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Abstract The new mixed compound TI; goKo 11(SO4)0.0(-
Se0y4)p.1Te(OH)g which is crystallized in the monoclinic
system with space group P2,/c was analyzed at room tem-
perature using X-ray diffractometer data. The unit cell
parameters are a = 12.3308(7), b = 7.2011(4), c =
12.0298(8) A, B = 110.755(4)°, V = 998.87(11) A> and
Z=4. The final refinement led to R = 0.035 and
Rw = 0.038. The main feature of these atomic arrangements
is the coexistence of three and different anions (SO427,
Se0,>~ and TeOg"~ groups) in the unit cell, connected by
hydrogen bonds (O-H---O) which make the building of the
crystal. The TI™ and K™ cations, occupying the same posi-
tions, are located between these polyhedral. The crystals of
Tl 80K0.11(SO4)0.0(SeOy4)9.1Te(OH)s  underwent  three
endothermic peaks at 377, 466 and 472 K. These transitions
were detected by DSC and analyzed by dielectric measure-
ments using the impedance and modulus spectroscopy
techniques. The IR and Raman spectra recorded at room
temperature in the frequency ranges (50-1200) and
(400-4000) cm ™', respectively, have confirmed the presence
of TeOe®~, SO4>~ and SeO,>~ groups in the crystal.

1 Introduction

Crystals emanating from hydrogen-bonded sulfate and
selenate acids exhibit many interesting physical phenomena
like ferroelectricity, ferroelasticity, superionic conductivity
and glassy ordering in the ferroelectronic mixture [1, 2].
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Telluric acid has the property of forming stable adduct with
some varieties of inorganic compounds like selenates and
sulfates. Some of these compounds of the general formula
M,X0,Te(OH)g (where M is a monovalent cation: Nat, KT,
NH,*, TI", Rb' and Cs™, X = S, Se and P) form broad
families with interesting properties, such as superprotonic
conduction and ferroelectricity [3-8]. The structure of the
title compound is different from those of both known Tl,(-
S04)0.61(5€04)0.30Te(OH)g (T1SSeTe) and Ky(SO4)g.63(-
Se0y4)0.37Te(OH)s (KSSeTe) sulfate selenate telluric alkalin.
While the thallium sulfate selenate tellurate T1,(SOy4)g61(-
Se0y4)p.39Te(OH)g (TISSeTe) crystallizes in the monoclinic
space group P2,/c [9], the potassium sulfate selenate tellu-
rate K»(S04)0.07(5€04)0.03Te(OH)s (KSSeTe) crystallizes in
the triclinic space group P 1 [10]. Alkali sulfate selenate
tellurate shows a structural phase transition and has inter-
esting physical properties such as ferroelectricity and ionic
protonic conduction. In order to examine the influence and
the effect of cationic substitution in the sulfate selenate tel-
lurate compounds and to confirm the presence and the
importance of these physical properties, we have studied and
discussed, in this work, the results of the new mixed solid
solution T1; goK¢ 11(SO4)0.0(Se04)0.1Te(OH)g (TIKSSeTe).

In the present paper, we report the synthesis, the struc-
tural characterization by X-ray diffraction, thermal analy-
sis, dielectric measurements and vibrational studies of the
mixed crystal (TIKSSeTe).

2 Experimental
2.1 Chemical preparation

Colorless and transparent single crystals of TIKSSeTe were
grown up by slow evaporation at room temperature from a
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mixture of telluric acid HgTeOgs, and two solutions of
thallium potassium sulfate and thallium potassium selenate
were prepared separately. Schematically, the reaction is as
follows:

2H,Se04 + TI,CO3; + K;,CO;3
— T1,SeO4 + K,Se04 + 2CO;, + 2H,0
HgTeOg + x [y (T1,Se04) + (1 —y) (K2SeOy)]
+ (1 = x) [y(T1SO4) + (1 — y)(K2SO4)]
— ThayKa2-29)(SO4) (1 1y)(x-1)) (5€04) 1y Te(OH) ¢

Several recrystallizations were necessary to obtain single
crystals suitable for the structural study. After approxi-
mately 15 days, the solutions led to colorless and trans-
parent single crystals. The crystals obtained in this way
were pure with appropriate sizes and were stable under
normal conditions regarding temperature and humidity.
The chemical compound formula was determined by
chemical analyses and confirmed by the refinement of the
crystal structure. Density was measured at room tempera-
ture by flotation in CCly. The density average value
Dy = 4.69 g cm™ was found to be in good agreement

with the calculated one D, = 4.79 g cm .

2.2 Diffraction data collection and refinement

Single-crystal X-ray diffraction intensity data were
obtained on an Enraf-Nonius Kappa CCD diffractometer
using Mo Ko radiation (4 = 0.71073 A) [11]. The unit cell
dimensions were measured and refined using the indexation
of diffraction markings collected with a Bruker—Nonius
X8-APEX2 CCD area-detector diffractometer using the
APEX?2 program [12].

The compound crystallizes, at room temperature, in the
monoclinic system with the space group P2,/c. We mea-
sured 5180 reflections, of which 2395 had an intensity of
I > 30(I). The structure was analyzed with the crystallo-
graphic CRYSTALS program [13]. The structural graphics
were created using the DIAMOND program [14]. The final
cycle of refinement leads to the final discrepancy factors
R, = 0.035 and WR, = 0.038.

Other non-hydrogen atoms positions are determined
from subsequent Fourier series. Furthermore, while all non-
hydrogen atoms were refined anisotropically, all hydrogen
atoms were geometrically fixed at the calculated positions
attached to their parent atoms and treated as riding atoms.
While the details of data collection, the final atomic posi-
tions and the Ueq parameters are listed in Tables 1 and 2,
respectively, the anisotropic displacement parameters for
the studied material are listed in Table 3, whereas the main
interatomic distances (;\) and bond angles (°) for our solid
solution are given in Table 4.
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Table 1 Main crystallographic feature X-ray diffraction data
parameters results of Ty goKo.11(SO4)0.9(SeO4)0.1 Te(OH)g

Formula Tl 89Ko0.11(S04)0.9(Se04)0.1 Te(OH)s

Formula weight (g mol™") 721.14
T(K) 293
Crystal system Monoclinic

P2,/c

a = 12.3308(7) A
b =1720114) A

¢ = 12.0298(8) A
B = 110.755(4)°

V = 998.87(11) A3

Space group
Unit cell dimensions

Z 4

Dx (g cm™3) 4.795

0 Range for data collection (°) 3.359-37.430

p (mm~") 33.964

hkl range 21 <h<?21
11 <k=<12
20<1<20

Data collection instrument Kappa CCD

Wavelength (A) 0.71073

Measured reflections 5180

Observed reflections 1 > 3a(I) 2395
R indices R = 0.035 and R,, = 0.038
Goodness-of-fit on (F2) 1.08

Highest peak/deepest hole —3.04 < Ap <340

(eA”)

w = 1/[¢°
(Fo® + (0.0800P)*
+0P] where

P = (Fo* + 2FA)/3

CCDC deposition number 1,407,320

2.3 Thermal behavior measurements

The thermo-gravimetric measurement (TG) was performed
with a SETARAM TG 92 at a heating rate of 10 K min~".
The masse of sample used in TG measurement was 5.8 mg,
and it was heated from 350 to 550 K.

The DSC measurement was performed on 7 mg of the
samples from 350 to 550 K on a NETZSCH apparatus
(Model 204 Phoenix) at a heating rate of 5 K min~".

2.4 Dielectric measurements

The electrical measurements were carried out by a two-
electrode configuration. The polycrystalline TI; goKg 11(-
S04)0.9(Se04)0.1Te(OH)¢ sample was pressed into pellets
of 8 mm in diameter and 1 mm in thickness using 3t/cm>
uniaxial pressure. As for the electrical impedances, they
were measured in the frequency range from 200 Hz to
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Table 2 Atomic coordinates and equivalent thermal parameters

Atoms X y z Uéq Occupation
Tel 0.0000 1.0000 0.5000 0.0157 1.0000
Te2 0.5000 0.5000 0.5000 0.0154 1.0000

TI1 0.35068(2) 1.00097(2) 0.64487(2) 0.0351 0.93093(4)
K1 0.35068(2) 1.00097(2) 0.64487(2) 0.0351 0.07093(4)
TI2 0.14329(3) 0.53524(3) 0.39339(3) 0.0343 0.95986(2)
K2 0.14329(3) 0.53524(3) 0.39339(3) 0.0343 0.03986(2)
S1 0.24931(4) 0.50970(4) 0.74431(4) 0.0118 0.89991(4)
Sel 0.24931(4) 0.50970(4) 0.74431(4) 0.0118 0.09991(4)
Ol 0.1066(6) 1.0771(8) 0.6511(6) 0.0286 1.0000

02 0.0078(5) 0.7568(7) 0.5641(6) 0.0260 1.0000

03 0.1292(6) 0.9392(11) 0.4552(7) 0.0361 1.0000

04 0.3610(6) 0.3826(8) 0.3967(6) 0.0295 1.0000

05 0.4042(7) 0.7030(11) 0.5082(10) 0.0514 1.0000

06 0.4813(7) 0.3966(15) 0.6371(7) 0.0513 1.0000

o7 0.3533(6) 0.4866(8) 0.8559(6) 0.0323 1.0000

08 0.2705(6) 0.4211(10) 0.6411(6) 0.0343 1.0000

09 0.2230(6) 0.7132(8) 0.7213(7) 0.0348 1.0000
010 0.1447(6) 0.4134(9) 0.7563(6) 0.0300 1.0000

H1 0.1004 1.1898 0.6508 0.0470 1.0000

H2 0.0437 0.6607 0.5913 0.0412 1.0000

H3 0.1456 1.0288 0.4220 0.0531 1.0000

H4 0.3830 0.2863 0.3747 0.0430 1.0000

H5 0.4317 0.7933 0.4784 0.0621 1.0000

H6 0.5327 0.2701 0.6483 0.0715 1.0000

Ueg =13 323Uy a; x a; x a,a;

Table 3 Anisotropic displacement parameters of Tl goKg 11(SO4)0.0(SeO4).1 Te(OH)s material

Atoms U Uxn Us; Uz Uis Uz

Tel 0.01682(4) 0.01157(4) 0.01848(4) 0.00222(4) 0.00609(4) 0.00133(4)
Te2 0.01538(4) 0.01158(4) 0.01922(4) —0.00004(4) 0.00621(4) 0.00195(4)
TI1 0.03497(2) 0.03281(2) 0.03583(2) —0.00342(2) 0.01040(2) —0.00274(2)
K1 0.03497(2) 0.03281(2) 0.03583(2) —0.00342(2) 0.01040(2) —0.00274(2)
TI2 0.03661(3) 0.03365(3) 0.03386(3) —0.00031(3) 0.01387(3) 0.00140(3)
K2 0.03661(3) 0.03365(3) 0.03386(3) —0.00031(3) 0.01387(3) 0.00140(3)
S1 0.01198(4) 0.00745(4) 0.01581(4) 0.00189(4) 0.00457(4) 0.00174(4)
Sel 0.01198(4) 0.00745(4) 0.01581(4) 0.00189(4) 0.00457(4) 0.00174(4)
0Ol 0.0335(18) 0.019(2) 0.026(2) —0.0051(18) 0.0012(16) 0.0068(17)
02 0.023(2) 0.0133(16) 0.039(3) 0.0093(17) 0.008(2) 0.0034(15)
03 0.034(2) 0.046(3) 0.038(3) 0.012(2) 0.023(2) 0.011(2)
04 0.0267(14) 0.021(2) 0.033(2) —0.0066(19) 0.0009(17) —0.0044(14)
05 0.034(2) 0.035(3) 0.086(4) —0.027(2) 0.021(3) 0.009(2)
06 0.043(3) 0.085(4) 0.028(2) 0.010(2) 0.015(2) —0.015(3)
o7 0.029(2) 0.023(2) 0.030(2) 0.008(2) —0.0070(15) 0.002(2)
08 0.037(3) 0.044(3) 0.030(2) —0.007(2) 0.021(2) 0.001(3)
09 0.032(3) 0.0118(13) 0.050(3) 0.009(2) 0.000(3) 0.0043(18)
010 0.026(2) 0.029(2) 0.041(3) —0.007(2) 0.019(2) —0.0096(19)

Anisotropic displacement exponent takes the form: exp[—27‘c2 > ZjUij hih; a;a;*]

@ Springer
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Table 4 Selected bond lengths (A) and bond angles (°)

a-Thallium/potassium groups
TVK(1)-0(6)(iii) = 2.808(8)
TI/K(1)-0(3) = 2.906(8)
TVK(1)-O(5) = 2.917(7)
TI/K(1)-0(9) = 2.940(7)
TI/K(1)-O(1) = 3.085(7)
TVK(1)-O(4)(v) = 3.102(7)
TI/K(1)-O(8)(iv) = 3.178(7)
TVK(1)-O(6)(iv) = 3.291(9)
b-Sulfate/selenate groups
Se/S-0(7) = 1.501(6)
Se/S-0(8) = 1.499(6)
S/Se-0(8) = 1.499(6)
Se/S-0(9) = 1.505(5)
S/Se-0(9) = 1.505(5)
Se/S-0(10) = 1.516(6)
S/Se-0O(10) = 1.516(6)

c-Tellurate groups

Te,~O(1)(i) = 1.910(6)
Te,~0(3)(i) = 1.905(6)
Te,~0(2)(i) = 1.903(5)
Te,~O(1) = 1.910(6)
Te,~0(3)(d) = 1.905(6)
Te,~0(2) = 1.903(5)

Te,~O(4)(ii) = 1.921(6)
Te,—O(5)(ii) = 1.904(7)
Te,—-O(6)(ii) = 1.904(7)
Te,-0(4) = 1.921(6)
Tex-O(5) = 1.904(7)
Tex—-O(7) = 1.896(7)

TIK(2)-0(4) = 2.888(7)
TVK(2)-O(1)(vii) = 2.902(7)
TI/K(2)-O(8) = 2.950(6)
TIK(2)-0Q2)(vi) = 2.971(6)
TIK(2)-0(3) = 3.022(8)
TVK(2)-O(9)(vii) = 3.158(8)
TIK(2)-0O(5) = 3.251(9)
TVK(2)-O(10)(vi) = 3.385(7)

O(7)-Se/S-0(8) = 110.4(4)
O(7)-Se/S-0(9) = 109.4(4)

O(7)-Se/S-0(10) = 110.5(4)
0(8)-Se/S-0(9) = 110.6(4)

0(8)-Se/S-0(10) = 106.8(4)
0(8)-Se/S-0(10) = 110.5(4)
0(9)-Se/S-0(10) = 109.1(4)
0(9)-Se/S-0(10) = 109.1(4)

O(1)(1)-Te,~0(3)(i) = 88.5(3)
0O(1)(i)-Te,~02)(i) = 87.9(3)
0(3)(i)-Te,~02)(i) = 88.6(3)
O(1)(i)~Te,~O(1) = 179.994
(3)()~Te;~O(1) = 91.5(3)
0(2)(i)-Te,~O(1)() = 92.1(3)
O(1)(i)-Te,—0(2) = 92.1(3)
0O(3)(i)-Te;—0(2) = 91.4(3)
0(2)(1)-Te;—0(2) = 91.4(3)
0O(1)-Te,~0(2) = 179.994
0O(1)-Te,~0O(2) = 87.93)
O(1)(i)-Te,—0(3) = 91.5(3)
0(3)(i)-Te,—0(3) = 179.994
0(2)(1)-Te;—0(3) = 91.4(3)
0O(1)-Te,~0O(3) = 88.5(3)
0(2)-Te,~0(3) = 88.6(3).
O(4)(ii)-Te,~0(5)(ii) = 86.8(3)
O(4)(ii)-Te,~0(6)(ii) = 92.0(3)
0O(5)(ii)-Te,~0(6)(ii) = 89.3(5)
O(4)(ii)-Te,~O(4) = 179.994
0O(5)(ii)-Te,~0(4) = 93.2(3)
0(6)(ii)-Te,~O(4) = 88.0(3)
O(4)(ii)-Te,~0(5) = 93.2(3)
0O(5)(ii)-Te,~0(5) = 179.944
0(6)(ii)-Te>~0(5) = 90.7(5)
O(4)-Te,~O(5) = 86.8(3)
0(4)(ii)-Te,~0(6) = 88.0(3)
O(5)(ii)-Te,~0(6) = 90.7(5)
0(6)(ii)-Te,~O(6) = 179.994
O(4)-Te,~0(6) = 92.0(3)
0(5)-Te,~O(5) = 89.3(5)

Symmetry codes: (i) —x, —y + 2, —z+ 1; (i) —x+ 1, —y + 1,
—z+1; (i) —x+ 1, y+ 172, —z+3/2; (iv) x, y+ 1, 25 (V) x,
—y 4+ 32, z4+ 1/2; (vi) —x, =y + 1, —z + 1; (vii) x, —y + 3/2,
z— 172
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5 MHz with the TEGAM 3550 ALF automatic bridge
monitored by a microcomputer between 350 and 550 K.

By using the impedance measurements, this study
undertakes the investigation of the frequency and temper-
ature dependences of the dielectric parameters such as ¢,
and ¢”, dielectric measurements, loss tangent (tan J), real
and imaginary components of the impedance parameters
(Z' and Z") and the real and imaginary parts of the electric
modulus (M’ and M").

2.5 Infrared and Raman measurements

The infrared absorption spectra of suspension of crystalline
in KBr were recorded using Jasco-FT-IR-420 spectropho-
tometer in the frequency range of 4000—400 cm™'.
Besides, the Raman spectra of polycrystalline samples
sealed in glass tubes were recorded on a Labrama HR 800
instrument using 632.81 nm radiations from a physics
argon ion laser.

3 Results and discussion
3.1 Structural study

At room temperature, the Tl goKg 11(S04)0.0(SeOy4)g.1-
Te(OH)g compound is crystallized in the monoclinic sys-
tem, with P2,/c space group. The unit cell parameters
a = 12.3308(7), b =72011(4), c = 12.0298(8) A,
p = 110.755(4)°, Z =4, V = 998.87(11) A3, The asym-
metric unit of T1; goKg 11(S04)0.0(S€04)o.;Te(OH)¢ shown
in Fig. 1 contains TI*/K™ cations, Te(OH)s octahedra and
S/SeQ, tetrahedra.

Figure 2 shows the crystal structure projection of
(TIKSSeTe) on the ab plane. In this structure, three dif-
ferent and independent anions (T6066_, SO42_ and
SeO42_) in the same crystal are noted. The TIKSSeTe
structure can be regarded as being built by planes of pure
Te(OH)g (at x = 0 and x = a/2) octahedra, alternating with
planes of pure SO4/SeO, (at x = a/4 and x = 3a/4) tetra-
hedra. Between these kinds of polyhedra are situated the
TI" and K cations.

The Te atom occupies two special positions in the
TIKSSeTe structure. Thus, the structure shows two kinds of
Te(1)Og and Te(2)Og octahedra, with Te—O values between
1896(7) and 1.921(6) A. The O-Te-O angles vary from
86.80(3)° to 93.20(3)°.

These values are different from those observed in the
previously studied compounds. Indeed, in the TISSeTe
structure, the Te—O distances vary from 1.886(10) to
1.979(11) A with O-Te-O angles between 86.2(2)° and
93.8(2)° [9], whereas in the KSSeTe structure, the Te-O
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N
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TI2/K2

\Q)l(i)

02

)

03(i)

Fig. 1 Asymmetric unit with atom labels and 50 % probability displacement ellipsoids for non-H atoms of T1; goKg.11(SO4).9(SeO4)0.1Te(OH)g

Fig. 2 Projection of crystal structure T1; goKo 11(S04)0.0(SeO4)0.1Te(OH)g on the ab plane

@ Springer
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Table 5 Hydrogen-bond and short-contact geometry (A, °)

D-H--A D-H H-A D--A D-H--A
0,-H,--Opo 0.815 2.003 2.696 142.85(5)
03-H;3-Opo 0.821 2.033 2.685 136.2(6)
04-H,+0; 0.822 1.998 2.699 142.9(5)
Os-Hs--0; 0.868 2.147 2.817 133.7(6)

Symmetry codes: (i) —x, —y + 2, —z + 1; (ii)) —x + 1, =y + 1, —z + 1 (i) —x + 1,y + 1/2, —z 4+ 3/2; (iv) x, y + 1, z; (V) x, —y + 3/2,

24 12; (Vi) —x, =y + 1, =z + 15 (vii) x, =y + 3/2, 2 — 112

Fig. 3 Projection of the structure T} goKo.11(SO4)0.0(Se04)0.1 Te(OH)s showing the hydrogen bonds

distances vary from 1.867(7) to 1.946(7) A and the O-Te—
O angle values are between 88.7° and 91.30° [10]. Con-
sequently, the TeOgq are more regular in the TIKSSeTe than
in the KSSeTe compound. This phenomenon can be
accredited to the partial cationic substitution.

The tetrahedral coordination of the S/Se atom is built
with four oxygen atoms. In the (T1SSeTe) structure, the Se/
S-O distances which vary from 1.512(11) to 1.562(9) A
form O-Se/S-O angles ranging between 107.3(4)° and
112.6(3)° [9], and in the (KSSeTe) compound, the S/Se O
distances vary from 1.472(10) to 1.488(10) A with O S/Se
O angle values between 107.62(7)° and 110.45(7)° [10].

The S and Se atoms occupy the same crystallographic
sites. Indeed, in the TIKSSeTe structure, the sulfur and
selenium atoms occupy the same site of a statistical manner
in respective proportions 90 and 10 %. In fact, the S/Se—-O
distances in the TIKSSeTe structure vary from 1.499(6) to

@ Springer

1.516(6) A with O-S/Se-O angles ranging between
106.8(4)° and 110.6(4)°. The difference between these
values and those obtained in the (T1SSeTe) and (KSSeTe)
compounds [9, 10] is associated with the size of the cation
radii. This phenomenon can be attributed to the partial
cationic substitution. The bond lengths and angles are listed
in Table 4.

The TIT/K* cations which are distributed on two sites
are sandwiched between tetrahedral and octahedral planes.
The TI/K-O distances are presented in Table 4. As
opposed to the (T1SSeTe) compound, in which the first
TI(1) atom is coordinated by 6 oxygen atoms and the
second by seven oxygen atoms, the TI(1)/K(1) and TI(2)/
K(2) cations in the (TIKSSeTe) structure are coordinated
by eight oxygen atoms.

Therefore, the environment of T1(1)/K(1) is made up of
two oxygen atoms belonging to the tetrahedral S/SeQ,, two
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oxygen atoms belonging to Te;Og¢ and four oxygen
belonging to the second Te,Og octahedra. The TI(1)/K(1)—
O distances are included between 2.808(8) and 3.291(9) A.
On the other hand, the T1(2)/K(2) environment is composed
of three oxygen atoms of the tetrahedral S/SeQ,, three
oxygen atoms of Te;Og and two oxygen atoms of Te,Og¢
octahedron. The TI/K(1)-O distances range from 2.888(7)
to 3.385(7) A.

The (TIKSSeTe) structure stabilized by O-H---O
hydrogen bonds is guaranteed by protons belonging to
hydroxide groups linking octahedral and tetrahedral
groups. In fact, four hydrogen atoms participate in the
establishment of the hydrogen bonds (Table 5; Fig. 4). So,
in the tetrahedral groups S/SeO,, two oxygen atoms, O(7)
and O(10) are linked to two hydrogen atoms (Fig. 3). Using
NOVAK criterion, the O---O distances varying from 2.685
to 2.817 A may confirm that there are two types of
hydrogen bonds: strong bonds when the O---O are smaller
than 2.7 A and weak hydrogen bonds in the other case [15].

The O---H distances in this compound vary between
1.988 and 2.147 A with O-H--O angles ranging from
133.7(6)° to 142.9(5)°. The hydrogen atoms are located
geometrically in this structure.

3.2 Thermal behavior
Figure 4 shows the DSC-TG curves for the TIKSSeTe

sample heated in the temperature range of 350-550 K. The
thermo-gravimetric (TG) curve shows that no mass loss

was detected before 400 K. Actually, in the temperature
range of 400-460 K, the telluric acid Te(OH)s decomposes
to disengage 2H,O water molecules (calculated weight
loss, 7.4 %) and gives the orthotelluric acid H,TeO, [16].
The decomposition of the new compound can be described
by the following reaction:

T11.89K0.1(SO4) 9 (SeO4),  Te(OH)
— Tl g9Ko 11 (SO4)O4Q(SCO4)O'1H2TCO4 + 2H,0

The DSC thermogram shows three endothermic peaks at
377, 466 and 472 K. The first and the second peaks have
enthalpy values AH, = 4.531 and AH, = 115.024 Jg~ !,
respectively. The superposition of TG-DSC curves, shown
in Fig. 4, reveals that the endothermic peak observed at
377 K was not accompanied by a weight loss. For that, it
can be related to the structural phase transition, which can
favor a non-centro-symmetric phase at high temperature
[17-19]. On the other hand, the second one (detected at
466 K) can be attributed to a ferroelectric—paraelectric
phase transition. The same results have been reported in
some previous works in the case of the studies of
RbKSSeTe, RbNaSSeTe and KSeTe compounds [19-21].
The third endothermic peak observed at 472 K can be
attributed to the protonic conduction phase transition due to
the breaking of O-H---O hydrogen bonds which link tel-
lurate groups to S/SeO,4 one [19-21]. On the other hand,
after this thermal study, our compound preserves its solid
state which confirms that the material has not reached the
melting temperature [8].

102
. —TG |,
100 — DSC
98 — L -1
~ ~~
SR 373K @
% 96 -1 \g
1) - Lo 5
+ S
& 94 - =
(0]
= [l 466 K 3 =
92 < BE
- % |
90 53]
l 472K -
88 I I I | | I I I | I
360 380 400 420 440 460 480 500 520 540
T(K)

Fig. 4 Differential scanning calorimetry and thermo-gravimetric analyses of Tl; goKg.11(SO4)0.9(Se0O4)o.1Te(OH)g
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3.3 Dielectric studies

Aiming at the characterization of the phase transitions
detected by DSC measurements, we have conducted a
dielectric study at different temperatures in the temperature
range 300-500 K.

The impedance investigation of the ionic conductors
over a wide frequency range has an advantage in that it
allows the identification of charge transport processes in
the grains and grain boundary of compounds over a wide
temperature range [22, 23]. Cole—Cole plots for TI; go.
Ko.11(SO4)0.0(Se04)o.1 Te(OH)¢ at different temperatures
are presented in Fig. 5a, b.

The data show a semicircle at all the temperatures. The
bulk capacitance at the maximum of the semicircle can be
determined using the relation: ®RgCg = 1.

From these curves, the evolution curves Z" = f(Z))
versus temperature show the thermal behavior of the
material strength. In fact, any increase in temperature is
accompanied by a decrease in resistance.

(@) sx10°
8
1,2X10 T . 368K
398K
0.0x10 - - . 418K
90 428K
S . . v 438K
N soxlo’d e 443K
X “o . 448K
3,0x10" {27
0,0 T T T T T T T T T T T T T
0,0 3,0x10" 6,0x10" 9,0x10" 1,2x10° 1,5x10° 1,8x10°
yA(D)
(b) ,
1,2x10
8,0x10° - .
g . . 448K
& . 453K
' . > 468K
4,0x10° . « 498K
i o
0’0 Ky T T T T T T
0,0 4,0x10° 8,0x10° 1,2x10 1,6x107
Z()

Fig. 5 Complex impedance diagrams Z” versus Z' for Tl goKg 11
(504)0.0(Se04)o.1 Te(OH)q over the temperature ranges. a 368-448 K,
b 448-498 K

@ Springer

Figure 6 shows the evolution of ¢, with temperature for
different frequencies, demonstrating two anomalies on the
¢, variation at 463 and 477 K. The first peak at 463 K,
observed by DSC at about 466 K, can be attributed to the
ferroelectric—paraelectric phase transition [24]. The most
intense peak at 477 K characterizes the superionic—pro-
tonic phase transition [3, 25].

The important evolution of the dielectric constant with
the decrease in frequency is closely related to the great
contribution of the conductivity in TIKSSeTe material.
Besides, the decrease in &, with the increase in frequency is
associated with the large and important conductivity in this
material due not only to charge carriers, but also the fast
mobility of the proton [26, 27]. A significant variation with
the frequency is shown by the evolution of &, for various

800
—=— 1 KHz

*—3KHz
——6KHz
—v— 10KHz
—<—15KHz
—— 100 KHz
—— 500 KHz

700

600

500 +

e'r

400

300

200

100

T T T
450 460 470 480 490 500
T(K)

Fig. 6 Variation of ¢, with temperature at different frequencies of
T, 89K0.11(504)0.9(Se04)0.1 Te(OH)s compound

600

—=— 1 KHz
5004 [+ 3KHz
——5KHz
v— 10 KHz
400 «— 15KHz
»— 100 KHz|
—+— 500 KHz|

-
= 300
200 -

100 4

T T T T
450 460 470 480 490 500
T(K)

Fig. 7 Variation of ¢”, with temperature at different frequencies of
T1, 89K0.11(504)0.9(Se04)o.1 Te(OH)s compound
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Fig. 8 Thermal evolution of the dissipation factor as a function of
frequency for T]]_ggKo_l 1(SO4)0_9(SCO4)0_ITC(OH)G

frequencies. This variation is due to the fact that the
material presents a long-range ion diffusion. Hence, two
polarization mechanisms are possible and the real part of
dielectric constant can be presented as: &, =7¢,
(latt.) + &, (carr.), where &, (latt.) presents the lattice
response due to the permanent dipole orientation or other
motions that do not involve long-range displacement of
mobile charge carriers. In this contribution, we observe the
changes resulting from the ferroelectric—paraelectric tran-
sition. &, (latt.) presents the conductivity relaxation, or
carrier response, associated with long-range migration. The
second contribution is closely related to the frequency and
particularly to the low frequency. This part of the permit-
tivity characterizes the conductivity mechanisms [26, 27]
(Fig. 7).

Figure 8 presents the dissipation factor (tan ) evolution
as a function of temperature. An overview of the results
from these curves, we can observe two peaks at 453 and
473 K, confirmed to these phase transitions detected by
DSC [3, 8, 19, 21, 28-30]. On the other hand, tan &
increases at low temperature, presenting a maximum, then
decreases, presenting a minimum in the vicinity of 7. This
behavior confirms the presence of a ferroelectric—para-
electric phase transition at 7, = 460 K [26, 31].

The values of ferroelectric—paraelectric temperature
phase transition do not change with the increase in fre-
quency, which suggests that this compound does not pre-
sent a dipolar-type relaxation in this frequency range. This
phase transition is detected in the mother compound K.
SO,4Te(OH)g of our new mixed solution at 490 K.

The behavior of the dielectric permittivity ¢, and tan &
is in agreement with a ferroelectric—paraelectric phase
transition in TIKSSeTe compound at low temperature.

logM'

10 12 14 16
log f(Hz)

o
o —

Fig. 9 Plot of log M versus log(f) at various temperature for
T, 89K0.11(504)0.9(S€04)0.1 Te(OH)s

To shed the light on the role of TI* and K% ions on the
first transition, dielectric relaxation studies have conse-
quently been undertaken in the complex modulus M* for-
malism. Complex electric modulus plots give more
importance to the elements with the smallest capacitance
occurring in the dielectric system. The advantage of
adopting complex electric modulus formalism is that it can
discriminate against electrode polarization and grain
boundary conduction mechanism [32, 33]. It is also suit-
able in detecting bulk phenomena properties such as
apparent conductivity relaxation time. The other advantage
of the electric modulus is that the electrode effect can be
suppressed [34].

The complex electrical modulus (M*) was calculated
from the following equations:

M* =1/¢" = joCoM* = M' + jM" (1)
M = wCyZ" (2)
M" = wCyZ (3)

where (M', Z') and (M", Z"") are the real and imaginary parts
of the modulus and impedance, respectively, j = (—1)"?,
o = angular frequency (w = 2xnf) and C, (geometrical
capacitance) = gyA/t (where ¢, is the permittivity for free
space, A the area of the electrode surface and ¢ is the
thickness) [34, 35]. Figures 9 and 10 reveal the plots of
log M’ and the normalized M"/M" ., imaginary part of the
complex modulus of TIKSSeTe versus log f at various
temperatures.

At any temperature, M’ attains a constant value
(M, = 1/¢,,) at high frequencies and approaches zero at
low frequencies. This indicates that the electrode polar-
ization phenomenon makes an insignificant contribution to

@ Springer
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Fig. 10 Plot of normalized modulus (M"/M" .. versus log(f) at
various temperature for Tl goKg.11(SO4).0(SeO4)0.1Te(OH)g

M* and may be ignored when the electric data are analyzed
in this form [36, 37].

The M"/M" .. spectra pertaining to a given temperature
show an asymmetrical peak. Indeed, the modulus peak
maximum shifts to higher frequencies with the increase in
temperature.

The region of the peak maximum left is where the H
protons are mobile over long distances, whereas the right
region is where the ions are spatially confined to their

potential wells. The frequency range where the peak occurs
is indicative of the transition from short-range to long-range
mobility at decreasing frequency. It is defined by the con-
dition w1, = 1, where 7, is the most probable constitution
proton relaxation time [38]. This phenomenon is similar to
that noted in Ky g4(NHy); 16SO4,Te(OH)g, which confirms
that the proton transport in Tl; goKg.11(SO4)0.9(SeOy4)o.1-
Te(OH)s may be due to a hopping mechanism [39].

3.4 Vibrational study

To present further information on the crystal structure, we
have examined the vibrational properties of our compound
using Raman scattering and infrared absorption.

At room temperature, TI; g9Kp 11(SO4)0.0(Se04)0.1-
Te(OH)¢ exhibits a monoclinic symmetry with space group
P2,/c. At room temperature, the Raman and IR spec-
troscopy were used to analyze the different observed bands
of the mixed compound (TIKSSeTe).

The frequencies and assignments of the Raman and IR
peaks are given in Table 6.

The study of IR and Raman spectra of this compound
has been conducted in the frequency range (400—4000) and
(50-1200) cm ™" as shown in Figs. 11 and 12, respectively.
The observed frequencies are interpreted on the basis of the
characteristic frequencies of the Te(OH)s, SO4 and SeOy4
groups.

Table 6 Observed Raman and IR frequencies (cm™Y) and band assignments for Tl; goKo 11(SO4)0.0(Se04)0.1Te(OH)g at room temperature

IR (cm’l) 1 Raman (cm’l) 1 Assignment

2976 'S - v(OH) of Te(OH)¢
1132 S - v3 (SOy)

984 'S 969 'S vy (SOy)

861 m 864 w v3 (SeOy)

- 843 w vy (SeOy)

- 827 s v1 (SeOy)

652 Vs 645 ' vy (TeOg)

- 620 S v, (TeOg) and vy (SO4)
592 S 595 m v3 (TeOg)

- 476 w v, (SO4) and v, (SeOy)
- 429 w vy (SeOy)

- 419 w v4 (SeOy)

- 368 m vs (TeOg)

- 333 m vg (TeOg)

- 320 w vy (SeOy)

_ 221 vw s (TeOg)

- 172 w vOH---O

- 108 w T(S/Se0,>"; TeOs"")
_ 72 m T(K")

Relative intensities vs very strong, s strong, m medium, w weak, vw very weak

@ Springer
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Fig. 11 IR spectrum at room temperature of TI; goKg 11(SO4)09
(Se04)o.1Te(OH) compound

645

969

Relative Intensity

827

[Sa)

<

o0
=
ol
)

T T — T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200

Wave number (cm™)

Fig. 12 Raman spectra at room temperature of Tl; goKg 11(SO4)0.9
(Se04)o.1Te(OH) compound

The stretching and bending vibrations for the com-
pounds containing TeOg group normally occur in the range
of 550-750 and 350450 cmfl, respectively [39-42].

The intense peak observed at 645 cm™' in the Raman
spectra and at 652 cm ™' in IR is assigned to the symmetric
stretching (v;) mode of TeOg [19, 20, 43—46]. Furthermore,
the bands observed at 592 and 595 cm™"' in IR and Raman
are accredited to the asymmetric stretching of v; (TeOg)
[45]. The peak detected at 620 cm ! in the Raman spectra
corresponds to v, (TeOg). The band at 333 cm™! s
assigned to v4 (TeOg), and the weak peak detected at
368 cm ™! is attributed to vs (TeOg). The band observed at
221 em™! corresponds to vg (TeOg) [43].

While the intense bands observed at 964 cm™' in Raman
and 984 cm ™' in IR correspond to the symmetric stretching

vibration v, of (SO,), the IR line at 1132 cm ™! is attributed
to the v3 (SO4). The bands observed at 476, 620 cm ™! in
Raman spectra correspond to v, (SO4) and v4 (SOy4). The IR
peak at 861 cm ™' range is assigned to an IR active vibra-
tion v (SeO,), and the Raman band at 827 cm™' is
attributed to v; (SeQ,) tetrahedral groups, but the line at
419 cm™! is attributed to v, (SeQy,). The v, (SeQy) vibra-
tion appears in the Raman spectra at 476 cm™"' [19].

The Raman peaks obtained in the low-frequency region
of the spectra (<200 cm™') most likely correspond to
translation modes of K' cations is detected at 70 cm ™'
[39, 45, 47], and the peaks observed at 108 and 172 cm™!
can be associated with the vibration and translation modes
of (S/Se0,>~ and TeOg®") anions [19]. As for the peak at
2976 cm ™' in IR, it is attributed to v (OH) of Te(OH), [43].

4 Conclusion

The present work is devoted to the syntheses, X-ray char-
acterization, electrical properties and vibrational study of a
new mixed thallium potassium sulfate selenate tellurate,
Tll_ggKo_l1(SO4)0_9(SCO4)0.ITC(OH)G. The new solid solu-
tion crystallizes in the monoclinic system (P2,/c space
group) at room temperature. The structure can be regarded
as being built of planes of TeOg octahedra and pure S/SeO,4
tetrahedra. The TI*/K™ cations are intercalated between
these kinds of polyhedra. The (TIKSSeTe) structure is
stabilized by O-H:--O hydrogen bonds assured by protons
belonging to hydroxide groups which link octahedral and
tetrahedral groups. The phase transitions of this compound
were examined by different methods. In fact, the differ-
ential scanning calorimetry revealed three phase transi-
tions, the first of which is detected at 377 K, which can
favor the structural phase, and the second and third
detected at 466 and 472 K are attributed to the ferroelec-
tricity and the superprotonic conduction, respectively. The
results of the dielectric permittivity study have confirmed
the conclusion drawn from the calorimetric measurements.
Some ulterior studies by impedance measurements can be
carried out to affirm these transitions. The infrared and
Raman spectra of the title compound, which were acquired
at room temperature, confirm the presence of three differ-
ent anions (T6066_, SO42_ and Se042_).
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