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Abstract Crystal with composition Li2Zn2(MoO4)3 doped with 0.7 at.% Yb 
(Yb:LiZnMo), with high optical quality and few cm long is grown from the 
flux using Li2MoO4 as a solvent. Yb:LiZnMo is orthorombic (sp. gr. Pnma, a 
= 5.0843 Å, b = 10.4927 Å, c = 17.6742 Å, Z = 4). Polarized Raman spectra 
are studied for this crystal; the most intense band is observed at 898 cm-1. The 
absorption, stimulated-emission and gain cross-sections of Yb3+ ions are de-
termined for the principal light polarizations, E || a, b, c. The maximum σSE = 
6.6×10-21 cm2 at 1011 nm for E || b. The gain bandwidth for Yb:LiZnMo is up 
to ~50 nm. The radiative lifetime of the Yb3+ ions is 1.55 ms. The Yb:LiZnMo 
crystals are very promising for broadly tunable lasers. 
 
Keywords: molybdate crystals, ytterbium, laser materials, stimulated-
emission, Raman spectra. 
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1. Introduction 
Ytterbium (Yb3+) ions are attractive for the development of efficient lasers emitting at 

~1 µm due to the 2F5/2 → 2F7/2 transition. They possess a simple energy-level scheme exempt 
of excited-state absorption (ESA) and upconversion (UC), thus leading to weak heat loading, 
they can be pumped at 0.94-0.98 µm by commercial and powerful InGaAs laser diodes re-
sulting in high laser efficiency and offer a certain tuning of the laser emission wavelength. 
When embedded in low-symmetry [1] or disordered [2] crystals, Yb3+ ions can provide addi-
tional benefits arising from the broadening of their absorption and emission spectral bands. 
This effect is relevant, e.g., for broadly tunable [3,4] or mode-locked (ML) lasers [5-8] capa-
ble of generating sub-100 fs pulses. 

Complex tungstate and molybdate crystals are well-known hosts for Yb3+ doping. The 
most prominent examples are monoclinic double tungstates (DTs), KRE(WO4)2 [1], and te-
tragonal scheelite-like DTs [2,9] and double molybdates [10] (DMos), ARE(XO4)2 (A = Na 
or Li, X = W or Mo), where RE3+ is a rare-earth element. Monoclinic DTs offer a higher Yb3+ 
doping levels possibility [11], better thermal properties [12] and stronger anisotropy of the 
transition cross-sections [13,14] which determine their use in power-scalable continuous-
wave (CW) [15,16], passively Q-switched (PQS) [17] and especially ML lasers [5-8,18]. Te-
tragonal Yb3+-doped DTs and DMos feature broader spectral bands due to their locally disor-
dered structure [2,10]. 

Besides tetragonal DMos, there are many complex molybdates of different crystal class. 
For example, there exist orthorhombic lithium metal triple molybdates with chemical formula 
Li2M2(MoO4)3 (shortly LiMMo), where M2+ = Mg, Zn, Mn, Ni, or Co [19]. To date, the stud-
ies of the LiMMo single-crystals focused mostly on their possible applications as scintillators 
[20] and hosts for transition-metal ions, e.g. Co2+ [21,22]. It was shown that it is possible to 
grow large-volume LiMMo crystals of good optical quality. The lyonsite-type structure [19] 
of these materials was refined [21,23] and the elastic properties are also known [24]. Recent-
ly, the authors of [25] prepared powders of powdered Eu:LiZnMo via the solid-state reaction 
method showing an intense red luminescence from Eu3+. Later on, a LiMgMo single-crystal 
doped with Eu3+ was grown [26]. Using Eu3+ as a structural probe, it was argued that the rare-
earth ions accommodate in a single type of site. 

In the present work, we aimed to grow and study the spectroscopic properties of Yb3+-
doped LiZnMo single-crystal as a promising laser material, for the first time, to the best of 
our knowledge. 

 
2. Crystal growth and structure 
2.1 Crystal growth 
The Li2Zn2(MoO4)3 compound melts incongruently at 885 °C and during the melting, it 

is partially decomposed: Li2Zn2(MoO4)3 → Li2MoO4 + 2ZnMoO4. Thus, it cannot be grown 
by the conventional Czochralski method. In the present work, Yb3+-doped LiZnMo crystals 
were grown from the flux using [010]-oriented (±1°) undoped LiZnMo seeds with dimen-
sions 5 × 5 × 25 mm3. Lithium molybdate Li2MoO4 was used as a solvent. The solubility C of 
LiZnMo in Li2MoO4 decreases from ~95 to 50 mol% with a decrease of temperature T from 
~875 to 845 °C according to the equation С = –0.0086Т2 + 1.9929Т + 765.39 (C is in mol% 
and T is in °C) [27]. First, the Li2MoO4 solvent was prepared and then the Li2CO3, ZnO, 
MoO3 and Yb2O3 reagents (3-4N purity) were added with an excess of Li2CO3 and MoO3 (5-
15 mol%) over the stoichiometry. The concentration of Yb3+ in the growth charge was 2 or 
10 at.% (with respect to the Zn2+ content). 

For the crystal growth, a Pt crucible (diameter: 70 mm, height: 120 mm) was used. It 
was covered by a Pt lid with a small hole. The solution (Li2Zn2(MoO4)3 – 5-15 mol% 
Li2MoO4) was heated at ~20-30 °C above the equilibrium temperature and homogenized with 
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a Pt stirrer for 1-2 h. Then, it was cooled down to 880 °C and the seed (rotating at 12 
rev/min) was put in contact to the solution surface. The growth was performed under low 
thermal gradients (< 1 °C/cm). During the growth, the temperature was controlled and de-
creased for 10-15 °C with a precision of 0.1 °C, the pulling rate was 1.5-5 mm/day and the 
rotation speed was 10-20 rev/min. The crystallization rate was ~0.3-10 g/day. The crystal 
weight was 150-200 g. When the growth was completed, the crystal was carefully removed 
from the flux and slowly cooled to room temperature (RT) at a cooling rate of 30 °C/h. No 
annealing of the grown crystals was applied. A photograph of the as-grown 2 at.% (nominal) 
Yb:LiZnMo is shown in figure 1. It was transparent, crack- and inclusion-free and had a 
slight brown coloration. For 10 at.% (nominal) Yb3+ doping, the as-grown crystal contained 
numerous inclusions oriented along the [100] axis.  

 
2.2 Crystal structure 
The crystal structure and phase purity of the grown Yb:LiZnMo crystals were con-

firmed with X-ray powder diffraction (XRD). The XRD measurements were performed using 
a Shimadzu XRD-6000 diffractometer, Cu Kα radiation with a Ni filter. The obtained XRD 
pattern for the 2 at.% (nominal) Yb:LiZnMo crystal is shown in figure 2 and compared with 
that of the parent compound - Li3Fe(MoO4)3 (ICCD card 01-072-0754) [28]. The grown 
Yb:LiZnMo crystals are orthorhombic (point group: mmm, space group: D2h

16 - Pnma (No. 
62)). The determined lattice constants are а = 5.0843 Å, b = 10.4927 Å‚ с = 17.6742 Å, Z = 
4, the unit-cell volume V = 942.89 Å3, and the calculated density ρ = 4.22 g/cm3 (for 2 at.% 
(nominal) Yb3+ doping) They are relatively close to those for undoped LiZnMo with a stoi-
chiometric composition, а = 5.1139 Å, b = 10.4926 Å‚ с = 17.645 Å [29]. 

The habit of the as-grown boule of Yb:LiZnMo is schematically represented in figure 3. 
The bottom part of the boule is formed by the (010) pinacoid surrounded by (011) and (013) 
prismatic faces. The density of dislocations on the (010) plane measured after etching with 
10% HCl is ~4×102 cm-2. The boule cross-section extends along the [100] axis. The central 
part of the boule is formed by the (001) pinacoids and (110) prisms.  

The fragment of the LiZnMo structure in projection on the b-c plane is shown in fig-
ure 4. The LiZnMo crystal belongs to the vanadate mineral lyonsite Cu3Fe4(VO4)6 structural 
type. The Mo6+ cations occupy tetrahedral sites. The lower oxidation-state cations Li+, Zn2+ 
occupy three different low-symmetry sites forming chains of octahedral polyhedrons (A(1) 
site), face-sharing highly distorted octahedrons (A(2) site) and edge-sharing trigonal prisms 
(A(3) site). According to our previous study of an isostructural LiMgMo crystal doped with 
Eu3+ ions serving as a structural probe, the rare-earth dopants will replace the Zn2+ ions in a 
single type of site, A(3) [26]. This process will be accompanied by a cationic redistribution 
over the A sites to maintain the charge compensation. The A–O distances for the A(3) site is 
1.95-2.25 Å and in the chains formed by trigonal prisms, the interionic distance A–A is ~2.78 
Å, as calculated from the Rietveld refinement data. In the LiZnMo structure, the isolated 
[MoO4]2- tetrahedrons are linked by AO6 chains creating a tunnel-like hexagonal structure, 
figure 4. The surrounding of the hexagonal “tunnel” consist of chains formed by the A(1) oc-
tahedrons and edge-sharing A(3) trigonal prisms, and the face-sharing A(2) octahedral poly-
hedrons pass through the center of this “tunnel”. 

The concentration of Yb3+ ions in the grown crystals was determined by Energy-
Dispersive X-ray (EDX) spectroscopy using an Electron Scanning Environmental Micro-
scope (ESEM) equipped with an Inca microanalyzer (Oxford Instruments) to be 0.7±0.2 at.% 
and 3.6±0.2 at.% for the nominal doping levels of 2 and 10 at.% Yb (NYb = 0.60 and 3.1×10-

20 cm2, respectively). Thus, the segregation coefficient for the Yb3+ ions in LiZnMo, KRE = 
Ncrystal/Nsolution ~ 0.35±0.02. This low value is attributed to the difference of the ionic radii for 
Zn2+ (0.74 Å for VI-fold O2--coordination), Li+ (0.76 Å) and Yb3+ (0.868 Å). 
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3. Raman spectroscopy 
The Raman spectra were measured in polarized light using a Renishaw inVia confocal 

Raman microscope with a x50 Leica objective. The excitation wavelength λexc was 514 nm 
(Ar+ laser) and an edge filter was used. A polished 0.7 at.% Yb:LiZnMo sample cut along the 
growth direction (b-axis) was used. The spectra corresponded to the configurations b(aa)b, 
b(ac)b and b(cc)b, see figure 5. 

The Raman spectra of Yb:LiZnMo are strongly polarized. The observed Raman bands 
can be classified into three groups of vibrations [26]: (i) translational and rotational modes of 
the MoO4 tetrahedrons and Li/Zn – O external modes at < 300 cm-1; (ii) symmetric and 
asymmetric O – Mo – O bending vibrations at 300 – 450 cm-1; (iii) Mo – O stretching modes 
at 750-850 cm-1 (asymmetric) and at 850-1000 cm-1 (symmetric). The most intense band con-
sists of two closely located peaks centered at 898 and 912 cm-1 attributed to the ν1 mode of 
the [MoO4]2- tetrahedrons (non-degenerated symmetric stretching); the full width at half max-
imum (FWHM) of these peaks is 26 and 17 cm-1, respectively. 

 
4. Optical spectroscopy 
The orthorhombic LiZnMo crystal is optically biaxial. Consequently, the optical indica-

trix axes coincide with the a, b, c crystallographic ones [30] while their exact assignment is 
still unknown. In [20], the refractive index of undoped LiZnMo was measured to be ~1.97 at 
579 nm and the birefringence was determined to be ~0.02. 

The absorption spectra of the 0.7 at.% Yb:LiZnMo crystal were measured with polar-
ized light (E || a, b, c) using a Varian CARY 5000 spectrophotometer. The absorption cross-
sections, σabs, were calculated as αabs/NYb, where αabs is the absorption coefficient and NYb = 
0.60×1020 cm-3 (0.7 at.%). The results are shown in figure 6(a). The Yb:LiZnMo crystal ex-
hibits a strong anisotropy of the spectroscopic properties. The maximum σabs = 11.1×10-19 
cm2 at 972.6 nm for light polarization E || a. The corresponding FWHM of the absorption 
peak is 7.3 nm. For E || b and E || c, the peak σabs are lower, 5.5 and 5.1×10-19 cm2, respective-
ly. These values are lower than those for Yb3+-doped tetragonal DMos, NaLa(MoO4)2 (NaL-
aMo) and LiLa(MoO4)2 (LiLaMo), namely 2.1 and 1.9×10-20 cm2 at 976 nm for E || c, respec-
tively [10, 31]. A broad absorption band for Yb:LiZnMo relaxes the effect of the temperature 
drift of a laser diode wavelength in the pumping process for the realization of a diode-
pumped solid-state laser (DPSSL). Physically, it is attributed to the distortion of the crystal 
field due to the large difference of ionic radii for Zn2+ and Yb3+. 

The luminescence spectra were measured with polarized light using a lock-in amplifier 
(Stanford Research Systems, model SR810), a monochromator MDR-23 and an InGaAs PIN 
photodiode (Hamamatsu, model G5851). The excitation was from an InGaAs laser diode 
emitting at 940 nm. The stimulated-emission (SE) cross-sections were calculated from the 
measured luminescence spectra using the Füchtbauer–Ladenburg (F-L) equation [32] adopted 
for biaxial crystals [33]: 
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Here, i = a, b, c indicates the light polarization, σ(i)
SE are the SE cross-sections for the i-th po-

larization, λ is the light wavelength, n = 1.93 is the mean refractive index of the crystal at ~1 
µm (as estimated from the dispersion [20]), c is the speed of light, τrad = 1.55 ms is the radia-
tive lifetime of the emitting state (the 2F5/2 state of Yb3+, see below), Wi(λ) is the lumines-
cence spectrum for the i-th polarization. The results are shown in figure 6(b). 

The maximum σSE = 8.2×10-19 cm2 at 982.9 nm for light polarization E || a. However, as 
Yb3+ represents a quasi-three-level laser scheme, the laser operation is expected at longer 
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wavelengths than the zero-phonon-line (ZPL, EZPL = 10176 cm-1 (982.7 nm) for 
Yb:LiZnMo). In this case, the largest σSE = 6.6×10-21 cm2 is observed at 1011 nm for E || b. 
This is lower than for tetragonal DMos, Yb:NaLaMo and Yb:LiLaMo, 2.6×10-20 cm2 at 
~1000 nm and 1.5×10-20 cm2 at ~1011 nm for E || c, respectively [10,31]. 

Considering the quasi-three-level nature of the Yb3+ laser, the gain cross-sections, σg = 
βσSE – (1 – β)σabs, where β = N2(2F5/2)/NYb is the inversion ratio, were calculated for the 
Yb:LiZnMo crystal for the high-gain light polarizations E || a and b, figure 7. The gain band-
width (FWHM) is ~51 nm and 30 nm for the two polarizations, respectively (for β = 0.3). 
Such a broad gain spectra for the Yb:LiZnMo crystal make it very promising for broadly tun-
able lasers with a potential tuning range of >90 nm and for mode-locked lasers generating 
sub-100 fs pulses. The determined gain bandwidths for Yb:LiZnMo are broader than for te-
tragonal DMo, Yb:NaLaMo (~41 nm) [10]. 

To measure the luminescence decay, we used a ns optical parametric oscillator Lotis 
TII LT-2214 tuned to 972 nm as an excitation source and a monochromator MDR-12, the 
same photodiode (response time, <100 ns) and a 500 MHz Textronix TDS-3052B digital os-
cilloscope as a detection system. To avoid the radiation trapping effects, the crystal sample 
was finely powdered and immersed in glycerin with a powder/solvent ratio varying from 10 
to 70 wt.%.  

The 0.7 at.% Yb-doped crystal did not show any notable dependence of the measured 
decay curve on the powder/solvent ratio, the typical decay curve plotted in a semi-log scale is 
shown in figure 8. It is clearly linear supporting the previous conclusion about a single type 
of site for Yb3+ ions and the characteristic decay time τexp is 1.55 ms. For the 3.6 at.% Yb-
doped crystal, τexp = 1.86 ms for the bulk crystal and it decreased to ~1.55 ms for pow-
der/solvent ratios < 30 wt.%. 

For Yb3+ ions, one can estimate the radiative lifetime with the modified reciprocity 
method adopted for biaxial crystals [34]: 
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Here, h is the Planck constant, k is the Boltzmann constant, T is the crystal temperature (RT), 
and Z1(2) are the partition functions for the lower and upper states, respectively. The ratio 
Z1/Z2 can be determined from the Stark splitting of both multiplets. According to our low-
temperature (6 K) studies employing an Oxford Instruments Ltd. cryostat (SU 12 model) with 
helium-gas close-cycle flow, Z1/Z2 = 0.909 for Yb:LiZnMo. This value is very close to that of 
another complex molybdate, trigonal Yb:K5Bi(MoO4)4 (Yb:KBiMo), Z1/Z2 = 0.889 [35]. 
From Eq. (2), τrad = 1.55±0.05 ms and the luminescence quantum yield ηq = τexp/τrad >99%. 
Such a high value is in good agreement with the large phonon energies of the host matrix, 
figure 5, minimizing the non-radiative relaxation. The determined τrad for Yb:LiZnMo is 
much longer than that for the tetragonal DMos, LiGd(MoO4)2 (Yb:LiGdMo) (250 µs), 
Yb:NaLaMo (290 µm), and Yb:LiLaMo (390 µs) [10,31,36], and slightly shorter than for 
trigonal Yb:KBiMo (1.93 ms) [35]. 

 
5. Conclusion 
To conclude, we report on the growth, structure, Raman and optical spectroscopic char-

acterization of a novel complex molybdate crystal – orthorhombic Yb:Li2Zn2(MoO4)3. This 
crystal exhibits strong anisotropy of the transition cross-sections of Yb3+ ions in polarized 
light favoring linearly polarized laser output, broad emission bands (the gain bandwidth is up 
to ~50 nm) which is of interest for broadly tunable lasers at ~1 µm and good energy storage 
capability (the lifetime of the upper laser level is ~1.55 ms). The latter is of interest for Q-
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switched lasers. Further work will focus on the laser operation with Yb:LiZnMo. For this, c-
cut crystals are of interest as they will give access to the high-gain polarizations E || a and E || 
b. The low solubility of Yb3+ ions in LiZnMo limits the available doping level (0.7 at.% Yb3+ 
for crystals of high optical quality), so further optimization of the growth conditions is neces-
sary to achieve >3 at.% Yb3+-doped crystals. We believe that it can be reached by a proper 
control of the solute/solvent concentration and the temperature gradients in the crucible. 
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Figure 1 Photograph of the as-grown boule of the LiZnMo crystal 
doped with (nominally) 2 at.% Yb; the growth direction is along the 
[010] axis. 

 
 

 
Figure 2 X-ray diffraction (XRD) pattern of a finely powdered 0.7 
at.% Yb:LiZnMo crystal, the numbers indicate the Miller’s indices 
(hkl). 

 
 

         
Figure 3 Habit of the as-grown 0.7 at.% Yb:LiZnMo crystal, the 
numbers indicate the crystallographic planes (hkl) and axes [khl]. 
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Figure 4 A fragment of the Yb:LiZnMo crystal structure in projection 
on the b-c plane. The Yb3+ ions replace the Zn2+ ones in the A(3) 
sites. Black rectangle indicates the unit-cell. 

 
 

 
Figure 5 Polarized Raman spectra of the 0.7 at.% Yb:LiZnMo crystal 
for b(xy)b geometry, x, y = a or c. The numbers indicate the most 
intense Raman bands (for their complete list, refer to Table 1). 

 
 



 10

 

 

 
Figure 6 (a) Absorption, σabs, and (b) stimulated-emission, σSE, cross-
section spectra for the 0.7 at.% Yb:LiZnMo crystal and light 
polarizations E || a, b, c. 

 
 

 

  
Figure 7 Gain cross-section, σg = βσSE – (1 – β)σabs, spectra for the 
0.7 at.% Yb:LiZnMo crystal and light polarizations E || a (a) and E || b 
(b), β = N2(2F5/2)/NYb is the inversion ratio. 
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Figure 8 Luminescence decay curve for the 0.7 at.% Yb:LiZnMo 
crystal (circles – experimental data, black line – single-exponential 
fit); inset: dependence of the measured decay time on the 
powder/solution ratio for 3.6 at.% Yb:LiZnMo. 

 
 


