
JOURNAL OF ELECTRONIC SCIENCE AND TECHNOLOGY OF CHINA, VOL. 5, NO. 4, DECEMBER 2007 320  

  
Abstract⎯Based on Clausius-Mosotti equation and 

Debye relaxation theory, the dielectric model of yttria 
ceramics was developed according to the dielectric loss 
mechanism. The dielectric properties of yttria ceramics 
were predicted at high temperature. The temperature 
dependence and frequency dependence of dielectric 
constant and dielectric loss were discussed, respectively. 
As the result, the data calculated by theoretical dielectric 
model are in agreement with experimental data.   

Index Terms⎯Dielectric properties, Debye relaxation 
theory, high temperature, yttria ceramics. 

 

1. Introduction 
The yttria ceramics are the cubic crystal system, have 

good heat-resistance, corrosion-resistance, and the high 
temperature stability, and they are also good wave- 
transparent ceramic material. Based on these merits, the yttria 
ceramics material are mainly used in infrared missile window, 
radome, microwave substrate, insulation support, infrared 
generator shell, infrared lens, other high temperature window 
and so on. Up to now, the researches focused on the yttria 
ceramics preparation method, the high-purity extraction and 
so on [1]-[6], and the knowledge of dielectric properties of the 
yttria ceramics was obtained only through the experimental 
test data. Especially, dielectric properties at high temperature 
(above 1800 K) were unable to gain through the experiment. 
But nobody thoroughly studied the dielectric properties of 
yttria ceramics from the dielectric theory.  

This paper focuses on the development of the dielectric 
model of yttria ceramics, according to Clausius-Mosotti 
equation and Debye relaxation theory, and the prediction of 
dielectric properties of yttria ceramics at high temperature. 
Drawing a comparison between the numerical data obtained 
by theoretical calculation and the data measured in the 
experiment under room temperature to 1500 K, both data 
agree with each other. 
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2. Dielectric Model of Yttria 
Among yttria crystal, the Y-O bond was approximately 

composed of 70% ionic bond and 30% covalent bond. Due to 
the demand of the craft or the improvement of certain 
performances, some alkali metal ions and other impurity ions 
weakly bound in the crystal, were introduced in manu- 
facturing process. Therefore the polarization form of yttria 
ceramics mainly consists of the electronic polarization, the 
ionic polarization and the relaxation polarization caused by 
the weakly-bound ions. According to Clausius-Mosotti 
equation and Debye relaxation theory, the equation can be 
obtained 
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where ε  is the static dielectric constant, 0ε  is the vacuum 
dielectric constant, N  is the number of yttria molecules in 
unit volume, eα , iα , and Tα  are the electronic polarization, 
the ionic polarization and the relaxation polarization, 
respectively. The electronic polarization: 
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where a is the atomic radius. 
The ionic polarization: 
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where q is the electric charge of ion, K is the quasi elastic 
coefficient between atoms, and is described as 
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where c is the velocity of light, λ  is the wavelength of 
corresponding resonant frequency 0ν , M1 and M2 are the 
atomic weight of the positive and negative ion respectively, 
N0 is the Avogadro’s number. Because of being difficult to 
know the temperature dependence of K in (4)[7], a simple 
equation (5) would be used to replace (4) 

( )0 exp KK K Tβ= − .               (5) 

where K0 and kβ  can derived from the dielectric constant of 
dielectric material at room temperature. 
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The relaxation polarization: 

2( )
12T
q

kT
δα =                 (6) 

where q is electric charge of the alkali metal ions or other 
impurity ions, δ  is the average distance of these ions jump 
over potential barrier. 

In the alternating electric field, some ions weakly bound 
in the yttria ceramics cannot possibly follow the change of 
electric field, with the result that the polarization lags behind 
the frequency, and the relaxation polarization appears, 
namely relaxation phenomenon. Meanwhile, dielectric 
constant must be expressed in the plural number form. 
According to Debye equation revision type, the complex 
permittivity is obtained: 
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where sε  is static dielectric constant, ε∞  is light- 
frequency dielectric constant, ω is the angular frequency of 
electric field, the factor α  is a constant between 0 and 1. τ  
is the relaxation time, and the relationship between the 
relaxation time and the temperature can be expressed: 
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where ν  is the vibrational frequency, U is the activation 
energy of weakly-bound ion, k is the Boltzmann constant. 

Expanding (7) into the form of real number, the real part 
and imaginary part of complex permittivity are shown in (9) 
and (10), respectively. 
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where ε ′  is the real part of complex permittivity, ε ′′  is the 
imaginary part of complex permittivity. 

3. Dielectric Loss of Yttria 
The dielectric loss of yttria ceramics is composed of 

conductance loss and relaxation loss. The electronic polari- 
zation and ionic polarization establish fast (the relaxation 
time is less than 10−12 s) in the condition of high frequency 
(10 GHz), and no dielectric loss is developed. But the 
dielectric loss may be caused by the relaxation polarization at 
high frequency by reason that the relaxation time is 
approximately 10-10s or longer. The following analysis 
emphasizes on the conductance loss of yttria ceramics. 

When the loss is caused by the conductance of dielectric 

material, tangent of loss angle can be obtained form 
conductivity: 
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The electronic conductance eγ , which generates by the 
movement of a few free electrons, and the impurity ionic 
conductance imγ  make up of the leakage conductance in 
dielectric material, and other conductances can be ignored in 
comparison with these two conductances. The impurity ionic 
conductance is mainly determined by impurity concentration. 

It is a fact that the electronic conductance is produced by 
the movement of the current carrier in medium. When the 
yttria ceramics work under the microwave frequency band, 
the displacement current developed between the particles 
may be detectable and makes the effective conductance 
increase through flowing[8]. The conductance can be 
described as follows: 
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where e is the electron charge, n is the concentration of the 
current carrier, m is the effective mass of the current carrier, 
ν  is the collision frequency of the current carrier, the index 
h and e is the hole and electron respectively. In this situation, 
the collision frequency is obtained by average relaxation or 
mobility of the current carrier: 
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where τ  is the average relaxation time, μ is the mobility. 
The effective collision frequency relates with many kinds of 
scattering mechanism, for example crystal boundary 
scattering, incompleteness, impurity and phonon scattering. 
According to the solid-state physics, the scattering resulted 
form the phonon and impurity, can be described as follows: 

3 2 3 2cT dTν −= +                (14) 

where the constant c and d relate with phonon scattering and 
impurity, respectively. 

Electron concentration is described as follows: 
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Suppose e hm m= , e hn n= , e hν ν= , 0d = , and eω ν<< , 
the electronic conductance is shown as follows: 
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Impurity ionic conductance is  
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where 0n  is the impurity ionic concentration, U0 is the 
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activation energy of impurity. 
From the above analyses, it can be concluded that the 

whole dielectric loss consists of the relaxation loss, electronic 
conductance loss and impurity ionic conductance loss, and is 
obtained form (9), (10), (11), (16) and (17): 
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4. Result and Analysis 

4.1 Dielectric Constant Varying with Temperature and 
Frequency 

The temperature characteristic of dielectric constant of 
yttria ceramics is shown in Fig. 1, which describes that the 
dielectric constant of yttria ceramics varies with the 
temperature in the frequency of 5 GHz, 10 GHz and 15 GHz 
respectively. The dielectric constant increases as the 
temperature increases at the given frequency. When the 
temperature varies from room temperature to 2400 K, the 
dielectric constant only increases 1.3, varies approximately 
10%. At the fixed temperature, the dielectric constant 
decreases a little as the frequency increases, the main reason 
is that the relaxation polarization lags behind the change of 
the electronic field. Thus, yttria ceramics has the good 
temperature stability. 
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Fig. 1. The temperature characteristic of dielectric constant of yttria 
ceramics. 
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Fig. 2. The frequency characteristic of dielectric constant of yttria 
ceramics. 

The frequency characteristic of dielectric constant of 
yttria ceramics is shown in Fig. 2, which describes that the 
dielectric constant of yttria ceramics varies with the 
frequency at the temperature of 1600 K, 1700 K and 1800 K 
respectively. The dielectric constant decreases as the 
frequency increases at the given temperature. When the 
frequency varies from 2 GHz to 18 GHz, the dielectric 
constant only increases 0.04. These change result form the 
relaxation polarization. 

Fig. 3 shows that the theoretical data calculated by the 
dielectric model of yttria ceramics agree very well with 
experimental data. It proves that the dielectric model 
analyzed above is validated. 
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Fig. 3. Comparison between experimental and theoretical die- 
lectric constant of yttria ceramics. 
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Fig. 4. The temperature characteristic of dielectric loss of yttria: (a) 
from room temperature to 2400 K and (b) from room temperature to 
1200 K. 
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4.2 Dielectric Loss Varying with Temperature and 
Frequency 

The temperature characteristic of dielectric loss of yttria 
ceramics is shown in Fig. 4, which describes that the dielec- 
tric loss of yttria ceramics varies with the temperature at the 
frequency of 5 GHz, 10 GHz and 15 GHz respectively. The 
dielectric loss increases rapidly as the temperature increases 
at high temperature. Especially the temperature is above 
1800 K, the dielectric loss grows exponentially with tempera- 
ture. The main reason for above phenomenon is that the 
electronic conductance increases rapidly as the temperature 
increases. At low temperature, the dielectric loss mainly 
consists of the relaxation loss and impurity ionic conductance 
loss, as shown in Fig. 4 (b). Because the impurity content is 
very low, the relaxation loss is not obvious and the peak 
value is covered by impurity ionic conductance loss. In 
addition, the temperature characteristic of dielectric loss is 
obviously influenced by the frequency. At the fixed 
temperature, the higher the frequency, the smaller the loss, 
namely the dielectric loss of yttria ceramics decreases as the 
frequency increases, as shown in Fig. 5. 
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Fig. 5. The frequency characteristic of dielectric loss of yttria 
ceramics. 

4.3 Dielectric Properties When Absorbing Moisture 
In reality, there are many kinds of manufacture crafts for 

ceramics, and some crafts, such as vacuum impregnation 
craft. The usage of these crafts makes the ceramic material 
absorb moisture, or because of being used in the moist 
environment, the ceramic material can also absorb moisture, 
it usually is called as the moisture absorbable phenomenon. 
At room temperature, the dielectric constant and loss of water 
are large, and the dielectric constant and loss of yttria 
ceramics increase obviously after the material absorbing 
moisture. References [9] and [10] studied that how the 
moisture influences the material dielectric properties. Then 
the dielectric constant and loss are simulated with taking 
account of moisture or not, as shown in Fig. 6. When the 
temperature is approximately at 400 K, the dielectric constant 
and loss appear the peak value. The main reason is that the 
dielectric constant and loss of water decrease as the 
temperature increase, meanwhile, the absorbed water also 
volatilizes rapidly as the temperature increases. Finally, the 

dielectric constant and loss decrease as the temperature 
increases. 
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Fig. 6. Comparison of temperature characteristic of dielectric 
properties: (a) dielectric constant and (b) dielectric loss. 

5. Conclusions 
1) The electronic polarization, the ionic polarization and 

the relaxation polarization are the main polarization 
mechanism of yttria ceramics. The dielectric constant of 
yttria ceramics increases as the temperature increases, and 
the constant increase is only 10% when the temperature 
varies from room temperature to 2400 K.  

2) At low temperature, the dielectric loss of yttria 
ceramics is mainly composed of the relaxation loss and the 
impurity ionic conductance loss. At high temperature, the 
electronic conductance loss, which is the main influence 
factor, grows exponentially with temperature. 

3) At room temperature, the dielectric properties are 
obviously influenced by the moisture absorbable 
phenomenon. As a result, the dielectric constant increases 
0.22, and the dielectric loss increases 2-3 order of magnitude. 

4) Up to the present, the studies on the dielectric 
properties of yttria ceramics are rather less. The theoretical 
analyses and the conclusion obtained in this paper may offer 
valuable reference to the project appliances in future. 
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