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Tm3T and Nd3T singly doped LiYF, single crystals with
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Mid-infrared (MIR) emissions of 2.4 and 3.5 pum from Tm3t:LiYFy single crystals attributed to SH, —3H;
and *Hs —3F4 transitions as well as MIR emissions of 4.2, 4.3, and 4.5 pm from Nd®t: LiYF4 lasers at-
tributed to 4115/2 —>4113/274113/2 —>4111/27 and 4111/2 —>419/2 transitions, respectively, are observed. LiYF4
single crystals possess high transmittance of over 85% in the 2.5—6 um range. The large emission cross-
sections of Tm-doped crystals at 2.4 um (1.9x1072° ¢m?) and Nd-doped crystals at 4.2 ym (0.84x1072°
sz) as well as the high rare-earth doping concentrations, excellent optical transmission, and chemical-
physical properties of the resultant samples indicate that Nd** and Tm?®* singly doped crystals may be

promising materials for application in MIR lasers.
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The mid-infrared (MIR) spectral region in the

3—5 pum!2 range is of considerable interest in a large
number of applications, such as in laser remote sensing
of biochemical agents, gas sensors, infrared (IR) coun-
termeasures, medical diagnostics, basic IR spectroscopy,
and free-space communications. MIR light sources in the
range of 3-5 pum may be generally obtained through four
ways. Firstly, the sources may be generated by a MIR
semiconductor laser made of antimonide bandgap semi-
conductor materials, such as AlGaAsSb, InGaAsSbh, and
InAs/(In)GaSbl®l. Secondly, MIR laser outputs may be
achieved using nonlinear frequency conversion technol-
ogy based on ZnGePsy and AgGaSe, crystals®. Thirdly,
a shortwave IR source may be tuned to MIR levels using
frequency conversion technology!®. Finally, rare-earth
doped glass fibers and crystals as well as transition
metal doped II-VI semiconductor materials pumped by
solid-state lasers can emit wavelengths between 3 and
5 pm.

Despite the favorable outputs the aforementioned
methods produce, however, each technique presents cor-
responding technical defects and limitations. Today,
PbS/PbSe semiconductor lasers and quantum cascade
lasers are the only commercially available MIR laser de-
vices. Unfortunately, these devices cannot be applied
in high-temperature cases because they mainly oper-
ate under low-temperature conditions. Researchers have
recently begun to focus on rare-earth ion-doped glass
and crystal IR light-emitting materials!®". To achieve
fluorescence emissions of approximately 3—5 pm in rare-
earth ion-doped materials, the materials must possess low
photon energies to minimize the phonon relaxation rate
and improve the quantum efficiency of MIR transitions.
The material itself must also have good transmission
characteristics in the MIR region so that rare-earth ions
doped in the host matrix can be excited to higher energy
levels.
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Although rare earth ion-doped chalcogenide glass has
potential use in applications requiring 3-5 pm outputs,
few studies discuss outputs in this range because of
difficulties associated with achieving such wavelengths.
Firstly, low rare-earth ion concentrations mean that rare
earth ion-doped chalcogenide glass absorbs the energy
of the pump source with poor efficiency, which hinders
the observation of IR fluorescence phenomena. Secondly,
concentration quenching of the dopants and impurities
(e.g., -OH, -SH, etc.) in chalcogenide glass promotes
nonradiative relaxation. Nonradiative relaxation is a
resonant process that inhibits MIR, fluorescence. Finally,
chalcogenide glass has poor mechanical and thermal
properties; thus, the glass is an unfavorable matrix for
MIR, applications.

LiYF, single crystals have been demonstrated to be
excellent materials for laser matrices. Trivalent rare-
earth elements have ionic radii similar to that of Y3+
in LiYFy single crystals. Rare-earth ion dopants intro-
duced to such crystals can substitute Y371 sites, which
suggests that we can get a higher concentration rare
earth doped LiYF, single crystal than the chalcogenide
glass and that these crystals can absorb the pump energy
fairly effectively. To produce LiYF, single crystals, the
starting chemicals are usually of high purity and treated
with anhydrous HF at 800 °C for 8-10 h to ensure the
complete removal of residual moisture in the fluorides.
LiYF, single crystals have high transmittance in the 3—
5 pm range and surpass chalcogenide glass in terms of
chemical durability and thermal stability. Thus, studies
on MIR lasers can be extended beyond the limitations of
chalcogenide glasses. Rare earth ion-doped LiYF, single
crystals may present a promising material for application
in 3-5 pm MIR light sources.

In this MIR, a modified Bridgman process is applied
to grow Tm- and Nd-doped LiYF4 crystals. The 3-5 um
MIR spectroscopic properties of LiYF, crystals doped
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with Tm3*tand Nd3t are observed during pumping at
808 nm, and the fluorescence emission cross-sections
of peaks in the MIR region were calculated using the
Futchbauer-Ladenburg (FL) equation.

Crystals with molar compositions of 51.5LiF-47.5YF3-
1Re (Re=TmF3, NdF3) were prepared and ground ad-
equately for 1 h in a mortar. The mixtures were then
sintered with anhydrous HF at 800 °C for 8—10 h to
convert the feed material into polycrystalline bars and
complete remove moisture and oxygen impurities in the
fluoride powder[®l. The temperature gradient of the
solid-liquid interface, which is an important parameter
in crystal synthesis, was controlled to 50-60 °C/cm dur-
ing the fabrication of the crystals. Details of the crystal
growth process are described in Refs. [9—11].

Typical crystals grown by the Bridgman method are
shown in Fig. 1. Small pale opaque matter of about
several centimeters in length is observed at the top of
the crystals, corresponding to the final portion of the
melt to freeze, which may be attributed to excess LiF in
the starting materials. The grown crystal was cut into
small pieces along the growth orientation and polished
to approximately 2.5-mm thickness for optical measure-
ments.

The structure of the crystals was investigated by X-ray
diffractometry (XRD) using an XD-98X diffractometer
(XD-3, Beijing, China). The absorption spectrum was
recorded by a U-4100UV/VIS/NIR spectrophotometer.
The excitation beam was obtained from an 808 nm LD.
Fluorescence was recorded by a Triax320 fluorescence
spectrometer, in which InAs and PbSe detectors were
respectively used for the 2.0-3.0 and 3.0-5.0 um ranges.
All of the measurements were conducted at room tem-
perature.

The XRD patterns of the as-grown Tm3*- and Nd3+-
doped crystals along with the standard line pattern of
orthorhombic-phase LiYF, (JCPD Card No. 77-0816)
are shown in Fig. 2. By comparing the peak positions of
LiYF, with those in JCPD 77-0816, the current doping
level may be concluded to cause no obvious peak shifts
or secondary phases.

Figure 3 shows the absorption spectra and absorption

@ TmYIF

Fig. 1. (Color online) Tmages of the Tm**: LiYF, and Nd3*:
LiYFy4 single crystals.
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Fig. 2. (Color online) (a) Standard line pattern of orthorhom-
bic-phase LiYF; (JCPD Card No. 77-0816), (b) XRD pat-
tern of Tm**: LiYF, single crystals, and (c) XRD pattern of
Nd?*: LiYF, single crystals.
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Fig. 3.  Absorption spectra of (a) Tm*T:LiYF4 and (b)
Nd?*T:LiYF, single crystals.
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Fig. 4. (a) IR transmittance spectrum and (b) Raman spec-
trum of LiYF4 single crystals.

coefficients of Tm3*- and Nd3*-doped LiYF 4 single crys-
tals. Absorption bands are labeled for Tm3+ and Nd3+
ions corresponding to transitions from the ground state
to upper states.

Figure 4(a) presents the IR transmittance spectrum of
LiYF, single crystals. The maximum transmittance is
as high as 89%, which suggests that oxide and oxyfluo-
ride compounds are nearly absent in the crystals. High
transmittance is observed at wavelengths of 2700-6000
nm. The emission intensity of rare-earth ions may be re-
duced significantly by residual OH~['%. Thus, the excel-
lent IR transmittance property of LiYF, single crystals
allows their potential application as MIR laser materi-
als without such OH™ caused absorption. Figure 4(b)
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displays the Raman spectrum of LiYF, single crystals.
LiYF, single crystals clearly have very low phonon en-
ergy. The maximum phonon energy is approximately 425
cm ™!, which indicates that LiYF, may be used as a po-
tential material for MIR, emissions.

The MIR emission spectrum of Tm3":LiYF, single
crystals is shown in Fig. 5(a). The emission bands at 2.4
and 3.5 ym in Fig. 5(a) are ascribed to 3Hy —3Hjs and
3Hs —3F, transitions, respectively. Figure 5(b) shows
the energy level of Tm3* and energy transfer mechanism
when the sample is excited by an energy of 808 nm.

Figure 6(a) shows the MIR emissions of Nd*":LiYFy
single crystals. Three emission bands are observed at
4.2, 4.3, and 4.5 pm, corresponding to the transitions
of 4115/2 —’4113/27 4113/2 —>4111/27 and 4111/2 —>419/27 re-
spectively. Figure 6(b) shows the energy-transfer mech-
anism of Nd3*.

The emission cross-sections were calculated using the
FL equation provided in Ref. [12]:

_ A I(N)
o 8mn2Trad [ A (N)AA

Oem ()‘) (1)

where I()\) is the intensity of the corrected emission
spectrum, 7y.q is the radiative lifetime, ¢ is the veloc-
ity of light, and n is the refractive index of the crystals
(1.4466), as taken from Ref. [13]. The calculated emis-
sion cross-sections are summarized in Table 1.

In conclusion, Tm3*- and Nd3*-doped LiYF, sin-
gle crystals are prepared using the Bridgman method.
LiYF, single crystals show high transmittance of over
85% at MIR wavelengths ranging from 2.5 to 6 um and
a low maximum phonon energy of approximately 425
cm~!. MIR emissions of 3.5 pum from Tm3T: LiYF, are
attributed to 2Hs —3F4 transitions, while MIR emissions
of 4.2, 4.3, and 4.5 pm from Nd3*: LiYF, single crystals

209 !
3 =15
=

% 061 c'.uo 1
z 210}
£03} E ;
§ Bor T
20.0F s |2 H
.E m §: -

L L L L y 3
= 2300 _2500° 8600 4000 O°

Wavelength (nm)

Fig. 5. (a) MIR emission spectrum of Tm>":LiYF, single
+

crystals and (b) energy transfer mechanism of Tm3*.
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Fig. 6. (a) MIR emission spectrum of Nd*": LiYF, single
crystals and (b) energy transfer mechanism of Nd**,

Table 1. Emission Wavelengths, Peak Cross-sections,
and Radiative Lifetimes of MIR Transitions of
Tm?3*- and Nd*"-doped LiYF, Single Crystals

Rare-earth A (peak) Trad Oem
Transition (pm) (ms) (x1072% cm ?)
Tm®":*H, —° H; 2.4 0.22014 1.96
Tm*+:*Hs —° Fy 3.5 0.92014 0.91
Nd* 15,5 —* L1z /o 4.2 5.400°) 0.84
Nd* 1130 —* Ti1jo 4.3 7.191°) 0.64
Nd* 1 5 — Ig) s 4.5 21.701%] 0.33

are respectively attributed to ;5,5 —4113/2, “Iy5/0 —*1
11/2, and 4111/2 —>419/2 transitions. These emissions are
observed under LD excitation of 808 nm. The crystals
feature high rare earth element-doping concentrations
and excellent chemical-physical properties; thus, these
crystals have great application potential in 3-5 pm mid-
emission lasers.
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