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Single crystal X-ray diffractometry of the sodium phosphate tellurate compound
Na,HPO;NaH,PO,Te(OH)s (NaPTe) shows that the compound crystallizes in a trigonal system
with a P3 space group. The unit cell parameters were as follows: a = 7.861(1) A and ¢ = 10.8326(1)
A,V =579.7(2) A’ and Z = 2. The asymmetric unit is made up of two unequivalent Te(OH)¢ groups,
four unequivalent PO, groups and two unequivalent Na* cations. Material cohesion is built of O-
H---O bondings and ionic interactions. Magic angle spinning nuclear magnetic resonance (MAS
NMR) 3p and **Na analysis were used to confirm the crystal structure investigation. Indeed, the
observed values of >Na NMR chemical shift are found to be -4.38 and 3.35 ppm revealing the
presence of two non-equivalent sodium nuclei in the structure. Moreover, the simulation of the p
NMR spectrum exhibits four sites with a similar abundance observed at 1.6, 3.8, 3.2 and 2.8 ppm
chemical shifts. AC complex impedance measurements performed on the NaPTe compound
showed a significant level of conductivity at high temperatures, probably attributable to the
motion of Na* ions and H* protons. The conduction process in the AC conductivity is explained by
the large overlapping polaron model up to 100°C.
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associated physical properties:

Telluric acid can form stable adducts with a large dielectric relaxation and

ferroelectricity,
especially a phase

variety of organic and inorganic compounds of
considerable importance due to the fact that the
Te(OH)s moiety acts as both acceptor and donor of
hydrogen bonds. Structures of compounds with the
general formula MyAO4Te(OH)s (where M is a
monovalent cation, Na, K, Rb, Cs, NH4 and A is S, Se)
have been reported [1, 2, 3, 4, 5].

These compounds have attracted much attention
for their structural phase transitions and their
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transition into a state characterized by a high
protonic conductivity [6, 7, 8, 9]. KHoPO4 appears to
be one of the most conductive compounds in a
family of acid salts of alkaline metals. The solid acid
salts with the general formula MHy(PO4) (M=Cs,
Rb, K, Na, Li, NH4) [10, 11, 12, 13, 14] undergo a
superionic  phase transition at  50-230°C
accompanied by a increase of conductivity. The
superionic phases exhibit general features due to
the existence of a disordered hydrogen bond
network.



The influence of anionic substitution on crystal
symmetry has been reported in previous studies. In
fact, while RboHPO4RbH,PO,Te(OH)g [15],
CseHPO42CsHoPO4Te(OH)g [16],
TILHPO42TIHoPO4Te(OH)g [17] and
(NH4)2HPO42(NH4)H2PO4Te(OH)s [18] crystallise in
the monoclinic, with the respective space groups
P2{/a, P2¢/m, Cm and Pn, the sodium phosphate
tellurate NapgHPO4NaH.PO,Te(OH)s exhibits the
P6522 space group [19].

In all cases, the crystal structure determination
shows that the main feature of these atomic
arrangements is the coexistence of both the TeOg
octahedra and PO, tetrahedra as independent units.
For all their importance the aforementioned studies
on the phosphate tellurate family have never
examined their basic physical properties. The study
of such properties was the original aim of our
research.  Surprisingly, our preparation of
NaHPO4NaHPO4Te(OH)s as described by Pouchot
[19] resulted in a compound with a different
structure. This drove us to reinvestigate its detailed
structure with X ray crystallography, *Na and °'P
MAS NMR, and impedance spectroscopy.

Materials/Methods

Preparation of NaoHPO/NaH>PO,Te(OH)s
The title compound NaHPO4NaHyPO,Te(OH)g is
synthesized by slow evaporation at room
temperature of an aqueous solution of the telluric
acid (HgTeOg), the sodium carbonate (NagCO5) and
the phosphoric acid (HsPO4) mixed in molar
proportions 1:3:4. Schematically the reaction is:
5/2 N32C05+2 H5PO4+H6T606 _—
NagHPO4NaHgPO4Te (OH)6+5/Q (C OQ+HQO)
After approximately ten days, colourless hexagonal
crystals appeared in the solution.

Solid State MAS NMR Measurements

The solid-state **Na and *'P MAS NMR spectra at 300
K were recorded on a powdered sample with a
Bruker WB 300 FT- MAS NMR spectrometer
operating at 79.39 MHz for the *Na nucleus and
121.5 MHz for the *'P nucleus. Spectra were recorded
using single pulse field of 10 kHz at 7.05 T.

The *Na and °'P chemical shifts are reported
relative to an aqueous (1 M) NaCl solution and 85%
H5PO4, respectively. The acquisition parameters for
»Na nuclei are as follows; a 15.6 us pulse length, a 1
s pulse delays and 1024 scans. The 3P MAS NMR
spectrum is obtained with a 15.75 ps pulse duration,
a pulse delay of 1 s and with 4096 scans. The
simulations of the isotropic bands and of the spinning
sideband manifolds were performed using the Dmfit
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program [20]. For the *’Na MAS NMR spectrum, the
program considers the average Hamiltonian for the
second order quadripolar interaction and includes
intensities measured from the centerband as well as
the spinning sidebands from the isotropic bands.

Crystal structure study

A single crystal (0.42mm x 0.43mm x 0.24mm) was
selected by optical examination. X-ray
crystallography was carried out using the Stoe
Image Plate Diffraction System and the Siemens
SMART CCD area-detector diffractometer with a
graphite monochromated Mo K, radiation (0.71073
f&). The empirical absorption corrections were
applied using SADABS data reflections [21]. The
structure reported by Averbuch-Pouchot [19] was in
a hexagonal system with a P6522 space group. The
extinction rule in the P6522 space group exhibits the
absence of any 001 (I1=2n) reflections and uses only
685 reflections in the 26 range (3-30°). In our study,
confirmed by localization of two Na sites and four P
sites by NMR-MAS, we have increased the 20 range

Table 1: Main crystallographic and refinement data for

NaHPOsNaH;PO4Te(OH),

Formula ’
Formula weight (g.mol ! )
Color

NagHPO4.NaHQPO4.Te(OH)3
489.57
Colourless

Shape Bipyramid hexagonal
Crystal dimensions (mm‘fj 0.24x0.235x0.14
Crystal system trigonal

Space group P3

Cell parameters

a (j) 7.861 (1)

c(A) 10.8326 (1)
VA’) 579.7 (2)

A 2

01111'11/0111ax (? 4.81/43.98
Intensity measurements

Temperature (K) 293(2)
Diffractometer Graphite plate
A (Mo K,) (4) 0.71069
-15<h<12

-4<k< 14

-21<1<20

p (g/cenn’) 2.805

Reflections collected / unique

Structure determination

12247/5055 (Rint = 0.0239)

Absorption correction
Structure resolution
Structure refinement with
Reflections with Fo>2o (Fo)
Refinement

Refined parameters
Goodness of fit

Final R and Rw

Final R and Bw for all data
Largest feature diff: map

SADABS
Patterson methods (SHELX-S 86)
SHELX-L 93

4822

F full matrix
122

1.355

0.0258, 0.0601
0.027, 0.0611

1.922, -4.775 A

w = 1/[ 6" (Fo)” + (0.028 P)* + 0 P] where P = [Fo” + 2 Fc’|/3
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Table 2. Main geometrical features, bond distances, angles and
ID Baur Distortion.

P(1)0

Na(1)Og (104 ) .

Nat| 04 | o11 | o8" | o1 | 03 | o9 Pt 02 08" os8' 08
04 2.564(2)(75.18(4)|157.94(5)| 88.09(5) |80.98(4)|109.95(4) 02 | 1.496(1) |112.05(4)|112.05(4)|112.05(4)

011 [2.885(2)[2.564(2)| 88.11(5) |157.88(5)|88.09(5)| 80.95(4)
0811 14.679(2)(3.5315(1)| 2.403(1) |111.37(3)[91.64(4)| 80.81(4)
01 15.514(3)[4.679(1)| 5.969(2) | 2.403(1) |80.81(4)| 91.58(4) 08' [2.532(1) | 2.499(1) | 1.556(2) |106.77(4)
03' [5.218(7)[4.058(1)| 3.580(0) | 3.237(1) [2.586(1)[166.61(4)
09"114.056(3)|3.218(1)| 3.237(1) | 3.579(1) |5.137(2)| 2.587(1)

08" 2.552(1) | 1.556(2) [106.77(4)[106.77(4)

08 [2.552(1) [ 2.499(1) | 2.499(1) | 1.556(2)

(0-Nat1~0)ymoy = 88.96 | ID(0-Na1~0) = 0.0912 | Opax-Oimoy = 22.41 | Ouoy-Ouuin = 13.78 ID(P1-0) =0.0146 ’ DinaxDinin = 0.060 | Opnax-Ounin = 5.28

P(2)0,
P2 04 06 o6 | 06

Na(2)Og

Na2| 010* | 02 012" | o6 07 05"
010%2.565(2)|75.50(4)[157.95(5)| 88.10(5) | 80.97(4) [110.03(4)
02 [2.890(3)[2.366(1)| 88.03(5) [157.99(5)[110.01(4)| 80.92(3)

04 [ 1.500(1) [112.07(4)[112.07(4)[112.07(4)

06  [2.534(2) | 1.556(1) |106.76(4)[106.76(4)

012114.680(1)|3.514(1)| 2.403(2) [111.32(3)| 91.59(4) | 80.77(5) 06™ | 2.554(2) | 2498(1) | 1.556(1) |106.76(+)
06"1]5.515(1)|4.681(2)| 5.969(1) | 2.403(2) | 80.83(4) | 91.62(4) 06" | 2.534(2) | 2.498(1) | 2.498(1) | 1.556(1)
07 [5.219(1)|1.058(1)| 5.578(4) | 5.257(3) | 2.585(2) |166.58(3)

05" [4.0605)[3.2192)| 5.236(2) | 5.581(2) | 5.157(5) | 2.587(2) ID(020) = 00155 | Dy Do = 0055 | Dy = 531

(0-Na2-0)moy = 90.79 | ID(0-'Na2+-0) = 0.1113 | Ouax-BOmoy = 20.53 | Omoy-Bumin = 10.02

P(3)0,
p5 | o11 | o1 | o1l | o012

Te(1)O¢ ) . O11 | 1.498(1) [112.09(4)|112.09(4)|112.09(4)
Tel| 07" 07 | o7 | 05 05" 05

07"[1.911(1)92.38(5)|92.38(5)[174.36(4)| 83.73(4) | 91.87(4)
07 [2.758(2)|1.911(1)|92.38(5)| 83.73(4) | 91.87(4) [174.36(4) 012" | 2.554(2) | 2.500(1) | 1.558(1) [106.73(5)
07"]2.758(2)|2.758(2)[1.911(1)| 91.87(4) [174.36(4)| 83.75(4)
05"[5.818(2)|2.552(1)[2.747(2)| 1.912(1) | 92.28(5) | 92.28(5)
05"]2.552(1)|2.747(1)|3.818(2)| 2.757(1) | 1.912(1) | 92.28(5)
05 [2.747(1)|3.818(2)|2.552(1)| 2.757(1) | 2.757(1) | 1.912(1)

012" 2.554(2) | 1.358(1) [106.73(5)|106.73(5)

012 | 2.554(2) | 2.500(1) | 2.500(1) | 1.558(1)

ID(P53--0) = 0.0146 ‘ Dinax-Dmin = 0.060 ‘ Omax-Omin = 5.36

P(4)0;
Te(2)Og P4 | 010 o1’ o1 o1
Te2] 09" | 09 | 09" 03 03" | 03" 010 | 1.494(2) [112.12(5)|112.12(5) | 112.12(5)

09"[1.911(1)[92.34(5)92.54(5)| 85.75(4) | 91.87(4) [174.56(4)
09 [2.757(2)[1.911(1)[92.54(5)|174.36(4)| 85.75(4) | 91.87(4)
09"[2.757(2)|2.757(2)1.911(1)| 91.87(4) [174.36(4)| 83.73(4)
03 [2.551(1)|3.818(1)|2.746(2)| 1.912(1) | 92.32(5) | 92.32(5) 01 ] 2.535(1) [ 2.500(2) | 2.500(2) | 1.558(1)
05" [2.746(2)[2.551(1)[5.818(1)| 2.757(2) | 1.912(1) | 92.32(5)
03"5.818(1)|2.746(2)|2.551(1)| 2.757(2) | 2.757(2) | 1.912(1)

o1' | 2.535(1) | 1.558(1) [106.70(4)|106.70(4)
01" | 2.533(1) | 2.500(2) | 1.558(1) |106.70(4)

ID(P4--:0) = 0.0154 ‘ Dmax-Dmin = 0.064 ‘ Omax-Omin = 5.42

Symmetry codes :

() -y+1, x-y+1, z; (ii) -x+y, -x+1, z; (iii) -x+y+1, -x+1, z; (iv) -y, X-y, Z; (V) -X+Y, -X, Z; (Vi) -y, X-y, z+1 ; (vii) x-
1,y, z+1; (viii) -y+1, x-y, z; (ix) -y, X-y+1, z+1; (X) X, y, z+1;

(xi) x, y, z-1; (xii) x+1, y, z-1; (xiii) -y+1, x-y+1, z-1 ; (Xiv) -x+y-1, -X, z-1 ; (XV) -X+Y, -X, z-1; (Xvi) -X+Y, -x+1, z-1.
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20 10 0 -10 -20
Figure 1. %Na MAS NMR spectrum of the sample (nf=10KHz)

to (4.8-44) and collected 12247 reflections in the hkl
ranges -15<h <12, -4 <k <14 and -21 <1< 20.

The examination of the hkl reflections shows the
presence of some 001 (1 = 2n) reflections at higher 1
values with very weak intensities, for example
(0020).

When we ignored these reflections with weak
intensities and we tried to solve the structure in the
hexagonal system with the P6522 space group we
were unable to do so. During refinement we could
not localize all atoms. The atomic positions remained
unstable and the reliability factors R and Ry did not
exceed 6.8 % and 15 %, respectively.

The structure was however solved by the
Patterson method using SHELX-S 86 [22] in the
trigonal system with the P53 space group. The
refinement calculation was performed with the
SHELX-L 93-computer program [23]. The obtained
solution permitted us to localize the positions of the
Te and P atoms. Positions of the Na and O atoms
were located after subsequent Fourier series
analysis. The reliability factors R and Ry fell to 2.5 %
and 6 %, respectively.

As the structure was solved in a non-
centrosymmetric space group, the determination of
the Flack absolute structure parameter x [24, 25] was
a good criterion to confirm the choice of the space
group. Its refined value is here x = 0.02 (2) = 0.

The details of data collection and refinement for the
title compound are summarized in Table 1. The
main geometrical features, bond distances, angles
and the ID Baur [26] Distortion are reported in

Table 2.

Flectrical measurement

A polycrystalline pellet, 8 mm in diameter and 1.2
mm in thickness, was obtained at room temperature
under pressure. Electrical properties were
determined by impedance method using a Novo
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Control apparatus working with an automatic
bridge interfaced to compatible microcomputer.
The frequency range used was 1Hz to 1MHz. The
temperature was measured with a chromel-alumel
thermocouple close to the sample and data were
collected in air in the temperature range 60-140°C.

Results and Discussion

NMR results

The *Na and °'P NMR spectroscopies are very
useful tools in determining the numbers of non-
equivalent nucleus sites and their relative
occupancies. Further information may be gained
from the anisotropic NMR parameters
characterizing the 2’Na quadrupole coupling
interaction (Ze. yo and ng) and the P chemical
shielding anisotroﬁpy tensors (Ze. o, and mn,) in
addition to the ’Na and °'P isotropic chemical
shifts. The “’Na MAS NMR spectrum of the sample is
shown in figure 1, which clearly demonstrates the
existence of two distinct sodium sites. The values of
quadrupole interaction parameters obtained from
the Na MAS NMR are summarized in table 3.
There is a significant difference between the values
of n and y for the two sites of sodium nucleus. This
result is undoubtedly related to crystallographic
parameters, providing a clear discrimination
between the two sites and distinguishing the
structure here reported from that of Averbuch-
Pouchot ng].

The 'P spectrum for a sample rotating at the
magic angle with 10 KHz frequency is shown in
figure 2. A simulation of the spectrum displays four
1P resonance lines at 1.6, 2.8, 3.2 and 3.8 ppm in
similar abundance (table 3). This suggests the
existence of four crystallographically inequivalent
phosphorus atoms in the materials. Using the
iterative procedure of Herzfeld and Berger [27], we
attempted to deduce the parameters of the chemical
shift tensor: the isotropic, the chemical shift
anisotropy and the asymmetry parameter (table 3).

Table 3. The values of quadrupole interaction parameters
obtained from *Na and *'P MAS NMR and also chemical shift
tensor information for *'P RMN spectrum.

diso Ocs b
Site | % | (ppm) | (ppm) | G/L | (KHz) | ¢ d11 doo 835
Natl || 45 5.4 - 0.2 0.2 0.6 - - -
Na2 (55| -4.6 - 0.0 0.4 0.4 - - -
P1|25 1.6 -16.5 | 0.4 - 00| 9.8 | 9.8 | -14.9
P2 (23 3.8 -24.7 | 0.2 - 0.7 24.6 | 7.5 | -20.9
P3| 26 3.2 41.2 0.4 - 0.5 |-28.8| -6.1 | 44.4
P4 || 26 2.8 41.2 0.6 - 0.6 | -30.2 | -5.5 | 44.0




Figure 2. >'P MAS NMR spectrum of the sample (nf=10KHz)

The range of isotropic values at about 0-5 ppm lies in
the Q(O) domain indicating phosphorus without
bridging oxygen ions.

Structure descriplion

A projection of the NaPTe structure along the [100]
direction is depicted in figure 3. The structure is
being built by no pure sheets of the Te(OH)s
octahedra parallel to (001), at 1/4 and 3/4 apart
alternating with sheets of pure PO, tetrahedra at 0
and 1/2 apart. The Na* cations have an octahedral
coordination and occupy the large cavities formed by
the TeOg octahedra sheet.

The main difference between the two sheets of
the TeOg octahedra is the two different sodium sites.
In fact, the first sheet z = 1/4 is formed by Te(1)Os
octahedra, each of which is surrounded by six
octahedra of Na(1). The second sheet z = 3/4 is
formed by octahedra of Te(2)Og, each of which is
surrounded by six octahedra of Na(2).

Figure 3. [100] view of the structure of
NagHPO4sNaH,PO4Te(OH)s. The small medium grey octahedra
represent Te(OH)s and the black ones represent Na cation
environments. PO, anions are represented by grey tetrahedra.
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Figure 4. Projection of Na;HPO4NaH,PO,Te(OH)¢ crystal
structure on the ab plane which shows NaQg, TeOg and
PO, environments.

The PO, tetrahedra can be described as belonging
to the same sheet directions, but alternating with
the Te(OH)s ones. The PO, tetrahedra are arranged
in two membered groups; in each group they have
opposite directions.

Geomelry and coordination of NaOgz anions

All NaOg octahedra are gathered in three membered
groups around an Aj; axe and sharing one bridging
oxygen atom. For the Na(1) atom, the octahedra
base is formed by 08-01-04-011. The 09 and O3
non-basal oxygen atoms are shared with two
Te(1)Og octahedra; O4 and O11 form a common
edge linking the NaOg group. The same
coordination is described for the Na(2). The base of
this octahedron is build by 022-032-011-041. The
non-basal oxygen atoms (O1 and OT21) are shared
with two Te(2)Og octahedra. The common edge for
the NaOg group is formed by O11 and O41.

For both sodium sites, the Na---O distances from
the basal oxygen atoms are all relatively short and
lie in the range 2.364(2)-2.403(1) A, and all
0O---Na---O angles involving the basal oxygen atoms
lie in the range 75.5(1)-110(1)°. As a consequence,
the four basal oxygen atoms form an approximately
pseudo-square arrangement. The Na--O distances
from the non-basal oxygen atoms are typically
longer than those from the basal ones, and are
about 2.586(1) A. In addition, Na(1)Og and Na(2)Og
have relatively the same edge values and
consequently the same Baur distortion indices (ID)
[26]: ID(Na‘--0) = 0.0368, ID(0O--O) = 0.1465.

The main differences in local structure between
the two sodium sites concern the angles; especially
the 03---Na(1)---O11 angle of 88.09(5)° in the first
site corresponding to the O7:--Na(2)---O2 angle of



110.01(4)° in the second site, which suggests a
distortion of the angle in the second site. This
distortion has consequently yielded slightly different
values in the other angles compared with the values
of the corresponding angles from the first site. This
finding can explain the difference between the
ID(O---Na--0) indices for the two sites; 0.091 for the
Na(1) site and 0.111 for the Na(2) site.

Geomelry and coordination of TeOg anions

In the title compound NaPTe, the Te atoms occupy
two special positions with the obtained Te-O
distances about 1.912(1) A. For the two kinds of Te,
the O-Te-O angle values vary from 83.73(4)° to
92.58(5)°. These values are different from those
observed in the previously described compound [19].
Indeed, in the latter, the six obtained Te-O distances
are equal to 1.923(1) A with O-Te-O angles between
84.19° and 92.22°.

Geometry and coordination of POy groups

The asymmetric unit presents four unequivalent
phosphorus sites: All PO, tetrahedra have Csy
punctual symmetry. The shortest P-O band, looked
along the Aj axis, varies from 1.494(2) to 1.500(1) A.
This variation causes a slight distortion ID(P-0O) in
the four sites. The other P-O bands have almost the
same distance value (1.557(1) A), which remains the
same for all the sites. Each PO, tetrahedron has three
O-P-0 angles of 112.09(4)° and three other angles of
106.73(4)°.

Impedance analysis

Figure 5 shows the plot of imaginary part (£") versus
real part (Z') of complex impedance taken over the
frequency range 1Hz - 1MHz at different
temperatures 60°C < T < 135°C. All the semicircles of

A
AL ]
. 55°C T
—A—T0°C ——
6x10° | _y—75°C o
——H0C L
4 H3°C -
Sx10F {—»—80°C .
——05°C - P h
* 100°C - e
—a—105°C e I T
—e—110°C
——115°C
— 207

3x10% {——1257(

Ax10°

_;{”(ﬂ)

2x10° 7

1x10% 1

.
-

I ' I ' I
x10% Ax10® - 5x10°

2(Q)

1 ’ 1 '
2x 108 6x10°

0 1x10°

7107

Figure 5. Complex impedance plots of Z”(Q) vs. Z’(Q) at various
temperatures for NaaHPO4NaH,PO4Te(OH)s compound.
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Figure 6. Temperature dependence of Ln(¢T) and Ln(Wmnax)
versus reciprocal temperature for Na,HPOsNaH;PO4Te(OH)s
compound.

the compound exhibit some depression instead of a
semicircle centred on the real axis. Such behaviour
is indicative of non-Debye type of relaxation [28].

The bulk ohmic resistance relative to each
experimental temperature is deduced from complex
impedance diagrames, it is the interception Zgy on the
real axis of the zero phase angle of extrapolation in
the lower frequency curve. The conductivity is
obtained from Z, by means of the relation: ¢ =
e/S7y, where e and S represent the thickness and
the area of the sample, respectively. The
temperature dependence of the conductivity is given
in figure 6 for the compound as a plot of In(cT)
versus reciprocal temperature. The conductivity
plot exhibits two parts with a transition at about
570K, which characterizes the crossing of
conductivity. In consequence, the diagram exhibits
two regions. In these two regions, the evolution of
the conductivity ¢ obeys the Arrhenius-type relation:
oT=cpexp(-E4/KT). The activation energies above
and below the transition are, respectively, AE{=0.42
eV and AEy=3.54 eV. On the other hand, the
conductivity increases from 6T=5.34*10" Q'm 'K at
95°C to 6T=5.09*10" KQ 'm™ at 115°C. In spite of all
the results indicated above, the high temperature
phase transition at about 100°C in the NaPTe
compound can be interpreted as an ionic-protonic
one.

An analysis of the ion conductivity relaxation
process in the compound has been undertaken in
the study of imaginary part of complex impedance
versus the frequency.

Figure 7 shows the variation of imaginary (Z”)
parts of impedance with frequency at various
temperatures. All the curves merge in high-
frequency region (>1O4 Hz), and then 7Z” becomes
independent of frequency. Moreover, the variation



of 7Z” with frequency at various temperatures reveals
that Z” values reach a maximum (Z”max), which
shifts to higher frequencies with increasing
temperature. Such behavior indicates the presence of
relaxation phenomenon in the system.

. 8

#x10 - 50°C
—55°C
P + 60°C

- N 65°C

5x10%1 [ . 70°C

.
10° 10! 10? 10° 10"
w (rad s7)

Figure 7. Variation of imaginary parts (Z”) of impedance as a
function of frequency for some representative temperature.

Figure 6 shows also the variation of lnngaX) with
the inverse of absolute temperature (10°/T), where
Whax is a particular frequency in which 7Z” occupies
a maximum value. This plot is explained by
Arrhenius-type relation:

Winax = Bexp (KZ“T)

where B is the pre-exponential factor, Ky the
Boltzmann’s constant and E, is the thermal activation
energy for the ion migration. The change in the slope
of the linear curve is detected around 100°C. The
value of the activation energy determined in region I
is 0.45 eV. This value is similar to the activation
energy determined by the conductivity analysis. This
result suggests that the ion transport in
polycrystalline and single crystal are probably due to
a hopping mechanism [29].

Flectrical conductivily analysis

The frequency dependence of AC conductivity,
cac(®), at various temperatures for the NaPTe
material is shown in figure 8. The AC conductivity
increases with increase of the frequency showing an
o" characteristic law. The phenomenon of the
conductivity dispersion in solids is generally
analysed using Jonscher's law: 6, = 64c + AW", where
oqc is the direct current conductivity, A is a
temperature-dependent parameter, and n is the
dimensionless frequency exponent parameter in the
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range of 0<n<1 [30, 31, 32, 33]. The exponent n
represents the degree of interaction between mobile
ions with the lattices around them, and the prefactor
exponent A  determines the strength of
polarizability. Typical fit of the above equation to
the experimental analysis data suggests that ca(®)
obeyed Jonscher's law (fig.8). The high frequency
dispersion is attributed to AC conductivity, whereas
the frequency-independent plateau region
corresponds to DC conductivity of the material. The
values of n for an ideal Debye dielectric and ideal
ionic-type crystal are 1 and 0, respectively [34]. The
movement or hopping of the charged carrier is
influenced by its neighbourhood, and the exponent
n is a measure of the degree of interaction.

In order to explain the behaviour of ¢ with both
frequency and temperature, different theoretical
models have been proposed to correlate the
conduction mechanism of AC conductivity with n(T)
behaviour [35]. According to quantum mechanical
tunneling model [32, 36, 37], the exponent n is
temperature independent. The large overlapping
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Figure 8. Dependence of AC conductivity 0,.(w) on angular
frequency at different temperature for
Na,HPO4;NaH;PO4Te(OH)s



polaron model [37] predicted that n decreases with
increasing temperature up to a certain temperature
degree, after which, it begins to increase with further
rise in temperature. The small polaron tunneling
model and the classical hopping model over a barrier
separating two sites [38] predicted that n decreases
with increasing the temperature.

The temperature dependence on the fitted frequency
exponent n and the pre-exponential factor A are
shown in figure 9. In the temperature range below
100°C, the value of n decreases with increasing
temperature, after which it increases with increasing
temperature. Comparing our results of n(T) with the
above mentioned models, it can be concluded that
the large overlapping polaron model is the most
probable conduction mechanism for the NaPTe
material.
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Figure 9. Thermal variation of the fitted power exponent n and
the pre-exponential parameter A using Jonscher’s law for
Na,HPO4NaH;PO,Te(OH)g

Conclusion

The structure of the NaHPO4NaH,PO,Te(OH)s has
been determined on a single crystal. The structure
shows that the compound crystallizes in a trigonal
system with a P53 space group. The examination of
the local environments for the Na and P atoms by
MAS NMR reveals the presence of two sites of Na and
four sites of P. These features distinguish the
structure reported here from that reported by
Averbuch-Pouchot [19]. The main characteristic of
the structure here reported is the presence of two
different and independent anionic groups connected
by hydrogen bonds. The Te(OH)s octahedra belong
to a number of sheets perpendicular to the c axis
alternating with sheets of PO, tetrahedra also
perpendicular to the ¢ axis. The Na' cations are
coordinated by six oxygen atoms and alternating
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with the Te(OH)s octahedra in the same sheet.
Electrical study shows a strong jump in the
conductivity at 370 K. The AC conductivity showed a
variation with frequency, and it was found to obey
Jonscher's universal power law at different
temperatures with n varying from 0.45 to 0.75. The
conduction process in the AC conductivity is
explained by the large overlapping polaron model
up to 100°C.
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