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Abstract. This paper reports on the structural and
electrical properties of LiPO3 glass over a wide range of
frequencies (10 Hz–2 MHz) and temperatures (290 K–
627 K). The temperature dependence of a.c. conductiv-
ity is studied at different frequencies. The d.c. conduc-
tivity is due to the hopping of lithium ions. A theoreti-
cal model and mathematical fit of conductivity measure-
ments are used for characterization of the ionic hopping
motion connected with the mobility of conducting Li+
ions. The acoustic attenuation spectroscopy can be use-
ful technique for the study of relaxation processes in ion
conducting glasses too. Raman experiments showed the
rings and chains configuration at the medium range.
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1. Introduction

Lithium-ion conducting glasses have been widely stud-
ied due to their potential application as solid-state
amorphous electrolytes in secondary batteries [1].
Lithium-ion batteries are the major power source for
portable electronic devices such as cellular phones, lap-
tops, cameras, camcorders, etc. [2]. In a secondary
lithium ion battery, Li metal can be used as the an-
ode material allowing higher energy and power densi-
ties than when graphitized anodes are used as anode
materials. The use of solid electrolytes in recharge-
able batteries can provide numerous advantages such
as the possibility of miniaturization through thin-film

production, longer active life, high reliability, thermal,
chemical and mechanical stability.

Many works have been focused on the ionic conduc-
tivity of LiPON thin-film electrolytes and their proper-
ties and structure compared to those found in lithium
phosphate glasses and their oxynitride counterparts [3],
[4].

The structure of a LiPO3 metaphosphate glass is
known to be built of long chains or rings of PO4 tetra-
hedra (Fig. 1) [5]. Two of the oxygens in each PO4

are bridging oxygens that link together neighbouring
groups while the other two are non-bridging oxygens
bonded to the modifier cations Li+. The study of the
transport and relaxation processes taking place in these
glasses can be important for the future development of
amorphous solid-state electrolytes.

The conductivity and dielectric relaxation spectro-
scopies are powerful techniques for the study of ion
relaxation and transport mechanisms [6].

The acoustic attenuation measurements seem to be
a useful technique for investigation of transport mech-
anisms in conducting glasses and compared to the elec-
trical one it has even some advantages as high sensi-
tivity, the absence of contact phenomena and several
others [7]. Acoustical measurements made over a wide
range of frequencies and temperatures can characterize
different relaxation processes according to correspond-
ing transport mechanisms due to the strong acousto-
ionic interaction and it can also discover different kinds
of sites and/or ionic hopping motions associated with
the charge mobility [8].

In this contribution we present the results of an
electrical and structural investigation of a LiPO3

metaphosphate glass. Electrical and acoustic measure-
ments characterizing the ion relaxation processes and
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Fig. 1: Structure of LiPO3.

possible transport mechanisms in investigated ion con-
ducting glasses are presented.

2. Theoretical Principles

The electrical conductivity σ of many solids, includ-
ing glasses, polymers and crystals, has been shown to
consist of a frequency independent and a strongly fre-
quency dependent component [9]. Experimental data
in a limited frequency region revealed that the overall
frequency dependence of σ or the so called “universal
dynamic response” (UDR) of ionic conductivity can be
approximated by the following Jonscher’s power law
equation

σ(ω) = σDC +Aωs, (1)

where ω = 2πf is the angular frequency of measure-
ment and s is the frequency exponent in the range
0 < s < 1. Both σDC and A follow Arrhenian type
temperature dependencies and

σDC = σ0 exp

(
−E

DC
a

kBT

)
, (2)

where σ0 is the pre-exponential factor, kB is the Boltz-
mann constant, EDCa is the activation energy of the
conduction process, which can be determined from the
DC measurements. The frequency-independent con-
ductivity at low frequencies indicated the long-range
transport of activated charges in response to the ap-
plied electric field. The power law feature (σ ∼ Aωs)
is usually observed at higher frequencies. Electrical
conductivities of investigated materials are calculated
using the following equation

σ =
h

RS
, (3)

where h is thickness of sample, S is area of sample
(electrode), R is resistance read from the Nyquist plots
(imaginary part of complex impedance Z ′′ versus real
part Z ′), where complex impedance of material is given
by equation

Z∗ = Z ′ − jZ ′′. (4)

The complex permittivity of materials is given by

ε∗ =
1

jωCZ∗
= ε′ − jε, (5)

where ε′ is the dielectric constant, ε′′ the dielectric loss,
C = ε0S/h, ε0 is free space permittivity. The deter-
mination of the imaginary part (ε′′) of the complex
dielectric constant compared to the real part (ε′) plays
a crucial role in the study of the fundamental proper-
ties of the investigated materials [10], where ε′(ω) and
ε′′(ω) characterize the refractive and absorptive prop-
erties of the material, respectively. The loss tangent
(dissipation factor) defined by the relation

tanδ(ω) =
ε′′(ω)

ε′(ω)
, (6)

can be also used for the relaxation spectroscopy that
reflects the basic features of the relaxation processes of
mobile ions. This quantity is related to the attenuation
constant (or absorption coefficient) of an electromag-
netic wave propagating in a material.

The complex electric modulus of a material is given
by

M∗ =
1

ε∗
= jωCZ∗ =M ′ + jM ′′. (7)

The imaginary part of the electric modulus (M ′′)
vs frequency at constant temperature increases with
frequencies and reach a maximum peak value. The
activation energies of the relaxation processes can be
estimated from the plots of ln f vs 1/Tmax were Tmax
can be found using the isochronal peaks of M ′′ or ln
fmax vs 1/T (from isothermal plots). These plots are
straight lines in accordance with Arrhenius equation

f = f0 exp

(
− E

M
a

kBT

)
, (8)

where f is the frequency of the applied electrical field,
f0 is the pre-exponential factor and EMa is the activa-
tion energy associated to the dielectric loss [11]. It is
an established fact that the condition for observing a
maximum in the dielectric losses is given by the rela-
tion [12], [13]

ωmτm = 1, (9)

where ωm = 2πfmax (fmax being the frequency cor-
responding to the maximum of M ′′(f)) and τm is the
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relaxation time. A maximum can be observed when
hopping or jumping frequency of ions becomes approx-
imately equal to the frequency of the applied field.

The acoustic attenuation will exhibit a maximum
when the condition ωτ is equal to 1 and

τ = τ0 exp

(
Eaa

kBTpeak

)
, (10)

is the most probable relaxation time, Tpeak is thermo-
dynamic temperature, ω = 2πν and ν is frequency of
applied acoustic waves. The relaxation processes, de-
scribed by an Arrhenius equation Eq. (10), are charac-
terized by activation energy Eaa for jumps over the bar-
rier between two potential minima and typical relax-
ation frequency of ion hopping 1/τ0 ≈ 1013–1014 s−1.
An Arrhenius – type relaxation between the tempera-
ture of peak maximum Tpeak and the applied frequency
ν of acoustic waves can be then expressed as

ν = ν0 exp

(
Eaa

kBTpeak

)
, (11)

where ν0 is the preexponential factor [14].

Double Power Law (DPL) function Eq. (12) has been
mainly used to fit mechanical loss data in investigated
glassy materials [14]

α(ω, T ) ∝ 1

(ωτ)−n + (ωτ)m
. (12)

3. Experimental

A lithium metaphosphate glass with composition
50Li2O. 50P2O5 was prepared by conventional melt-
quenching procedure. Reagent grade raw materials
Li2CO3 and (NH4)2HPO4 were mixed in stoichiometric
amount and the batch was calcined in a porcelain cru-
cible up to 450 ◦C, in an electric furnace, then melted
during 2 h at 800 ◦C. The melt was poured onto a brass
mould and annealed slightly above its glass transition
temperature, previously determined through Differen-
tial Thermal Analysis.

The electrical conductivity measurements were per-
formed by the FLUKE PM 6306 RCL impedance ana-
lyzer at frequencies in the range 0 Hz to 1 MHz and the
LCR Meter OT 7600 Plus at frequencies in the range
10 Hz to 2 MHz (200 measurements at constant tem-
perature). The electrical measurements were carried
out by FLUKE at temperatures ranging from 290 K to
540 K at a heating rate of 0.5 K/min. Using LCR
Meter we carried out measurements at chosen tem-
peratures (5 minutes per measurement, 30 minutes for
stabilization of measured system), some of them were
above Tg point of investigated sample up to 627 K.

The longitudinal acoustic waves of frequency 13 MHz
were generated by the Pulse Modulator and Receiver
- MATEC 7700 and a LiNbO3 transducer acoustically
bonded to a sample. The computer system was used
to trigger the apparatus, to record the attenuation
changes and to evaluate obtained acoustic spectra.

The sample for electrical and acoustic measurements
was square in shape (thickness ≈ 1.82 mm and area =
10.1 × 10.1 mm2) and end faces were polished to be
flat.

4. Results and Discussion

The Nyquist plots of investigated sample LiPO3 are
shown in Fig. 2. As it can be seen, the Nyquist plots
consist of semicircle. The semicircles are due to par-
allel combination of resistive and capacitive properties
of the investigated material. The equivalent circuit for
the observed impedance spectra can be seen in Fig. 2.
The resistance R has been calculated from the low-
frequency interception of the real axis of Z ′′ vs Z ′
graphs.

Fig. 2: Nyquist plots of LiPO3 glass sample.

Figure 3 and Fig. 4 describe frequency dependencies
of real and imaginary part complex impedance.

The equivalent circuit is divided in 2 parts in the
series: series and parallel connection of R and C. The
circuit elements R1 and R are related to d.c. con-
ductivity and the ionic a.c. conductivity of the glass,
respectively. C is the a.c. conductivity of the LiPO3

into the bulk capacitance. Capacitance C1 causes de-
crease of imaginary part of complex impedance to zero
at low frequencies.

Using symbolic-complex method of circuit analysis
the equivalent circuit can be written in the form Eq. (4)
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Fig. 3: Frequency dependence of the real part of complex
impedance.

Fig. 4: Frequency dependence of the imaginary part of complex
impedance.

where real and imaginary parts are

Z ′ = R1 +
R

1 + ω2R2C2
, (13)

Z ′′ = − 1

ωC1
+

ωR2C

1 + ω2R2C2
, (14)

where values of R, C, R1 and C1 are summarized in
Tab. 1. The real and imaginary parts of measured
data were fitted simultaneously by previous functions
in program Microcal Origin. The observed differences
of constructed peaks indicates the non-Debye behavior
of investigated materials.

The temperature dependence of d.c. conductivity in-
dicates one main transport mechanism with activation
energy EDCa . We measured conductivity parameters
two times, first using FLUKE by constant heating rate
(0.5 K/min.) (blue squares), second time by LCR Me-
ter at constant temperature (30 min. for stabilization
and 5 min. for measurement) (black circles) especially

Tab. 1: Fitted parameters in complex impedance for various
temperatures.

T [K] 345 330 316
R1 [ kΩ ] 65.8 128.5 252.6
C1 [ nF ] 276.5 129.3 70.3
R [ MΩ ] 1.8 5.1 10.5
C [ pF ] 7.40 7.22 7.26

Fig. 5: Arrhenius plots constructed from temperature depen-
dences of d.c. conductivity calculated from Nyquist di-
agrams.

above Tg point (Tg = 589 K). As it can be seen, the
calculated values of d. c. conducitvities are very close.

In Fig. 6, the imaginary part of the modulus is plot-
ted against frequency at different temperatures. As
it can be seen the imaginary part displays a peaked
function. The electric modulus M ′′ increases with fre-
quency and reaches a maximum M ′′max, which is mov-
ing to higher frequencies with increasing temperature.

Fig. 6: Frequency dependence of the imaginary part of electric
modulus.
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Fig. 7: Arrhenius plots constructed from temperature depen-
dences of relaxation times.

The relaxation time obtained from the positions of
the peaks of the imaginary part of the electric modulus
(the position of the characteristic relaxation frequency
fmax) calculated by means of Eq. (9) has been plot-
ted as a function of inverse temperature in Fig. 7. It
is seen that the relaxation time follows the Arrhenius
behaviour

τ = τ0 exp
Eτa
kBT

. (15)

It can be seen, that the values of Eτa and EDCa ob-
tained from the slopes of straight lines (Fig. 5 and
Fig. 7) are comparable (the same). This can be ex-
plained because that the ionic motion responsible for
difusion of independent electrical relaxation and di-
fussive translation motion are the same [12].

Next Fig. 8 shows modelled a.c. conductivity using
equation

σ(ω) = σ0 +A1ω
s +A2ω

s2 . (16)

Parameters A1, A2, s, s2, σ0 were calculated by pro-
gram Microcal Origin.

From Fig. 9 the temperature and frequency depen-
dences of loss tangent of LiPO3 structure in 3D pre-
sentation can be seen.

The acoustic attenuation spectrum (Fig. 10) indi-
cates one broad attenuation peak with a maximum at
a temperature about 530 K. Applying DPL function
Eq. (12) we could simulate acoustic attenuation spectra
at constant frequency as a superposition of individual
peaks and determined the values of activation energies
of the individual relaxation processes connected with
ion hopping. The other peak occurring at the temper-
ature higher than 590 K are connected with the pro-
cesses appearance above the glass transition temper-
ature, Tg (for investigated sample Tg = 587 K). The
broad attenuation peak with a maximum at a temper-
ature about 530 K could not be modelled only by one

Fig. 8: Modelled electrical conductivity.

Fig. 9: Temperature and frequency dependence of loss tangent
in 3D.

Fig. 10: Analysis of acoustics attenuation measurement.

peak, another small peak with a maximum at a tem-
perature about 485 K was necessary.

The whole temperature dependence of acoustic at-
tenuation has been analyzed assuming the existence of
a thermally activated relaxation process associate to
Li+ ions. Using the theoretical DPL model Eq. (12),
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and Arrhenius equation Eq. (11), we calculated the en-
ergy of the main relaxation process, Eaa2 = 0.73 eV
from acoustic attenuation measurement. This value is
very close to the activation energy for conduction found
from DC measurements EDCa = 0.735 eV (Fig. 5). Us-
ing AC measurements and electric modulus the activa-
tion energy of the Eτa = 0.712 eV was obtained (Fig. 7).

Figure 11 and Fig. 12 show the Raman spectra
collected for the metaphosphate LiPO3. The spec-
tra were decomposed into Gaussian contributions from
600 cm−1 to 1400 cm−1. The spectra are dominated
by two main bands appearing at about 650–750 cm−1
and 1150–1250 cm−1 and attributed to the symmetric
stretching modes of P–O–P and NBO–P–NBO bonds,
respectively [15]. The P–O bond bending mode of Q2

units appears as a broad shape in the range of 200 cm−1
to 400 cm−1. The band attributed to the asymmet-
ric stretching mode of the NBO–P–NBO bonds in Q2

groups is located around 1280 cm−1.

Fig. 11: Raman spectra of LiPO3 glass.

Fig. 12: Modelled Raman spectra of LiPO3 glass.

5. Conclusions

The electrical, dielectric and structural properties of
LiPO3 glass sample have been investigated and de-
scribed. The theoretical model has been used for bet-
ter characterization the measured data. The broadness
of the peaks and differences with measured data show
non-Debye behavior, what corresponds to the relax-
ation of hopping charges.

The modulus study, especially the shift of maxima in
temperature dependencies towards to high-frequency
side could be due to the high values of hopping proba-
bility per unit time in the sample.

Using the theoretical model of Double Power Law
function for the simulation of acoustic spectra we have
determined the several relaxation processes.
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