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A B S T R A C T

Large single crystals of the solid-solution series Li1(LiXNa5–X)Mo9O30 were grown by the Czochralski method
by varying the Li substitution for Na. Structure analyses with X-ray single-crystal diffraction data elucidated
statistic disorder of Li with Na at three independent Na sites. The resulting Li substitution X = 0, 1.2, and
2.8 could be confirmed by neutron activation analysis. Second-harmonic generation (SHG) light intensities
and non-linear optical (NLO) coefficients were determined in three crystallographic main directions by Maker
fringe measurements. DFT calculations delivered absolute NLO magnitudes. UV/Vis optical spectra revealed
that the transmission rises from X = 0 to X = 2.8. However, the SHG effect is at largest in Li1(Li1.2Na3.8)Mo9O30
(X = 1.2), so far investigated in this study.
)

1. Introduction

Critical crystal properties for effective second-harmonic generation
(SHG), i.e., frequency-doubling are associated with high non-linear
optical (NLO) parameters, low refractive indices [1], and high transmis-
sion of the generated SHG light at a high laser damage threshold [2–4].
rom a structural point of view, the absence of space inversion is the
mportant condition for realizing SHG with the non-zero second-order
lectric polarization P in the crystal of interest: 𝑃 = 𝜖0𝐸2𝜒 (2) ≠ 0

(𝜖0: vacuum permittivity; E : external electric Field; 𝜒 (2): the second-
order electric susceptibility). For centrosymmetric media, 𝑃 = −𝑃 is
valid only for 𝜒 (2) = 0. This applies to all even-ordered non-linear
polarization in a non-centrosymmetric crystal.

Several molybdates have been studied for non-linear optical pro-
cesses [5]. Nanoparticles of Ag2MoO4 were investigated for the use
as nanoseconds-lasers and optical limiters with a high optical limiting
threshold at 1012 W/m2. These SHG applications are realized by vary-
ing nanoparticle size to control the ranges both of band gap and absorp-
tion [6]. Single crystals of ZnMoO4 [7], Li2MoO4 [8], and CaMoO4 with
promising optical and luminescent properties are suited as scintillating
materials for 100Mo-based bolometers [9]. Particularly, CaMoO4 shows
high mechanical and thermal stability. Its high thermal conductivity
and optimal refractive index stands up as a solid state Raman-active
material as well as an interesting SHG media in optoelectronics [10]. To
investigate direction-dependent SHG effects it is necessary to grow sev-
eral cm-sized, high-quality crystals. Zhang et al. [11] were successful
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in growing large single crystals of Li1Na5Mo9O30 using the Czochralski
and Kyropolous methods, allowing Maker fringe measurements [12]
to determine its NLO parameters of 𝑑31 = 1.4 pm/V, 𝑑32 = 4.3 pm/V
and 𝑑33 = 1.1 pm/V. In addition, results from UV/Vis spectroscopy and
laser damage threshold experiments could deliver its suitability as a
medium for SHG lasers; its wide transmission range for electromagnetic
radiation is from 357 nm to 5.26 μm at high laser damage threshold of
1.2 GW/cm2 [11]. On the other hand, the Czochralski growth process
could be modeled for optimal growing conditions of Li1Na5Mo9O30
to improve laser damage threshold of 15–16 GW/cm2 [13] for lumi-
nescence under UV-excitation. Based on these previous investigations,
our interest in Li1Na5Mo9O30 arises from further factors relevant to
study direction-dependent SHG effects: Na at three unique sites can
be partially substituted by Li to increase the polarizability and the
transmission over the UV/Vis range, and hence the SHG effect is
enhanced possibly in the resulting solid-solution crystals. In addition,
large single crystal growth of Li1Na5Mo9O30 is relatively simple at ca.
500 ◦ C in air.

The crystal structure of Li1Na5Mo9O30 (Fig. 1(a)) in a polar and
non-centrosymmetric space group symmetry, Fdd2 [14] is built with
edge- and vertex-sharing clusters of MoO6 octahedra (Fig. 1(b)). Five
independent Mo sites (Mo1-Mo5) make each 9er-MoO6 cluster (Fig. 2(a)
which are connected to each other by LiO6 and NaO6 moieties. There is
one unique Li site making pure LiO6 octahedra while three independent
vailable online 26 July 2024
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Fig. 1. (a) The arrangement of Na (yellow), Mo (purple), Li (green) and O (light gray) atoms with interatomic bonds (bars) within a unit cell of Li1Na5Mo9O30. (b) Structural
uilding units of Li1Na5Mo9O30 in which 9er-MoO6 cluster (purple) is connected to each other by slabs of NaO6 (yellow) with single LiO6 (light green). The unit cell is framed
n gray.
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a sites (Na1, Na2, and Na3) form a 5er-slab of Na2O6-Na1O6-Na3O6-
a1O6-Na2O6 (Fig. 2(b)). The NaO6 slabs are configured parallel to

he crystallographic b axis, where Li can occupy Na sites to build a
olid-solution series Li1(LiXNa5–X)Mo9O30. This report presents crystal
rowth of three new Li1(LiXNa5–X)Mo9O30 solid-solution compounds.
heir direction-dependent NLO parameters and SHG light intensities
ere experimentally and theoretically determined and discussed in the

ontext of Li amounts in NaO6 slabs.

. Materials and methods

.1. Crystal growth and preparation for direction-dependent optical
haracterization

Three different single crystals of Li1(LiXNa5–X)Mo9O30 were grown
sing the Czochralski method in the present study, referring to previous
orks [11,13] on crystal growth of Li1Na5Mo9O30. A part of crystals of
i1Na5Mo9O30 from preliminary experiments were oriented-cut in the
ength direction parallel to [001] and used as seeds. Each seed crystal
as fixed with platinum wire to the corundum pulling rod. All crystal
rowth experiments were conducted under ambient atmosphere using
home-constructed high-temperature growth apparatus [15]. Li/Na
olar ratios, growth temperatures and pulling rates were varied. The

rowth temperatures selected were in accordance to the melting points
escending with increasing the Li/Na ratio in this system, based on
ifferential thermal analysis in our previous study [Buyan Arivjikh et al.
o be published elsewhere]. Details of crystal growth parameters of the
hree samples denoted as Sample#n (n = 1–3) are given in Table 1.
2

For direction-dependent optical measurements, the obtained three
rystal samples were oriented parallel to (100), (010) and (001) planes
n a Laue camera using a molybdenum X-ray tube. The oriented
rystals were cut to plates before polishing to perform Maker fringe
easurements.

.2. X-ray single crystal diffraction (XSD)

XSD was conducted with small single crystal pieces of Sample#1,
#2, and -#3. Each single crystal was attached with two-component
dhesive to a thin glass fiber within a brass sample holder and mounted
nto a goniometer. The full reciprocal sphere was scanned with a
D charge-coupled detector (CCD, Atlas) on a four-circle Kappa single

crystal diffractometer (Gemini-A Ultra, Rigaku-Oxford Diffraction) using
Mo𝐾𝛼1 (0.7093 Å, graphite(002) monochromator) at room temperature
(RT). The exposure time was varied with the resolution region up to d =
.6 Å at a crystal-detector distance of 55 mm at 𝛥(𝜙) = 1◦ step size. Data
eduction including numerical absorption correction [16] was executed

with the software CrysAlisPro (Rigaku-Oxford Diffraction) [17] for each
XSD data set with high average redundancy of 17–18 at d = 0.6 Å.
Experimental parameters of the XSD are listed in Table 2.

2.3. Structure analysis

Structure solution was executed with XSD data of Sample#1 us-
ing the option Direct Method embedded in the program package
SHELX [18]. The obtained starting model was used for further XSD data
analyses by least-squares against squared structure factors (F2) with the
option Difference Fourier in the program suite Jana2020 [19].
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Fig. 2. (a) Arrangement of a 9er edge- and corner-connected MoO6 cluster at five different Mo sites. LiO6 centered at Li site shares one corner and two edges with MoO6 clusters.
b) Arrangement of NaO6 slabs. Each NaO6 slab consists of five edge-connected NaO6 octahedra along the b axis. LiO6 connects two 5er NaO6 slabs over two common corners.
his part structure is the basis for the title solid-solution system.
Table 1
Crystal growth parameters in the Czochralski method applied to three different compounds of Li1(LiXNa5–X)Mo9O30. Samples#2 and -#3 were
grown from the same starting mixture composition but at different growth temperatures and pulling rates.

Sample Growth temperature [◦ C] Pulling rate [mm/h] Li:Na molar ratio in educt

#1 540.4(1) 0.5(1) 1:5
#2 528.4(1) 1.1(1) 3:3
#3 524.4(1) 0.7(1) 3:3
Table 2
Experimental parameters of XSD data (Mo𝐾𝛼1) of Sample #1-#3. The quality of each data set is given by the internal agreement factor R𝑖𝑛𝑡 while those of the refined structure
models in the space group symmetry Fdd2 are expressed by the residual values R and wR2. Their mathematical definitions are given at the bottom.

Sample #1 #2 #3

a [Å] 7.2338(2) 7.1458(1) 6.9627(2)
b [Å] 37.1412(6) 37.1420(3) 37.1609(5)
c [Å] 17.9551(2) 17.9141(1) 17.8885(3)
V [Å3] 4824.0(2) 4754.6(1) 4628.5(1)
Density [g/cm3] 4.035(1) 4.004(1) 4.111(1)

Data range
h −12∼12 −11∼12 −11∼11
k −62∼63 −60∼60 −62∼61
l −30∼30 −30∼30 −29 ∼30

Total reflections 57 742 56 485 53 877
Unique reflections 6298 6207 5900
Redundancy 18.2 18.1 17.9

Absorption correction 𝑇𝑚𝑖𝑛 0.48(1) 0.62(1) 0.42(1)
𝑇𝑚𝑎𝑥 1.00 1.00 1.00

Linear absorption coefficient 𝜇 [1/cm] 4.736 4.767 4.897
aR𝑖𝑛𝑡 0.036 0.032 0.044
R(all, against F) 2.25 2.01 3.18
bwR2(all, against I) 5.78 5.51 7.62

a 𝑅𝑖𝑛𝑡 =
𝛴𝑛
𝑖 |𝐹

2
𝑖(𝑜𝑏𝑠)−⟨𝐹

2
𝑖(𝑜𝑏𝑠)⟩|

𝛴𝑛
𝑖 𝐹

2
𝑖(𝑜𝑏𝑠)

.

𝑤𝑅2 = ((
∑

𝑖
𝑤𝑖(𝑦𝑐𝑎𝑙𝑐,𝑖 − 𝑦𝑜𝑏𝑠,𝑖)2)∕(

∑

𝑖
𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖)2))1∕2; 𝑤𝑖 = 1∕𝜎2𝑖 .
3
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For the structure refinement of Sample#1, all occupancy (OCC)
parameters were fixed to be fully occupied, corresponding to the ideal
endmember Li1Na5Mo9O30 [14]. This is particularly to compare OCC
alues at three independent Na sites in the models for Sample#2 and -
3 synthesized with higher amounts of Li than Sample#1 ( Table 1). All
tomic parameters of Sample#1, including anisotropic atomic displace-
ent parameters (ADPs) could be refined simultaneously without high

orrelations (<0.9). Using this as a starting model, all atomic parame-
ers were refined with XSD data of Sample#2 and -#3 while fixing the
DPs at three Na sites to those values for the respective ADPs refined

or the structure of Sample#1. Except for these constraints, all atomic
arameters were simultaneously refined without high correlations be-
ween them. The agreement factors of the three refined structures are
iven in Table 2. The obtained structure models were illustrated using
he software VESTA [20]. The Best Fitted Idealized Polyhedra (BFIP)
ethod [21] was used to calculate polyhedral distortion in the refined

hree structure models. The dipole moment of each polyhedron was
alculated based on the bond-valence sum [22].

.4. Neutron activation analysis (NAA)

Neutron-induced radioisotopes 24Na and 99Mo, formed during irra-
diation in a research reactor, are applicable to quantify the Na/Mo ratio
in a non-destructive way. NAA was conducted to determine Na/Mo
ratios in Sample#1 and -#2 at the NAA laboratory of the Budapest
Neutron Center (BNC). The samples were activated with neutrons for
15 min that had a thermal to epithermal flux ratio of 38.0(2). A dose
rate of gamma radiation of 100 𝜇S/h was measured at a distance
of 15 cm from the sample. In a spectral range of 50–3300 keV, all
isotope nuclei were detected on the D5 gamma spectrometer (Ortec
55% HPGe detector; ORTEC DSPEC 502 digital spectrometer). Epithermal
self-shielding correction was applied due to the high absorption rate of
neutrons by Mo [23].

2.5. UV/Vis spectroscopy

Transmission spectroscopy in the ultra-violet and visual light range
(UV/Vis) was performed to investigate the influence of Li substitution
on the transmission of the prepared solid-solution series. All oriented-
cut plates of three single crystal samples (Table 1) were probed on
a UV/Vis transmission spectrometer (Cary 60 UV/Vis, Agilent). Each
oriented single crystal plate was positioned into a solid-sample holder
and illuminated by a Xe-discharge lamp. A spectral range of 190–
1100 nm was recorded at a scan speed of 60 nm/min using the software
suite UVWin and normalized by the sample thickness.

2.6. DFT calculations

Based on the electron density and exchange–correlation approxi-
mations, it is possible to get the behaviors of electrons and atomic
nuclei of researching system by solving Kohn–Sham equation, so called
as density functional theory (DFT) [24]. As a reliable first-principles
calculation method, it has been widely used for predicting the phys-
ical and chemical properties of solid materials, such as elastic prop-
erties [25], optical properties [26] or vibrational properties [27].
In this work, the calculations of non-linear optical properties have
been performed using the CASTEP (Cambridge Serial Total Energy
Package) software [28] with the On-the-fly pseudopotential genera-
tion (OTFG) norm-conserving pseudopotentials [29]. The exchange–
correlation functional were approximated by the generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof functional
[30]. Based on the structure models refined with XSD data, DFT
calculations were performed to deliver direction-dependent NLO coeffi-
cients expected for three selected compounds of the title solid-solution.
Unfortunately, it is not allowed setting fractional atomic occupations in
4

the unit cell, unless building a representative supercell in which each m
atomic site must be fully occupied by one atom type. For this reason,
DFT calculations were performed with three idealized compounds:
Li1Na5Mo9O30, Li2Na4Mo9O30, and Li4Na2Mo9O30. These correspond
nearly to the respective chemical composition of Sample#1, -#2, and
#3 (see Results and discussion). The Monkhorst–Pack scheme k-points
grid sampling was set at 𝛤 point in the Brillouin zone. The plane-wave
basis set energy cutoff was set at 625 eV. The total energy tolerance
threshold was set as 2 × 10−6 eV/atom.

2.7. Optical characterization

For direction-dependent optical characterization, the large single
crystals oriented-cut parallel to three crystallographic main directions
were positioned to rotate around one of a, b, and c axes. The denotation
∥rotation axis was combined with the Li substitution amount ‘X’ to
name each orientation- and composition-specific measurement. For
an example, X=2.8b∥c corresponds to SHG data of the solid-solution
crystal with X = 2.8 probed perpendicular to the plane (010) plate
while rotating around the c axis.

In this study, non-linear optical (NLO) coefficients 𝑑𝑖𝑗 were deter-
mined by means of the rotational Maker fringe technique (MF) [12,
31] with a Ti:sapphire pulsed laser (MIRA 900, frep=75.6 MHz, 𝜏𝑝𝑢𝑙𝑠𝑒
≈100 fs; pumped by a Verdi V12 laser at 532 nm, Coherent). The rotation
axis of the plate sample corresponds to the polarization direction of the
incoming fundamental laser beam. The samples were illuminated with
a fundamental wavelength between 910 and 920 nm, filtered with a
550 nm short-pass filter. The SHG (here in 455–460 nm) beam intensity
and wavelength were detected using a fiber cable (M91L01, Thorlabs).
On the one side the fiber was attached to a collimator. On the other
side it was attached to a compact Spectrometer (CCS100, Thorlabs).
The SHG beam was measured in this way for every 0.5◦ incident angle
in the rotating range of ±40◦. To compensate for power fluctuations of
the fundamental beam, the intensity at the SHG wavelength ±6.5 nm
was normalized by the incoming power, which was measured by di-
recting a small part of the fundamental beam towards a photodiode
power sensor (S120C, Thorlabs) with a beamsplitter cube. The SHG
intensity integrated at each rotating step was used to evaluate the
direction-dependent NLO coefficient 𝑑𝑖𝑗 with the refractive indices 𝑛𝑖.

To determine frequency-dependent refractive indices 𝑛𝑖 Brewster’s
ngle was measured [32] for four wavelengths, i.e., 𝜆 = 650, 512,
50, and 405 nm. The Sellmeier coefficients 𝐴,𝐵, 𝐶,𝐷 were calculated
ccording to 𝑛2𝑖 = 𝐴+𝐵∕(𝜆2 −𝐶) −𝐷𝜆2 by least-squares fitting with the
easured 𝑛𝑖 values [33].

. Results and discussion

.1. Single crystals as-grown

Fig. 3 shows three crystals (denoted by Sample#1, -#2, and -#3),
s-grown about 5.5 cm long parallel to the axis c. These commonly have
ell-developed {010} facets. Sample#1 shows a characteristic color-

ng in greenish-yellow. Both other crystals tend to be pale yellowish
owards colorless, and in particular Sample#3 is mostly transparent.
he notably different coloring between Sample#1 and Sample#3 is
ainly associated with the much higher Li/Na ratio in Sample#3,

s given in Table 1. On the other hand, Sample#2 was grown at a
ooling rate of 1.1(1) mm/h while Sample#3 was grown slower at
.7(1) mm/h. This insignificantly slower crystal growth setup possibly
mpacts the increase of the transparency in Sample#3 although their
tarting mixture compositions were identical. These visual features
f our crystal samples indicate that the substitution of Li for Na
ary structural and optical properties in this solid-solution system.
his is comprehended by results from structure analyses and optical
easurements, as described in the followings.
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Fig. 3. Three crystal samples produced in this study. Sample#1 (a) was grown with a Li/Na ratio of 1:5, resulting in greenish-yellow coloring. Sample#2 (b) and Sample#3 (c)
grown with a high Li/Na ratio of 3:3 shine pale yellowish towards colorless.
Table 3
Atomic coordinates refined with XSD data of Sample#2 (X = 1.2: Li1(Li1.2Na3.8)Mo9O30) with multiplicities (M), occupancies (OCC), and isotropic ADPs (U𝑖𝑠𝑜). Anisotropic ADPs
U𝑖𝑗 ) are given in the supplementary material (Supplementary Table A.3).

Site Type x y z M U𝑖𝑠𝑜 OCC

Na1 Na 0.7658(2) 0.84793(4) 0.8006(1) 16 0.018 0.767(4)
Na2 Na 0.7445(2) 0.9533(3) 0.80281(8) 16 0.018 0.864(4)
Na3 Na 0 0 0.5481(1) 8 0.018 0.384(2)
Li Li 0 0 0.9546(4) 8 0.023(1) 0.5
Mo1 Mo −0.70140(3) −0.046069(5) 0.89440(1) 16 0.01092(4) 1
Mo2 Mo −0.78895(3) −0.150376(4) 0.70616(1) 16 0.01022(4) 1
Mo3 Mo −0.4469(3) −0.100626(4) 0.64422(1) 16 0.01037(4) 1
Mo4 Mo −0.78724(3) −0.048287(5) 0.71592(2) 16 0.01051(4) 1
Mo5 Mo −0.5 0 0.62008(2) 8 0.01169(5) 0.5
O1 O −0.7069(3) −0.00218(2) 0.7121(1) 16 0.0142(4) 1
O2 O −0.9520(3) −0.14819(6) 0.6370(2) 16 0.0195(6) 1
O3 O −0.2821(3) −0.10053(6) 0.7149(8) 16 0.0203(5) 1
O4 O −0.7786(3) −0.10164(4) 0.8962(1) 16 0.0133(4) 1
O5 O −0.5410(3) −0.05063(6) 0.9658(8) 16 0.0203(5) 1
O6 O −0.9539(2) −0.05279(5) 0.9505(1) 16 0.0130(4) 1
O7 O −0.7557(3) −0.00034(6) 0.8922(1) 16 0.0177(4) 1
O8 O −0.9344(3) −0.05043(6) 0.7933(1) 16 0.0178(5) 1
O9 O −0.9175(3) −0.15023(5) 0.7893(1) 16 0.0176(4) 1
O10 O −0.9353(3) −0.05066(5) 0.6402(2) 16 0.0186(5) 1
O11 O −0.5246(3) −0.05076(4) 0.6480(1) 16 0.0139(4) 1
O12 O −0.7007(3) −0.10018(4) 0.7049(1) 16 0.0124(4) 1
O13 O −0.5544(3) −0.15025(5) 0.8136(1) 16 0.0180(5) 1
O14 O −0.5734(3) −0.05361(5) 0.8104(1) 16 0.0148(4) 1
O15 O −0.6827(3) 0.00352(6) 0.5596(1) 16 0.02110(5) 1
p
a
a

3.2. Structures of new solid-solution compounds varying Li/Na ratios from
XSD data analyses

Results from structure solution and refinement with XSD data of
Sample#1 agree with the model space group symmetry Fdd2, re-
orted by Zhang et al. [11]. As aforementioned, OCC parameters at
ll atomic sites were fixed to be fully occupied for the endmember
i1(Na5)Mo9O30. Its greenish-yellow color indicates certain types of
efects like color centers. However, not only for possible correlation
etween OCC and ADP particularly at sites of light atoms such as Li and
a, but also for results from NAA, the model was refined with OCC =
for all atomic sites in the endmember structure (X = 0). This refined
odel is given in the supplementary (Supplementary Tab.A.1).

The structure models refined with XSD data of Sample#2 and -
3 confirmed that the space group symmetry Fdd2 is valid for the

itle solid-solution compounds. The ADPs at Na sites in the models of
ample#2 and -#3 were fixed to the respective ADP values of X = 0
o compare their OCC parameters to be refined. The unique three Na
5

ites were refined as if Na was the only scatterer. The other atomic
arameters at Li, Mo, and O sites were refined simultaneously including
nisotropic ADPs with full occupation. The refined atomic parameters
re listed in Tables 3 and 4.

The resulting OCC values at Na sites are far below 100% for statistic
disorder of Na and Li (Tables 3 and 4). Under the assumption that
all three Na sites are fully occupied by Na or Li, which could be
confirmed by results from NAA, the amount of Li at each Na site was
calculated with respect to the scattering power ratio of Li/Na. As a
result, the respective atomic ratio of Li:Na of 9.7:30.3 and 21.9:18.1
could be obtained over all three Na sites for Samples#2 and -#3.
This allows the Li substitution amount in the accumulative formula
Li1(LiXNa1–X)Mo9O30 with X = 0, 1.2, and 2.8 in Sample#1, -#2,
and -#3, respectively. From this point onward, these solid-solution
compounds are denoted by X determined by XSD.

It is advantageous to use XSD as allowing the site-specific Li sub-
stitution at different Na sites. As given in Table 5, Li atoms occupy
three unique Na sites in the preference Na1 > Na2 > Na3 commonly
for both X = 1.2 and 2.8. This obvious tendency of Li to be found

within Na1O6 can be understood by its lowest octahedral distortion.
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Table 4
Atomic coordinates refined with XSD-data of Sample#3 (X = 2.8: Li1(Li2.8Na2.2)Mo9O30) with multiplicities (M), occupancies (OCC), and isotropic ADPs (U𝑖𝑠𝑜). Anisotropic ADPs
are given in the supplementary material (Supplementary Table A.4).

Site Type x y z M U𝑖𝑠𝑜 OCC

Na1 Na 0.7651(4) 0.84781(8) 0.8005(2) 16 0.0185 0.512(5)
Na2 Na 0.7443(4) 0.95373(6) 0.8030(2) 16 0.0185 0.603(5)
Na3 Na 0 0 0.5480(2) 8 0.0185 0.273(3)
Li Li 0 0 0.9552(7) 8 0.0266(3) 0.5
Mo1 Mo −0.69758(4) −0.46016(7) 0.89446(2) 16 0.01495(6) 1
Mo2 Mo −0.79235(5) −0.150459(7) 0.70635(2) 16 0.01476(7) 1
Mo3 Mo −0.43605(5) −0.100652(6) 0.64433(2) 16 0.01562(7) 1
Mo4 Mo −0.79121(5) −0.04849(7) 0.71579(2) 16 0.01616(7) 1
Mo5 Mo −0.5 0 0.62086(3) 8 0.0195(1) 0.5
O1 O −0.7104(4) −0.00221(7) 0.7120(2) 16 0.0181(7) 1
O2 O −0.9602(5) −0.14820(9) 0.6370(2) 16 0.230(9) 1
O3 O −0.2759(6) −0.1006(9) 0.7145(3) 16 0.262(9) 1
O4 O −0.7763(4) −0.10160(7) 0.8956(2) 16 0.0184(7) 1
O5 O −0.5359(5) −0.05011(8) 0.9662(2) 16 0.0223(7) 1
O6 O −0.9558(4) −0.05260(6) 0.9510(2) 16 0.0156(1) 1
O7 O −0.7544(5) −0.0004(8) 0.8903(2) 16 0.0187(6) 1
O8 O −0.9397(7) −0.0506(9) 0.7938(2) 16 0.028(1) 1
O9 O −0.920(6) −0.15034(8) 0.7893(2) 16 0.0243(9) 1
O10 O −0.9430(5) −0.05107(8) 0.6395(2) 16 0.0224(8) 1
O11 O −0.5237(5) −0.05068(7) 0.6473(2) 16 0.0195(7) 1
O12 O −0.7016(4) −0.10031(6) 0.7055(2) 16 0.0169(7) 1
O13 O −0.5469(6) −0.15034(8) 0.8132(2) 16 0.0244(9) 1
O14 O −0.5677(6) −0.05358(8) 0.8100(2) 16 0.0242(9) 1
O15 O −0.6885(6) 0.0031(1) 0.5595(2) 16 0.0311(9) 1
Fig. 4. (a) Octahedral distortion with respect to a perfect octahedron in [%] against X. (b) No systematic change of octahedral distortion as a function of X.
Table 5
The amount of Li and Na at three independent Na sites for X = 1.2 (Li1(Li1.2Na2.8)Mo9O30) and X = 2.8 (Li1(Li2.8Na2.2)Mo9O30), determined
by XSD data analyses. The highest Li substitution occurs at Na1 site.
Li substitution Site Amount/site Proportion at site [%]

Li Na Li: Na

X = 1.2
Na1 5.1 10.9 32.1: 67.9
Na2 3.2 12.8 20.1: 79.9
Na3 1.3 6.7 16.0: 84.0

X = 2.8
Na1 10.7 5.3 67.1: 32.9
Na2 8.7 7.3 54.7: 45.3
Na3 2.5 5.5 31.2: 68.8
6
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Fig. 5. The bonding scheme in (Na, Li)O6 slabs.
Table 6
Changes of interatomic angles [◦] in three compounds of Li1(LiXNa5–X)Mo9O30.

X = 0 X = 1.2 X = 2.8

Na2-O3-Na1 101.7(1) 102.6(3) 102.7(3)
Na1-O5-Na3 99.8(1) 99.8(2) 100.3(2)
Na2-O2-Na1 102.2(1) 103.0(1) 103.7(2)
Na1-O10-Na3 94.4(1) 94.6(1) 95.5(2)
Li-O7-Na2 112.9(2) 112.9(2) 113.3(3)
Li-O15-Na3 119.2(3) 119.3(2) 119.5(3)
Mo2-O6-Li 150.5(1) 150.7(1) 151.6(2)
Mo5-O15-Li 95.1(2) 95.1(2) 94.6(3)
Mo1-O7-Li 100.7(1) 100.4(1) 99.8(2)
Mo1-O4-Mo2 100.7(1) 100.4(1) 99.8(2)
Mo4-O12-Mo2 106.0(1) 108.6(1) 105.9(1)
Mo4-O11-Mo5 99.90(1) 99.9(1) 99.7(1)
Mo5-O1-Mo4 106.2(1) 106.0(1) 105.7(1)
Mo4-O11-Mo3 108.48(9) 108.41(9) 108.1(1)
Mo4-O12-Mo2 143.4(1) 143.1(1) 142.9(2)
Mo3-O4-Mo1 145.7(1) 145.5(1) 145.6(2)
Mo3-O4-Mo2 109.4(1) 109.35(9) 109.1(1)
Mo2-O6-Mo1 115.3(1) 115.2(1) 114.7(1)
0
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For X = 0, Na1O6 is distorted only 0.35% with respect to a perfect
octahedron (Fig. 4a). Comparably, Na3O6 shows a relatively strong
istortion of 1.32%, and Na2O6 does 0.52%. This fashion of site-specific
olyhedral distortions holds for X = 1.2 (Li1(Li1.2Na3.8)Mo9O30) and X
2.8 (Li1(Li2.8Na2.2)Mo9O30), as well.
Compared to Na+, the smaller cation Li+ might be away from 6

xygens in similar distances. Otherwise an irregular coordination [4
hort + 2 long] can be formed so that LiO4 is readily configured,
s often observed in Li-bearing compounds [34]. For this reason, the
istortion sequence Na3O6 > Na2O6 > Na1O6 can be the main reason
or the occupation preference Na1 > Na2 > Na3. However, the Li
ubstitution does not effect local octahedral distortion systematically
ith increasing X (Fig. 4b).

MoO6 octahedra are more distorted than LiO6 and NaO6. It is com-
on in their distortions with the biggest change in Li1(LiXNa5–X)Mo9O3
hen X = 1.2. This gives rise to −1.449 Debye (= 0.302 e⋅Å) along

he c axis. The corresponding contribution to the electric polarization
or X = 0 and X = 2.8 is smaller with the respective value −1.383
ebye (= −0.288 e⋅Å) and −1.146 Debye (= −0.239 e⋅Å) (Tab.A8 in
upplementary).

Nonetheless, the bulk lattice distortions in three main directions
iffer from each other against the Li substitution X: the lattice extends
n b with increasing X but shrinks in both a and c (Table 2). The latter
s a matter of expectation for the smaller ionic radius of Li+ (0.76 Å for
-fold coordination with O2-) replacing the larger Na+ (1.02 Å) [35].

Interatomic distances as a function of X gave no explanation for
the systematic increase of the lattice parameter |𝒃| (Supplementary
7

t

Tab.A.5, Tab.A.6, Tab.A.7). The lattice expansion in b with increasing
the Li amount at Na sites can be understood by expansion of the slab
of 5er NaO6 units. This unit is oriented exactly parallel to b (Fig. 2(b))
and, hence, could be expanded in b when the angles (∠) of (Na-
O-Na) bonds would become larger (Fig. 5). Indeed, ∠(Na2-O2-Na1),
∠(Na2-O3-Na1), ∠(Na1-O5-Na3) and, ∠(Na1-O10-Na3) continuously
raise with elevating Li substitution, as listed in Table 6. The other an-
gles in (Li-O-Na)-bonds, i.e., ∠(Li-O7-Na2) and ∠(Li-O15-Na3) enlarged
with X contribute to the lattice expansion in b, as well. In contrast, all
bonding angles ∠(Mo-O-Mo) within a 9er cluster of MoO6 (Fig. 1(b))
ecrease with increasing X, which can act as an additional contribution
o the contraction in both a and c directions.

In conclusion, with respect to the lattice without Li substitution
or Na (X = 0: Li1Na5Mo9O30), chemical stress with X = 1.2
Li1(Li1.2Na3.8)Mo9O30) and X = 2.8 (Li1(Li2.8Na2.2)Mo9O30) induce
he largest lattice deformation along a, showing the respective strain
.22(3)% and 3.73(4)%. The corresponding strains in b are −0.01(2)%
nd −0.08(3)%; those in c are 0.22(5)% and 0.37(3)%, respectively.

.3. Chemical compositions resulted from NAA

Within a small uncertainty margin below 4%, NAA data evaluation
llowed the determination of quantity of both radioisotopes 24Na and
9Mo, resulting in the atomic ratio of Na/Mo of 0.58(2) and 0.43(2)
or Sample#1 and -#2, respectively. These Na/Mo values are pedan-

ic and trustful since Na is as sensitive as Mo when using the NAA
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Table 7
The atomic ratios Li/Na (XSD) and Na/Mo (NAA), as well as chemical compositions determined for Li1(LiXNa5–X)Mo9O30. The chemical formulae from XSD completely accord to
hose from NAA within experimental uncertainties. *constrained with full occupation (see the main text).
X (XSD) Li/Na (XSD) Na/Mo (NAA) Formula (XSD) Formula (NAA)

0 0.2∗ 0.58(2) Li1(Li0Na5)Mo9O30 Li1Na5Mo9O30
1.2 0.58 0.43(2) Li1(Li1.2Na3.8)Mo9O30 Li2.2Na3.8Mo9O30
2.8 1.73 – Li1(Li2.8Na2.2)Mo9O30 –
Fig. 6. UV/Vis transmission spectra of Li1(LiXNa5–X)Mo9O30 with X = 0, 1.2, and 2.8 show both direction- and composition-dependence. Inset shows absorption peaks at 700 nm
a) and 475 nm (b) giving yellowish and green color of crystals, respectively. A weak peak at 455–460 nm (c) for X = 2.8 indicates a portion of the SHG light is absorbed in this

Li-rich member.
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technique. Hence, even though NAA does not allow element analysis
of the light element Li, the amount of Li substitution X could be
strictly calculated, i.e., X = 5 - the amount of Na from NAA on the
basis of 9 Mo per formula unit. The resulting X = 0 and 1.2 for
Sample#1 and -#2 confirmed the chemical formulae Li1Na5Mo9O30
and Li1(Li1.2Na3.8)Mo9O30 suggested from XSD data analyses (Table 7).
Two solid-solution compounds of Li1(LiXNa5–X)Mo9O30 with X = 1.2,
and 2.8 nearly correspond to a pair of two opposite Li-poor and -rich
members, Li2Na4Mo9O30 with Li:Na = 2:4 and Li4Na2Mo9O30 with
i:Na = 4:2, respectively.

.4. UV/Vis spectroscopy

A explicit change of the transmission could be seen in UV/Vis
pectra of oriented-cut single crystals with varying Li substitution. As
hown in Fig. 6, the degree of transmission is strongly dependent on
he crystal orientation. For all solid-solution compounds it is commonly
alid that the transmission is largest in c and smallest in b in the
equence X=0c > X=0a > X=0b. More importantly, UV/Vis spectra
ould confirm that the transmission is higher with more Li in the
tructure, e.g., X=2.8b shows about 85% transmission but X=0b does
5% only (Fig. 6).

UV/Vis spectra of the endmember (X = 0) exhibit low transmission
ith an defined absorption peak near 700 nm (a in the inset in
ig. 6). This dominant red absorption is responsible for greenish tone
f Sample#1 (Fig. 3). Further faint absorptions near 475 nm (b in the
nset in Fig. 6) are hinted in optical spectra, causing pale yellowish
olor. Indeed, all our crystals shine with a yellowish-greenish tone in
i-poor members, or pale-yellowish in Li-rich members. It is worth
8

entioning that a weak absorption near the SHG wavelength of about
55–460 nm (c in the inset in Fig. 6) was adumbrated in UV/Vis spectra
f the Li-rich member (X = 2.8). For this absorption the SHG effect
s suppressed when X increases from 1.2 for Li1(Li1.2Na3.8)Mo9O30 to
.8 for Li1(Li2.8Na2.2)Mo9O30. This will be further discussed with the
etermined NLO coefficients in Section 3.5.

.5. Optical properties

Refractive indices (𝑛𝑖) measured with four different wavelengths
ere used to fit Sellmeier coefficients (Supplementary Table A.9). With

hese, 𝑛𝑖 were calculated for the whole range of 405–650 nm by least-
quares. In the conventional definition, 𝑛𝑖 (i = 1, 2, 3) are indexed by
3 > 𝑛2 > 𝑛1. In our case, 𝑛1 is in b, 𝑛2 in a, and 𝑛3 in c. 𝑛𝑖 increases
nly insignificantly with increasing X. As an example, 𝑛2 are shown
n Fig. 7(a). However, the refractive indices are strongly direction-
pecific. As shown in Fig. 7(b), the explicit direction-dependence of
𝑖 agrees with previous observations in [11]. A small refractive value
orresponds to a high transmission. Hence, the smallest 𝑛3 are in
ccordance to the largest transmission in c in Fig. 6.

The SHG light power (𝑃2𝜔) is related to the refractive index (𝑛𝑖) of
SHG crystal along the light propagation direction and the incidence

ngle 𝜃 of the incoming fundamental laser, as follows:

2𝜔(𝜃) =
512𝜋2𝑑2𝑖𝑗𝑃

2
𝜔

𝑐𝑤2
𝑓 (𝑛, 𝜃) sin2 𝜓 = 𝐶 ∗ 𝑓 (𝑛, 𝜃) sin2 𝜓

with the incoming beam power 𝑃𝜔, the beam width 𝑤, the speed of light
𝑐, and NLO coefficients 𝑑𝑖𝑗 . 𝑖 indicates the polarization direction of the
HG beam while 𝑗 for that of the fundamental beam. 𝑓 (𝑛, 𝜃) and sin2 𝜓
describe the envelope over the Maker fringe data and the position of the
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Fig. 7. (a) Refractive indices (𝑛2) of the a cuts for all three compositions, showing no significant variations of 𝑛2 with increasing amounts of Li. (b) Refractive indices for X = 0
Li1Na5Mo9O30) are strongly direction-independent (symbols: 𝑛𝑖 measured; lines: fitting).
Table 8
Comparison of relative magnitudes of NLO against the Li substitution for Na in Li1(LiXNa5–X)Mo9O30.

𝑑31 [pm∕V] 𝑑32 [pm∕V] 𝑑33 [pm∕V]

X=0 3.6 11 2.9 Literature [11]
X=0 4.2 – 3.4 This study
X=1.2 7.1 18.7 6.2 This study
X=2.8 5.3 15.4 5.1 This study
Table 9
Absolute 𝑑3𝑗 coefficients from DFT calculations for Li1(LiXNa5–X)Mo9O30.

𝑑31 [pm∕V] 𝑑32 [pm∕V] 𝑑33 [pm∕V]

X=0 2.20 2.31 2.16
X=1 2.41 3.28 2.25
X=3 2.36 3.21 2.19

oscillation minima, respectively (more details in [11,31] and literature
therein). In a rotational Maker fringe measurement, the rotational
axis corresponds to the direction of polarization of the fundamental
beam. In our system (SG: Fdd2), the SHG beam is polarized exclusively
arallel to the c axis for the polar symmetry element 2 [36]. Hence,
nly relative values of 𝑑3𝑗 are of interest in this study case.
𝑑3𝑗 were evaluated by fitting 𝐶 from least-square refinements, where

3𝑗 and 𝑤 parameters were refined to fit direction-dependent 𝑃2𝜔(𝜃).
he resulting relative NLO coefficients are listed in Table 8. For ex-
mples, two different Maker fringes (MFs) data X=0b∥a and X=1.2b∥a

resulted in relative values of 𝑑31, whereas MFs data X=1.2a∥b de-
livered 𝑑32 (Fig. 8). MFs measured in the present study exhibited
ome asymmetric distribution in shapes over the total intensity. These
xperimental errors may be attributed to imperfectly polished surfaces
f plate samples [12]. And eventual multiple scattering events were
ot considered [31]. Nonetheless, the relative magnitudes of 𝑑3𝑗 deter-
ined for X = 0 are comparable to those reported by [11] (Table 8),

confirming the magnitude order 𝑑32 > 𝑑31 > 𝑑33 for all our samples, as
well.

Interestingly, X = 1.2, not X = 2.8, shows the highest magnitude
for 𝑑3𝑗 . When comparing 𝑑3𝑗(X = 0) to 𝑑3𝑗(X = 2.8), the Li substitution
for Na led to the increase of 𝑑3𝑗 in the solid-solution crystals studied.
DFT calculations suggested theoretical absolute magnitudes in the same
9

order 𝑑3𝑗(X = 1.2) > 𝑑3𝑗(X = 2.8) > 𝑑3𝑗(X = 0) (Table 9). Furthermore, a
comparison of normalized SHG intensities agrees with the largest SHG
beam intensity for X = 1.2, followed by X = 2.8 and X = 0 (Fig. 9). The
suppression of SHG in the Li-rich compound (X = 2.8) points to that
the SHG beam (455–460 nm) cannot be completely transmitted in the
solid-solution crystals when the entire Li/Na ratio is higher than 2/4,
despite of increasing transmission with increasing X from 0 to 2.8.

At last, it has to be mentioned that the polarizability (𝛼𝐴𝐸) im-
pacts on linear and non-linear optical behaviors. Using the refined
unit cell volumes 𝑉𝑈𝐶 with 𝑛𝑖 measured for 650 nm, 𝛼𝐴𝐸 for X =
0 (Li1Na5Mo9O30), X = 1.2 (Li1(Li1.2Na3.8)Mo9O30), and X = 2.8
(Li1(Li2.8Na2.2)Mo9O30) were calculated using the Anderson-Eggleton
relationship [37]:

𝛼𝐴𝐸 =
(𝑛2 − 1)𝑉𝑈𝐶

4𝜋 + (4𝜋∕3 − 2.26)(𝑛2 − 1)

The smaller Li+ polarizes its coordination oxygens more strongly
than the larger Na+, i.e., the more Li within NaO6, 𝛼𝐴𝐸 can become
larger. However, the resulting averaging 𝛼𝐴𝐸 are 7.58−28 m3 (X = 0) >
7.47−28 m3 (X = 1.2) > 6.98−28 m3 (X = 2.8). This is not surprising be-
cause the negative lattice expansion with increasing X is more dominant
than the local octahedral distortion. In addition, Li preferentially occu-
pies the least distorted Na1O6 octahedron, as discussed in Section 3.2.
On the other hand, the polarizability in b = 6.12−10 m is much larger
than 2.45−10 m in c and 1.19−10 m in a for X = 0. This explains the
highest value of 𝑑32. Consequently, the SHG effect in the title solid solu-
tion might be comprehended in consideration of combining refractive
indices, polyhedral distortions, direction-dependent polarizability, the

lattice volume and its distortion.
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. Conclusion

This study applied a combined use of XSD with NAA to deliver
ccurate structural and compositional contents of three solid-solution
ompounds Li1(LiXNa5–X)Mo9O30, X = 0, 1.2 and 2.8, as grown using
he Czochralski method. These new compounds crystallize in their
ommon polar space group Fdd2. Structure refinements using XSD data
evealed a preference for the Li substitution within a less distorted
ctahedron, Na1O6. Overall, max. 56% Na could be replaced by Li.

Direction-dependent transmission and reflective indices were deter-
ined to provide their reciprocally proportional values. The crystal of
Li-rich member, Li1(Li2.8Na2.2)Mo9O30 exhibits a high transmission

but with weak absorption of the SGH light. This explains the suppressed
SHG intensity for X = 2.8 compared to that for X = 1.2. Relative
magnitudes and absolute values of 𝑑3𝑗 agree with 𝑑3𝑗 for X = 1.2 at
10

largest, as well. So far investigated, Li1(Li1.2Na3.8)Mo9O30 is the best o
HG compound among the title solid-solution members, as meeting an
ptimal compromise for both high transmission by replacing Li for Na
nd low absorption in the SHG wavelength region.

Comparing the second-order nonlinear coefficients 𝑑𝑖𝑗 of the known
HG crystals [31], e.g., 𝑑32 for LiNbO3 = 25.2 pm/V (𝜆(fundamental) =
064 nm), 𝑑32 = 18.7 pm/V (𝜆(fundamental) = 915 nm) for
i1(LiXNa5–X)Mo9O30 (X = 1.2) (Table 8) lies in the region of large
𝑖𝑗 values of well-known SHG crystals (Table 10 in [31]). Thus, the
itle solid solution deserves further intensive investigation to industrial
pplication in SHG-based optical devices.

In order to determine defect types and concentrations in the sys-
em Li1(LiXNa5–X)Mo9O30, it is necessary to grow crystals with subtle
ncrements in the critical variable X. At the same time, laser damage
hreshold experiments might be conducted to deliver concrete effects

f the Li substitution on the laser resistance. Such fundamental studies
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Fig. 9. Comparison of normalized SHG intensity for X = 0 (Li1Na5Mo9O30) in pale blue, X = 1.2 (Li1(Li1.2Na3.8)Mo9O30) in red, and X=2.8 (Li1(Li2.8Na2.2)Mo9O30) in green. All
hree crystals samples were oriented-cut in b to probe with the fundamental beam polarized in a at 0◦ incidence. The SHG intensity of X = 1.2 is significantly higher than those
f the other compositions.
R
f structure-related optical properties could contribute to realize more
ffective and inexpensive SHG media.
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