% and 4.0 mol% Tm®" doped Na;LuyF;; and the

Na; Luy Fy, standard line pattern. The other Tm*" doped samples also exhibit similar XRD characteristics.
Compared with peak positions of JCPDS cards (27-0725) of Na; Lu, F;; crystal, the measured XRD
diffraction peaks and relative intensities are similar to the standard line patterns. The measured XRD
patterns strongly indicated that the obtained crystal was pure cubic phase, and the incorporation of Tm?®"
ions does not give rise to any obvious peak change. The calculated cell parameters for 2mol% and 4mol%
Tm®" doped Na;LuyF;, crystal are a =b=¢=0.546 8 nm and a =b=c¢=0.546 9 nm. The lattice parameter
of the single crystal is tended to become big as increase of Tm*" doping concentration because the radius
size of Tm®" is slightly bigger than that of Lu*". It suggests that Tm®" ion substitutes for Lu*" site in Nas
LuyF3, crystal because of the same valence state and similar ionic radius.

Fig.2 illustrates the absorption spectra of various Tm®" doped Nas; Lu, F3, crystals in the wavelength
range from 400 nm to 2 200 nm. It can be observed from Fig.2 that the absorption intensities increase
gradually with the continuous increase of the Tm®" doping concentration from 0.5 mol% to 4.0 mol%,
while the positions of the peaks remain unchanged. According to the Dieke energy level diagram, six
absorption bands located at 463, 656, 680, 782, 1 208 and 1 684 nm can be attributed to the transitions
from the ground state *H; to the excited states 'G,, *F,, *F;, *H,, *H;and °F, of Tm®" ion.

Fig.3 presents the emission spectra of different Tm*" doped Nas; Lu, Fj, crystals from 1 100 to 2 200 nm
wavelength measured exciting of 790 nm LD at room temperature. In these emission spectra, there are two
fluorescence emission peaks at around 1.49 pm (relatively weak) and 1.86 pm, which are related to Tm’"
transitions *H,—*F, and *F, =" H;, respectively. The relationship between the fluorescence intensity at
1 860 nm and the concentration of the doped Tm®" ions is also shown in the insert of Fig.3. It is clear that
the beginning fluorescence emission intensity at 1 860 nm is gradually increasing with the doping
concentration of Tm*" increased from 0.5 mo% to 2.0 mol%, then begins to drop dramatically when the
concentration continues to rise from 2.0 mol% to 4.0 mol%. It can be noted that there appears a very low
intensity at 1.49 pm in low 0.5 mol% Tm®" doping concentration, and it enhances as the increase of Tm?*’
concentration from 0.5 mol% to 1.0 mol%. The emission band at 1.49 pum almost disappears as Tm®"
concentration further increase from 1.0 mol% to 4.0 mol%. This apparent relationship between doped

concentration and the values of emission intensity at both 1.49 pm and 1.86 pm is vividly reflected in Fig.3.
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Fig.2 Absorption spectra of Tm*" * Na; Luy F;, with Fig.3 Emission spectra of the Tm®" ¢ Na;Luy Fs;. The inset
various concentrations shows the relationship between Tm®" concentration

and emission intensity at 1.86 pm

The possible mechanisms of energy transfer processes between Tm®" ions have been reported in

previous work"” ' Here we attempt to quantitatively describe the energy transfers between Tm®" ions.
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The schematic energy-level diagram for the Tm’" 15 _ jFZ
doped Na; Luy F;, single crystal is shown in Fig.4. + F,
Under the excitation of 790 nm LD, Tm?* : °H,
transition from the ground state *H; to the excited g :

state *H,, and then Tm®" ion at *H, level can open = 10} 2 Ik

up two energy transfer channels to lower levels. § - :‘\ H,
On one respect, Tm®" ions at *H, state radiatively z : \\(%

transfer to *F, level with the 1.49 pm emission, :,? J \\ o,
Actually, owing to the energy distance between g st \ :

the *H, to *F, level (is about 6 909 cm™') and the Elglale E g \\" E

°F, to *Hy level (is about 6 105 ecm ') is rather ZEEIE 8 OE bz

close, the Tm*®" ions at *H, level easily transition 11 : ! "
to *F, manifold without radiation. As shown in the Uy T T ¢

Fig. the fluorescence intensit f *H, >*F . . .
8.3 0 y oo ! ! Fig.4 Energy transfer and cross relaxation diagram

transition at 1 490 nm is much weaker than that of
*F,—~*H; transition at 1 860 nm. On the other

of Tm*" ions

hand, it can transfer its part of energy to neighbouring Tm®" ions at ground state *H; and then new ions
enter into *F, state. This process was defined as cross-relaxation energy transfer ( *Hy;+°H,— *F,+°F,)
and presented in Fig.4. Finally, two Tm®" ions are excited to *F, level. This CR process could result into
the stronger 1.86 pum emission, which is well corresponding to the obtained emission spectra. The CR
energy transfer becomes higher as increase of the Tm®" ions in crystals. Whereas, a large doping
concentration results into concentration quenching which reduces the emission intensity at 1.8 pm as shown
in Fig.3 when the doping concentration increases to 4 mol%. Thus, an optimum doping concentration
should be obtained. In this experiment, when the doping concentration increase to 1.5 mol%, the CR
energy transfer rate gets large enough that most Tm®*" ions at *H, state would non-radiatively decay to *F,
sate rather than radiatively decay to *H, state by emitting 1.49 pum. It is reason why the emission band at
1.49 pm almost disappears as Tm®" concentration further increase from 1.0 mol% to 4.0 mol%""'. The

" doping concentration for realizing maximum emission

measured spectra indicates that the optimum Tm?
intensity at 1.86 pm is around 2.0 mol%.

The fluorescence decay curves for *F,—*Hj transition of Tm®" at 1 860 nm excited by 790 nm LD are
measured. Fig.5(a) presents the fluorescence decay curves of the *F, level for the Na;LuyFs, crystals with
different Tm®" concentrations. The fluorescence lifetimes were obtained from the decay curves. It is
discovered that as the Tm®" concentration increases the fluorescence lifetime decreases in Fig.5(b). In one
aspect, the decrease of fluorescence lifetime could be caused by the enhanced nonradiative relaxation,
nevertheless in the present case the nonradiative relaxation of *F, level will not change since the energy
distance between *F, and *H, does not change and the fluorescence lifetimes were measured at the same
temperature. In the other aspect, the decrease of fluorescence lifetime could evoked by energy transfer
originated from *F, level. In this case, the dependence of fluorescence lifetime on the doping concentration

To
1+Cc/co)?”

intrinsic lifetime and critical concentration of luminescence centers, 7 stands for the lifetime when the

obeys Dexter theory in which it presented as 7= Here in this equation, 7, and ¢, are the

doping concentration is ¢. The function y = with the same form as the equation was fit to the

a
1+ /b))
data in Fig.5 (b), and it can be found that the data can well be fitted by the Dexter theory. In the fitting
the process the free parameters’ values with uncertainties were obtained and marked in Fig.5(b). This

T at °F, and cause the

results tell us that there must be some quenchers which accept the energy from Tm
decrease of *F, fluorescence lifetime. The quenchers could probably be the unintended dopants or defects in
the crystals. The luminous efficiency 1 plays an important role in the practical application of crystals. It is
well known that the luminescence quantum efficiency of Tm?®" ion is jointly decided by the radiative

lifetime 7,4 and fluorescence lifetimes 7. The 7,4 = 10.642 ms for 1.0 mol% can be calculated by the J-O
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theory according to the measured absorption spectra and chemical-physical properties. The estimated
quantum efficiency 5 for 1.0 mol% is 100.02%.

1 20
)= _a
1+ ¢
Tm™:°F, sl (/b
s x mol%Tm™ " Fitting results:
S —eee x=0.5, 7=16.65 ms E a=20.242.2
£ 01 . —-= x=1.0, ==16.64 ms 2 10 b=1.1x0.15
£ . — =1.5,=6.60 ms 5 c=2.0£0.2
E M - - 20,7535 ms =
\ Ne-s x=4.0,7=1.03 ms 51
\ \
\ N
\ BN
1 ‘\ 1 A 1 0 1 1 1 I
10 15 20 25 0 1 2 3 4 5
Lifetime/ms Concentration/mol%
(a) Fluorescence decay curves of the °F, level of Tm*":Na;Lu,F;, (b) Dependence of °F, lifetime of Tm®" concentration

Fig.5 The fluorescence decay spectra for *F,—*H; transition

The stimulated emission cross section is one of the vital parameters to assess the performance of a
laser crystal. The absorption cross section (6,,) can be estimated from the absorption spectrum of Tm?®"

doped Na; LuyF;, single crystal by using following equation.

2.3030D)
NL

where N is the number of Tm®" ion per unit volume(cm *), OD(A) is the optical density as a function of

Q)

Oabs(2) —

wavelength A, and L is the thickness of the sample, A is the wavelength.
The stimulated emission cross section (6.,) of Tm®" from *F,—*H; transition can be calculated by
McCumber theory % as

5o () =000 (A) 5 exp [Ehj (2)

Z, kT
where T is temperature ( here is the room Na.Lu,F, 2.0mol%Tm>
temperature) , £ is the Boltzmann constant (1.38 X T 08f
10%]J/K). h is Planck constant, A is the transition & [ —— Emission
wavelength, Z, and Z, is the partition functions E 0‘6‘_ — — Absorption
between the lower and upper levels respectively, E 04l
E, represent the zero line energy, and the E, value % I
of the °F, to *Hj transition is 5 609 cm '. The Lé) 02k
calculated absorption transiting from *H; to °F, L
and emission from *F, to *H; cross sections for e EE T —

1600 1800 2000

2.0 mol% Tm’" doped Na;LuyF;; single crystal are Wavelength/nm

shown in Fig. 6. The maximum value of emission
cross section at 1 860 nm is 0.80 X 10 % cm?. It

should be noticed that the self - absorption is

Fig.6 Absorption and Emission cross sections for

1.86 pm in Tm®" * Na; Lu, Fsy crystal
involved into the emission spectrum because the slice of single crystal is usually not thin enough™.
3 Conclusions

Our experiment demonstrated that Bridgman method is a favorable way to grow Tm?®" doped Na;Lu,Fs,
single crystals. The maximum emission intensity at 1.86 pum can be reached when the doping concentration
of Tm*"is 2.0 mol%. At this doping level, the maximum emission cross section at 1.86 um is calculated to
0.80X107* cm®. The measured maximum fluorescent lifetime at 1.86 pm is 16.65 ms. These excellent

spectral parameters of Tm’" doped Na;Lu, F;, single crystals indicated that it may be a potential material

for 2 pm laser.
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