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Optimum fluorescence emission around 1.8 um for LiYF4 single
crystals of various Tm**-doping concentrations*
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In this paper, optical spectra of LiYF; single crystals doped with Tm3* ions of various concentrations are reported.
The emission intensity at 1.8 wm first increases with increasing Tm3* concentration, and reaches a maximum value when
the concentration of Tm>* is about 1.28 mol%, then it decreases rapidly as the concentration of Tm>* further increases
to 3.49 mol%. The emission lifetime at 1.8 um also shows a similar tendency to the emission intensity. The maximum
lifetime of 1.8 wm is measured to be 17.68 ms for the sample doped with Tm3* of 1.28 mol%. The emission cross section
of 3Fy level is calculated. The maximum reaches 3.76 x 1072! ¢cm? at 1909 nm. The cross relaxation (3H6, 3Hy —3 Fy,
3F,) between Tm3™ ions and the concentration quenching effect are mainly attributed to the change of emission with Tm3*
concentration. The largest quantum efficiency between Tm>" ions is estimated to be ~147% from the measured lifetime
and calculated radiative lifetime. All the results suggest that the Tm>+/LiYF; single crystal may have potential applications

in 2 um mid-infrared lasers.
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1. Introduction

In recent years, the 2.0 um solid state laser in the eye-
safe region has attracted more attention due to its extensive
potential applications in the fields of laser ranging, remote
sensing, optoelectronic countermeasures, laser medical appli-
cations, and differential absorption lidar monitoring.!'3! The
transition *F4 —>Hg of Tm>" plays an important role in gen-
erating lasers with near 2-pum radiation, and it is considered
to have a key role in implementing small-scale and efficient
laser sources at ~ 2.0 um. The quantum efficiency is likely to
reach 200% due to the intense energy cross-relaxation effect
(3H6, 3Hy —3 Fa, 3F4) existing between thulium ions. Such
a high quantum efficiency compensates for the small Stokes
efficiency of mid-infrared laser material resulting from the
large energy gap between the pump and signal lasers.*! Con-
sequently, it is expected that Tm3*-doped crystals and glasses
are important candidates for ~2-pm solid lasers. Compared
with oxygen glasses and crystals as host materials, LiYF4
(YLF) single crystal has low maximum phonon energy at
about 425 cm~!. Moreover, it also has a long lifetime of the
excited electronic states in these systems compared with tra-
ditional oxide systems when it is used as a laser host. They
lead to lower multiphoton emission rates, and thereby higher
quantum efficiencies for mid-infrared transitions. In addition,
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the high chemical resistance and good thermal stability of the
LiYF, single crystal make it a good matrix material. It is also
proposed that relatively homogeneous concentration of Tm3™*
in the LiYF4 crystal should be able to be obtained due to the
near ionic radius between Tm>* (0.87 A) and Y3+ (0.893 A),
which is extremely important for practical application in a
laser device.

According to Dexter’s model of multipolar interaction, !
the high doping level can lead to large energy transfer rate
and result in high quantum efficiency; however, it may lead to
concentration quenching and reverse cross-relaxation energy
transfer (°Fy4, 3F4 —3 Hg, 3Hy), which reduces the quantum ef-
ficiency of the system.[*! Although many researchers have re-
ported the Tm-doped LiYF4,!%7! they have just focused on one
fixed doping concentration to analyze its optical properties,
and no one has reported this optimum-doping concentration of
the transition *F4 —3Hj in the Tm:YLF crystal. In our present
experiments, LiYF, samples with different Tm3*-doping con-
centrations (0.3, 0.5, 0.8, 1.3, 1.8, and 3.6 mol%) are fab-
ricated, and the quantum efficiency, emission spectrum, and
fluorescence decay lifetime of the *F4 manifold are character-
ized to find the optimum doping concentration near 1.8 pm.
It is expected that this study provides a good theoretical basis
for further developing and implementing near-infrared devices
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around 1.8 pm.

2. Experimental procedures

The feed materials for Tm:YLF crystals were synthe-
sized with molar compositions of 51.5 LiF-(48.5-x) YF3/4—
xTmF3 (¥ =0.3,0.5,0.8,1.3,1.8, and 3.6 mol%). All start-
ing materials were prepared from a stoichiometric mixture of
99.999% pure LiF, YF3, and TmF3 powders. In this article,
a modified Bridgman process was used to grow Tm-doped
YLF crystals. The mixtures were treated with anhydrous HF
at 750 °C-800 °C for 8 h—10 h to ensure that feed materials
were converted into polycrystalline bars; furthermore, harmful
evaporation and corrosion could be minimized by sealing the
crucible, thereby effectively preventing crystals from crack-
ing. A pure LiYF; single crystal seed with the (001) direction
was placed at the bottom of the crucible. The detailed process
for crystal growth was described in Refs. [8] and [9].

A typical single crystal with a size of $10 mmx77 mm
that we prepared in this work is displayed in Fig. 1(c). It
is transparent and pale yellow in color due to higher Tm3*-
dopant ion concentration, and shows that the color changed
gradually from dark to light along the growth direction. The
crystals were cut into small parts and well polished to 2.3 mm
thickness for optical measurements. The actual concentrations
of Tm** ions were measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, PerkinElmer, Op-
tima 3000). The measured concentrations and calculated ionic
concentrations are given in Table 1. The structure of the crys-
tal was investigated by X-ray diffraction (XRD) using an XD-
98X diffractometer (XD-3, Beijing). The absorption spectrum
was measured with a U-4100UV/VIS/NIR spectrophotometer
in a wavelength range from 400 nm to 2000 nm. The emission
spectra and fluorescence decay lifetime were measured by an
FLSP 920 type spectrometer (Edinburgh Co., UK) excited by
an 808 nm LD. All the measurements were made at room tem-
perature.

Table 1. Molar concentrations of Tm3* in feed material and the ob-
tained crystals, and calculated ion concentration of Tm>t (N) in YLF
crystals.

Feed material/mol% 0.3 0.5 0.8 1.3 1.8 3.6
Obtained crystal/mol% 029 0.49 0.78 128 1.75 3.49
N/10% jons/cm? 073 122 195 3.17 446 879

3. Results and discussion
3.1. X-ray diffraction

The X-ray diffraction pattern of a YLF single crystal
doped with Tm3* (3.49 mol%) is shown in Fig. 1(b), in which
the peak positions are consistent with those in JCPD 77-0816
(a=b=5.171 A, ¢ = 10.748 A) for LiYF,, which is also
listed in Fig. 1(a). One can deduce that the grown crystal is

a single tetragonal phase and the Tm?* ion dopants are intro-
duced into crystal substitute Y3 sites, so the current doping
level does not cause any peak shift or other peaks. Simul-
taneously, the calculated cell parameters of the YLF crystal
obtained in Fig. 1(b) are a = b = 5.011 A and ¢ = 10.466 A,
which are consistent with the fact that the radius of Tm3* is
less than Y3*. Likewise, the efficient segregation coefficient
of Tm in the LiYFy single crystal is 1.038,11%! very close to 1,
suggesting that Tm3* ions are well distributed and the color
of the crystal is homogeneous throughout the length; this is in
good agreement with what we can see from Fig. 1.
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Fig. 1. (color online) (a) The standard line pattern of the tetragonal
phase LiYFy, (b) XRD pattern of the 3.49 mol% Tm?>*-doped LiYF4
single crystal, and (c) photograph of Tm3*-doped LiYFy single crystal.

3.2. Absorption spectra

Figure 2 shows the absorption spectra of Tm3*-doped
LiYF;, single crystals; the corresponding energy levels are also
marked in the figure. It can be seen that the absorption intensi-
ties increase dramatically with the continuous increase of the
doping concentration, while the positions of the peaks do not
change any more. One can conclude that the broad absorption
bands in a wavelength range from 400 nm to 2000 nm can be
attributed to the energy levels of Tm>* ions in the same matrix.
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Fig. 2. (color online) Absorption spectra of various concentrations of
Tm3*-doped LiYFy single crystals.
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Since the Tm:YLF crystals are uniaxial, in order to pre-
cisely estimate their optical properties, we measure the polar-
ized absorption spectra with the incident light polarized paral-
lel (7 spectrum) and perpendicular (o spectrum) to the optical
axis of the samples,[!!! which are shown in Fig. 3.
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Fig. 3. (color online) Polarized absorption spectra of LiYF, single crys-
tal doped with 1.28 mol% TmFs3.

It can be found that the polarized absorption spectra are
all composed of several strong absorption bands which are
consistent with absorption spectra listed in Fig. 2, from which
we can see that the absorption coefficient of the 7 spectrum
is larger than that of the o spectrum on the whole. Based on
the polarized absorption spectrum, the optical parameters of
Tm3* in YLF samples are obtained by applying J-O theory,

which is shown to be a crucial tool for calculating and ana-
lyzing the RE-doped laser properties. To employ this method,
we determine the oscillator strengths for the transitions from
the “Hg states to the upper ones. The J-O intensity parameters
£ 46 for 0 and 7 polarizations are obtained. The effective
J-O parameters £, 4 ¢ are given by

2Q5 + Qp

Qefr = 3

ey

The calculated values of Q. in YLF crystals with var-
ious Tm3*-doping concentrations, which are sensitive to the
environment of the rare-earth ions, are listed in Table 2. It can
be seen that, when the doping concentration exceeds a certain
value, ¢ tends toward a fixed value, which indicates that the
ligand field among ions is relatively constant. As an important
parameter for determining the laser characteristics of a mate-
rial, the radiative lifetime is defined as

T=1/Y A(J =T, @
Jl

where A(J — J') is the total transition rate between a certain
state and the final J' state, the mean transition rate is deter-
mined by A = (245 +Az)/3, and the specific calculation de-
tails are based on Ref. [11]. Referring to Table 2, the aver-
age radiative lifetime of the 3F4 manifold given by J-O theory
decreases rapidly as the doping concentration changes from
0.49 mol% to 3.49 mol%.

Table 2. Intensity parameters and average radiative lifetimes of the 3F,; manifold for YLF crystals doped with different Tm3* concen-

trations, calculated from the absorption spectra (7 and o spectra).

Doping conc./mol% N/10%° (ions/cm?) /10720 ¢cm—2 Q4/10720 ¢cm—2 Q6/10720 cm—2 Trad/mS
0.49 1.22 1.28 0.94 0.86 12.544
0.78 1.95 1.32 1.04 0.56 12.371
1.28 3.17 1.38 1.06 0.54 12.06
1.75 4.46 1.40 1.08 0.54 11.872
3.49 8.79 1.14 1.38 0.54 11.343

3.3. Fluorescence emission spectrum

Figure 4 shows the fluorescence emission spectra of
Tm:YLF for various doping concentrations in a range of
1300 nm-2100 nm under excitation of an 808 nm LD. For
the Tm-doped YLF crystals, there are two groups of emis-
sion peaks around 1470 nm and 1800 nm corresponding to
the Hy —3F4 and 3F, —3Hs, respectively, which are indi-
cated in the energy transfer mechanism of Tm>" in Fig. 5.
From Fig. 4, we can see that there is a broad fluorescence
spectral band around 1800 nm and it is more suitable for con-
tinuous tuning and emitting a shorter pulse. As illustrated
by Fig. 4, there is a very eminent effect of the Tm-doping
level on fluorescence emission performance. It is noted that
the fluorescence intensity at 1.8 wm constantly strengthens
as Tm>*-doping concentration increases from 0.29 mol% to

1.28 mol%; conversely, the fluorescence intensity at 1.47 um
declines continuously. As concentration is further increased
to 1.75 mol% and 3.49 mol% separately, the corresponding
fluorescence emission intensity decreases rapidly. Obviously,
we can obtain the maximum fluorescence intensity at 1.8 pm.
In order to see more clearly the fluorescence intensity change
trend at 1800 nm, where the fluorescence spectrum extends
more broadly, the relationship between the calculated nor-
malized integral values of emission intensity from 1600 nm
to 2000 nm and doping molar concentration of Tm>* is in-
serted in Fig. 4. When the molar concentration of Tm3* is
1.28 mol%, the integral value reaches a maximum, which is

stronger than those for the cases of 0.78 mol% and 1.75 mol%.
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Fig. 4. (color online) Fluorescence emission spectra of Tm:YLF for
various doping concentrations under the excitation of an 808 nm LD.
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Fig. 5. (color online) Energy transfer mechanism and cross-relaxation
process of Tm3*.

The stronger intensity at 1.8 um is due to the intense
cross relaxation between Tm>* :3 Fy, 3F; —3 Hg, 3Hy. Fig-
ure 5 displays the energy transfer mechanism and cross relax-
ation process of Tm>*. As is well known, the energy gap of
3Hy —3F, is very close to that of 3, —3Hg. Pumped by an
808 nm LD, one excited Tm ion in the 3H4 state decays to the
3F4 manifold by transferring energy to a nearby ground state
Tm3*, and this ion is excited to the 3F4 state as well in the
meantime. As a result, two Tm ions are excited to the 3Fy4
manifold. Hence, it is possible for the quantum efficiency of
Tm>* to reach 200%. Cross relaxation is closely linked to
the distance between ions,[!?] and this phenomenon is not ob-
vious at lower concentrations. With increasing doping level,
the distance between the ions decreases gradually and, corre-
spondingly, the resonance transmission effect of neighboring
Tm3* ions occurs more strongly, thereby increasing the lu-
minous intensity of 1.8 um. However, when the thulium ion
concentration is higher than a certain threshold, the probabil-
ity of energy transfer to the quenching center increases signif-
icantly, which results in the fluorescence quenching effect. It

can be seen from Fig. 4 that, when the concentration reaches
1.75 mol% (4.46x 10% ions/cm?), the quenching effect can be
observed markedly. After the doping level is further increased
to 3.49 mol% (8.79x 10%° ions/cm?), the quenching effect ob-
viously becomes stronger.

3.4. Absorption and emission cross sections

As important spectroscopic parameters for laser perfor-
mance, absorption and emission cross sections are calculated.
According to the measured absorption spectra, the absorption

cross section (Oyps) can be obtained from!!3

Gus(A) = 2.303}\(])1%(10/1) _ %, 3)
where L is the thickness of the sample, log(ly/I) the measured
optical density as a function of wavelength, N the number of
Tm>" ions per volume (ions/cm?), and o the absorption coef-
ficient.

Furthermore, the stimulated emission cross section (Gep )
is defined as the intensity gain of a laser beam per unit of pop-
ulation inversion, which is beneficial to achieving the laser
effect, and it can be calculated by using the Futchbauer—
Ladenburg (FL) equation given in Ref. [14]:

A 1(M)B

Oen(A) = At [AI(A) A

“

where I(A) is the intensity of corrected emission spectrum,
Trad the radiative lifetime calculated by J-O theory, B the flu-
orescence branching ratio (which is equivalent to 1 for the °F;4
manifold of Tm3*), A the wavelength, ¢ the velocity of light,
and n the refractive index of the crystals.

Figure 6 exhibits absorption and emission cross sections
of Tm3*t:3F4 manifold for 1.28 mol% and 3.49 mol% in YLF
crystals. As illustrated, there is an obvious difference in emis-
sion cross section between 1.28 mol% and 3.49 mol%. It is
observed that the 1.28 mol%-doped sample has strong absorp-
tion and emission intensities, and the value of emission cross
section is far higher than the absorption one. There is lit-
tle overlap between emission and absorption cross sections.
This indicates that the emitted light has little self-absorption,
producing relatively strong fluorescence output. However, for
3.49 mol% doping level, the emission intensity is much less
than the absorption one; undoubtedly, the fluorescence inten-
sity decreases rapidly. The maximum values of Gy, are 3.76
%1072 cm? at 1909 nm for 1.28 mol% and 0.92 x 102! cm?
at 1909 nm for 3.49 mol%. We can therefore conclude that
the 1.28 mol%-doped sample has higher cross-relaxation effi-
ciency than the 3.49 mol% one, which is well consistent with
what we have stated above in the cross-relaxation process of
Tm3*. The emission cross sections of various doping concen-
trations of the Tm>*:3F4 manifold are listed in Table 3.
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Fig. 6. (color online) Absorption and emission cross sections of

Tm?*:3F,; manifold in YLF crystals with Tm>* at 1.28 mol% and
3.49 mol%.

3.5. Fluorescence decay curves

Under the excitation at 808 nm, the fluorescence de-
cay curves of the *Hy multiplet at 1.8 um for 0.49 mol%,
0.78 mol%, 1.28 mol%, 1.75 mol%, and 3.49 mol% Tm:YLF
crystals are plotted in Fig. 7. The decay curves of all the Tm
singly doped samples can be satisfactorily described by single
exponential functions within experimental accuracy, and are
also depicted in Fig. 6 in black dashed lines. The curve-fitted
values (g ) of all samples are marked in Fig. 7 for Tm-doped
YLF crystals, and are very close to the values of mean life-
time (Ty) shown in Table 3. The values of average fluores-
cence lifetime 7, of the 3Fy multiplet for both 0.78 mol% and
1.28 mol% are derived to be 17.66 ms and 17.68 ms. This
means that stimulated ions stay in the state for a longer time
and realize the population inversion more easily. The quan-
tum efficiency 7 is given by the following equation:

Tm
= Trad7 (5)
and the values of 1 are 143% and 147% for 0.78 mol% and
1.28 mol%, respectively, and are listed in Table 3. Obviously,
when Tm3* has a higher doping density, instead, the mea-
sured lifetime and quantum efficiency decrease correspond-

ingly. The results are attributed to the concentration quenching

and reverse cross-relaxation energy transfer (*Hg, Hy —> Fy,
3F,) that reduces the quantum efficiency of the system.

Lo @ 1.28 mol%, 7o, = 17.69 ms

b: 0.78 mol%, 7 =17.67 ms
c: 0.49 mol%, 14 =4.83 ms
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Fig. 7. (color online) Fluorescence decay curves and fitted ones for

1.8 um of the *Hy multiplet for Tm3*-doping levels of 0.49 mol%,
0.78 mol%, 1.28 mol%, 1.75 mol%, and 3.49 mol% in YLF crystals.

3.6. Gain coefficient

As a good optical gain medium for laser oscillations, the
gain coefficient (G) is an important parameter, and can be ob-
tained as follows:

G = N" X Oem, (6)
N*=Ng X P X T, @)
G o< O X Tm, (®)

where N* is the number of the population inversion, Ny the
doping concentration of the luminous ions, and P the pump-
ing energy density. From the above expressions, we can con-
clude that the gain factor is proportional to Gem X Ty. Ta-
ble 3 displays the emission cross sections and lifetimes of the
Tm3*:3F; manifold with various concentrations and some rel-
evant research in Tm-doped YLF crystals. As shown in Ta-
ble 3, of all the samples we observed in this study, the LiYF4
crystal singly doped with TmF3 at 1.28 mol% possesses the
highest gain coefficient, and shows good optical characteris-
tics in the senses of the emission cross section and fluores-
cence decay lifetime.

Table 3. Emission cross sections, quantum efficiencies, and lifetimes of Tm3+:3F4 manifold with various concentrations in YLF

crystal hosts.

Doping conc. N/10%0 cm—3 O'em/IO’20 cm™2 Tn/ms Oem Tm/10’20 cm?-ms n Ref.
1.22 0.155 4.80 0.744 0.38 This work
1.95 0.165 17.66 291 143 This work
3.17 0.376 17.68 6.65 1.47 This work
4.46 0.057 1.84 0.10 0.155 This work
8.79 0.092 0.74 0.068 0.065 This work
2.78 0.369 8.447 3.11 / [11]
/ 0.33 11.9 3.927 / [15]
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4. Conclusions

Our experiments demonstrate 1.8-um emissions of Tm3+
singly doped LiYF4 crystals for different doping levels
of 0.49 mol%, 0.78 mol%, 1.28 mol%, 1.75 mol%, and
3.49 mol%, which are fabricated by an improved Bridgman
method. A comparison of the optical spectrum among var-
ious doping concentrations is carried out. The Tm3* dop-
ing concentration for 1.8-um emission is optimized to about
1.28 mol%.
at 1.8 um reaches a maximal value because of the cross-

At this doping level, the emission intensity

relaxation energy transfer (®F4, 3F4 —3 Hg, 3H4) between
Tm>7 ions, and the lifetime is 17.68 ms. The quantum ef-
ficiency of Tm3* in a YLF crystal is estimated to be 147%.
It is expected to be a more suitable candidate host for 2 pm
continuous tuning and emitting a shorter pulse.
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