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Abstract:  Solid-state reactions of
zinc(I) or cadmium(Il) oxide, V,Os,
and TeO, at high temperature led to
two novel quaternary compounds,
namely, Zn;V,TeO,, and Cd,V,Te;O;;s.
The structure of Zn;V,TeO,, is a com-
plicated three-dimensional (3D) net-
work constructed by the interconnec-
tion of ZnOs;, ZnO4, VO,, and TeO,

features a 3D network in which the
cadmium tellurite layers are further in-
terconnected by both “isolated” VO,
tetrahedra and one-dimensional (1D)
vanadium  oxide  helical chains.
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Cd,V,Te;0; displays a second harmon-
ic generation (SHG) efficiency of
about 1.4 times that of KH,PO,
(KDP). Both compounds are direct
band-gap semiconductors and are
transparent in the range of 0.6
10.0 um. Measurements of lumines-
cence indicate that both compounds
exhibit broad emission bands in the

polyhedra via corner- and edge-sharing.
Cd,V,Te;0,5; with an acentric structure

tions

Introduction

The search for new second-order nonlinear optical (NLO)
materials is of current interest and great importance due to
their applications in photonic technologies.!! Currently, the
most widely used such materials are inorganic crystals based
on borates, such as -BaB,0, (BBO) and LiB;Os (LBO),
and phosphates, such as KH,PO, (KDP) and KTiOPO,
(KTP).”! 1t is reported that the m-conjugated system based
on trigonal BO; groups is responsible for the second har-
monic generation (SHG) properties of the borates."*! Stud-
ies have shown that the asymmetric coordination poly-
hedron adopted by Se' or Te'¥ atoms with a lone pair can
also induce noncentrosymmetric structures (NCS) which
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blue-light region.

might be SHG effective.*”) Transition-metal ions with a d°
electronic configuration, such as Ti**, V°*, Nb>* W+,
Mo°*, which are susceptible to second-order Jahn-Teller dis-
tortions have been introduced to the metal selenite or tellur-
ite systems to improve their SHG properties.*” Recently
we found that the combination of B—O and Se—O bonds can
also afford a new type of second-order NLO compound.'’
Most such studies apply NH,*, alkali- or alkaline-earth-
metal ions as cations, therefore such materials are usually in-
sulators which may be used in the ultraviolet or the vacuum
ultraviolet region.'*! On the other hand, semiconducting
second-order NLO materials such as CdSe and AgGaSe, are
also urgently required because they can be used in the mid-
wave (2-5um) and farwave (>5pum) infrared region.”
These materials have been used in applications in optical
parametric oscillation (OPO) and in blue- and green-light
laser devices.”! However, currently such materials are rela-
tively few and mostly limited to transition-metal chalcoge-
nides the large-sized single crystals of which are difficult to
grow. We deem that the replacement of the alkaline-earth
or alkali-metal ions (A) in the A-d’ transition-metal ion—
Te"™ (or Se™)-O systems by d'° ions, such as zinc(II) or cad-
mium(II), may greatly reduce the band gaps to form new
types of semiconducting SHG materials that are transparent
in the IR region. Our research efforts in the almost unex-
plored Zn(Cd)-VY-Te™-O systems afforded two new quater-
nary phases, namely, Zn;V,TeO,, and Cd,V,Te;Os.
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Cd,V,Te;0;5 is a second-order NLO material with a moder-
ately strong SHG efficiency of about 1.4 times that of
KH,PO, (KDP) and it is transparent in the IR region.
Herein we report their syntheses, crystal, and band struc-
tures, as well as optical properties.

Results and Discussion

Exploration of the new types of NLO materials in the
Zn(Cd)-VY-Te"™-O systems led to the isolation of two novel
zinc(II) or cadmium(II) vanadium(V) tellurium(IV) oxides,
namely, Zn;V,TeO,, and Cd,V,Te;0,s5. Both compounds fea-
ture a complicated 3D network structure and Cd,V,Te;O;
shows a moderately strong second-order SHG response and
it is transparent in the IR region.

Structural descriptions: The synthesis of Zn;V,TeO,, can be
expressed by reaction (1) at 670°C:

37Zn0 + V,05 + TeO, — Zn;V,TeOy, (1)

Zn;V,TeO,, features a three-dimensional (3D) network
structure composed of ZnOs, ZnO4, VO,, and TeO, poly-
hedra interconnected via corner- and edge-sharing
(Figure 1). The asymmetric unit of Zn;V,TeO,, contains

Figure 1. View of the structure of Zn;V,TeO,, looking down the ¢ axis.
The ZnOjs and ZnOg polyhedra are shaded in medium gray and VO, tet-
rahedra are shaded in light gray. Te and O atoms are drawn as open and
crossed circles, respectively.

three unique zinc(I) atoms, two unique vanadium(V)
atoms, and a tellurium(IV) atom. The Znl atom is octahe-
drally coordinated by six oxygen atoms, whereas the Zn2
and Zn3 atoms are five-coordinate in a distorted trigonal-bi-
pyramidal geometry (Figure 2). The Zn—O distances are in
the range of 1.905(5)-2.462(4) A (Table 2), which is compa-
rable to those in the zinc tellurites or tellurates report-
ed.'® Both the vanadium atoms are in a slightly distorted
tetrahedral coordination environment surrounded by one
oxygen atom from the tellurite group and three terminal
oxygen atoms. The V—O distances range from 1.641(5) to
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Figure 2. A 2D zinc(II) tellurium(IV) oxide layer in Zn;V,TeOy.

Table 1. Crystal data and structure refinements for Zn;V,TeO;, and
Cd,V,Te;0;s.

formula Zn;V,TeOy, Cd,V,Te;0,5
F, 585.59 1174.28
space group P2/c P2.2.2,
a[A] 5.2629(5) 5.3993(4)

b [A] 30.534(3) 16.048(1)
c[A] 5.5054(5) 16.235(1)
al’] 90 90

B I°] 98.653(5) 90

v [°] 90 90

vV [A7] 874.6(2) 1406.7(2)

Z 4 4

Peated [gEM ] 4.447 5.545

u [mm™] 13.475 13.389
crystal size [mm] 0.15x0.10x0.03 0.30x0.04x0.02
F(000) 1072 2056

Flack parameter 0.01(5)
reflns collected 6620 10877
independent reflns 1998 [R;,=0.0474] 3208 [R;,=0.0365]
obsd data [I>20(1)] 1715 2903
data/restraints/parameters 1998/0/145 3208/0/218
GOF on F* 1.065 1.150

R1, wR2 (I>20(I))" 0.0361, 0.0848 0.0392, 0.0603
R1, wR2 (all data) 0.0447, 0.0893 0.0455, 0.0626

[a] RI=3[|F,| = |F||/S|F,|, wR2={Sw[(F,)*—~ (F) FISwl(F.)}'™.

1.817(4) A (Table 2), comparable to those in other corre-
sponding vanadium compounds reported.!'! The Tel atom
resides in a distorted y-TeO, tetragonal pyramid with the
fifth site occupied by the lone-pair electrons of the telluri-
um(IV). The Te—O distances are in the range of 1.866(4)—
2.085(4) A. Bond valence calculations indicate that V and Te
atoms are in an oxidation state of +5 and 44, respectively.
The calculated total bond valences for the V(1), V(2), and
Te(1) atoms are 5.07, 5.13, and 4.15, respectively.'?
Neighboring Zn(1)O4 and Zn(2)Os polyhedra are inter-
connected via edge- and corner-sharing into a one-dimen-
sional (1D) chain along the a axis. The Zn(3)Os polyhedra
are also interconnected via edge-sharing to form a 1D chain
along the c¢ axis. The two types of chains are further inter-
connected via corner-sharing into a thick zinc oxide layer
parallel to the ac plane. The TeO, groups are grafted into
the layer above through Te-O-Zn bridges (Figure 2). Such
neighboring layers are bridged by V(1)O, tetrahedra via
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corner-sharing along the b axis into a 3D architecture. The
V(2)O, tetrahedra are located at the tunnels formed by
ZngTe, eight-membered rings (Figure 1).

The structure of Zn;V,TeO,, can also be described in
terms of the Te atoms occupying the tunnels formed by
Zn,V five-membered rings in the 3D network of zinc(II) va-
nadium(V) oxide (Figure 3). The Zn,V three-membered

Figure 3. View of the 3D zinc(II) vanadium(V) oxide network looking
down the ¢ axis in Zn;V,TeOy,.

rings and Zn,V, four-membered rings are also present in the
framework of the zinc(Il) vanadium(V) oxide (Figure 3). It
is interesting to compare the structure of Zn;V,TeO,, with
the organically covalently bonded zinc(IT) vanadium(V) tel-
lurium(IV) oxide, Zn,(bipy),V,TeO,,, which we have report-
ed previously.'™ The structure of Zn,(bipy),V,TeO,, fea-
tures a layered structure built from 1D double chains of Zn-
(bipy)V;0, interconnected by 1D chains of Zn(bipy)VTeOq
via V-O-Te bridges, the VO, tetrahedra are interconnected
via corner-sharing into a 1D chain. Obviously, the coordina-
tion of bipy to the zinc(II) ion reduces the coordination sites
for oxygen atoms, hence the dimensionality of the structure
is lowered.!"®!

The synthesis of Cd,V,Te;O;5 can be expressed by reac-
tion (2) at 610°C:

4CdO + V,0s + 3TeO, — Cd,V,Te;0, 2)

The structure of Cd,V,Te;0,5 features a 3D network in
which the cadmium tellurite layers are further interconnect-
ed by discrete VO, tetrahedra and 1D vanadium oxide heli-
cal chains (Figure 4). All four unique cadmium(II) ions are
octahedrally coordinated by six oxygen atoms with Cd—O
distances ranging from 2.161(7) to 2.615(8) A. The V(1)
atom is tetrahedrally coordinated by four O®~ ions, whereas
the V(2) atom is tetrahedrally coordinated by one tellurite
oxygen and three O®" ions. The V—O distances are in the
range of 1.633(7)-1.860(8) A, which are comparable to those
in Zn;V,TeO;, and previously reported.'! Neighboring
V(1)O, tetrahedra are further interconnected via corner-
sharing into a 1D right-handed helical chain, whereas the
V(2)O, tetrahedra remain “isolated”. All three telluri-
um(IV) atoms in the asymmetric unit are coordinated by
three oxygen atoms in a distorted y-TeOj; tetrahedral geom-
etry with the fourth site occupied by the lone-pair electrons
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Figure 4. View of the structure of Cd,V,Te;O,5 looking down the a axis.
The CdO4 and VO, polyhedra are shaded in medium and light gray, re-
spectively. Te and O atoms are drawn as open and crossed circles, respec-
tively.

which is different to that found for Zn;V,TeO,,. The Te—O
distances are in the range of 1.854(8)-1.943(8) A. For the
Tel atom, there is also an additional greatly elongated Te—
O bond (2.525(8) A) that could be considered as a secon-
dary coordination bond. Bond valence calculations indicate
that the V atoms have an oxidation state of 4+5 and the Te
atom has an oxidation state of +4, the calculated total bond
valences for V(1), V(2), Te(1), Te(2), and Te(3) are 5.10,
5.05, 4.14, 3.81, and 3.84, respectively.'?

The CdOg¢ octahedra are further interconnected via
corner- and edge-sharing into a two-dimensional (2D) cad-
mium(II) oxide layer based on {Cd;O,y} pentamers, in which
three oxygen atoms act as p’-metal linkers (Figure 5a).
These pentamers are further condensed through the sharing
of Cd3 atoms along the a axis and sharing oxygen corners
along the ¢ axis into a unique cadmium(II) oxide layer. The
tellurite anions cap on both sides of the cadmium(II) oxide
layer to form a novel cadmium(II) tellurium(IV) oxide layer
(Figure 5b). The above-mentioned cadmium(II) telluri-
um(IV) oxide layers are bridged by “isolated” V(2)O, tetra-
hedra and V(1) oxide helical chains into a 3D architecture
with two types of left-handed helical tunnels along the a
axis (Figure 6). The larger ones are formed by eight-mem-
bered rings composed of four cadmium(II) atoms, three va-
nadium(V) atoms, and a tellurium(IV) atom whereas the
smaller ones are formed by six-membered rings containing
four cadmium(II) and two vanadium(V) atoms. The lone-
pair electrons of the tellurium(IV) atoms are orientated to-
wards the tunnels above. The effective volume of the lone-
pair electrons is approximately the same as the volume of
an O% ion according to Galy and Andersson.™!

Thermal stability studies: TGA studies indicated that both
Zn;V,TeO,, and Cd,V,Te;O,5 are thermally stable up to

Chem. Eur. J. 2008, 14, 1972-1981
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Figure 5. A {Cd;O,,} pentamer (a) and a cadmium(II) tellurium(IV)
oxide layer in Cd,V,Te;O0;5 (b).

about 840°C (Figure 7). Both compounds exhibit only one
main step of weight loss. The total weight losses at 1300°C
are 27.4% and 70.5 %, for Zn;V,TeO,, and Cd,V,Te;O;s, re-
spectively. For Zn;V,TeO,,, the weight loss is expected to
correspond to the release of one TeO, molecule per formula
unit (calculated weight loss 27.2%). For Cd,V,Te;Oys, the
weight loss is much larger than the calculated value for the
release of three TeO, molecules per formula unit (calculated
weight loss 40.8 %) and we still cannot fully understand the
thermal decomposition process of this compound. The final
residues were not characterized due to their melting with
the TGA bucket made of Al,O; under such high tempera-
ture.

Differential thermal analysis: The DTA trace for
Cd,V,Te;0;s exhibits an endothermic peak at 751°C in the
heating curve and an exothermic peak at 695°C in the cool-
ing curve (Figure 8), indicating that Cd,V,Te;O,5 melts con-
gruently at 751°C. To further confirm that Cd,V,Te;O;s
melts congruently, a 300mg powdered sample of
Cd,V,Te;0;s was packed into a crucible, was heated to
820°C, was held at this temperature for 30 min, and was
then rapidly cooled to room temperature. The measured
powder XRD pattern of the resultant solidified melt is es-
sentially identical to that of the initial Cd,V,Te;O;s powder
(see Supporting Information). Therefore, in principle, large
single crystals could be grown from the stoichiometric
melts.P!
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Figure 6. Left-handed helical tunnels along the a axis in Cd,V,Te;O;s. a)
based on Cd,V;Te eight-membered rings and b) based on Cd,V, six-
membered rings.
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Figure 7. TGA curves for Zn;V,TeO,, and Cd,V,Te;Os.

Optical properties: Optical diffuse reflectance spectrum
studies indicate that Zn;V,TeO,, and Cd,V,Te;O,5 are semi-
conductors with an optical band gap of 2.96 eV and 2.66 eV,
respectively  (Figure 9). UV  absorption spectra of
Zn;V,TeOy, and Cd,V,Te;O,5 show little absorption in the
range of 600-2500 nm (0.6-2.5 um) and IR studies indicate
that they are transparent in the range of 4000-1000 cm™!
(2.5-10.0 um) (one moderate peak at 1010cm™' for
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Figure 9. Optical diffuse reflectance spectra for Zn;V,TeO,, and
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Figure 10. UV absorption spectra of Zn,;V,TeO,, and Cd,V,Te;O0s.

Zn;V,TeOy) (Figures 10 and 11). The IR absorption bands
at 916, 893, 868, 850, and 815cm™' for Cd,V,Te;O;s, and
1010, 976, 945, 930, 885, 839, and 808 cm™* for Zn;V,TeO,,
are due to v(V=0) or v(V-O-V) vibrations, whereas those at
795, 781, 755, 742, 709, 681, 647, 629, 591, 551, 486, 450, 431,
and 412 cm™" for Cd,V,Te;0;s, and 793, 764, 696, 553, 513,
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Figure 11. The infrared spectra of Zn;V,TeOy, (a) and Cd,V,Te;0;5 (b).

478, 422, and 411 cm™' for Zn;V,TeO,, can be assigned to
the vibrations of v(V—0), v(Te—0O), v(Te-O-Te), and v(Te-
O-V). Hence, both compounds are transparent in the
range of 0.6-10.0 um. The emission spectra of Zn;V,TeO,,
and Cd,V,Te;0,; show broad emission bands at 424 and
436 nm, respectively, under excitation at 295 nm (Figure 12),
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Figure 12. Emission spectra of Zn;V,TeO,, and Cd,V,Te;O,5 under 4., =
295 nm.
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which may be attributed to the ligand-to-metal charge trans-
fer (LMCT).[™!

Second harmonic generation (SHG) measurements:
Cd,V,Te;Oy5 is acentric with a space group of P2,2.2,.
Hence, its second-order NLO properties are worth studying.
SHG measurements on a Q-switched Nd:YAG laser on the
sieved-powder sample (80-100 mesh) reveal that
Cd,V,Te;0O5 displays a moderate-strong SHG signal about
1.4 times that of KDP. This SHG response could be attribut-
ed to both the lone pairs of the tellurite anions and the 1D
vanadium(V) oxide helical chain.[¢!

Theoretical studies: The calculated band structures of
Zn;V,TeO,, and Cd,V,Te;O,5 along high-symmetry points of
the first Brillouin zone are plotted in Figure 13. It is found
that the tops of the valence bands (VBs) are almost flat,
whereas the bottom of the conduction bands (CBs) display
small dispersion for both compounds. The state energies
(eV) of the lowest conduction band (L-CB) and the highest
valence band (H-VB) at some k points of both the com-
pounds are listed in Table 3. Both the tops of the valence
bands (VB) and the bottom of the conduction bands are lo-
cated at the G point with a band gap of 2.95eV and 1.94 eV,
respectively, for Zn;V,TeO,, and Cd,V,Te;Os. Therefore,
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Figure 13. Band structures for the crystals Zn,V,TeO,, (a) and
Cd,V,Te;0;5 (b) (bands are shown only between —2 and 4 eV for clarity,
and the Fermi level is set at 0 eV).
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both Zn,;V,TeO,, and Cd,V,Te;O;; are direct band-gap semi-
conductors. The calculated band gap of Zn;V,TeO,, is com-
parable with the experimental one (2.96 eV), whereas that
of Cd,V,Te;O,5 is slightly smaller than the experimental
one. The discrepancy is due to the limitation of the DFT
method that sometimes underestimates the band gap in sem-
iconductors and insulators."”! As a result, a scissors operator
of 0.7 eV was applied for the calculated optical properties of
Cd,V,Te;0,5 to shift all the conduction levels in accordance
with the measured value of the band gap.

The bands can be assigned according to the total and par-
tial densities of states (TDOS and PDOS, respectively) as
plotted in Figure 14. The TDOS and PDOS of both com-
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Figure 14. The total density of states and partial density of states of
Zn;V,TeO,, (a) and Cd,V,Te;0;;5 (b) (the Fermi level is set at 0 eV).

pounds are similar; the bands just above the Fermi level
(the Fermi level is set at the top of the valence band) are
derived from V-3d with small mixings of Te-5p and O-2p
states in 2.5-4.3eV and 1.5-39eV for Zn;V,TeO,, and
Cd,V,Te;0;s, respectively. The VB just below the Fermi
level are mainly from O-2p states mixing with a small
amount of the Te-5s and Te-5p states for both compounds.
Accordingly, it can be considered that the optical absorp-
tions are mainly due to the charge transfer from O-2p to V-
3d states.
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Table 2. Important bond lengths [A] for Zn,V,TeO,, and Cd,V,Te;0;s.

Zn;V,TeOy,

density of the Zn-3d (Cd-4d)
state are larger than those of

Zn(1)-O2)#1 1.998(4) Zn(1)-0(3) 2042(4) the O-2p state in the range
Zn(1)-O(8)#2 2.042(5) Zn(1)-O(7)#3 2.064(4)  from —4.7 to —6.7eV (-5.9 to
Zn(1)-0(1) 2.312(5) Zn(1)-O(4)#1 2352(4) —80eV for Cd,V,Te;0;s),
Zn(2)-0(5)#4 1.905(5) Zn(2)-O(7)#3 1.982(4) I .
Zn(2)-0(2) 1.987(4) Zn(2)-0(6)45 2.024(5) whereas the densities of V-3d
Zn(2)-0(1) 2.462(4) Zn(3)-0(3) 1941¢4y and Te-5p states are much
Zn(3)-0(9)#6 2.009(4) Zn(3)-O(10)#7 2017(4)  smaller than those of the O-2p
Zn(3)-O(10)#3 2.093(4) Zn(3)-0(9)#1 2329(4)  state from -3.6 to —6.7eV
V(1)-0(5) 1.661(5) V(1)-0(6) L670(5)  (Fermi energy to —5.8eV for
V(1)-0(7) 1.733(5) V(1)-0(1) 1.817(4) o
V(2)-0(8) 1.641(5) V(2)-0(9) 1oss) CdVoTesOis), which indicate
V(2)-0(10) 1.730(4) V(2)-0(4) 1.805(s)  that the V=0 and Te—O bonds
Te(1)-0(2) 1.866(4) Te(1)-0(3) 1.894(4)  are mainly covalent in nature,
Te(1)-O(4) 2.058(4) Te(1)-O(1) 2.0854)  whereas the Zn—O or Cd—O
Cd,V,Te;0 .
Cd(1y-0G)#1 2.164(7) 4 T2 TS Cd(1)-0(5)2 2.188(8) bonds have more ionic charac-
Cd(1)-0(10) 2.306(7) Cd(1)-0(9)#3 2329(8)  ters. . o .
Cd(1)-0(8) 2.433(8) Cd(1)-O(13)#3 2.455(7) Semi-empirical ~ population
Cd(2)-O(2)#4 2.169(7) Cd(2)-O(8)#5 2.199(8)  analyses allow a more quanti-
gjg;:gg‘)‘)% ;-iigg ggg;:gg;{(s ;-zggg tative bond analysis. The calcu-
Cd(3)-0(7)#7 2.267(8) Cd(3)-O(5)#7 22748y 1ated bond orders of Zn-O,
Cd(3)-0(1) 2.320(7) Cd(3)-0(9)#2 23577y  V~O, and Te—O bonds are
Cd(3)-0(2) 2.581(8) Cd(3)-0O(8)#2 26158) —0.03-0.37 e, 0.57-0.92¢, and
Cd(4)-O(10)#1 2.161(7) Cd(4)-O(7)#8 2219(7)  0.27-0.54 e, respectively, for
Cd(4)-0(3) 2.259(8) Cd(4)-O(1)#9 2.267(8)
Cd(4)-O(4)#10 2.437(8) Cd(4)-0(2)#11 sy LMaV2TeOy, whereas those for
V(1)-O(13)#3 1.633(7) V(1)-O(11)#12 1638@8) Cd=0, V=0, and Te~O bonds
V(1)-0(12)#13 1.804(8) V(1)-0(12) 1.8188) are 0.06-0.24e, 0.52-0.88¢,
V(2)-0(4) 1.663(8) V(2)-0(14) 1.683(7) and 0.40-0.56 e, respectively,
V(2)-0(15) 1.692(8) V(2)-0(6) 1.860B8)  for  Cd,V,Te;0,5 (covalent
Te(1)-O(3)#12 1.862(7) Te(1)-O(2) L888(7) e order 1
Te(1)-O(1) 1.888(7) Te(1)-O(4)#14 2.525(8)  Single-bond order 1s generally
Te(2)-O(7) 1.854(8) Te(2)-O(5)#3 1875(8)  1.0°e), respectively (Supporting
Te(2)—0(6) 1.943(8) Te(3)—0O(10) 1.867(7)  Information). Accordingly, we
Te(3)-O(8) 1.883(8) Te(3)-0(9) 1.9098)  can also say that the covalent

Symmetry transformations used to generate equivalent atoms: For Zn;V,TeOo: #1: x+1,y,z; #2: x+1,y,z—1;
#3: xyz—1; #4: —x+1,—-y+1,—z+1; #5: x—1y,z—1; #6: x+1,—y+3/2,z—1/2; #7: x,—y+3/2,z—1/2. For
Cd,V,Te;Oy5: #1: x—1/2,—y+1/2,—z+1; #2: —x+1,y—1/2,—z+3/2; #3: x—1,y,z; #4: —x+ 1,y +1/2, —z+3/2; #5:
x+1,y,z; #6: —x+2,y+1/2,—z+3/2; #7: x,y—1,z; #8: x,y—1,z—1; #9: x—1,y,z—1; #10: —x+1/2,—y+1,z—1/2;

B11: xyz—15 #12: xyz+1; #13: x—1/2,—y+3/2,— 2 +2; #14: —x+3/2,—y+1.z+1/2.

character of the V—O bond is
greater than that of the Te—O
bond, and the ionic character
of the Zn—O or Cd—O bond is
greater than that of the Te—O
bond.

More insights into the elec-

Particularly, for Zn;V,TeO,;, the VB from —6.9 eV to the
Fermi level mainly originates from Zn-3d, O-2p, V-3d, with
a small mixing with Te-5p states, whereas the VB ranging
from —7.9 to —9.3 eV is composed of the states of Te-5s and
O-2s states. The states of O-2s mixing with small amounts of
Te-5s, Te-5p, and V-3d states form the VB lying from —14.8
to —19.1 eV. For Cd,V,Te;0;s, the VB from —5.8 eV to the
Fermi level mainly originates from O-2p, Te-5p, and V-3d
states, whereas the states of Cd-4d, Te-5s, O-2p mixing with
small amounts of Te-5p and O-2s states dominate the VB
ranging from —5.9 to —9.5eV. The band from —19.0 to
—15.0eV originates mainly from Te-5s states and O-2s
states, as well as a small portion of Cd-5s, V-3d, Te-5p, and
O-2p states.

The atomic site and angular momentum projected densi-
ties of states (DOS) of the two compounds allow us to eluci-
date the nature of the electronic band structures and chemi-
cal bonds. As shown in Figure 12, it can be noted that the
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tronic structures can be obtained by performing more de-
tailed optical-property calculations. The optical functions re-
flect the fine structure of the energy distribution of the elec-
tron states in the valence and conduction bands. Figure 15
shows the imaginary parts of the dielectric functions of
Zn;V,TeO,, and Cd,V,Te;O,s. The dielectric functions are
composed of three parts: &,(w), &y(®w), and &, (w), which
correspond to those in the x, y, and z directions, respectively.
The anisotropy is especially evident in the highest of the
peaks. The average function, e (w)={(ey+&y+¢,)/3, is
shown in Figure 16. The highest peaks are located at 3.90
and 6.4 eV, respectively, for Zn;V,TeO;, and Cd,V,Te;Oy;,
both originating mainly from the O-2p to V-3d direct inter-
band transitions. The average values of polarized zero-fre-
quency dielectric constants is £(0) = (&, +¢,+¢,)/3=2.08 and
3.91, respectively, for Zn;V,TeO,, and Cd,V,Te;O,s. The dis-
persion of linear refractive index is shown in Figure 17. The
anisotropy of the refractive index resulted from the aniso-
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Figure 15. The calculated imaginary parts of the dielectric functions of
Zn;V,TeO,, (a) and Cd,V,Te;O;5 (b) in the polarization along the x, y,
and z directions.
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Figure 16. Average values over the three Cartesian directions of calculat-
ed imaginary parts of the dielectric functions for Zn,;V,TeO,, and
Cd,V,Te;0ys.

tropy of the dielectric function, n*>n*>n* and n*>n*>n’
for Zn;V,TeO,, and Cd,V,Te;0;;s, respectively.

The refractive index is linked with the dielectric constants
by the relation of n*(w)=e(w). The calculated dielectric
constants of static case ¢(0) and the refractive indexes n at
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Figure 17. Calculated linear refractive indices for Zn;V,TeO,, (a) and
Cd,V,Te;05 (b).

1064 nm in the x, y, and z directions are listed in Table 4.
Because the refractive indexes of Zn;V,TeO,, and
Cd,V,Te;0,5 have not been reported and there are no exper-
imental data concerning the refractive indices of metal tel-
lurite crystals, our calculated results can only be compared
with the observed results of the other tellurite glasses. It is
reported that the observed refractive index of tellurite

Table 3. 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
Zn;V,TeO,, and Cd,V,Te;0;s.

Compound k point L-CB H-VB

Zn;V,TeOy, Z (0.000, 0.000, 0.500) 3.17535 —0.10989
G (0.000, 0.000, 0.000) 2.94854 0
Y (0.000, 0.500, 0.000) 2.95077 —0.02041
A (-0.500, 0.500, 0.000) 3.21338 —0.07864
B (-0.500, 0.000, 0.000) 3.20226 —0.07024
D (-0.500, 0.000, 0.500) 3.14717 —0.21784
E (-0.500, 0.5000, 0.500) 3.14750 —0.21753
C (0.000, 0.500, 0.500) 3.18275 —0.11068

Cd,V,Te;05 G (0.000, 0.000, 0.000) 1.93718 0
Z (0.000, 0.000, 0.500) 1.94553 —0.02672
T (—0.500, 0.000, 0.500) 2.74844 —0.16030
Y (—0.500, 0.000, 0.000) 2.74771 —0.15014
S (-0.500, 0.500, 0.000) 2.74603 —0.15942
X (0.000, 0.500, 0.000) 1.94814 —0.01390
U (0.000, 0.500, 0.500) 1.94567 —0.02751
R (—0.500, 0.500, 0.500) 2.75005 —0.16855

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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glasses are generally 2.1 at 400-700 nm.!"®! Therefore, our
calculated refractive indexes in the range of 400-700 nm of
both compounds may be slightly underestimated or compa-
rative.

Conclusion

Our exploration of the new type of second-order NLO ma-
terials of Zn(Cd)-V¥-Te™-O systems resulted in two new
quaternary  compounds, namely, Zn;V,TeO;,, and
Cd,V,Te;0,s. Both compounds are highly thermally stable
and they are semiconductors. Moreover, Cd,V,Te;Os dis-
plays a moderately strong SHG signal of about 1.4 times
that of KDP. It is transparent in the IR region and theory in-
dicates that large crystals could be grown from the stoichio-
metric melts. It is believed that the SHG efficiency of this
compound could be improved if VO, tetrahedra are re-
placed by MoOg or VO4 octahedra which display much
larger second-order Jahn-Teller distortions. We also believe
that other new second-order NLO materials transparent in
the IR region can be found in other related systems that
combine d° cations susceptible to second-order Jahn-Teller
distortion and cations with stereoactive lone pairs, such as,
Zn(Cd)-Mo"'(W"")-Te'v(Se')-O systems and we are cur-
rently exploring these possibilities.

Experimental Section

Materials and methods: All of the chemicals were analytically pure, ob-
tained from commercial sources, and used without further purification.
Transition-metal oxides were purchased from the Shanghai Reagent Fac-
tory and TeO, (994 %) was purchased from ACROS ORGANICS. IR
spectra were recorded by using a Magna 750 FTIR spectrometer with
samples as KBr pellets in the range of 4000-400 cm™'. Microprobe ele-
mental analyses were performed by using a field-emission scanning elec-
tron microscope (FESEM, JSM6700F) equipped with an energy-disper-
sive X-ray spectroscope (EDS, Oxford INCA). X-Ray powder diffraction
(XRD) patterns were collected on an XPERT-MPD 6-20 diffractometer
by using graphite-monochromated Cuyg, radiation in the angular range
20 =5-85° with a step size of 0.05°. Optical diffuse reflectance spectra
were measured at room temperature with a Perkin—Elmer Lambda 900
UV/Vis spectrophotometer. A BaSO, plate was used as a standard
(100% reflectance). The absorption spectrum was calculated from reflec-
tance spectra by using the Kubelka-Munk function: a/S=(1—R)*2R,*!
where a is the absorption coefficient, S is the scattering coefficient which
is practically independent of wavelength when the particle size is larger
than 5 um, and R is the reflectance. Thermogravimetric analyses were
conducted by using a NETZSCH STA 449C unit at a heating rate of
5°Cmin™" under a static air atmosphere. Differential thermal analysis
(DTA) was performed under N, by using a NETZSCH DTA404PC in-
strument. The sample and reference (Al,O;) were placed in Pt crucibles,
heated from room temperature to 780°C, and then cooled to room tem-
perature at a rate of 5°Cmin~'. Photoluminescence analyses were per-
formed on a Perkin-Elemer LS55 fluorescence spectrometer. The mea-
surement of the powder frequency-doubling effect was carried out on the
sieved (80-100 mesh) powder sample of Cd,V,Te;O,5 by means of the
modified method of Kurtz and Perry.”” The fundamental wavelength was
1064 nm that was generated by a Q-switched Nd:YAG laser. The SHG
wavelength was 532 nm. Sieved KDP powder (80-100 mesh) was used as
a reference.
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Computational descriptions: Single-crystal structural data of the two
compounds were used for the theoretical calculations. Band structures,
DOS, and optical property calculations were performed with the total-
energy code CASTEP.?!! The total energy was calculated by using density
functional theory (DFT) by employing the Perdew-Burke-Ernzerhof
generalized gradient approximation.””’ The interactions between the
ionic cores and the electrons were described by the norm-conserving
pseudopotential.®® The following orbital electrons were treated as va-
lence electrons: Zn-3d'%4s?, Cd-4d'5s?, V-3d*4s?, Te-5s°5p®, and O-2s?2p*.
Considering the balance of computational cost and precision, we chose a
cutoff energy of 460 eV and a 4 x 1 x4 Monkhorst-Pack k-point sampling
for Zn;V,TeOy, a cutoff energy of 450 eV and a 4x1x1 (5x2x2 for op-
tical properties) Monkhorst-Pack k-point sampling for Cd,V,Te;Os. The
calculations of optical properties for Cd,V,Te;O;s used 96 empty bands.
The other calculation parameters and convergent criteria were the de-
fault values of the CASTEP code.

The calculations of linear optical properties in terms of the complex die-
lectric function &(w) =¢,(w)+ie,(w) were made. &(w) can be thought of
as detailing the real transitions between occupied and unoccupied elec-
tronic states. The imaginary part of the dielectric function &, was given by
Equation (3):**

i) =8¢ [(m*V) > > (fe—f )Pk (k)P (K)/(Eo)ol Ec(k)—E, (k)—ha)]
(3)

where O[E.(k)—E,(k)—hw] denotes the energy difference between the
conduction and valence bands at the k point with the absorption of a
quantum 7Zw. The f, and f, represent the Fermi distribution functions of
the conduction and valence bands, respectively. The term p! (k) denotes
the momentum matrix element transition from the energy level c of the
conduction band to the level v of the valence band at the k point in the
Brillouin zones, and V is the volume of the unit cell. The m, e, and % are
the electron mass, charge, and the Planck constant, respectively.

The real part &(w) of the dielectric function e(w) follows from the
Kramer—Kronig relationship. All the other optical constants may be de-
rived from ¢&,(w) and &,(w).”! For example, the refractive index n(w) can
be calculated by using expression (4) :

n(w) = (%)[\/sf(w) + () + & (w)]2 @

Preparation of Zn;V,TeO,,: Brick-red plate-shaped single crystals of
Zn;V,TeO,, were initially prepared by the solid-state reaction of a mix-
ture containing ZnO (0.130 g, 1.6 mmol), V,05 (0.146 g, 0.8 mmol), and
TeO, (0.128 g, 0.8 mmol) in an evacuated quartz tube at 700°C, for six
days, and was then cooled to 300°C at 5°Ch™! before switching off the
furnace. The atomic ratio of Zn/V/Te determined by energy-dispersive
spectrometry (EDS) was 2.7:2.1:1.0, which was in good agreement with
that determined from structural analysis by using single-crystal X-ray dif-
fraction. After proper structural analysis, a pure powder sample of
Zn;V,TeO;, was obtained quantitatively by the solid-state reaction of a
mixture of ZnO/V,0s/TeO, in a molar ratio of 3:1:1 at 670°C for six
days. Its purity was confirmed by XRD powder diffraction studies (see
Supporting Information). IR (KBr): #=1010 (m), 976 (w), 945 (s), 930
(s), 885 (s), 839 (m), 808 (s), 793 (s), 764 (s), 696 (s), 553 (m), 513 (m),
478 (w), 422 (w), 411 cm™" (w).

Preparation of Cd,V,Te;0s: Single crystals of Cd,V,Te;O;s (needle in
shape and light-yellow in color) were obtained containing CdO (0.141 g,
1.1 mmol), V,05 (0.100 g, 0.55 mmol), and TeO, (0.088 mg, 0.55 mmol)
by using a similar method. The reaction mixture was thoroughly ground
and pressed into a pellet, which was then put into a quartz tube which
was evacuated and sealed. The quartz tube was heated at 720°C for six
days and was then cooled to 320°C at 4°Ch™' before switching off the
furnace. The measured molar ratio of Cd/V/Te of 3.8:2.1:3.0 by using
energy-dispersive spectrometry (EDS) microprobe analysis was in good
agreement with that determined by using X-ray single-crystal diffraction
measurements. A pure powder sample of Cd,V,Te;O;5 could be prepared
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quantitatively by the solid-state reaction of a mixture of CdO/V,04/TeO,
in a molar ratio of 4:1:3 at 610°C for six days. Its purity was confirmed
by XRD powder diffraction studies (see Supporting Information). IR
(KBr): =916 (s), 893 (s), 868 (s), 850 (s), 815 (s), 795 (s), 781 (s), 755
(s), 742 (s), 709 (s), 681 (s), 647 (s), 629 (s), 591 (s), 551 (m), 486 (W), 450
(m), 431 (m), 412 cm™" (m).

X-ray crystallography: Data was collected for both compounds by using a
Rigaku Mercury CCD diffractometer equipped with graphite-monochro-
mated Moy, radiation (1=0.71073 A), at 293 K. The data sets were cor-
rected for Lorentz and polarization factors, as well as for absorption by
the Multi-scan method.” Both structures were solved by the direct
method and refined by full-matrix least-squares fitting on F> by SHELX-
97.2®! All atoms were refined with anisotropic thermal parameters. Crys-
tallographic data and structural refinements for both the compounds are
summarized in Table 1. Important bond lengths are listed in Table 2.

Table 4. Calculated dielectric constants of static case and refractive indi-
ces at 1064 nm in different polarization directions.

Scissor £(0)  &(0) &0) n ny n,
operator [eV]
Zn;V,TeO,, 0
Cd,V,Te;0,5 0.7

Compound

22537 21626 1.8126 1.54 151 1.37
4.0646 3.5508 4.1024 2.05 191 2.06

Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (Fax: (449)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) on quoting the depository numbers CSD-418558 and CSD-
418184.
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