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A new polar ammonium tungsten tellurite, (NH4)2Te2WO8, has been synthesized and structurally
characterized. The material was synthesized hydrothermally, using NH4OH, WO3, and TeO2 as reagents,
and structurally characterized by single-crystal X-ray diffraction. (NH4)2Te2WO8 crystallizes in the
noncentrosymmetric (NCS) polar monoclinic space groupP21 (No. 4) witha ) 6.9716(9) Å,b ) 7.0279-
(9) Å, c ) 9.4593(13) Å, andâ ) 99.188(2)°. The material exhibits a two-dimensional structure consisting
of WO6 octahedra connected to TeO4 polyhedra. Both the W6+ and the Te4+ cations are in asymmetric
coordination environments attributable to second-order Jahn-Teller (SOJT) effects. (NH4)2Te2WO8 is
NCS; thus second-harmonic generation (SHG) measurements were performed. SHG experiments, using
1064 nm radiation, revealed an efficiency of approximately 250× R-SiO2. As (NH4)2Te2WO8 is also
polar, ferroelectric and pyroelectric measurements were performed. A ferroelectric hysteresis loop
(polarization vs electric field) was observed, indicating the dipole moment in (NH4)2Te2WO8 is
“switchable”. A spontaneous polarization (Ps) of 0.19µC/cm2 was measured. In addition, the pyroelectric
coefficient (total effect),p, was determined to be-0.22 µC/m2‚K at 50 °C.

Introduction

Polarity, the presence of a dipole moment, is rather
common in molecular systems, for example, H2O, NH3, HCl,
etc. In such molecular systems, the concept of a dipole
moment is rather straightforward. In compounds that exhibit
extended structures, solid-state materials, the concept of
polarity is a bit more complicated. For a solid-state material
to be considered polar, the compound must crystallize in one
of 10 crystal classes, 1, 2, 3, 4, 6,m, mm2, 3m, 4mm, or
6mm.1 In addition, within each of these crystal classes there
are specifically defined polar directions.1 Interest in polarity
and polar materials, in solid-state compounds, stems from
two technologically important properties, pyroelectricity and
ferroelectricity.2,3 For both phenomena to occur, the material
in question must be polar. With pyroelectricity, a change in
the magnitude of the polarization, dipole moment, with
respect to temperature is observed, whereas with ferroelec-
tricity the dipole moment may be switched in the presence
of an external electric field. For pyroelectrics, this dipole
moment “switchability” does not occur. Thus, all ferroelec-
trics are pyroelectrics, but the converse is not true. Both
pyroelectrics and ferroelectrics have important technological
functions. Pyroelectrics are used as thermal detectors,
whereas ferroelectrics find uses in computer memories.2,3

Although polarity and polar materials are clearly important,
the question remains of how to synthesize new polar

materials. To answer this question, we have synthesized
several polar materials containing d0 transition metal cations
(Ti4+, Nb5+, W6+, etc.) and lone-pair cations (Sb3+, Se4+,
Te4+, etc.).4-9 In oxide coordination environments, both
groups of cations are in asymmetric coordination environ-
ments attributable to second-order Jahn-Teller (SOJT)
effects.10-16 With the d0 cation, an out-of-center displacement
is observed,17 whereas with the lone-pair cation a nonbonded
electron pair is found.18 In both instances, the local site
symmetry of the cation is changed from centrosymmetric to
noncentrosymmetric and polar. Often the cations exhibit polar
local site symmetries of 3m (C3V) or 4mm(C4V). Also, of the
91 structurally well-characterized oxides that contain a d0

transition metal and a lone-pair cation, 36, nearly 40%, are
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polar. This indicates that the local polar environment of the
cations is retained in the solid-state structure.

One set of SOJT-effect distorted cations that we have
investigated is Te4+ and W6+. Interestingly, of the eight
reported oxides that contain Te4+ and W6+, Na2TeW2O9 (Ia),5

K2TeW3O12 (P21/n),6 Rb2TeW3O12 (P63),6 Cs2TeW3O12 (P63),6

Na2TeW4O12 (C2/c),19 BaTeW2O9 (P2),7 BiTeW2O10 (C2/c),20

and Bi2Te2W3O16 (C2/c),21 four, 50%, are polar. These are
shown in italics. We have continued our investigation of
materials containing these cations. In this Article, we report
on the synthesis and characterization of a new polar oxide,
(NH4)2Te2WO8.

Experimental Section

Reagents.TeO2 (99% Aldrich), WO3 (99% Aldrich), and NH4-
OH (30% EM Science) were used as received.

Syntheses.Single crystals of (NH4)2Te2WO8 were synthesized
hydrothermally from a solution of WO3 (0.232 g, 1 mmol), TeO2
(0.239 g, 1.5 mmol), and 2 mL of NH4OH. The mixture was put in
a 23 mL Teflon lined autoclave. The autoclave was closed, heated
to 230°C for 2 days, cooled to 100°C at 6°C h-1, and then cooled
to room temperature within 2 h. Pale yellow hexagonal plate-shaped
crystals, subsequently shown to be (NH4)2Te2WO8, were obtained
after filtration in 80% yield based on TeO2.

Structure Determination. The structure of (NH4)2Te2WO8 was
determined by standard crystallographic methods. A pale yellow
hexagonal block (0.02× 0.02× 0.08 mm3) was used for single-
crystal measurement. Room-temperature intensity data were col-
lected on a Siemens SMART diffractometer equipped with
a 1 K CCD area detector using graphite monochromated Mo
KR radiation. A hemisphere of data was collected using a
narrow-frame method with scan widths of 0.30° in omega and an
exposure time of 30 s frame-1. The first 50 frames were remeasured
at the end of the data collection to monitor instrument and
crystal stabilities. The maximum correction applied to the
intensities was<1%. The data were integrated using the Siemens
SAINT program,22 with the intensities corrected for Lorentz
polarization, air absorption, and absorption attributable to the
variation in the path length through the detector faceplate.
Ψ-Scans were used for the absorption correction on the
hemisphere of data. The data were solved and refined using
SHELXS-97 and SHELXL-97, respectively.23,24 All atoms were
refined with anisotropic thermal parameters and converged forI >
2σ(I). All calculations were performed using the WinGX-98
crystallographic software package.25 Crystallographic data, atomic
coordinates, and selected bond distances for (NH4)2Te2WO8 are
given in Tables 1-3 with additional details found in the Supporting
Information.

Thermogravimetric Analysis. Thermogravimetric analysis was
carried out on a TGA 2950 thermogravimetric analyzer (TA
Instruments). The sample was placed in a platinum crucible and

heated at a rate of 10°C min-1 from room temperature to 900°C
under flowing nitrogen gas.

Powder X-ray Diffraction. The X-ray powder diffraction data
were collected on a Scintag XDS2000 diffractometer at room
temperature (Cu KR radiation,θ-θ mode, flat plate geometry)
equipped with Peltier germanium solid-state detector in the 2θ range
5-60° with a step size of 0.02° and a step time of 1 s.

Infrared, Raman, and UV-Vis Diffuse Reflectance Spec-
troscopy. The infrared spectra were recorded on a Matteson FT-
IR 5000 spectrometer. The sample was mixed with dry KBr and
pressed into a pellet. The Raman spectra were recorded at room
temperature on a Digilab FTS 7000 spectrometer equipped with a
HgCdTe detector with the powder sample placed in a capillary tube.
Excitation was provided by a Nd:YAG laser at a wavelength of
1064 nm, and the output laser power was 500 mW. The spectral
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Table 1. Crystallographic Data for (NH4)2Te2WO8

formula (NH4)2Te2WO8

fw 603.13
T (K) 296.0(2)
λ (Å) 0.71073
crystal dimensions (mm3) 0.02× 0.02× 0.08
color, habit pale yellow, hexagonal plate
crystal system monoclinic
space group P21 (No. 4)
a (Å) 6.9716(9)
b (Å) 7.0279(9)
c (Å) 9.4593(13)
â (deg) 99.188(2)
V (Å3) 457.52(10)
Z 2
Fcalcd(g/cm3) 4.378
µ (mm-1) 18.893
2θmax (deg) 56.66
absorption correction Ψ-scan
R(int) 0.0373
Flack parameter 0.062(11)
GOF 0.922
extinction coefficient 0.0028(2)
R(F)a 0.0318
Rw(Fo

2)b 0.0597

a R(F) ) ∑||Fo| - |Fc||/∑||Fo||. b Rw(Fo
2) ) {∑[w(Fo

2 - Fc
2)2]/

∑[w(Fo
2)2]}1/2.

Table 2. Atomic Coordinates for (NH4)2Te2WO8

atom x y z Ueq
a/Å2

Te(1) -0.0357(1) 0.2760(1) 1.0019(1) 0.012(1)
Te(2) 0.0523(1) 0.0145(1) 1.3586(1) 0.014(1)
W(1) 0.1685(1) 0.0747(1) 0.7407(1) 0.012(1)
O(1) 0.3107(14) 0.2405(12) 0.6699(11) 0.024(2)
O(2) 0.3387(13) -0.0877(12) 0.8292(10) 0.022(2)
O(3) 0.0791(14) -0.0649(11) 0.5798(10) 0.018(2)
O(4) 0.1977(12) 0.2345(11) 0.9302(9) 0.013(2)
O(5) 0.0734(12) -0.2437(11) 1.3125(9) 0.014(2)
O(6) 0.0502(12) 0.4463(11) 1.1534(9) 0.014(2)
O(7) 0.0199(13) 0.0566(13) 1.1307(8) 0.022(2)
O(8) 0.3093(12) 0.0806(15) 1.3772(9) 0.024(2)
N(1) 0.4977(15) -0.4540(15) 0.8629(11) 0.020(2)
N(2) 0.6160(16) -0.198(17) 1.5959(13) 0.028(3)

a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.

Table 3. Selected Bond Distances (Å) for (NH4)2Te2WO8

W(1)-O(1) 1.733(9) Te(1)-O(4) 1.882(8)
W(1)-O(2) 1.759(9) Te(1)-O(6) 1.890(8)
W(1)-O(3) 1.834(9) Te(1)-O(7) 1.965(9)
W(1)-O(4) 2.097(8) Te(1)-O(7) 2.349(9)
W(1)-O(5) 2.110(8)
W(1)-O(6) 2.151(8) Te(2)-O(8) 1.832(8)

Te(2)-O(5) 1.878(7)
Te(2)-O(3) 2.145(9)
Te(2)-O(7) 2.152(8)
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resolution was about 4 cm-1, and 256 scans were collected. UV-
vis diffuse reflectance spectrum for (NH4)2Te2WO8 was collected
with a Varian Cary 500 scan UV-vis-NIR spectrophotometer over
the spectral range 200-2500 nm at room temperature. Poly-
(tetrafluoroethylene) was used as a reference material. Reflectance
spectra were converted to absorbance with the Kubelka-Munk
equation.26

Second-Order Nonlinear Optical Measurements.Powder SHG
measurements on polycrystalline (NH4)2Te2WO8 were performed
on a modified Kurtz-NLO system using 1064 nm radiation. A
detailed description of the equipment and methodology used has
been published.27 The SHG efficiency has been shown to depend
strongly on particle size; thus the polycrystalline samples were
ground and sieved into distinct particle size ranges.28 To make
relevant comparisons with known SHG materials, we also ground
and sieved crystalline SiO2 and LiNbO3 into the same particle size
ranges.

Polarization Measurements.The polarization was measured on
a Radiant Technologies RT66A ferroelectric test system with a
TREK high-voltage amplifier between room temperature and
230°C in a Delta 9023 environmental test chamber. The unclamped
pyroelectric coefficient, defined as dP/dT (change in polarization
with respect to the change in temperature), was determined by
measuring the polarization as a function of temperature. The sample
was a sintered 1/2 in. diameter disk (approximately 90% dense)
and approximately 0.5 mm thick. Silver paste was applied to both
sides. The polarization was measured statically from room tem-
perature to 230°C in 10 °C increments, with an electric field of
46 kV/cm. The temperature was allowed to stabilize before the
polarization was measured.

Piezoelectric Measurements.Both direct and converse piezo-
electric measurements were attempted. Attributable to the low
decomposition temperature of the material,∼240 °C, we were
unable to sinter a dense enough pellet for the measurements.

Results and Discussion

(NH4)2Te2WO8 exhibits a two-dimensional structural to-
pology, consisting of WO6 octahedra connected to TeO4

polyhedra (see Figure 1). The layers of these WO6 and TeO4

polyhedra are separated by the NH4
+ cations (see Figure 2).

Each WO6 octahedron is surrounded by four TeO4 polyhedra.
In connectivity terms, the structure may be written as
{[WO2/1O4/2]2-[TeO2/2O2/3]+2/3[TeO1/1O2/2O1/3]-2/3}2- with
charge balance maintained by the two NH4

+ cations. The
W-O and Te-O bond distances range from 1.733(9) to
2.151(8) Å and 1.832(8) to 2.349(9) Å, respectively. Bond
valence calculations29,30 resulted in values of 6.17 for W6+

and 3.96 and 4.05 for Te4+. Both W6+ and Te4+ are in
asymmetric coordination environments attributable to second-
order Jahn-Teller (SOJT) effects.10-16 With the unique W6+

cation, this effect is manifested structurally as an out-of-
center distortion toward a face of the WO6 octahedron (see
Figure 3). This face, or C3, distortion is the most commonly
observed for octahedrally coordinated W6+ cations.31 In

addition, using continuous symmetry measures,32-35 we were
able to calculate the magnitude of the out-of-center distortion.
For the unique W6+ cation, this value is 0.103 Å2, which is
larger than the 0.062 Å2 average reported earlier for
octahedrally coordinated W6+ cations.36 With the Te4+

cations, a stereo-active lone-pair is observed that results in
an asymmetric coordination environment (see Figure 3). We
can also calculate the dipole moment of the WO6 and TeO4

polyhedra using a methodology described earlier.37-39 The
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Figure 1. Ball-and-stick representation in thebc-plane of (NH4)2Te2WO8

is shown. The NH4+ cations have been removed for clarity.

Figure 2. Ball-and-stick representation in theac-plane of (NH4)2Te2WO8

is shown. The NH4+ cations interact with the layers through N-H- - -
O hydrogen bonding (shown as dashed lines).
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calculations resulted in values of 1.55D for the WO6

octahedron, and 10.40 and 8.51D for the two unique TeO4

polyhedra. These values are consistent with those reported
earlier.39

The infrared and Raman spectra of (NH4)2Te2WO8 re-
vealed Te-O, W-O, and W-O-Te vibrations between 600
and 950 cm-1 (see Table 4). In both the IR and the Raman
spectra, peaks between 800 and 950 cm-1 and 670 and 800
cm-1 can be attributed to W-O and Te-O stretches,
respectively. W-O-Te vibrations are observed in the IR
and Raman spectra between 600 and 660 cm-1. The
assignments are consistent with those previously
reported.6,19,40-43 The thermal behavior of (NH4)2Te2WO8 was
investigated using thermogravimetric analysis. An initial
weight loss starting around 240°C is consistent with the

loss of 2 mol of NH3 (obs., 5.58%; calc., 5.65%). Above
this temperature, the material decomposes to the binary
oxides, WO3 and TeO2. Around 720°C, TeO2 is lost and
only WO3 remains. The TGA curve is available in the
Supporting Information.

(NH4)2Te2WO8 crystallizes in a noncentrosymmetric space
group,P21, indicating the material should be SHG active.
We sieved the polycrystalline powder into various particle
sizes, 20-120 µm, and measured the SHG efficiency as a
function of particle size. We determined that (NH4)2Te2WO8

is phase-matchable with a SHG efficiency of∼250 ×
R-SiO2. This indicates that (NH4)2Te2WO8 falls into class A
of SHG materials as defined by Kurtz and Perry.28 Once the
phase-matching behavior has been determined and the SHG
efficiency measured, the average NLO susceptibility,〈deff〉exp,
can be estimated.28 For phase-matchable materials

where I2ω(LiNbO3) ) 600 × R-SiO2. BecauseI2ω((NH4)2-
Te2WO8) ) 250× R-SiO2, 〈deff〉exp((NH4)2Te2WO8) ) 18.2
pm/V. The strong SHG response is not only attributable to
the individualâ(M-O)’s (bond hyperpolarizabilities), but
also to the asymmetric coordination environments of the WO6

and TeO4 polyhedra. Using a model described earlier, where
the metal-oxygen bonds are treated as vectors and given
specific â(M-O) values,5,28,44 we were able to calculate a
〈deff〉calc of 34.3 pm/V for (NH4)2Te2WO8.

In addition to the SHG measurements, we also performed
ferroelectric and pyroelectric measurements. With both of
these phenomena, the individual polarizations, dipole mo-
ments, of the WO6 and TeO4 polyhedra as well as the bulk
polarization of (NH4)2Te2WO8 are critical. Figure 4 shows
the local and net dipole moment for the reported material.
The local dipole moment for Te(1) is directed almost entirely
along the(c-axis direction. Thus, most of the polarization
attributable to Te(1) cancels. With Te(2) and W, we observe
a net polarization along the-b-axis. As such, the direction
of the total polarization in (NH4)2Te2WO8 is along the-b-
axis (see Figure 4). Ferroelectric hysteresis measurements,
polarization versus electric field, on bulk (NH4)2Te2WO8

indicate the material is “switchable”. A spontaneous polar-
ization of 0.19 µC/cm2 was observed. The rather small
spontaneous polarization value may be better understood by
examining the local and net polarization in (NH4)2Te2WO8.
The observed ferroelectric hysteresis implies that the net
dipole moment in (NH4)2Te2WO8 may be switched, or
reversed. This “switchability” of the macroscopic dipole
moment indicates “switchability” in the individual dipole
moments, that is, the polarization associated with the WO6

and TeO4 polyhedra. With the WO6 octahedra, it is straight-
forward to envision the W6+ cation “reversing” its position
and forming three short and three long W-O bonds on the
opposite face. With the TeO4 polyhedra, however, the
situation is not as straightforward. For the polarization to
switch directions, the lone-pair must “flip” to the opposite
side, which would also involve a substantial rearrangement
of the Te-O bonds. This is highly unlikely. Thus, the
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Figure 3. ORTEP (50% probability ellipsoids) drawings of the TeO4 and
WO6 polyhedra are shown. The green and blue arrows indicate the
approximate direction of the dipole moments for TeO4 and WO6 polyhedra,
respectively.

Figure 4. Ball-and-stick representation of the TeO4 and WO6 polyhedra
is shown. The direction of the local dipole moments for each polyhedra is
shown in green (TeO4) and blue (WO6). The large red arrow represents the
direction of the net dipole moment for (NH4)2Te2WO8.

〈deff〉exp ) {7.98× 102[I2ω((NH4)2Te2WO8)/I
2ω(LiNbO3)]}

1/2
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polarization reversibility is limited to the W6+ cation,
resulting in the low spontaneous polarization value.

(NH4)2Te2WO8 also exhibits pyroelectric behavior. Pyro-
electricity may be formally defined as the temperature
dependence of the spontaneous polarization.2,45 The pyro-
electric coefficient,p, is defined as (∂Ps/∂T)E,S, wherePs is
the spontaneous polarization andT is the temperature.
Constant electric field,E, and constant elastic stress,S, are
the constraints. Whereas the former is straightforward to
understand, the latter indicates the material is unclamped
during the measurements and is free to thermally expand or
contract. The pyroelectric coefficient may be divided into
two parts, primary and secondary.45 The primary pyroelectric
coefficient is determined if the material is rigidly clamped
during the measurement, whereas the secondary pyroelectric
coefficient includes the additional change in polarization
attributable to the volume change arising from the change
in temperature. In practice, unclamped measurements give
the sum of the primary and secondary coefficients. We
measured the unclamped, that is, stress-free or total, pyro-
electric coefficient,p, for (NH4)2Te2WO8. For pyroelectrics
that exhibit ferroelectricity, the pyroelectric coefficient may

be determined by measuring the remanent polarization, from
the hysteresis loop, at a variety of temperatures. We measured
the remanent polarization of (NH4)2Te2WO8 between room
temperature and 230°C with a constant electric field of 46
kV/cm (see Supporting Information). The pyroelectric coef-
ficient is approximately-0.22 µC/(m2K) at 50 °C. The
magnitude of the pyroelectric coefficient for (NH4)2Te2WO8

is smaller as compared to other ferroelectric pyroelectrics,
for example, BaTiO3 (p ) -200µC/(m2K)) and LiNbO3 (p
) -83 µC/(m2K)).45 The smaller pyroelectric coefficient in
(NH4)2Te2WO8 is likely attributable to its smaller spontane-
ous and remanent polarization.
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Table 4. Infrared and Raman Vibrations (cm-1) for (NH 4)2Te2WO8

IR (cm-1) Raman (cm-1)

N-H W-O Te-O W-O-Te N-H W-O Te-O W-O-Te

3449 912 790 656 3044 906 790 644
829 743 824 727 619

551 671
433
394
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