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a b s t r a c t

The bulk crystals of LiTm(WO4)2 with dimensions up to 10� 15� 3mm have been obtained for the first
time. Crystals of the compound melts congruently at 1007 �C, however melt crystallization of high
quality crystal is impossible due to phase transition at ~920 �C. The top seeded solution method from
Li2WO4-WO3 flux was successfully applied reducing the growth temperature below 900 �C. According to
single crystal x-ray measurements, the crystal corresponds to the P2/n space group. Raman, lumines-
cence and transmission spectra reveal optical features owing to the presence of thulium ions, and
therefore the materials could be further studied in the scope of laser and luminescence applications.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Much attention has been given in recent years to the study of
tungstates, especially those containing rare earth elements. Crystal
tungstates were shown to be promising for a variety of laser [1,2],
scintillator [3] and phosphor [4,5] applications. Single crystals of
double tungstates of rare-earth and alkali elements are of special
interest in laser industry. In potassium-containing matrices, for
example, the active dopant concentration may be quite high
without substantial fluorescence quenching because the inter-ion
distance is large. For instance, Yb-doped potassium-yttrium
(KYW) and -gadolinium (KGW) crystals are the main compact
media to generate ~1 mm fs pulses [6]. Another promising host of Yb
and Tm active ions is K-Lu double tungstate (KLuW) [7]. These KYW,
KGW and KLuW materials crystallize in KY(WO4)2 structural type
(space group C2/c). In contrast, sodium based rare earth tungstates
which may also effectively host Yb, crystallize in scheelite struc-
tural type (space group I41/a) with disordered mono- and trivalent
cations. The latter results in broadened absorption and fluorescence
bandwidth [8]. The compounds like NaY(WO4)2 and NaGd(WO4)2
ave., 3, Novosibirsk 630090,
melt congruently, and thus may be grown to large crystal sizes by
the Czochralski method [9].

Lithium has the smallest radius in the alkali metal series, which
results in further structural changes for lithium-based double
tungstates. According to the review of Klevtsov and Klevtsova [10],
the scheelite-type I41/a structure is stable only as a high-
temperature a-modification of all LiLn(WO4)2 compounds. At in-
termediate temperatures, monoclinic b-modification (space group
P2/n) becomes stable for Ln¼ Tb…Lu. At low temperature, com-
pounds with Ln¼ Eu…Lu crystallize in monoclinic g-modification
(space group P2/c), whereas those with Ln¼ La…Sm adopt the
triclinic P1 structure [11]. Bothmonoclinic b and gmodifications are
closely related to wolframite structure based on the zigzag chains of
edge-shared octahedra. In the b modification there are two types of
these chains: one built from WO6 octahedra, and the other from
alternating LiO6 and LnO6 octahedra. In contrast, in the low-
temperature g modification all cations form separate chains. The b
modification (P2/n) is often referred as ‘LiYb(WO4)2 structural type’;
the g modification (P2/c) corresponds to the NaIn(WO4)2 structural
type. We should also note a potentially confusing observation that
both b and gmodifications have the same space group, namely P2/c
(#13), but non-conventional setting P2/n is used in the case of b
modification to obtain a more orthogonal unit cell.

Use of the rare earth element thulium (Tm) can improve the
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operation of functional materials. Thulium can be substituted for
unstable europium ion (Eu2þ) and provides an excellent luminescent
activator in the blue spectral range due to 1D2/

3F4 transition at
~450 nm [12]. Blue phosphorescence can bemodified with elements
that emit red and green wavelengths and provides white light from
UV LED chip [13,14]. The electron transition 3F4/3H6 in Tm is used
for laser generation in the two-micron range [15]. This wavelength is
much safer for eyes than that below 1.5 mm and may be used to
improve laser safety in many applications such as lidar, surgery and
air data transferring. Finally, Tm excitation is typically produced at
700e1100 nm with commercial InGaAs and AlGaAs diodes.

Use of tiny diodes sources can pave the way to compact chip
lasers. Recently a highly efficient waveguide Tm-laser was
demonstrated [16] where the active layer was grown on undoped
substrate using a high temperature solution liquid phase epitaxy.

Crystals of the LiLn(WO4)2 family have been previously syn-
thesized and characterized for laser applications [17e21]. However,
no data exist on the LiTm tungstate except the early X-ray powder
data [10,22,23]. In this work, we describe conditions needed to
grow crystals of LiTm(WO4)2 (LTW) and report its structural and
optical properties. The obtained results on high Tm concentration
compound LTW could be interesting for both phosphor and laser
applications.
2. Experimental

Dehydrated Tm(NO3)3 (99.99%), WO3 (99.99%), and Li2CO3
(99.999%) were used as starting reagents for the synthesis by solid-
state reaction. After weighing out according to proportion
0,5 Tm(NO3)3þ 0,5 Li2CO3þ 2WO3, themixturewas heated in air at
550 �C in a platinum crucible and kept at this temperature for 1 day.

Single crystal growth using Li2WO4-WO3 flux was carried out by
the top seeded solution method. A platinum crucible with a
Fig. 1. XRD patterns and results of Rietveld analysis for LiTm(WO4)2 sample (a) Synthesized a
pattern e in green, and difference curve e in cyan. Strokes mark positions of reflections. (c)
figure legend, the reader is referred to the Web version of this article.)
diameter of 60mm and 80mm of height was used, and the crucible
was coveredwith a cap to decrease volatilization of the components.
Crystal growth was encouraged by controlling the cooling rate and
seed rotating speed at 0.5e0.7 deg/day and 1.2e2 rpm, respectively.
After 2e4 weeks of growth, the crystal was cooled at a rate of 15
deg/hour. Thermal properties under N2 gas flow were investigated
by differential thermal analysis (DTA) using a NETZSCH STA 449F3
thermal analyzer. The heating/cooling rate was 15 �C/min.

A single-crystal X-ray diffraction experiment was performed at
STOE IPDS-2T diffractometer equipped with a Mo source (graphite
monochromator) and IP detector. The collected data were handled
in CrysAlisPro software using ESPERANTO protocol [24]. The
SHELX-2014 software [25] in WinGX suite [26] was used for
structure solution and refinement. The powder polycrystalline
sample was studied on the ARL X’TRA Bragg-Brentano diffractom-
eter using CuKa radiation. The diffraction datawere analyzed by the
Rietveld method using GSAS-II software [27].

Vis- and IR absorption spectra of the sample were recorded
using a Cary 100 spectrometer, Varian (operation range
200e900 nm, spectral resolution of 1 nm) and a FTIR spectrometer
Tenzor 27, Bruker (375-7000 cm�1, spectral resolution 4 cm�1).
Fluorescence was recorded by CM2203, SOLAR. Raman spectra
were analyzed using a Renishaw InVia spectrometer with excita-
tion sources at 532 and 785 nm. All optical measurements were
carried out at room temperature and with unpolarized light.
3. Result and discussion

A review of previously published data [28] indicates that
LiTm(WO4)2 melts at 1007�С and demonstrates polymorphic
transitions a-I41/a / b-P2/n / g-P2/c at 976�С and 840�С,
respectively. However, the powder diffraction pattern of the sample
synthesized at 500�С (Fig. 1a) belongs to the b-modification of
t 500 �C; (b) Quenched from 1100 �C. Experimental pattern is shown in blue, calculated
Crystal structure of LiTm(WO4)2. (For interpretation of the references to colour in this
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LiTm(WO4)2, which was confirmed by Rietveld refinement on the
basis of the structural model obtained from a single-crystal
diffraction experiment (see below). Thermal analysis of the sam-
ple showed one endothermic effect of melting at 1007�С upon
heating, and two exo-peaks at 1000 �C and 920�С upon cooling
(Fig. 2).

In order to assess the potential for incongruent melting of LTW,
the sample was heated to 1100 �C and then rapidly cooled to room
temperature. The Rietveld analysis revealed that the quenched
sample represents a mixture of tetragonal a and monoclinic b
modifications in proportion 1:3 (Fig. 1b). Herewith, the compound
most likely melts congruently and the second peak at the cooling
stage corresponds to the structural transformation from tetragonal
Fig. 2. DSC curve of synthesized LiTm(WO4)2.

Fig. 3. Solubility curve of LiTm(WO4)2 in 0.45Li2WO4þ0.55WO3 flux.

Fig. 4. LiTm(WO4)2 crystals: (a) spontaneously grown druse; (b) ag
to monoclinic b phase. Thus, it is necessary to use a melt-solution to
lower the crystallization process below the phase transition
temperature.

Solubility of LTW was studied in Li2WO4-WO3 flux, using a
modified visual polythermic technique [29]. The flux was chosen as
eutectic composition 0.45Li2WO4þ0.55WO3 with the melting
temperature of 744�С. Results show that LTW has a wide region of
primary crystallization in the flux (Fig. 3). The flux could be also
favorable for the growth of other tungstate crystals.

The first growth run, using a platinum wire, resulted in a druse
with plate-like grains about 0.5mm thick (Fig. 4a). Because of
intensive evaporation all the experiments were conducted at LTW
concentration <30% by weight. The plates were then used for a
seeded growth experiment but no monocrystal was obtained. All
experiments led to a polycrystalline aggregate of parallel plates.
This phenomenon may be the result of crystal splitting due to
obstruction of crystallization front by flux components. The size of
the plates was sufficiently increased by applying seed rotation
during growth. As a result, transparent grains with the dimensions
up to 10� 15� 3mm were obtained (Fig. 4c).

Single-crystal X-ray diffraction was performed on a high quality
single crystal of 0.04� 0.06� 0.19mm3 selected under a polarizing
microscope. The details of data collection and structure refinement
are summarized in Table 1. All structural data are listed in Table 2.
Table 3 summarizes the interatomic distances. Note that we used
the recommended non-conventional P2/n setting for the P2/c space
group to avoid too oblique b angle.
gregate of parallel plates grown on seed; (c) transparent grain.

Table 1
Parameters of single-crystal data collection and structure refinement.

Formula LiTm(WO4)2
Formula weight 671.57
Space group P 2/n (No. 13) P 2/c (No.13)a

a(Å) 4.99159(1) 9.9207(2)
b(Å) 5.78366(1) 5.7837(1)
c (Å) 9.92072(2) 10.8124(2)
В (⁰) 93.72180(2) 152.569(6)
V (Å3) 285.806(10) 285.806(10)
Calculated density (g/cm3) 7.804
Absorption coefficient (mm�1) 55.536
F(000) 568
q range (⁰) 2.0571e29.5565
hkl limits �6<h< 6, �8<k< 8, �13< l < 13
Measured reflections 8229
Unique reflections 796
Reflection with I> 2d(I) 783
Rint 0.0833
Refined parameters 54
R factor (I> 2d(I)) R1¼ 0.0354 wR2¼ 0.1046
R factor (all data) R1¼ 0.0360 wR2¼ 0.1054
Residual electron density(e/Å3) Max¼ 5.942min �3.951 av¼ 0.763

a Parameters for P2/c structure are presented for comparison.



Table 2
Positional parameters of LiTm(WO4)2 structure.

Atom Wyckoff x y z Ueq

Li 2f 0.250000 �0.774(6) �0.250000 0.021(6)
Tm 2e 0.250000 0.19809(9) �0.750000 0.0095(2)
W 4g 0.224876(6) �0.31831(6) �0.51622(4) 0.0071(2)
O1 4g 0.093(12) �0.1237(11) �0.6353(6) 0.008(1)
O2 4g 0.3939(12) �0.125(1) �0.3901(6) 0.010(1)
O3 4g 0.4675(12) �0.5861(11) �0.3867(6) 0.011(1)
O4 4g 0.0513(12) �0.6077(12) �0.5961(6) 0.0095(11)

Atom U11 U22 U33 U23 U13 U12

Tm 0.0125(3) 0.0093(3) 0.0070(3) 0 0.0023(2) 0
W 0.0066(2) 0.0077(3) 0.0071(3) 0.00064(1) 0.0008(1) 0.00024(8)
O1 0.011(3) 0.004(3) 0.010(3) 0.002(2) �0.002(2) �0.002(2)
O2 0.01(3) 0.010(3) 0.010(3) �0.002(2) 0.001(2) �0.002(2)
O3 0.011(2) 0.009(3) 0.013(2) 0.0014(2) 0.002(2) 0.004(2)
O4 0.011(2) 0.007(3) 0.011(3) 0.002(2) 0.003(2) �0.001(2)

Table 3
Principal interatomic distances.

Atoms Distance/Å

Li-O1 (�2) 2.079(11)
Li-O2 (�2) 2.59(2)
Li-O3 (�2) 2.10(2)
Li-O Av. 2.25
W-O1 1.774(6)
W-O2 1.795(6)
W-O3 1.848(6)
W-O4 1.971(6)
W-O4(�1) 2.073(6)
W-O3(�1) 2.249(6)
W-O Av. 1.951
Tm-O4(�2) 2.184(6)
Tm-O2(�2) 2.224(6)
Tm-O1(�2) 2.342(6)
Tm-O Av. 2.25

Fig. 5. Absorption spectrum of LiTm(WO4)2.

Fig. 6. Fluorescence spe
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The refined structure corresponds to the LiYb(WO4)2 structural
type. This structural type is closely related to wolframite and is
based on a zigzag chain of edge-shared octahedra. The chains of the
first type are built fromWO6 octahedra, whereas those of the second
type, from alternating LiO6 and TmO6 octahedra; each type of chains
occupies a separate layer perpendicular to the c axis (Fig. 1c).

The absorption spectrum of LTW crystal plate is presented in
Fig. 5. The short-wavelength absorption edge is positioned at
~300 nm, while in the range of 350e2000 nm there are six ab-
sorption bands corresponded with transitions of Tm3þ ion from
ground 3H6 state to 1D2, 1G4, 3F3, 3H4, 3H5, and 3F4. Both the struc-
ture and intensity of the bands may vary depending on the thulium
embedded matrix [30e33]. A wavelength range after 5 mm consists
of vibrational absorption from the ground 3H6 state.

Depending on the excitation wavelength, the crystal shows
specific fluorescence of Tm3þ with the most intensive lines at
~450 nm (1D2/

3F4) and ~800 nm (3H4/
3H6) [28] (Fig. 6a and b). A
ctra of LiTm(WO4)2.



Fig. 7. Raman spectrum of LiTm(WO4)2.
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weak transition 1G4/
3F4 [34] was observed at ~645 nm (Fig. 6c).

Excitation to 1D2 state induces fluorescence of the three above
mentioned transitions, while the 1G4/

3F4 and 3H4/
3H6 transi-

tions are observed for excitation to 1G4 state. These states likely
interact through relaxation processes. One of the specific thulium
fluorescence line (3F4/3H6 transition) in the range of 1.6e2.1 mm
[30] is not shown. Apart from the Tm fluorescence, the excitation to
total absorption band (below 300 nm) results in low intensity
emission in the 360e460 nm range (Fig. 6d), which is likely to be a
defect related luminescence.

The use of excitation source at 785 nm coincides with the ab-
sorption band of 3H4 state, so that intensive emission at 810 nm
(Fig. 6b) instead of Raman spectrum was obtained. The 532 nm
radiation source was used to record the Raman spectrum shown in
Fig. 7. According to Ref. [35], major intensities in the spectra are
likely due the chains of distorted WO6 octahedra. Raman bands
between 490 and 710 cm�1 are likely to result from W2O2 bridge
system vibrations. Stretching and bending modes of WO6 are
located at higher and lower frequencies, respectively.

4. Conclusions

In this work a novel crystal of LiTm(WO4)2 was synthesized
using solid state reaction and characterized using optical methods
for the first time. Tm ions demonstrated classical electron transi-
tions and, thus, the materials could be further studied in the scope
of laser and luminescence applications. The compound is likely to
melt congruently, however Czochralski growth method cannot be
applied due to a phase transition. Flux growth could be adopted for
epitaxial growth of active layers for micro-laser applications.
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