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Single-Crystal Structure and Bond Structure of Scheelite-Like KGd(MoQ,),
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Abstract: High-temperature reaction of Gd)0;, K,CO; and MoO; leads to a potassium lanthanide molybdate,
namely, KGd(MoO,),. The structure of KGd(MoQ,), was investigated by means of single-crystal X-ray diffraction at
room temperature. Structural analysis results show that it crystallizes in triclinic space group P1 with a=0.529 23(6)
nm, 6=0.692 10(6) nm, ¢=1.068 89(7) nm, a=75.79(8)°, B=76.79(5)°, y=67.60(4)°, Z=2 and R,(all data)=0.025 8.
K and Gd atoms occupy their respective crystallographic distinct sites. No occupancy disorder and structural
modulation exist in the structure. Furthermore, the obtained crystallographic data are used to calculate the band
structure, density of states and dielectric constants with the density functional theory method. The results tend to

support the experimental data. CSD: 427391.
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0 Introduction potential properties (magnetism, electricity, optics), as
well as a wide variety of potential applications of the

Interest in the synthesis and characterization of ~ materials!. They are attractive solid-state laser host
rare-earth double molybdate crystals with general materials for their large rare-earth ion admittance.

formula  ALn(MO,), (A=alkali metal; Ln=rare-earth Most of these crystals have a tetragonal symmetry with
elements; M=Mo,W) arises mainly from the intriguing the scheelite-type (CaWO,)? structure (space group
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I4,/a) at room temperature, which can be thought of as
the substitution of two Ca’* ions in the CaWO, by a
couple of M* and Ln** ions in either an ordered or a
statistical manner. The differences of the radius of the
considered M* and Ln* ions give rise to several struc-
tural families, such as LiLa(MoO,),"" (space group
Pbca), LiCe(MoO,),"* (space group P2,/c), RbPr(MoO,),"
(space group Pnnn2), CsPr(Mo0,),“ (space group Pccm),
a-KEu(MoO,), (space group P1), KY (MoO,),¥ (space
group Pben), and CsDy(MoO,),"” (space group P2/c),
etc. Especially, compounds KLn(MoO,), (Ln=La, Nd,
Sm, Eu)" feature (3+1)-dimensional incommensurate
modulated structure with super space group 12/b (¢30)00
SSG and lattice constants a=b =0.55+0.05 nm, ¢ =
2a, v =90°. Their structural modulation may arise
from the ordering of K/Ln atoms within the structure.
An examination of literature shows that previous
structural studies on the compound KGd(MoO,), are
confined to X-ray powder diffraction (XRD)"Y, and the
analysis of the structural characterization in detail
through X-ray crystal structural determination has not
been done. So we are making efforts to grow single
crystals in the system and determine the crystal
structure by single-crystal X-ray diffraction analysis,
which are very meaningful for further studies on this
extensive family of compounds. In this paper, we
present synthesis, crystal structure of rare-earth
double molybdate KGd(MoO,), at room temperature.
At the same time, we make the calculations of crystal
energy band structures and optical response function
to explore the chemical bonding properties and
electronic origin of optical transition of the title

compound.
1 Experimental

1.1 Synthesis

Single crystals of KGd(MoO,), were prepared by
the high
analytical reagents of Gd,0s, K,CO; and MoOj; at the

molar ratio of ng:nginy,=1:1:2. Starting mixture was

temperature  solution reaction, using

finely ground in an agate mortar to ensure the best
homogeneity and reactivity, and transferred to a

platinum crucible to heat at a temperature of 773 K

for 8 h. The obtained product was reground and
heated at 1 173 K for 20 h, and then cooled to 973 K
at a rate of 4 K-h™". Afier heating at 973 K for 20 h,
the mixture was cooled to 873 K at a rate of 2 K-h™
and finally quenched to room temperature. In order to
confirm the chemical composition of the compound,
microprobe elemental analysis was performed on a
field emission scanning electron microscope (FESEM,
JSM6700F) equipped with an energy dispersive X-ray
spectroscope  (EDS, Oxford INCA). X-ray powder
diffraction (XRD) patterns (Cu Ka, A=0.154 18 nm)
were collected on a XPERTMPD 6-26 diffractometer.
The measured molar ratio of ng:ngiiny, by microprobe
elemental analysis is 6.95:7.04:15.07, which is in good
agreement with the one determined from single crystal
X-ray structure analysis.

After crystal structure determination, polycrysta-
lline samples of KGd(MoOQ,), was synthesized by solid-
state reactions of stoichiometric amounts (ng:negny,=1:
1:2) of analytical reagents of Gd,0;, K;CO3; and MoOs.
The pulverous mixtures were allowed to react at 1 023
K for 120 h. with several intermediate grindings in an
opening Pt crucible.

1.2 Crystal structure determination and spectral
measurement

A Prism-shaped single crystal of KGd(MoO,),
with dimension of 0.10 mmx0.03 mmx0.02 mm was
selected for single-crystal X-ray diffraction determina-
tion. The diffraction data were collected on a Rigaku
Mercury CCD diffractometer with graphite-monochro-
mated Mo Ka radiation(A=0.071 073 nm) using the @
scan mode at 293 K. Lorentz and polarization correc-
tions were applied to all data, and an empirical absor-
ption correction was applied using Crystal Clear ™
program. The crystal structures for the title complexes
were solved by the charge-flipping method using the
Superflip program and subsequently refined by the
JANA2006 crystallographic computing system!. All
non-hydrogen atoms in the structure were refined
displacement

using harmonic atomic

(ADP). Crystal data, collected reflections

anisotropic
parameters
and parameters of the final refinement are summarized

in Table 1. Selected bond lengths and angles are
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given in Table 2 and 3, respectively. The samples used for spectral measurements are

CSD: 427391. polycrystalline powder synthesized by solid-state

Table 1 Crystal data and structure refinements for KGd(MoO,),

Formula KGd(MoOy), Absorption correction Multi—scan

Software JANA2006 Absorption coeffient / mm™ 13.612

Formula weigh 516.23 F(000) 462

Wavelength / nm 0.710 73 Crystal size / mm 0.100x0.030x0.020

Crystal system Triclinic 0 range / (°) 3.23~27.48

Space group Pl Limiting indices (-6, =7, =13) to (6, 8, 13)

a/ nm 0.529 23(6) Ry 0.019

b/ nm 0.692 10(6) Reflections collected 1 543

¢/ nm 1.068 89(7) Independent reflections 1307

al (%) 75.79(8) Parameter / restraints / constraints 110/0/70

B/(° 76.79(5) GOF (gt) 1.36

v/ (°) 67.60(4) Final R indices (gt) R=0.022 8, R,=0.028 2

Volume / nm’ 0.346 89(5) R indices (all data) R=0.026 4, R,=0.029 3

A 2 Largest difference peak and hole 0.60 and -0.48

D./ (g-ecm™) 4.940 6

Table 2 Atomic coordinates and equivalent isotropic displacement parameters for compound KGd(MoO,),

Atom Site S.0.F x y z Uy
K1 2i 1 0.114 48(19) 0.195 20(15) 0.056 85(9) 0.010 1(6)
Gdl 2i 1 0.122 05(4) 0.685 59(3) 0.560 85(2) 0.006 44(11)
Mol 2i 1 0.615 62(7) 0.929 01(6) 0.329 09(3) 0.006 13(12)
Mo2 2i 1 0.364 62(8) 0.561 18(6) 0.215 74(4) 0.007 73(12)
01 2i 1 0.540 4(6) 0.687 79 0.414 49 0.010 1(6)
02 2i 1 0.116 3(6) 0.560 39 0.370 06 0.011 5(7)
03 2i 1 0.253 0(6) 0.687 9(5) 0.414 4(3) 0.017 1(7)
04 2i 1 0.404 5(6) 0.560 2(5) 0.370 0(3) 0.018 7(7)
05 2i 1 0.822 8(6) 0.500 5(5) 0.097 0(3) 0.014 0(7)
06 2i 1 0.301 1(6) 0.804 7(5) 0.153 6(3) 0.011 7(7)
07 2i 1 0.802 6(6) 0.913 8(5) 0.180 5(3) 0.011 3(7)
08 2i 1 0.303 7(6) 0.624 8(5) 0.751 9(3) 0.012 8(7)
* Uy 1s defined as one third of the trace of the orthogonalized Uj tensor.
Table 3 Selected bond lengths (nm) and angles (°) for KGd(MoO,),
Gd1-06 0.232 5(3) Mo1-05 0.171 2(3) K1-04* 0.263 1(4)
Gd1-02' 0.237 1(3) Mo1-08 0.172 7(3) K1-05* 0.273 5(3)
Gd1-01 0.240 5(3) Mo1-07 0.179 8(3) K1-03" 0.275 0(4)
Gd1-02 0.241 5(3) Mo1-01 0.171 2(3) K1-06' 0.277 0(4)
Gd1-08" 0.241 7(3) Mo2-03 0.172 7(3) K1-05 0.283 1(4)
Gd1-07% 0.245 8(4) Mo2-04 0.179 8(3) K1-08 0.295 0(3)
Gd1-07" 0.248 6(3) Mo2-06" 0.171 2(3) K1-04* 0.298 7(4)
Gd1-01* 0.251 1(3) Mo2-02 0.185 9(3) K1-03* 0.263 7(4)
05-Mo1-08 107.92(16) 08-Mol1-01 109.52(14) 04-Mo2-06' 106.70(15)
05-Mol1-07 105.57(14) 07-Mol1-01 107.01(14) 03-Mo2-02 110.42(14)
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Continued Table 3
08-Mol1-07 110.45(14) 03-Mo2-04 106.32(17) 04-Mo2-02 113.22(16)
05-Mo1-01 116.26(15) 03-Mo2-06* 111.56(15) 06v-Mo02-02 108.59(15)
Note: ' —x, 1-y, 1-z; " =x, 2—y, 1—z; " =14x, v, 23 ¥ 1=x, 2—y, 1=z, " 1=x, 1=y, 1=z "™ —x, 1—y, —z; * 1=x, 1—y, —z; ¥ x, =14y, z;

L, —14y, 2.
reactions. To give evidence that the samples are of
pure phase, we determined the powder XRD pattern
using RIGAKU DMAX2500 diffractometer with Cu Ko
(A=0.154 18 nm) (step size of 0.05° and
range 20=5°~65°). The powder XRD pattern is compared

radiation

with the simulated ones, confirm the monophasic
nature of the prepared sample (Fig.1). The absorption
spectrum was recorded on a Lambda-35 UV/Vis
spectrophotometer in the wavelength range of 200 ~
800 nm. The emission spectrum was measured on a
Cray Eclipse fluorescence spectrometer using Xe lamp

at room temperature.
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Fig.1 Experimental and simulated X-ray powder
diffraction patterns of KGd(MoO,),

1.3 Computational descriptions

The crystallographic data of KGd(MoO,), deter-
mined by X-ray is used for the theoretical calcula-
tions. Band structure calculations along with density
of states (DOS) are performed with density functional
theory (DFT) using one of the non-local gradient-
corrected exchange-correlation functionals (GGA-PBE)
and performed with the CASTEP code, which uses a
plane wave basis set for the valence electrons and norm
-conserving pseudopotential for the core electrons!™.
The number of plane waves included in the basis is
determined by a cutoff energy of 450 eV and the
Brillouin  zone is

numerical integration of the

performed using a 4 x3 X2 Monkhorst-Pack k-point

sampling. The interactions between the ionic cores
and the electrons are described by the norm-
conserving pseudopotential, in which the orbital
electrons of K-3s?3p®s', Gd-4f755?5p°5d'6s>, Mo-4d’5s'
and 0-252p* are treated as valence electrons.

The calculations of linear optical properties are
also made in this work. The linear response of a
system to an external electromagnetic field with a
small wave vector is measured through the complex
dielectric function & (w)=¢;(w)+i&;(w). The imaginary
part of the dielectric function, &,(w), is given by the

following equation:

2
25; S <V I+ r1W] FS(E, ~E, ~E)

0 k.

& (q_>0,;’ hw)=

where ¢ and v are band indexes, {2 is the volume of
the system, and is the vector defining the polarization
of the incident electric field. The imaginary part of the
dielectric function, &,(w), can be thought of as detailing
the real transitions between the occupied and unoc-
cupied electronic states. Since the dielectric constant
describes a causal response, the real and imaginary

parts are linked by a Kramers-Kronig transform!.

2 7 w' & (w")dw’

& (w)- =?P o' —w?

and

20 T &l(@)dw’
£y ()-1="2-p | LG @)
Here, the P means the principal value of the integral.
This transform is used to obtain the real part of the

dielectric function, &(w).
3 Results and discussion

3.1 Synthesis and crystal structure

The synthesis can be expressed by the following
reaction:

K;CO5+Gd,05+4M005—2KGd(Mo0,),+CO,

The X-ray diffraction analyses show that comp-
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ound KGd(MoOQ,), belongs to a-KEu(MoO,),-type stru-
cture family (space group P1) as reported by Klevtsova
et al”. The structure features a three-dimensional
framework with MoO, tetrahedra, GdOg polyhedra and
KOy polyhedra linked by corner-sharing O atoms, as
shown in Fig.2. K and Gd atoms in this structure
occupy their respective sites, while in potassium
lanthanide molybdates KLn(MoO,), (Ln=Nd, Sm)™, K
and Ln atoms occupy the same crystallographic
distinet site in ordering manner which induces the
structure modulation. There is one unique potassium
(I)atom, one gadolinium(ll) atom, two molybdenum (VI)
atom, and eight oxygen atoms in the asymmetric unit
of KGd(Mo0,),(Fig.3). The molybdenum(V)) atom is four
coordinated by four oxygen atoms, forming isolated
[MoO,]* anions. The [MoO,]* has a tetragonal structure,
in which the Mo°* is located at the center of the
tetragonal structure with four O?~ located at the four
apex angles. The Mo-O distances fall in the range of
0.171 2(3)~0.185 9(3) nm, and O-Mo-O bond angles
range from 106.32(17) to 116.26(15)°, which are
reported in other metal

comparable to those

B0 Results of bond valence calculations

molybdates
indicate that the molybdenum atom is in +6 oxidation
state!l. The gadolinium atom is coordinated by eight
oxygen atoms from eight [MoO,]*" anions in a distorted
square anti-prismatic geometry via corner-sharing
O atoms. The Gd-O distances are in the range of
0.232 5(3)~0.251 1(3) nm. Each potassium atom is
surrounded by eight oxygen atoms with K-O distances
ranging from 0.263 1(4) to 0.298 7(4) nm. It is worth
noting that here are four Gd-O weak contacts (0.375~
0.392 nm) and two K-O contacts (0.387 7(3) and
0.392 7(4) nm), which can be considered as secondary
coordination bonds to complete the extended coordina-
tion spheres of these large cations (coordination
number up to 12 and 10 for Gd** and K*, respe-
ctively). Isolated [MoO,]*" anions adopt a linear array
along a-axis, forming four directions one-dimensional
(ID) Mo --- Mo chains with the separations of about
0.525 nm. They are further interconnected by the Gd*
cations into a 2D [Gd(MoO,),|” anionic layer in the ab-
plane. Alternatively, [Gd(MoQ,),]” anionic network can

be described as interlocked GaOg polyhedra and
MoO, tetrahedra, as shown in Fig.4. The [Gd(MoO,),]|~
layers delimit infinite tunnels along the b-axis where
K* cations are located, leading to a complicated 3D

network of KGd(MoO,), (Fig.2).

Fig.2  View of the crystal structure of KGd(MoO,),
composed of MoO, tetrahedra(dark gray), GdOg
polyhedra(light gray) and K atoms(white

circles)

K1

Fig.3 Asymmetric unit of KGd(MoO,),

Fig.4 2D [Gd(MoO,),]” anionic layer composed of MoO,
tetrahedra and GdOs octahedra in the ab-plane
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3.2 Fluorescence properties

Previous studies on complex KGd(MoQ,), were
usually focused on using it as host material for doping
other rare-earth elements to generate fluorescence
effect, including KGd(MoO,),:Er**/Yb¥ ¥ KGd(MoO,),
Eud ) ete.

the emission spectra of itself have not been reported

However, to the best of our knowledge

so far. The following section will discuss the emission
spectra of KGd (MoO,), and the assignments of the
electronic spectra in view of the band structure and
density of states.

When the ultraviolet light of 265 nm is used to
excite powder sample KGd(MoO,),, emission bands
ranging from 350 to 400 nm are observed, as shown in
Fig.5. It is noted that the emitted energy is less than
the optical absorption edge. The emission bonds
ranging from 350 to 430nm are ascribed to the
radiative transition within tetrahedral [MoO,]*~ group,
where the exciton becomes autolocalised. When it is
excited, one p-electron of O~ (2s?2p°) transfers to 5d
empty shells of Mo®*(55?5p°) to form Mo’* (55%5p°d),
then transfers back to the ground state and generates
transition radiation. Very strong and sharp optical
emissions resulting from 4/-4f transitions of lanthanide
atom are not observed at the ultraviolet region. The
close distance of Gd-Gd, which is about 0.39 nm
according to crystal structure determination, possibly
results in the fluorescence quenching due to the
interaction among Gd** ions. In addition, emission
band at around 422 nm is observed, which possibly

results from 5d-4f electronic transitions of the Gd** ion

1000

8004
422.00

(=)

[=3

(=}
1

400

Intensity / a.u.

363.07

200

350 400 450
Wavelength / nm

Fig.5 Emission spectra of KGd(MoO,), (excited at
265 nm)

or from defects.
3.3 Theoretical studies

Here, we calculate the energy band structures,
(DOS), and the linear optical
response properties of crystal KGd(MoOy), by the DFT

density of states

method. The spin polarization is properly taken into
account because of the unpaired f-electron effect of
the Gd* ion. The calculated band structure along high
symmetry points of the first Brillouin zone is plotted
in Fig.6, where the labeled k-points are present as G
(0.0, 0.0, 0.0), F (0.0, 0.5, 0.0), Q (0.0, 0.5, 0.5) and
Z (0.0, 0.0, 0.5). Both the top of valence bands (VBs)
(CBs) display a
small dispersion. The state energies (eV) of the lowest
conduction band (L-CB) and the highest valence band
(H-VB) at some k-points of the crystal KGd(MoO,), are
listed in Table 4. The lowest energy (3.20 eV) of
(CBs) is localized at the G point

and the bottom of conduction bands

conduction bands
whereas the highest energy (0.00 eV) of valence bands
(VBs) is localized at the Z point. Hence, KGd(MoOQ,),

is an indirect band-gap semiconductor.

Energy / eV

Fig.6 Calculated energy band structure of KGd(MoO,), in
the range from —5.0 to 5.0 eV; Fermi level is set

at 0.0 eV

On the other hand, the experimental optical
diffuse reflectance absorption spectrum of the title
compound is shown in Fig.7. The absorption edge is
around 375 nm (3.31 eV) which might be considered
as the band gaps of the corresponding compound.
Accordingly, the calculated indirect band gap of 3.20
eV is smaller than the corresponding experimental
value of 3.31 eV. The little discrepancy is due to the
limitation ~ of  DFT

method  that  generally
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Table 4 State energies (eV) of the lowest conduction band (L-CB) and the highest valence band
(H-VB) at some k-points of the crystal KGd(MoO,),

k-point G Q VA
L-CB 3.202 3.353 3.258
H-VB -0.016 -0.095 -0.104 0.000

underestimates the band gap in semiconductors and
insulators. For the unconspicuous difference of band
gap value, no scissor operator is applied for the

calculations of DOS for the title compound.

Absorbance / a.u.

24

0-
200 300 400 500 600 700
Wavelength / nm

Fig.7  Absorption spectra of KGd(MoO,),

The total and partial densities of states (DOS) are
plotted in Fig.8. The regions below the Fermi level
(the Fermi level is set at the top of the valence band)
contain 94 bands (two formula units/unit cell) and can
be divided into five regions. The states of Gd-5s form
the VBs lying near —40.0 eV, and the states of K-3s
lying near —26.4 eV. The VBs ranging from -21.5 to
—-14.5 eV are composed of the states of Gd-5p, Mo-5s
and O-2s states. The VBs near -10.5 eV are
dominated by K-3p with small mixings of Mo-4d
states. The fifth region of the VBs between —6.20 eV

—_
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< T .
2 o] [
o -101 T T T T . T T T T
g 154 Gd P I
o A I S
B s A I N d a
g 0
) 3] T T T T T
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“g 10 T ° T T S“‘ T by ; T |a
Z 04 S L L W2 7
8 -104
30_ T T T T T T T
151 '
0- T T =
10 20

Energy / eV
Fig.8 Total and partial DOS of KGd(MoO,),

and the Fermi level (0.0 eV) is dominated by the O-
2p, mixing with small amount of K-3s3p, Gd-5s5p5d,
Mo-5s, Gd-4f and Mo-4d states. The CBs in the range
of 3.0 eV and 4.5 eV are mostly contributions from
Mo-5s.

Experimental study shows that the absorption
edge of KGd (MoO,), is at about 400 nm, and the strong
absorption peak is at around 250 nm, while there is
no absorption above 400 nm. To evaluate and assign
the observed absorption spectra, we examined the
linear optical response properties of it. The imaginary
part &;(w) and the real part & (w) of the frequency-
dependent dielectric function were calculated without
the DFT scissor operator approximation. It is found
from the dispersion of the calculated &,(w) spectra from
200 to 650 nm

peaks are located at about 270 nm, and there is no

(Fig.9) that the maximum absorption

absorption above 400 nm. It is comparable to the
experimental data as mentioned above; hence, our
calculated value is reasonable. According to the above
DOS analysis, the absorption ranging from 200 to 300
nm is mainly attributed to the charge transfers from

0-2p to Mo-5s states.

8- E:](U))

Dielectric function

200 300 400 500 600
Wavelength / nm

Fig.9 Calculated real and imaginary parts of dielectric
functions of KGd(MoO,), in polycrystalline

calculation geometry
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