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Abstract: The broadband electrical properties of Ag;_«LixNbO3 (ALNXx) ceramics (x < 0.1) together
with AgNbOj3 (AN) crystals were studied over a wide temperature interval of 20-800 K. For ALNx
with x < 0.05, a very diffused ferroelectric phase transition was observed. The position of the dielectric
permittivity maximum in this phase transition is strongly frequency-dependent and is described
well by the Vogel-Fulcher law. The freezing temperature decreases when the lithium concentration
increases. Below the ferroelectric phase transition temperature, the dielectric dispersion is mainly
caused by ferroelectric domain dynamics. Moreover, for ALN3 and ALNS ceramics at very low
temperatures (below 100 K), behavior typical of dipolar glasses is observed. At higher temperatures
(above 650 K for ALND), electrical conductivity effects become important. The DC conductivity
increases with temperature according to the Arhenius law and the activation energy is highest in
the antiferroelectric phase. Moreover, the activation energy is strongly dependent on the lithium
concentration and it is greatest when x = 0.02.

Keywords: silver niobate; dielectric permittivity; electrical conductivity; ferroelectric domains

1. Introduction

Nowadays, perovskite materials are widely investigated for applications in electronic,
acoustic, and renewable energy systems [1]. Outstanding materials for such applications
are niobate-based perovskite ceramics [2]. For example, in silver niobate (AgNbO3, AN)
the ferrielectric phase transition is observed slightly above room temperature and this
material has the piezoelectric factor ds3 = 0.24 pC/N and the polarization 52 uC/cm? in
ambient conditions [3-5]. It is interesting that AN has several phase transitions above room
temperature, including paraelectric-antiferroelectric, antiferroelectric—antiferroelectric, and
antiferroelectric—ferroelectric ones [6—8]. Polar phase transitions are associated with nio-
bium and silver ion displacement, while phase transitions in paraelectric phases are associ-
ated with gradual transformations in oxygen octahedron geometry [6]. Materials based
on AN are attractive for ferroelectric energy depository applications due to their huge po-
larization in the electric field and small remanent polarization [9-11]. AN-based materials
also exhibit relatively large dielectric permittivity values and small dielectric losses over
broad frequency ranges, including microwaves [12].

Mixed Ag;_«LixNbO3; (ALNx) compounds have enhanced ferroelectric and piezoelec-
tric properties in comparison with AN, for example outstanding piezoelectric properties are
reported for ALN when x = 0.065 [13]. Low-frequency (below 1 MHz) dielectric, structural,
and polarization investigations show that when x < 0.05 the ferroelectric phase transition
is observed at lower temperatures with higher lithium content and is less expressed [14-19].
At the same time, the transition among antiferroelectric states is prevalent [14-19]. The
orthorhombic-rhombohedral morphotropic boundary (MPB) is observed close to x = 0.05.
At higher lithium content (i.e., x > 0.05), four transition sequences between paraelectric
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cubic Pm-3m, tetragonal P4/mbn and orthorhombic Cmcm, antiferroelectric orthorhombic
Pbnm, and ferroelectric rhombohedral R3¢ is observed [16,19,20]. Above MPB, the ferro-
electric anomaly becomes more pronounced and is observed at higher temperatures with
higher lithium content. The dielectric data of ALN ceramics in the X-band (8-12 GHz)
and K,-band (27-40 GHz) are presented in [21-23] and it is commonly thought that these
ceramics are suitable for various microwave applications.

Raman and Infrared spectroscopic investigations of ALN showed the crucial impor-
tance of Nb, Ag, and O ion dynamics in terms of phase transition dynamics [17,18,22,23].
Moreover, the complex dielectric permittivity depends on the frequency in the AN and
the related materials, which are primarily in the frequency range between 100 GHz and
several THz. The dielectric dispersion in this frequency range is related to niobium and/or
tantalum ion motions [19,21,24-26]. However, X-ray investigations showed that Ag and
O ion displacement is also very important [8,26,27]. However, dielectric investigations of
ALN over a wide frequency range with detailed analysis have not been performed and the
electrical conductivity has only been investigated for x = 0.08 [22]. These problems have
once again become very attractive after recent investigations into AN and propositions of
AN-based materials for use in renewable energy [28-32].

The purpose of this work is to investigate dielectric properties and the phase diagram
of ALN (x < 0.1) ceramics and AN crystals via broadband analysis over a wide temperature
range of 20-800 K.

2. Materials and Methods

ALN ceramics were synthesized using a traditional chemical reaction [14]. Firstly,
Agr0 (99.99%), NbyOs5 (99.9%), and Li,CO3 (99.99%) (purchased from Sigma-Aldrich
(Poznan, Poland)) chemical agents weighted in molar equal portions were carefully stirred,
pressed and heated in inert atmosphere at 820 °C for 3 h. The obtained material was
milled, pressed, and sintered at 960 °C for 3 h. The obtained material was once more
crushed, milled, pressed into pellets under 250 MPa pressure, and finally sintered for 4 h at
a temperature that decreased linearly, with Li concentration increasing from 1080 °C for
AgNbO; to 1040 °C for AgpgLig1NbO3. Excellent, yellowish ceramics exhibiting a specific
mass of 95% of the theoretically calculated value were prepared.

A single crystal of AgNbO3; was grown by the flux approach with 8Ag,O * 5V,05
being utilized as a flux [33].

Dielectric investigations were conducted over a broad frequency range of 20 Hz-1 GHz.
Investigations were performed using various experimental methods and techniques. At
low frequencies (20 Hz-1 MHz), measurements were conducted using a LCR meter HP4284
A. Investigations into the 1 MHz-3 GHz frequency range were performed with a vector
network analyzer Agilient 8714 ET [34]. For temperature-dependent measurements, home-
made furnaces and various cryostats (closed cycle helium cryostat for measurements in
the low frequency range 20 Hz-1 MHz and liquid nitrogen cryostat for measurements
in the 1 MHz-3 GHz frequency range) were used. Cylindrically shaped samples (height
1-3 mm, diameter 1-5 mm) were used for measurements. Silver paint was utilized for
electrical contacts.

3. Results
3.1. Phase Transitions in ALN Ceramics

The complex dielectric permittivity as a function of temperature for ALN5 ceramics at
different frequencies is presented in Figure 1. The local peak of the dielectric permittivity
at 129 Hz is observed close to 303 K. The position of the dielectric permittivity peak occurs
at higher temperatures when frequency increases. At higher frequencies, the dielectric
permittivity anomaly becomes more diffused. Therefore, the dielectric dispersion is related
to the dynamics of the dipoles and the dipoles fail to follow the electromagnetic field at
higher frequencies due their finite relaxation time. Such behavior is not typical for classic
ferroelectrics, for which the position of dielectric anomalies is frequency independent at
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low frequencies at least [34]. The position of dielectric losses” maximum is also strongly
frequency-dependent.

100 ———7——71—1

¥ ' m 129Hz @ ,I- .i'
800 | 1 kHz '_ ]
+ 11kHz E
100 kHz =1
700 + % 1 MHz ;
_ 49 MHz r
107 MHz
600 I Ferroelectric F
- PT . £
500 | ’ 4.
" s
400 |- -
300 | -
200 |- Ferroglectnc
L domains
e S R W S A & L
100 200 300 400 500 100 200 300 400 500

Temperature, K Temperature, K

Figure 1. Complex dielectric permittivity as a function of temperature for ALN5 ceramics at various
frequencies (500-100 K temperature region).

The complex dielectric permittivity increases on heating above 350 K due to the onset
of the antiferroelectric phase transition [14]. The small kink close to 150 K is not related to
the phase transition [20]. Such dielectric peculiarities in the ferroelectric phase are usually
related to the impact of ferroelectric domain dynamics [35].

In Figure 2 we can see the temperature dependences of the dielectric properties of
ALN materials at different lithium concentrations and a frequency of 1 MHz. The local
peaks of the complex dielectric permittivity related to O1—-O, (close to 651 K for AN),
M3-0O; (close to 610 K for AN), M,—Mj3 (close to 533 K for AN), and My-M; (close to 334 K)
phase transitions are clearly observed in the temperature dependencies of ALN ceramics’
dielectric properties in good agreement with X-ray investigations of ALN [17,20]. Moreover,
similarly to ALN5, the maximum complex dielectric permittivity below 200 K is connected
with the ferroelectric domain’s dynamics. The dielectric anomaly close to 445 K, related to
freezing temperature T; [8], is observed only for AN. Dielectric anomalies related to O1-O,
and M3-0O; strongly shift to higher temperatures with higher lithium content, whereas the
maximum of the complex dielectric permittivity connected to the M,-Mj phase transition
shifts towards lower temperatures and becomes predominant. Moreover, the behavior
of M,-M; is complex, and for x < 0.05 the anomaly shifts to lower temperatures, while
for x = 0.06 the anomaly is observed at substantially higher temperatures, close to 380 K.
At higher lithium concentrations, this anomaly is not observed. The dielectric losses at
1 MHz are quite low at all temperatures (lower than 55) and the increase in dielectric losses
with temperature is observed only above 700 K and is related to the onset of electrical
conductivity. Below 200 K the biggest dielectric losses are seen for samples with x = 0.05
and x = 0.03, as they are related to dielectric relaxation.
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Figure 2. Temperature dependence of the complex dielectric permittivity of ALN ceramics and AN
crystal at 1 MHz.

The position of dielectric permittivity maximum related to the M;-M; anomaly is
frequency-dependent for materials with x < 0.05. These T-f dependences are plotted in
Figure 3. The anomaly related to the M;-M transition in AN crystals is almost invisible
and the temperature dependence of the dielectric permittivity is in good agreement with
previous investigations of AN crystals [7]. Therefore, T-f dependences were not obtained
for AN crystals and are not plotted in Figure 3. These functions were fitted with the
Fogel-Vulcher formula:

v =1y eXP(k(T,fiTO)> (1)

where T}, is the temperature of the dielectric permittivity maximum, vy is the frequency for
T;,—+00; E4 is the activation energy, T is the freezing temperature, and k is the Bolzmann
constant. The calculated values of the parameters are enumerated in Table 1. The freezing
temperature decreases when lithium concentration increases, while the dependence of E4
and Ty is less expressed. The freezing temperature is related to the rms variance of the
coupling of ferroelectric active dipoles [35]. Therefore, the disorder in interactions between
ferroelectric active dipoles also decreases with lithium concentration. Moreover, the po-
sition of the dielectric permittivity maximum is frequency-independent for AN ceramics,
indicating that the lithium ions cause the diffusivity of the ferroelectric phase transition.

Table 1. The Vogel-Fulcher fit parameters for the M;—M, dielectric anomaly.

Ceramics 1 Ealk, K Ty, K
Ago_ggLig.QlN_bOLa, 10.7 GHz 221 313
Ago'ggLiO.ozN-bo:; 154 THz 193 313
Ag0_97LiO.Q3NbO3 2.1 THz 299 303

Ag0_95LiO.Q5N_bO3 2.2 GHz 240 293
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Figure 3. Frequency versus the dielectric permittivity maximum temperature for ALN ceramics
(300-370 K temperature region).

3.2. Electrical Conductivity in ALN Ceramics

Above 600 K, electrical conductivity effects become important. The frequency depen-
dences of the electrical conductivity for ALN5 ceramics at various temperatures can be
seen in Figure 4. The direct current (DC) electrical conductivity opc (which is related to the
frequency-independent plateau) can clearly be observed above 600 K. Moreover, on heating
the specific frequency (the frequency at which electrical conductivity begins to deviate from
the DC conductivity value) also increases with temperature so that the DC conductivity
coincides with the conductivity measured at different frequencies over a broad frequency
range. These spectra were fitted with the Jonsher universal dielectric response law [36]:

0 =opc + Aw® 2)

where Aw?® is the alternate current conductivity.
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Figure 4. Electrical conductivity spectra for ALN5 ceramics at various temperatures.

The temperature function of DC conductivity is presented in Figure 5. This quantity
strongly increases with temperature for all ALN ceramics. However, it shows a slope change
at 620 K, close to the M3—O; anomaly temperature. Therefore, it was fitted separately below
and above this temperature according to Arrhenius’ law:

= aoexp<_f;i> 3
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where oy is the pre-exponential coefficient and Ep is the conductivity activation energy.
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Figure 5. DC electrical conductivity as a function of temperature for AN crystals and ALNXx ceramics
for x < 0.03 (a) and x > 0.05 (b).

The obtained parameters, namely activation energy Eg and pre-exponential coefficient
0y, are presented in Figure 6. The activation energy in the M3 phase is higher than in the
Oy phase. Moreover, the activation energy is largest when x = 0.02. The values of activation
energy are conventional for oxygen diffusion [37]. The M3-O; phase transition is related
to niobium and silver ion displacement [20], therefore these displacements increase the
potential barrier for oxygen diffusion. Moreover, it has been claimed that the Nb°* ion
displacement arrangement is structurally disordered for AN [7]. Therefore, the disorder
increase in the Nb sublattice can also increase the potential barrier for oxygen diffusion.
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Figure 6. Pre-exponential coefficient and activation energy at different lithium concentrations for
ALN ceramics and AN crystals.
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3.3. Dielectric Anomaly at Low Temperaures in ALN Ceramics

It is interesting that the dielectric anomaly for some ALN ceramics (ALN3 and ALN5)
is seen at very low temperatures (below 100 K). For example, the temperature dependence
of the dielectric permittivity of ALN5 at various frequencies in the low temperature region
(at temperatures less than 150 K) is presented in Figure 7. The dielectric losses as a function
of temperature show a clearly expressed maximum, which moves to higher temperatures
with increasing frequency. A kink is expressed in the temperature dependence of dielectric
permittivity, which is also frequency-dependent. What is the origin of this additional
dielectric anomaly? It could be related to the dipolar glass behavior or ferroelectric domain
dynamics [38]. These different behaviors can be separated by plotting the measurement
frequency versus the temperature of the value of the greatest dielectric losses (Figure 8) [38].

T T T

m 1 MHz
100 kHZ]
11 kHz

* 1kHz

50 100

Temperature, K Temperature, K

Figure 7. Temperature dependence of the complex dielectric permittivity of ALN5 ceramics at various
frequencies (150-25 K temperature region).

10° -
E 10° b
>
10% ¢
50 60 70
T.K

Figure 8. Measurement frequency versus the maximum of dielectric loss temperature of ALN
ceramics (50-80 K temperature region).

For these dependencthe es, the Vogel-Fulcher relationship is also valid (1) with fitted
parameters vo = 1.4 GHz, E5 =424 K, Tp = 18 Kfor ALN3 and vy =2.8 GHz, Ep =444 K,
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To = 15 K for ALN5. The non-zero freezing temperature indicates that the dielectric disper-
sion is related to the dipolar glass behavior rather than the ferroelectric domain dynam-
ics [39]. Additionally, the Vogel-Fulcher behavior (Equation (1)) is typical of ferroelectric
relaxors [40]. However, in our case the dielectric anomaly was observed at relatively low
temperatures and the values of the freezing temperature were also very low, which is not
typical for ferroelectric relaxors [36]. Therefore, the dielectric behavior of ALN3 and ALN5
at low temperatures is more likely related to the dipolar glass behavior. The dipolar glass
behavior in the system is related to disorder in the Nb sublattice [7] due to the competing
interactions (ferroelectric and antiferroelectric) in the Nb and Ag subsystems [14].

4. Conclusions

The dielectric properties of Ag;_«LixNbO3 (ALNX) ceramics (x < 0.1) and AN crys-
tals were investigated over a broad frequency range (20 Hz-1 GHz). For ALNx with
x < 0.05, a very diffused ferroelectric phase transition is observed, with the dielectric per-
mittivity maximum being strongly frequency-dependent and following the Vogel-Fulcher
law. The freezing temperature decreases with an increase in the lithium concentration,
which indicates that disorder in the system decreases with lithium concentration. In the
ferroelectric phase, the frequency dependence of the dielectric permittivity is mainly caused
by ferroelectric domain dynamics. Moreover, for ALN3 and ALN5 ceramics, the additional
dielectric dispersion is seen at temperatures lower than 100 K, which can be explained
by the dipolar glass behavior, which is related to the competing interactions (ferroelectric
and antiferroelectric) in the Nb and Ag subsystems. The electrical conductivity of ALN
materials was also investigated and the DC conductivity was determined from broadband
conductivity spectra. The DC electrical conductivity versus temperature follows Arhenius’
law but with different activation energies in the antiferroelectric and paraelectric phases.
The electrical conductivity is caused mainly by oxygen transport vacancies. The greatest
activation energy is observed when x = 0.02.
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