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Abstract

In this work, Li,BaP,O, doped 1% Eu** was prepared by a solid-state reaction method and characterized by X-ray diffraction
technique, IR, and impedance spectroscopy. Rietveld refinement of the X-ray diffraction pattern suggests the formation of the
single-phase desired compound with monoclinic structure at room temperature. Electrical properties were studied using complex
impedance spectroscopy in the frequency range of 200 Hz—5 MHz and temperature range of 598-724 K. The temperature
dependence of the bulk and grain boundaries’ conductivity was found to obey the Arrhenius law with activation energies
E;=0.79 eV and Ey, =1.85 eV respectively. Temperature dependence of the power law exponent s strongly suggests that
tunneling of large polaron is the dominant transport process. The obtained results are compared with the undoped Li,BaP,O,
sample and correlated with structural analysis. Doping pyrophosphate compound by Eu’* presents better conductivity and

electrical properties.

Keywords Eu’* - Conduction mechanism - AC conductivity - Impedance spectroscopy

Introduction

Rare earth (RE) doped phosphate materials have attracted
more and more attention due to their excellent thermal and
chemical stability. They have an important role in the devel-
opment of optical display systems using solid-state lighting
such as field emission displays (FEDs), cathode ray tubes,
plasma display panels (PDP), optoelectronic devices, biolog-
ical fluorescence labeling, luminescent paints, and inks for
security [1-5]. In order to understand the electrical properties
of materials used for solid electrolytes in lithium-ion and to
define their physical and chemical parameters, there are two
general classes: inorganic ceramics and organic polymers. The
pyrophosphates compounds Li,MP,0; (M =Fe, Mn, and
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Co), which contain P,O; polyanions formed by two PO, units
sharing one O-O edge, have also been identified as cathode
materials for lithium-ion batteries. For this reason, we are
interested in this family of compounds, lithium pyrophosphate
Li,MP,0; (M =Ba, Zn, Cu ...) are members of a large family
of compounds of the A,BP,0; type which contain simulta-
neously an alkali metal ion (A™) and a divalent cation (B>").
Among these conductive materials, lithium pyrophosphate
Li,BaP,05 is mentioned which exhibits interesting magnetic,
optical, and electric properties. It is suggested that the
Li,BaP,0;:Eu’* is a potential host material for laser applica-
tion [6]. This material is applied in different fields such as
energy and electricity, thanks to its high ion or proton mobility
[7]- In 2002, Dridi et al. investigated the synthesis and crystal
structure of dilithium barium diphosphate Li,BaP,0 [8].
Eu**/Sm**- and Ce**-activated luminescence properties of
Li,BaP,0; were reported by Wani et al. [9, 10]. Recently,
the electrical properties of Li,BaP,0; were described by
Krichen et al. [7].

In this paper, the AC conductivity of the ceramic com-
pound Li,BaP,07:1% Eu®* has been investigated to deter-
mine the mechanism for the AC conductivity. The results will
be compared with the undoped Li,BaP,0; sample.
Interpretation of all results has been correlated with structural
analyses.
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Experimental procedure

The pyrophosphate Li,BaP,0-: 1%Eu* was obtained by the
conventional solid-state reaction. Stoichiometric quantities of
lithium carbonate (Li,CO3), barium carbonate (BaCOs), erbi-
um oxideEu,03, and ammonium dihydrogen phosphate
(NH4H,PO,) were of high purity (>99%). The reagents were
firstly ground into fine powders using mortar and pestle, inti-
mately mixed, and progressively heated first to 593 K for 8 h
to expel gases. The obtained powder was then pressed into
cylindrical pellets and heated once at 1023 K for 10 h. A pellet
of about 8 mm diameter and about 1.5 mm thickness was used
for the optical measurements.

X-ray powder diffraction (XRD) measurements were per-
formed at room temperature by using a Phillips powder dif-
fractometer PW 1710 with CuK« radiation (A =1.5405 A) at
glancing angles between 4° and 94°.

IR spectroscopic analyses were carried out with a FTIR-
100 Perkin Elmer spectrophotometer in the wavenumber
range of 1300-550 cm ™.

To determine electrical and dielectric properties of the sam-
ple, the sintered pellets were sandwiched between two plati-
num electrodes, heated at 723 K for 1 h, and cooled to room
temperature before measurements were performed as a func-
tion of both temperature (598—724 K) and frequency (200 Hz—
5 MHz) using a TEGAM 3550 ALF impedance analyzer.

Results and discussions
X-ray analysis

The crystal structure of Li,BaP,0, was first reported by
Liebertz and Stahr in 1983 [11] who found that it crystallizes
in the orthorhombic crystal system with Cmcm space group.
More detailed studies have revealed that Li,BaP,O- crystal-
lizes in a monoclinic crystal system with C2/c space group [8].

The X-ray diffraction pattern of Eu** doped Li2BaP207
was recorded at room temperature, along with Rietveld refine-
ment. Experimental, calculated, and shift powder XRD pat-
terns were shown in Fig. 1. The obtained reliability factors are
R,=12.5%, R,,,=16.8%, Rexp, =11.9%, Bragg R factor =
13.7%, and x> =2.76. The sample crystallizes in the mono-
clinic space group C2,c with the following unit cell parame-
ters: a=7.084 (2) A, b=12.160 (3) A, c=13.85 (2) A, and
£5=90.69°. There is a very good agreement between all ex-
periments realized in the same sample, confirming the crystal
purity of the synthesized materials. In view of the effective ion
radii of cations and disparity valence state, Li* =0.092 nm,
Ba?*=0.142 nm, it is predicted that Eu>*=0.101 nm may
perfectly occupy the different site of Ba®* [9].

Crystal structure of the simple Li,Bag 99Eug ¢;P,0O; found
that Ba®* is surrounded by 9 oxygen in irregular geometry.

@ Springer

Each BaOs and EuOs polyhedron is surrounded by five POy
tetrahedral belonging to three different P,O, groups. The Li*
ions are located in three different crystallographic sites. Li; is
irregularly surrounded by five oxygen neighbors (site symme-
try C;), whereas Li, and Liz exhibit distorted tetrahedral ge-
ometry (site symmetry C,) (Fig. 2). Atomic positions are sum-
marized in Table 1. Interatomic distances and some selected
angles are reported in Table 2 for both doped and undoped
compound. The main values of P-O—P angles are 123.06° for
Li,BaP,07 and 122.93° for Li,Bag 99Eug ¢ P>0O7.

IR spectroscopy analysis

The infrared bands for undoped Li,BaP,0, and doped
Li,Bag g9Eug ¢ P,O7 are displayed in Fig. 3. The assignment
of the bands is made on the basis that v,; (PO3)> v,
(PO3) >V,5(P-O-P) > v{(P-O-P) > 6 (PO3) > 6(P—O-P). v,
and v, refer respectively to asymmetric and symmetric
stretching vibrations of P—O bonds in (PO3) groups or in (P—
O-P) bridge; 0 refers to deformation modes of (O—P-0)
angles.

Since these absorption bands generally overlap, it is not
possible to give more precise assignment than that proposed
in Table 3. Band assignments for the fundamental modes of
Li,Bag g9Fug 01P,O7 and Li,BaP,0,, given in Table 3, con-
firm the presence of the diphosphate groups in the title com-
pounds [12].

The bands due to the symmetric and antisymmetric
stretching frequencies of P-O-P are generally observed in
the regions 970-910 cm ' and 770—670 cm .

The bands due to 6 (PO3) and 6 (P—O-P) deformations are
observed in the regions 501-640 cm™'and 554656 cm ' re-
spectively for Li,Bag g9Eug ;P07 and Li,BaP,0-.

Electrical impedance analysis
Equivalent circuit study

Equivalent circuit models are described to analyze the elec-
trical response of the sample. Diverse equivalent circuit
models have been reported in the literature. Usually, elec-
trical responses, obtained in ceramic materials, are attribut-
ed to grain, grain boundary, and electrode effect. Each
contribution can be described by a parallel combination
of a resistor (R) and a pure capacitor (C) [13] for the ideal
response (Debye’s model).

These contributions can conventionally be displayed in a
complex plane plots (Nyquist diagram) in terms of the same
formalism:

Complex impedance:

Z'(w)=Z + 7" (1)
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Fig. 1 Powder X-ray diffraction
pattern and Rietveld refinement

for the sample 6500
Li;Bag 9oBug 01 P-0O7 (circle signs
correspond to experimental data, 5500

and the calculated data are repre-
sented by the continuous line
overlapping them: tick marks
represent the positions of allowed
reflection, and a difference curve
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Experimental impedance spectra for the ceramic com-
pound Li,Bag g9Eug 01P207, measured at different tempera-
tures from 598 to 724 K, are shown in Fig. 4a. All diagrams
are composed of two successive semicircles which indicate

Fig. 2 Crystal structure of Li;Bag 99Eug 91P>07
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some degree of decentralization. In this case, the centers of
semicircles that compose total electric response are centered
below of real axis (Z') which confirms the presence of non-
Debye type of relaxation in the materials.

To verify the presence of different types of contributions in
the studied material, analysis of all relaxation properties can
be tested by the modulus representation. Imaginary parts of
modulus M" are calculated by the following equation:

M” = wCOZ/

(4)

where w, Cy, and Z' are angular frequency, vacuum capaci-
tance of cell, and the real parts of the complex impedance
respectively. The obtained modulus spectra M"'(w) versus

Table 1  Atomic coordinates of Li,Bag 9oEug 91P>0~

Atom  Wyckoff position  x y Z

Eu 8f 0.1753(6) 0.0437(3)  0.1008(3)
Ba 8f 0.1697(1) 0.0340(0)  0.1161(5)
P, 8f —0.3222(8) 0.1047(0)  0.1191(4)
P, 8f 0.2198(3) 0.3697(5)  0.1348(1)
0O, 8f —0.1717(0) 0.1094(0)  0.2001(0)
0, 8f —0.2412(0) 0.1263(0)  0.0214(0)
05 8f —0.5023(0) 0.1742(0)  0.1336(0)
Oy 8f —0.4107(0)  —0.020000)  0.1216(0)
Os 8f 0.0805(4) 0.2739(6)  0.1146(5)
O 8f 0.2806(0) 0.3632(1)  0.2394(0)
0, 8f 0.3788(0) 0.3871(0)  0.0643(0)
Li; 8f —0.4677(0) 0.2646(0)  0.0080(0)
Li, 4e 0 0.2333(0) 1/4

Lis 4e 0 —0.234000) 1/4

@ Springer
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Table 2

Comparison of angles and interatomic distances with Li,BaP,0; compound

LizBaP207

Li;Bag.99Eug 1P,07
(Our study)

Polyédre [P,0;]*
forme

ve

1.501 A<P-0<1.640 A

1.499A <P-0<1.641A

Angle P-O-P (°)

123.06

122.93

B

1.957 A < Li5-0 < 1.966 A

Polyédre Ba/Eu
2.679 A<Ba-0<2.864A | 2.695A<Ba-0<2.847A | 2.462 A<Eu-0<2.876A
Polyédre Li, b
1.952 A <Li;-0<2.330 A 1.927A <Li;-0< 2.330A
Polyédre Li, ’
2.048 A< Liy-0 < 2.549 A 2.026 A<Li-0<2.545 A
Polyedre Lis v

1.957 A <Li;-0< 1.960 A

frequency for Li,BaP,05 and Li,Bag 99Eug 91P,07 at 724 K is
depicted in Fig. 4b. There are two relaxation peaks. Thus, the
smaller peak at a lower frequency is associated to grain

@ Springer

boundary effects, and the well-defined one at higher frequen-
cy is correlated to bulk effects. Thereby, a typical equivalent
circuit, consisting of a series of combinations of grains and
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Fig. 3 Infrared analysis spectrum of Li,BaP,05 and Li,Bag g9Eug ;P20

grain boundary elements, was used to fit the measured data.
The first consists of a parallel combination of resistance (Ry)
and fractal capacitance CPE;, whereas the second consists of a
parallel combination of resistance (Ry), capacitance, and frac-
tal capacitance CPE, (inset Fig. 4c).

The expressions of real (Z') and imaginary (Z") compo-
nents of impedance related to the equivalent circuit are:

/

RéQlw‘”cos (%) + R,

Z = o a2
[1 + RO w™ cos (T)]2 + [Rngwalszn (%)]
-1 , "Xl
R, + Qyw™cos (T
+ 4 2 . 2
(B4 + Qumeos(5)]| + (G + Qrsin(57)|
(5)
Table 3 Assignment of IR bands for Li,BaP,0, and
LiBag.99Eu0,01P207
Compounds Bands (cm ) Assignment
Li,BaP,0, 1158-1140-1120 VUas(PO3)
1028 v (PO3)
990882 Vas(P—O—P)
741 v(P—O0—P)

656-620-608-597—
578-566-560-554

S(PO3) +3(P— O—P)

LiBagooFlig o P20, 115811401120 Vs PO3)
1028 v (PO3)
990-876 V(P—O—P)
738 v(P—O0—P)

640-550-518-501

S(PO3) +3(P— O—P)

R3Q,w" sin (g)

[1+ RiQywcos(242) [+ [RiQywrsin (7))

Cw + Q,w™sin (%)
[Ry! + Qyw™cos (%)]2 + [Cw + Qywo2sin(47)] :

(6)

As shown in Fig. 4a, those diagrams clearly present a good
agreement between theoretical (line) and experimental
(scatter) data. Consequently, the suggested equivalent circuit
describes reasonably well the crystal-electrolyte interface.
Fitted values of grain and grain boundary’s parameters, for
all temperatures, are summarized in Table 4.

The capacitance values of the high- and the low-
frequency semicircles are found to be respectively in the
range of pF and nF proving that the observed semicircles
represent the bulk and grain boundary response of the
system respectively [14, 15]. In addition, we note that
«y values are very close to unity indicating that the inter-
actions between the dipoles are low.

Figure 4c shows the complex impedance plots for
LizBaP207 and LizBaO’ggEuO’01P207 powder at 609 K and
the equivalent circuit model. The modeling of these is carried
out with the same equivalent circuit (inset Fig. 4c), whose
refinement parameters are summarized in Table 5.

Investigation of DC conductivity

The values of resistance R,, Rgp, and total resistance Ry
(Riot =Ry + Rgp), extracted by equivalent circuit, for each
semicircle are used to determine the direct conductivity DC.
The DC conductivity (opc) has been calculated for each tem-
perature by means of the following relations:

e

== 7
Ug RgS ( )
S
Ogh = RS X O (8)
Giot = —— - 9)

RtO[S - (Rg + Rgb)S

Where e is the thickness (e =1 mm), S is the surface of the
sample(S = 0.503 cm?), and O, and Oy are respectively the
capacitance of grain and grain boundary.

Figure 5 shows that the conductivity obeys the Arrhenius
expression of the form:

-E,
UDcT: O’oCXp(kB—T) (10)

@ Springer
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Fig. 4 a Complex impedance spectra at various temperatures of
Li,Bag 99Eug ;P07 with electrical equivalent circuit. b Frequency
dependence of the imaginary part M" at 724 K of Li,BaP,0; and

Where T'is absolute temperature, o is pre-exponential fac-
tor, kp is Boltzmann constant, and £, is activation energy of
the transport process. This plot indicates that electrical con-
ductivity is thermally activated. The value of activation ener-
gy, estimated from the Arrhenius plot of o4, 0, and oy, With
respect to 1000/T are respectively E,=0.79 €V, Eg, = 1.85 ¢V,
and £ =1.23 eV (Fig. 5).

These later are summarized in Table 6 with some other data
such as the grain’s conductivity, total conductivity, and the
average inter-atomic distances. This table compares the vari-
ous values obtained by the undoped compound Li,BaP,0,
[7]. The conductivity of these compounds can be influenced
by factors such as tunnel size, polarizability, and charge carrier
mobility. The ease with which an ion can reach a neighboring
site is controlled by the activation energy. This latter indicates
the barrier of free energy that an ion must overcome to succeed

@ Springer

Li,Bag 99Eug 91 P,07. ¢ Complex impedance plots for Li,BaP,0; and
Li,Bag 99Eug 91 P,07 at 609 K and the equivalent circuit model

its jump between sites. We note that the studied compound is
characterized by the higher activation energies and better con-
ductivity. This result can be explained by the structure of the
studied compound. Indeed, the decreasing of the Li—O and Ba—
O bond length results to an increase of the attraction force be-
tween Li*, Ba®*, and Eu® and O, and the ions become more
attached to the crystal. Structural analyses show that the size of
the charge carriers Li*, inserted in a tunnel, is much wider of the
undoped structure. Added to that, the decrease of the number
of oxygen forming Barium polyhedron from BaOg for the
undoped compound to BaOs/EuOj5 for Li,Bag g9Eug o1 P20~
may explain the obtained result of conductivity.
Consequently, this deformation of structure can prove the
highest conductivity of our compound. It produces the in-
crease of potential barrier and requires higher activation
energy.
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Table 4  Extracted parameters of the equivalent circuit for the Li,Bag 99Eug o, P,O7 sample
Grain Grain boundaries

T(K) R, (10° Q) Q101 F) a Ry (107 Q) C(0 ' F) Q,(10719 F) a,
598 4.65 3.89 0.962 4.16 1.40 8.08 0.600
603 4.92 4.14 0.951 2.80 1.51 6.31 0.632
610 4.69 4.09 0.947 2.01 1.64 5.42 0.652
618 441 4.05 0.949 2.05 1.59 571 0.647
624 3.00 4.69 0.938 1.15 1.54 5.03 0.678
632 2.96 5.12 0.927 0.85 1.70 432 0.698
652 191 4.23 0.941 0.55 1.62 451 0.706
657 1.49 5.93 0.923 0.39 1.54 421 0.725
664 1.16 7.11 0918 0.31 1.36 4.17 0.735
674 1.04 6.54 0913 0.23 1.43 4.05 0.744
683 0.86 7.37 0911 0.19 1.43 3.89 0.752
692 0.66 7.78 0913 0.15 1.23 3.85 0.761
701 0.73 9.79 0.892 0.12 1.24 2.80 0.801
712 0.55 13.0 0.878 0.95 1.03 291 0.799
724 0.52 15.4 0.868 0.08 1.07 2.62 0.809

AC conductivity analysis

AC measurements are very important for any dielectric mate-
rial as it gives a lot of information about dynamic properties
such as capacitance, conductivity, and loss factor. AC mea-
surements are also helpful in identifying the nature of conduc-
tion mechanism.

The complex conductivity can be given as:

(11)

In the present work, the real and imaginary of complex
conductivity were calculated in accordance with the following
relation:

/ e Z/
0O ==\ —F5m
s\Z?*+ 7"

. e z"
O =— |5  onm
s\Z?+ 7"

where Z' and Z" are the real and imaginary part of complex
impedance, and e and s are respectively the thickness and the

* ! . "
Opc=0 +jo

(12)

(13)

The real part of AC conductivity can be written by follow-
ing the power law [16]:

oac = opc + A’ (14)

Where opc is the direct conductivity in a particular range of
temperature, A is a temperature dependent parameter, and s is
the temperature-dependent exponent in the range of 0 <s < 1.

This later parameter s presents the degree of interaction
between mobile ions with the environments surrounding
them, and A determines the strength of polarizability.

Figure 6 presents the frequency dependence of the AC
COHdU.CtiVity (UAC) of LizBaO'ggEuO'o]P207 at different
temperatures (586—724 K). The AC conductivity increases
with the increase of frequency. As illustrated in Fig. 6,
these curve increases with increasing of both temperature
and frequency.

The classic Jonscher equation (Eq. (14)) does not allow us
to explain the behavior of our experimental data. For this, we
tried to use the developed Jonscher’s equation which gives a
better agreement with the experimental values [17]:

05+ 0uT2W2

oac(w) = + A’ 15
area of the present pellet. ac(w) ) (15)
Table 5 Comparison of the extracted parameters of the equivalent circuit at 609 K for the Li,BaP,0; and Li,Bag 99Eug o, P,07

R, (10° Q) Q, (102 F) a Rgy (107 Q) Cao M F) Q, (107" F) s
Li,BaP,0, 4.26 432 0.969 2.02 1.44 5.55 0.618

@ Springer
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Fig. 5 Variation of the In (o7) as function of temperature of the
Li,Bag 99Euy.01P,07 sample

In this above equation, o, and o, are respectively an esti-
mate of conductivity at low and high frequencies; w is angular
frequency; and 7 represents the characteristic relaxation time.

Frequency dependence of AC conductivity at 683 K of
Li,BaP,0 and Li,Bag 99Eug 9;P,07 is shown in Fig. 7. In
high-frequency domain, we note that AC conductivity for
Li,Bag g9Eug 0 P,0O7 is greater than that obtained for the
undoped compound.

As presented in Fig. 6, solid line shows the best modeling
of the experimental data by Eq. (15) at different temperatures.
This fitting allows us to determine several parameters such as
the exponent s. Variation of this parameter s with temperature
is illustrated in Fig. 8 for both doped and undoped compound
Li,Bag g9Eug o1 P>0O7. It seems from this figure that values of s
decrease to a minimum value, at about 657 K for
Li,Bag 99Fug ¢ P>07, and then increase again with increasing
temperature. In addition, thermal variation of this parameter
shows a slight evolution in our compound
LizBaoAggEuOA01P207 relative to that of LizBaP207. This re-
flects a weak interaction between the different sites of the

1x10° |
10° |
'g
o
g
*}
b<t
107 b
8
107 F . 1 Ll 1 1
10° 10 10° 10° 10
o (rad s'l)

Fig. 6 Frequency dependence of AC conductivity at various
temperatures of Li,Bag 99Eug 91 P207

free-charge carriers upon insertion of the rare earth ion Eu®*
in the matrix Li,BaP,0-.

Theory investigation of conduction mechanism

The temperature dependence of s is very useful for determin-
ing the type of conduction mechanism in different materials.
In the literature, various models have been predicted to ex-
plain the temperature dependence of s behavior such as quan-
tum mechanical tunneling (QMT) model, correlated barrier
hopping (CBH) model, and the overlapping large-polaron
tunneling (OLPT) model [18, 19].

It is seen from Fig. 8 that the values of s, obtained at a
different temperature, are less than 0.8 and temperature depen-
dent. Consequently, QMT model is non-applicable to the pres-
ent electrolyte system. Comparing the results obtained (Fig. 8)
with the predicted exponent (s) temperature dependence be-
havior for CBH and OLPT models, the conduction mecha-
nism for the Li,Bag 99Eug 0;P,O7; compound can be most
probably interpreted based on the overlapping large polaron

Table 6  Activations energies and conductivities at 683 K of grain, grains boundaries, total conductivity, and inter-atomic distances in Li,BaP,0; and

Li;Bag goBug.01P207

Compound Li,BaP,0, Li,Bag 99Eug o1 P07 (our study)
Activation energy (eV) Grain (E,) 0.67 0.79
Grain boundaries (Egy) 1.27 1.85
Total conductivity (E;y) 1.08 1.23
Conductivity at 683 K (2 ' ecm ™) Grain (o) 217%10°¢ 2.58x10°°
Total conductivity (0yor) 1.08x1077 1.16x1077
Bond length <Li-0>(A) 1.952-2.549 1.927-2.545
<Ba-0>(A)<Eu-0>(A) 2.679-2.864 2.695-2.847 2.462-2.876
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Fig. 7 Frequency dependence of AC conductivity at 683 K of Li,BaP,0,
and LiyBag g9Eug 01P207

tunneling (OLPT) model, where the exponent s decreases with
increasing temperature, reaches a minimum at 657 K and,
thereafter, increases with temperature.

If overlapping large polaron is formed, the expression for
AC conductivity and frequency exponent is given as [20, 21]:

. 4
o, wR
=2 (kpT)2N2 "
oac(w) 12° (ksT) 2akgT + (Wroro/R2)

(16)

The exponent s is given by:

6
8aR,, 7RW’;O;?

s =1 TORE (17)
2aRy, + ;ﬁ:;g;;

where R, is the hopping length at angular frequency w (is the
tunneling distance), 7, is the polaron radius, ¢, is the effective
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Fig. 8 Temperature dependence of the exponent s for both Li,BaP,0,
and LizBao_ggEllo_01P207

dielectric constant of the material, «v is inverse localization
length, and N is the density of defect states.

Dielectric study

Studies of the electrical conductivity’s frequency-dependent
of materials are important to explain the mechanisms of con-
duction in these materials. Furthermore, dielectric relaxation
studies are important too. In the first place, it reveals signifi-
cant information about the chemical as well as physical be-
havior. This, in turn, may be useful in the determination of the
structure and defects in solids [22, 23]. Real " and imaginary
parts " of dielectric are calculated using the formula:

e = — = € + je'
juCZ /

(18)

where Z* is the complex impedance, C = EOdA, A 1s the effec-
tive area of the electrodes, d is the thickness of the pellet, &g is
the vacuum permittivity, and w is angular frequency.

In this case, the dielectric relaxation is described by a non-
Debye model which gives the frequency-dependent complex

permittivity in the form [22]:
Es €w o0pcC

I—o + icow
1+ (jw%) Je0

e (w) = €0 + (19)

Where opc represents the specific conductivity, ¢, is the
static permittivity, €, is the permittivity of free space, €, is the
high-frequency value of €', « is the distribution of relaxation
time (0 < a < 1), and w; is the frequency of relaxation of the
Debye process.

Real and imaginary parts of ¢* are given by the following
expression:

2
€ (W) = . _ 2(1-a) (20)
Ao (l-a)w w
1+2 (Tl) cos > (w_>
1
e 1—
) (65—€w) (i) sin ( ( ;)W
e (w) - 20-a)
o (l—a)w w
1+ 2(%}) cos 2 + or
1
0pcC
— 21
o (21)

As far as illustrated in Fig. 9a and Fig. 9b, it shows the
frequency dependence of real and imaginary part of the di-
electric constant at 683 K for both studied compound,
Li2B3P207 and LizBaO'ggEuO'()lP207, respectively in Flg 9a
and Fig. 9b. The best fit, using Eq. (21), generates a suitable
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fitting of the curves resulting from experimental data (solid
line in Fig. 9b).

From these curves, we note that the imaginary part of
permittivity " decreases rapidly at low frequency without
any relaxation; this confirms that the dielectric behavior
of this material does not obey the law of Debye. It is
important to mention that there are no substantial relaxa-
tion peaks in the frequency range employed in this study.
Furthermore, the dielectric loss rises sharply at low fre-
quency indicating that electrode polarization and space
charge effects have occurred confirming non-Debye de-
pendence [24].

a
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N .
140 | o, & 683K * L%zBa0.99Eu0.01P207
@ * ° L12BaP207
o
]
120 |
100
¢ 80
60 |-
40 |
20 |
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683K .2 0.99 0017277
° L12BaPZO7
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Fig. 9 a Frequency dependence of the real part of the dielectric constant
at 683 K for Li2B3P207 and LizBao_ggEUO_01P207. b Frequency
dependence of the imaginary part of the dielectric constant at 683 K for
Li,BaP,07 and Li;Bag g9Fug 01 P207
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Modulus study

An alternative approach to investigate the electrical response
of materials that present some degree of ionic conductivity is
to use the complex electric modulus:

1 , "
M (w) = =) =M + M

This formalism is particularly suitable to detect phenomena
as electrode polarization [25] and bulk phenomenon property
as average conductivity relaxation times T [26-28].

The variation of the frequency dependence of M" (w) for
Li,Bag g9Eug ¢1P>07 is shown in Fig. 10. Two peaks are ob-
served in these curves for all temperature: one at low frequen-
cy which corresponds the grain boundary relaxation, while the
second one, detected at high frequency, is correlated to grain
interior.

As already established for the compound Li,BaP,0-, the
imaginary part of the electric modulus of our compound has
been fitted for different temperatures with an approximate
frequency representation of the Kohlrausch—Williams—Watts
(KWW) function, proposed by Bergman [7]:

(22)

"
"

M = Mlmax

(0 ()| (52 + )]

"

MZ max

(0 (725)) (5 + ()]

(23)

+

where M. and wp,. are respectively the modulus and the
frequency maximum. The value of 3 is positioned in the 0—1
range, which reflects the importance of coupling between mo-
bile ions in the conduction process.
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Fig. 10 Frequency dependence of the imaginary part of electric modulus
at several temperatures
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Fig. 11 Temperature dependence of the grain relaxation frequency for
LizBaP207 and LizBa()lggEl,lO_OlP207

The relaxation frequency wy,y, extracted from the fit of the
modulus for both the doped and undoped compound, is pre-
sented as function of temperature for grain and grain boundary
respectively in Figs. 11 and 12. These curves follow the
Arrhenius relation:

-F
Winax = WoeXp (kB—;) (24)

Where wy is the frequency at infinite temperature and E, is
the activation energy. The activation energy determined of
grain and grain boundary, for both studied compound
Li,Bag 99Eug 01P>0O7 and Li,BaP,07, is summarized in
Table 7.
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Fig. 12 Temperature dependence of the grain boundary relaxation
frequency for Li,BaP,0; and Li,Bag g9Eug 91 P>,07

Table7  Activation energy of Li,BaP,0; and Li,Bag g9Eug ¢, P07 from
modulus

LizBaP207 LizBa()_ggEuO'()]P207 (our study)

Grain E,4 (V) 0.80(1)
Grain boundary £z, (€V) 0.99(4)

0.93(9)
1.14(10)

The obtained values are different from that obtained by
conductivity opc which proves that conduction and relax-
ation do not follow the same mechanism. Added to that,
frequency variation of M" at the temperature 7=724 K, as
shown in Fig. 4b, we notice a faster relaxation of dipole
moments in the doped compound Li,Bag99Eug o1P>07;
indeed, the maximum angular frequency of relaxation of
the modulus M" of Li;Bag g9Eug 01 P>05 is higher than that
of Li2B3P207 (UJT: 1)

Conclusion

In this work, we have synthesized the Li,BaP,0; doped with
1% Eu** compound by solid-state method. Rietveld refine-
ment indicates that the sample is single-phase. The impedance
plots show two semicircles, which confirm the presence of
two relaxation processes associated with the grain and grain
boundaries. The OLPT model was found to explain success-
fully the mechanism of charge transport in Li,BaP,O-:Eu**. A
comparative study of structural, vibrational, electric, and di-
electric aspects was carried out with the undoped compound
Li,BaP,0;. The AC conductivity study shows that the doped
compound has a better electrical property. This result can be
interpreted on the basis of structural analyses which shows
that the charge carriers responsible of conduction for Li*
inserted in a tunnel whose size is much wider of undoped
structure, the interaction of Li* ion with oxygen atoms de-
creases (Sdoped < Sundoped: the s represents the degree of inter-
action between mobile ions with the environments surround-
ing them) which increases their polarizability factor.
Consequently, doping of 1% Eu’* in the Ba®* sites improves
the electrical conductivity and dielectric properties.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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