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MATERIALS AT 3.0 GHZ. 

by 
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ABSTRACT 

The complex permittivities of BaTiO^ ceramic, BaTiO^ single 

crystal, (Ba ^Sr 23)^10^ solid solution, and (Ba ^Sr 23)1^03 

doped with In2®3 were measured as functions of temperature at 

3.0 Ghz. The permittivities were measured over the approximate 

temperature range -120°C to +150°C. The complex permittivities 

were obtained by making admittance measurements with a system 

consisting of a disc sample in a radial-line configuration at the 

end of a coaxial line. The measured real dielectric constants 

varied from 400 to 3800. The loss tangents were in the range 0.3 

to 0.6. 

The permittivity and loss tangent reached their maximum values 

at 120°C in the BaTiO^ samples. In the (Ba yySr 

solution, permittivity and loss reached their maximum values at 32°C. 

Measurements were also made on (B‘a yySr 23)1103 doped with 1^0^ 

in order to maximize the bulk relaxation time of the material. Results 

were nearly identical to those obtained with undoped (Ba J-JSX 23) 

TiO^, indicating that the change in the bulk relaxation time had no 

effect on the microwave relaxation properties of (Ba ^Sr 23)^02* 
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INTRODUCTION 

The properties of ferroelectric materials at microwave frequencies 

are of interest for two reasons. First, the most promising practical 

applications of these materials are at high frequencies. Secondly, 

information about the microwave properties of ferroelectrics may shed 

some light on the microscopic workings of these materials, about which 

much remains to be explained. 

Previous investigations of ferroelectrics at microwave frequencies 

have provided much useful information, but the degree of agreement 

among the various investigators* results has not been good. The very 

high permittivity of ferroelectrics, which is one of their most in¬ 

teresting properties, is also the property which makes accurate di¬ 

electric measurements so difficult at high frequencies. 

Sharpe and Brockus in 1960 [1] devised a technique of measurement 

which promises a significant increase in accuracy over previous ferro¬ 

electric measurements at high frequency. They applied the method of 

measurement to barium titanate ceramic. 

It is the purpose of this work to apply the new method of measure¬ 

ment, with a few refinements, to determine the permittivity and loss • . 

of four different ferroelectric materials over a wide temperature range 

at a frequency of 3.0 Gigaherz. It was decided to make measurements 

on BaTiO^ ceramic, BaTiO^ single crystal, (Ba ^ Sr 23) TiO^ ceramic, 

which is of interest in device applications, and on (Ba ^ Sr 23) TiO^ 

doped with Ii^. This last material exhibits a very high bulk 



relaxation time. It is hoped that microwave measurements on the 

material may provide some information on the mechanism of dielectric 

relaxation in perovskite-type ferroelectrics. 

x 

[1] C. Sharpe and C. Brockus, J. of Am. Cer. Soc. 43, 6 p. 302 (1960) 



3. 

CHAPTER 1 

1.1 Properties of Ferroelectric Materials 

Ferroelectricity derives its name from its superficial similarity 

to ferromagnetism. Ferroelectric materials show the same type of 

hysteresis between electric field and electric polarization that ferro¬ 

magnetic materials show between magnetic field and magnetic polarization. 

Ferroelectric crystals are a subclass of pyroelectric crystals, 

which are in turn a subclass of piezoelectric crystals. Crystals 

which have a non-zero electric dipole moment are called polar crystals. 

Of the thirty-two classes of crystal structure, eleven have centers 

of symmetry, and therefore cannot be polar. Of the twenty-one remaining 

non-centrosymmetric crystals, twenty exhibit piezoelectricity, which 

is electric polarization due to mechanical stress. The converse pie¬ 

zoelectric effect is the contraction and expansion of a crystal dimen¬ 

sion when an electric field is applied and reversed. X 

Of the twenty piezoelectric classes, ten have a unique polar axis, 

i.e., an axis which has different properties at its two ends. These 

ten classes are called polar classes because they exhibit spontaneous 

polarization. Normally, this spontaneous polarization cannot be 

detected at the crystal surface because the surface charges have been 

compensated by external or internal conductivity, or by twinning. The 

spontaneous polarization is temperature dependent, however, and a temp¬ 

erature change can cause polarization charges to appear on the crystal 

faces which are perpendicular to the polar axis. For this reason, the 

ten classes which have a unique polar axis are called pyroelectric crystals. 



4 

Those pyroelectric crystals whose polarization may be reversed by 

application of an electric field are called ferroelectric crystals. 

In fact, ferroelectricity is defined as pyroelectricity with reversible 

polarization. 

One of the similarities between ferroelectricity and ferromagne¬ 

tism is the presence of a Curie point. At temperatures above the 

Curie temperature, the formerly ferroelectric material changes to the 

so-called paraelectric state, in which it behaves as an ordinary linear 

dielectric. In the paraelectric, or non-polar, state the permittivity 

obeys a Curie-Weiss inverse temperature law. The transition at the Curie 

temperature is usually the point of highest permittivity. Peak ferro- 

3 5 
electric permittivities are usually very high, sometimes 10 to 10 

relative to vacuum, depending on the material. These high dielectric 

constants, of course, follow directly from the ease with which the 

polarization is altered by an applied field. 

Another analogue with ferromagnetism is the existence of domains, 

regions of homogeneous polarization which differ only in the direction 

of polarization. The reversal of the net macroscopic dipole moment of 

a ferroelectric crystal takes place through nucleation and growth of 

domains which are favorably oriented with respect to the applied field. 

Rochelle salt (sodium potassium tartrate tetrahydrate) was the 

first material known to be ferroelectric. Valasek [1] made the discovery 

in 1921. 
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Around 1945 Von Hippel and coworkers [2] in the United States and 

Wul and Goldman in Russia independently discovered the ferroelectric 

properties of barium titanate, the most important member of the perov- 

skite group of ferroelectrics. Barium titanate exists in a non-polar 

cubic state above its Curie temperature of approximately 120°C. As 

temperature is lowered below the Curie point, the cubic structure changes 

to tetragonal, then to orthorhombic, then to rhombohedral. BaTiO^ is 

ferroelectric in all three of these states. 

Since 1950, scores of ferroelectric materials have been discovered. 

The Curie temperatures of these crystals vary from 10°K, for potassium 

tantalate, to 840°K for lead methaniobate. The values of the spontaneous 

7 4 2 
polarization are usually in the range of 10 to 10 coulomb/cm . 

Polarizations of this magnitude could be attained theoretically in 

ordinary dielectrics, such as the alkali halides, only with applied 

5 8 
fields of the order of 10J to 10 volts/cm. 

1.2 Theories of Ferroelectricity 

Theoretical treatments of ferroelectricity may be divided into two 

different approaches, the atomic model approach and the phenomenological 

approach. The'phenomenological approach makes no assumptions about atomic 

structure; it treats the ferroelectric crystal as a thermodynamic system.. 

The standard procedure is to expand the Helmholz free energy function of 

the crystal in terms of independent variables, such as polarization and 

stress, using certain measured properties of the crystal to determine the 

coefficients. From the expansion it is possible to predict properties of 

the crystal without any specification of an atomic model. In theory, 

experimental results can always be described by adding as many terms to 
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the expansion as are necessary. The phenomenological theory of ferro- 

electrics was devised by Devonshire, who applied it to the study of 

barium titanate [12]. Devonshire was able to account satisfactorily for 

the permittivity and state-transition behavior of BaTiOg, using an ex¬ 

pansion with comparatively few coefficients. 

The other approach is to devise an atomic model of the ferroelectric 

crystal, based on X-ray diffraction observations. An attempt is then 

made to account for the ferroelectric behavior of the crystal by postulating 

various motions of the ions in the crystal, under the influence of applied 

fields, temperature, changes and atomic interactions. 

The earliest attempts at explaining ferroelectricity on the atomic level 

did so on the basis of permanent electric dipoles. Just as Debye had 

adapted his theory of dielectric polarization due to permanent dipoles 

from Langevin's theory of paramagnetism, the attempt was made to base 

ferroelectric theory on the Langevin-Weiss theory of ferromagnetism. 

The interaction among the dipoles was taken into account by using the 

Lorentz formula for the internal field; E^ = E -Ky P, where E is 

the external field, P is the polarization, and y is the Lorentz 

factor. Application of Boltzmann statistics led to the Langevin 

function, the Curie-Weiss inverse temperature law, and spontaneous 

polarization. However, the quantitative agreement between theory and 

experiment was so poor that the permanent dipole theory of ferro¬ 

electricity must be discarded. 

One of the few successful atomic model theories is Slater1s 

theory of K^PO^ [13]. Slater disregards entirely the long range 
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forces arising from the fields of the dipoles themselves, described 

above. Slater’s theory accounts for the reversal of polarization 

by a shift of the hydrogen atom in a hydrogen-oxygen bond, due entirely 

i • 

to short range forces. 

Model theories for BaTiO^ have been numerous, because of the simple 

crystal structure. Slater*s BaTiO^ model [14] accounts for spontan¬ 

eous polarization by a shift of the Ti ion only (Fig. 1 ), using the 

Lorentz correction. Jaynes [15], on the other hand, has accounted 

qualitatively for the three phase transitions of BaTiO^ by having the 

face-centdred oxygens "pop out" successively as the temperature is 

lowered. A very interesting theory of BaTiO^- based on lattice dyna¬ 

mics has been devised by Cochran [16]. Ferroelectric transitions are 

explained as the result of crystal instabilities for certain normal 

modes of vibration. 

Theories have also been advanced to explain the microwave be¬ 

havior of BaTiOg, characterized by a relaxation of permittivity at 

g 
frequencies above about 10 Hz,and accompanying high losses. Von 

Hippel [17] explains the relaxation as the result of piezoelectric 

resonance of the crystal grains in the ceramic. Kittel [18] asserts 

that the relaxation and losses are due to domain wall oscillation 

resonance. Skanavi [19] has accounted for the relaxation behavior of 

ferroelectrics by making some adjustments to the classical Debye theory 

of dielectrics. 
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1.3 Ferroelectric Applications 

Devices using ferroelectric materials fall into three categories 

corresponding to the three characteristic properties of ferroelectrics: 

high permittivity, dielectric hysteresis and piezoelectricity. 

The property of high permittivity is desirable in the construction 

of capacitors in order to reduce their size. At this time, high per¬ 

mittivity capacitors are made of barium titanate ceramic, suitably 

doped with additives such as MgO, which increase the temperature 

stability of ,the material. For some applications, ferroelectric 

capacitors are not usable because of the temperature instability 

and high losses at microwave frequencies [3]. 

The variation of permittivity with electric field in ferroelectrics 

has potential application in microwave devices. A waveguide phase shifter 

could be constructed by loading a section of waveguide with ferroelectric 

material. A DC electric field applied across the waveguide section would 

change the dielectric constant, and with it the wavelength, inside the 

waveguide section. A ferroelectric cavity tuner could be built by placing 

a small volume of ferroelectric material in the cavity. Electrical vari¬ 

ation of the permittivity of the.ferroelectric would change the resonant 

frequency of the cavity without any recourse to mechanical devices, 

such as plungers. The present obstacle to ferroelectric phase shifters 

and cavity tuners is the lossiness of ferroelectric materials at micro- 

wave frequencies. 
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An application of the nonlinear property of ferroelectrics which 

has been studied a great deal is the ferroelectric memory matrix. This 

matrix is the dielectric analogue of the ferrite toroid matrices used 

as computer memories. It uses the two stable polarization directions of 

the ferroelectric as a store of binary information. The matrix [4]t 

is formed by applying parallel conducting strips across the top of a 

; : 

barium titanate crystal, with strips applied across the bottom in an 

orthogonal direction. There will then be a memory element at each 

intersection. An element may be switched by applying a suitable voltage 

between the appropriate row and column conductor. Ideally, the other 

elements would receive half the applied voltage, or less, and would not 

switch. Unfortunately, although the coercive field is well defined, 

so that a voltage V will cause a switch, and V/2 will not, there is a 

cumulative effect whereby a succession of pulses of V/2 will cause a 

switch. This phenomenon, which applies to every ferroelectric which 

has been tested, has prevented the practical application of the ferro¬ 

electric memory, in spite of its advantages of small size and use of 

electric field switching. 

The most successful application of ferroelectrics has been in the 

making of piezoelectric ceramics. Materials which are non-ferroelectric 

but are piezoelectric in crystal form are not piezoelectric in ceramic 

form. Ferroelectrics are piezoelectric in ceramic form, and have found 

considerable application in ultrasonic and vibration transducers and 

in high voltage transformers [5]. 
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1.4 Previous Microwave Measurements 

Measurements of S-band and higher frequency properties of ferro¬ 

electric materials have been made by several investigators, beginning 

with Powles and Jackson in 1949 [6]. They measured the permittivity and 

loss of barium titanate ceramic as a function of temperature at a frequency 

of 9.45Ghz. Barium titanate ceramic was also investigated by Sharpe and 

Brockus [7] at 3.0Ghz,.by Stanford [8] at l.OGhz., and by Nakamura and 

Furuichi [9] at 3.3Ghz. Measurements with barium titanate single 

crystals were made by Stern and Lurio [10] at 2.0Ghz., Benedict and 

Durand [11] at 24.0Ghz., and by Nakamura and Furuichi [9] at 3.3Ghz. 

The results obtained by these experimenters show only a moderate 

amount of agreement among themselves, the primary point of agreement 

being a peak of relative permittivity at approximately 120°C, the 

Curie temperature. Values of relative permittivity obtained were in 

3 4 
the approximate range of 10 to 10 . Barium titanate was found to be 

very lossy at S-band frequencies; the loss tangents varied from 0.01 

to greater than 2.0. Most values of tan 6 were between 0.1 and 0.5. 

The reasons for lack of agreement among the various measurements 

are several. The measuring frequencies were different, and the methods 

of preparing ceramic samples were not all the same. The primary reason, 

I believe, is that the techniques of measurement were so varied. Some 

of the techniques used were generally cumbersome and inherently lacking 

in accuracy. The merits and demerits of the various techniques of micro- 

wave measurements of properties of high permittivity materials are dis¬ 

cussed in Section 2.1. 
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CHAPTER 2 

2.1 Choice of Frequency and Measuring Technique 

An operating frequency of 3.0 GHz was chosen for convenience and 

to permit comparison with the results of earlier workers using this 

frequency. 

In the literature, techniques of microwave measurement of dielectric 

constants are of two types: (1) cavity resonance methods, or (2) 

waveguide and transmission line methods. In the cavity technique, the x 

real part of the dielectric constant is determined from the shift in 

resonant frequency of the cavity when a sample is introduced, while the 

loss tangent is determined from the change of the Q of the cavity. 

With the high permittivities typical of ferroelectric materials, this . 

method fails completely, because of the effects of depolarization. 

Jaynes and Varenhorst [1] have shown that the frequency shift is inde¬ 

pendent of e when 

(e - 1) N » 1 

where N is the depolarization factor of the sample. Since ferro- 

3 
electric permittivities are of the order of 10 , the cavity technique 

is ineffective unless N is made small by the use of very long, very 

thin sliver-shaped samples oriented parallel to the electric field. 

Even if it were possible to make such thin slivers, their small volume 

would make the method insensitive. 

The waveguide and transmission line methods fall into two groups, 

the transmission resonance type and the termination type. In the former, 
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the real and imaginary parts of the permittivity are obtained by making 

input impedance measurements to a line, a segment of which is completely 

filled with the sample material. This method, which has been used several 

times with ferroelectric materials, has several accompanying difficulties. 

The samples are hard to obtain because they must be larger than the avail¬ 

able size of many ferroelectrics, and because they must be cut to the 

exact dimensions of the line in which they must fit. The accuracy of 

the method is not good, because as the ferroelectric permittivity is 

very high, the sample face appears to be a short circuit, and the VSWR 

and position of the minimum on the line approach those of a metal sample. 

Changes in e are seen as very small changes in the input impedance. 

The method chosen for the experiment is a variation of the term¬ 

ination method, in which the sample is at the center of a radial trans¬ 

mission line which terminates a circular coaxial line. The configuration 

is shown in Figure 2 . This particular configuration was first used by 

Sharpe and Brockus [2]. The depolarization problem does not exist because 

the sample is held between two metal contacts.. The samples are small 

and (relatively) easy to make. The accuracy of measurement is better 

than that of a linear transmission line system. The linear transmission _ 

3 
line system sees all very high permittivity (e* > 10 ) samples approxi¬ 

mately the same way. The radial line system has good measuring accuracy 

4 
up to values of e1 = 10 . 

2.2 Design of Sample Holder 

Figure 2 shows the coaxial line and the disc-shaped sample. The 

theory of operation of such a sample holder is quite simple for frequencies 
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below a few hundred megaherz. The system is analogous to a lossy 

capacitor terminating a uniform transmission line. The complex 

dielectric constant is easily determined when the impedance at the 

capacitor terminals is known. At higher frequencies, this description 

is no longer good. It becomes impossible to identify the effective 

terminals of the capacitance, and the fringing fields cannot be neglected. 

For ferroelectric materials, the contraction of wavelength in the sample 

may be so great that the resulting non-uniform field in the sample makes 

it impossible to relate the dielectric constant to the measured capacity. 

Sharpe and Brockus [1] (whose notation I use) removed these 

difficulties by considering the sample disc as a section of radial 

transmission line (Figure 3). Only the dominant radial-line mode will 

be excited in the sample if the height of the radial line, d^ , is 

small compared with the wave length X in air. We can establish a 

reference plane at T2> the sample-air interface. The normalized 

admittance Y1 looking into the sample at T9 can be calculated in 
s z 

terms of the dielectric constant of the sample by radial line theory. 

The remaining problem is to relate to the measured admittance Y^ 

at some chosen reference plane T^ in the slotted line preceding the 

sample holder. This can be done by utilizing a theorem from field 

theory which states that at any two reference planes where only the 

dominant mode propagates, any two-port lossless system can be represented 

by the equivalent circuit shown in Figure 4 , where Yj^ and Y* are 

normalized susceptances and n is real [3 ]. If T^ is selected to be 
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the position of a null when the sample is replaced by a metal disc of 

the same dimensions, then = °°. The remaining elements of the 

equivalent circuit must be determined at each frequency. This can be 

done by using the equation 

Y' = n2Y' - Y* (1) 
s m 

where the admittance Y* measured in the slotted line is 
m 

Y1 = 
m 

* _ , . 2 2TTAN ..2 - v 2TTA 
p(1 + tan -y-) - j(p - 1) tan —y 

- 2 2 2TTA 
1 + p tan —— 

A. 

(2) 

and p is the measured voltage standing wave ratio when the line is 

terminated in the sample. The distance A is the shift in the standing 

wave toward the generator when the sample is replaced by the metal short. 
V • 

Equation (1) is written for each of two standard samples of known 

dielectric constants. Since Y* and Y1 are known for each of the 
s m 

standard samples, the two equations (1) can be solved for n and Y*. 

Eccoceram K = 90 ceramic* and air were found to be satisfactory standard 

samples. This use of an equivalent circuit greatly reduces the required 

complexity of calculation. It not only takes into account the transition 

from linear to radial transmission lines, it also accounts for all other 

discontinuities between the reference planes. 

The normalized input admittance of T2 just inside the sample, 

looking in the direction of decreasing radius, is [2] 

* 
obtained from Emerson and Cuming, Inc., Canton, Mass. 
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Y'(a) 
J^k'a) 

j Jo(k'a) 
(3) 

where k je (4) 

is the wave number in the sample. 

The boundary condition which must be satisfied at r = a, the 

air-dielectric interface is Y(a) = Y , where Y(a) is the admittance 
s 

in the dielectric at r = a and Y is the admittance in air at 
s 

r = a. At any radius r, the admittance Y(r) is related to the 

normalized admittance Y*(r) by 

Y,(r, = 2nr rr Y(r) = Yo(r) Y' (r) = Y' (r) (5) 

where Y (r) is the characteristic admittance of the radial line and 
ov ' 

d is its height. Since Y(a) = Y , we have from equation (5) 
s 

2na 

Y'(a) = Y' 
Yo(r = a+) 

s Y (r = a-) 2ira na >—i T-TT 

-J*' - 
1 u 

Y' 
s 

Y'(a) = 
2 V®' - je" 

(6) 

where d^ and are different because of the thickness of conducting 

paint and cement on the sample. 

Using equations (3) and (4), equation (6) may be written 

* 

at X = k1a as 
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X 
J1(X) 

Too 
o' ' 

k' a 
Y’(a) 

= -j k’a 
2 vV J® 

Y' 
s 

= -j — ( 2tt^) Y' 
J d0 X ' xs 

(7) 

If we define w as 

Y 
Ji(x> . di ,2™, v, 

” “ x j^io " -J T2 <■—> Ys (8) 

then w is known (from Y^), and X (dielectric constant) is to be 

determined. Equation (8) can be put in the form of a continued 

fraction [4] 

2 d)2 

w = 1 - <f )2 
2 - (4>3 

3 - (f>2 
4 - .... (9) 

Terminating this equation with the terms shown leads to a 

2 
quadratic in X : 

(w + 12) x4 - (18w + 48)x2 + 24w = 0 (10) 

The quadratic formula leads to an expression for the dielectric 

constant: 

» x2 (ID 
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_A\2 r 9w + 24 - J)(3v + 8)2 - 24w(w + 12). 
Tra' *■ w + 12 ■* 

(12) 

This approximation is good to within 1$ for real X less than 2.2. 

This restriction on the upper value of X *= k'a places an upper limit 

on the product of frequency and sample radius; e.g., a smaller sample 

allows the use of a higher frequency. 

Figure 5 shows a drawing of the samplesholder assembly. The 

sample was mounted at the center of a copper disc, which was gripped x 

around its rim by a screw-on piece. Contact of the sample against 

the flat face of the center conductor was assured by the force of a 

spring-loaded contact against the back of the copper foil disc. The 

center conductor was supported at the sample end of the holder by 

supports made of Eccofoam S#8 , which has a very low dielectric con¬ 

stant and which is unaffected by temperature extremes. Thermocouple 

wire was extended through the spring assembly and the thermocouple 

junction was positioned less than two millimeters from the sample. 

The input end of the sample holder was incorporated into an nNM 

type coaxial connector. The purpose of the stepped section was to 

transform impedance from the 50 ohm characteristic impedance used in 

the other system components to a Tower value at the sample. Calculations 

made with typical values of ferroelectric permittivity showed that the 

reactance of the sample was far less than 50 ohms. Sharpe and Brockus [5] 

show that for a given deviation in the measurement of the standing wave 

minimum, the least error in the measured susceptance occurs when that 

obtained from Emerson and Cuming, Inc., Canton, Mass. 





susceptance is equal to the characteristic admittance of the slotted 

line. The stepped section transformed the low sample impedance up to 

a higher value which provided a more nearly optimum load impedance at 

the slotted line. The transformer used provided a five-to-one impedance 

transformation using the Techebycheff transformer method [6]. This 

method provides the smallest VSWR of any wide-band impedance transformer. 

The five-to-one ratio was chosen as a compromise between the 

foregoing impedance considerations and the difficulties of machining 

a higher ratio transformer. Subsequent calculations after the para¬ 

meter of the system were defined experimentally showed the choice of 

transformer ratio to be a very satisfactory one. 

2.3 Selection of Ferroelectric Materials 

In choosing a ferroelectric material for study, several character¬ 

istics are desirable. The material should have pronounced ferroelectric 

properties. Its Curie temperature should not be extremely high or low, 

so that measurements can be made in both ferroelectric and paraelectric 

regions. It should be a material which has been studied crystallo- 

graphically and for which some theoretical analysis exists. Finally, . 

it should be a material which can.be cut and stored without too great 'V 

a degree of complication. 

All of these conditions are met by barium titanate, one of the 

earliest known and most widely studied ferroelectrics. BaTiO^ was 

chosen for the experiment because of the following specific advantages: 

It is readily available in both single crystal and ceramic forms. Its 

structure is relatively simple, and it has been studied theoretically 
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more than any other ferroelectric. Its highest and lowest transition 

temperatures (approximately +120°C and -100°C, respectively) are 

attainable without undue difficulty. Its Curie temperature can be 

lowered by mixing with a similar ferroelectric compound, SrTiO^. 

It has a high DC dielectric constant. It is easy to work with in the 

laboratory. For the experiment, BaTiO^ and SrTiO^ were obtained in 

powdered ceramic form, and BaTiO^ butterfly crystals were also obtained. 

2.4 Preparation of Samples 

Ceramic specimens of BaTiO^ were prepared in the following way. 

Chemically pure BaTiO^ powder was placed in a clean steel die and 

compressed into a disc of about 0.03 inches thick, under a pressure of 

20 tons/sq. in. 

The compressed disc was placed on a platinum tray and fired in an 

open tube furnace. The temperature was raised to 1350°C over a period 

of five hours. This temperature was maintained for eight hours and then 

the sample was cooled at a uniform rate down to room temperature in 

about eight hours. Next, the pieces of ceramic, which had by then shrunk 

to about .018" thickness, were painted on both sides with DuPont silver 

paint no. 4731, thinned with toluene. The samples were then fired again 

at 600°C for 20 minutes. 

Ideally, the samples should then be cut into circular discs of 

.050" diameter. Cutting circles of such small size was not possible 

with available equipment. It was found that octagonal, rather than 

circular, samples could be cut with precision using a South Bay Technology 

Model 716 Crystal Saw. This saw applies no lateral force to the material 



being cut, and restricts crystal damage to the cut itself. Later, it 

was found that square samples of equal area gave results identical to 

those of the octagonal samples. 

The octagonal samples were cleaned in an ultrasonic cleaner with 

trichloroethylene. They were then cemented to the centers of discs of 

copper foil .325" inches in diameter and .005" thick. Eccobond 58C 

conducting cement was used. The cement was cured at 260°C for 25 

minutes. 

The procedure for the (Ba 77SR 23) TiO^ ceramic mixture was 

identical except that weighed quantities of SrTiO^ and BaTiO^ powder 

were thoroughly mixed with mortar and pestle before pressing. 

Those samples of (Ba ^ Sr 23^
Ti°3 were doped with 1^0^ 

were prepared in the following way. A known quantity of pure indium 

was dissolved in concentrated nitric acid. The acid was evaporated 

and the In(N03)3 left as residue was dissolved in deionized water. 

The solution was used in preparing a solid solution of (Ba ^ Sr 23) 

TiC>3 containing .04$ indium by weight. At high temperatures In(N03)3 

decomposes to form I^O^. 

Single crystal samples of BaTiO^ were prepared from a butterfly 

crystal of .015" thickness. The crystal was washed in de-ionized water 

and acetone. It was then painted, cut into several small octagons of 

.050" diameter, and these were cemented to copper foil discs. These 

procedures were identical to those used with the ceramic samples. 



2.5 Experimental Set-up and Procedure 

Figure 6 shows a schematic diagram of the experimental 

After being connected as shown, the various pieces of equipment 

were held fixed with relation to one another. The sample holder was 

fixed with a clamp stand; the slotted line was clamped to the table. 

This is important because the parameters of the equivalent circuit 

are sensitive to changes in position of the components and cables. 

The procedure for placing a sample in the sample holder (Fig. 7) 

was the following: the copper disc to which the sample was attached 

was seated in the knurled piece, which was in turn screwed onto the 

outer steel tube of the sample holder so that the copper disc was 

gripped around its rim. The spring-loaded contact was screwed into the 

knurled piece so that the sample was pressed against the flat face of 

the center conductor of the sample holder. Contact was indicated by 

a deflection on the SWR meter. 
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Data for determination of the parameters of the equivalent circuit 

was obtained by observing the standing wave ratio and the position of 

the minimum for samples of copper, air and Eccoceram 90 material. Since 

each measurement took only a short time, several were taken with each 

sample and averaged. 

With ferroelectric samples, measurements were made at high and 

low temperatures. At low temperatures, the sample-holder was placed 

in a vacuum can, and the can was evacuated to a pressure of 1 mm. 

After the sample and thermocouple were in place, the sample was placed 

in the vacuum can and the can was evacuated. This was to prevent the 

condensation into ice of moisture in the air. A dewar of liquid nitrogen 

was raised around the vacuum can and the sample was cooled to approximately 

-140°C. Then, measurements of SWR and position of minimum were made as 

the sample temperature rose to room temperature over a period of approx¬ 

imately two hours. • 

At high temperatures, the vacuum can was dispensed with. Heat was 

applied by an electric heater tape, which was wrapped uniformly around 

the sample holder. Measurements were made while the sample temperature 

was increased from room temperature to approximately 150°C over a period 

of one and one-half or two hours. 
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CHAPTER 3 

3.1 BaTi0o Ceramic 
1 Zt 

Figure 8 shows the graph of e* and e" vs temperature for 

barium titanate ceramic at 3.0 GHz. Comparison with the well known 

curve of d-c permittivity of BaTiO^ ceramic (Fig. 9 ), shows the 

effect of high microwave frequency on the dielectric properties. 

The real part of the permittivity is reduced by a factor of two or 

more at the Curie temperature and above. This is the result of 

dielectric relaxation, which begins to occur as frequency increases 

g 
above about 10 lfe, according to Merz [1].. Below the Curie temperature, 

in the tetragonal crystal state, the high frequency permittivity 

fails to rise to a peak at the 10° transition. This transition shows 

up as a slight decline in permittivity, and the lowest transition 

(orthorhombic to rhombohedral) does not show up at all. This behavior 

was also observed by Sharpe and Brockus [2] over a smaller temperature 

range. This flattening of the permittivity curve below the Curie 

temperature is the result of piezoelectric clamping in the ceramic 

crystallites. A similar flattening of the curve is seen in Devonshire*s 

theoretical treatment of the clamped BaTiO^ crystal [3]. 

The large values of en are an indication of the losses at 3.0 GHz. 

The curve of loss tangent vs temperature for BaTiO^ ceramic is shown 

in Figure 10 • By comparison, at d-c and low frequencies the values 

-3 
of tan 6 for BaTiO^ are less than 10 for all temperatures [4] . The 

high losses of BaTiO^ at 3.0GHZ are due to relaxation processes and 

are not conduction losses. The resistivity of ceramic BaTiO^ is 
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about 10 ohm-meters, which would result in losses many orders of 

magnitude smaller than those observed. Skanavi [5], in his application 

of the Debye theory to ferroelectric materials, shows that the shift 

of the relaxation frequency of ferroelectries into the microwave 

region, and the resulting relaxation losses, are due to the high 

permittivity. A corollary of this is that the greatest loss should 

occur at the Curie temperature. This was observed experimentally 

(Fig. 10). 

The permittivity was observed to obey a Curie-Weiss inverse 

temperature law above the Curie point. A Curie constant of 

C =3.4 X 10^ was obtained in rough agreement with previous workers* 

results. 

3.2 BaTiO^ Single Crystal 

A curve of e* and en for single crystal BaTiO^ at 3.0 Ghz is 

shown in Fig. 11. The values of e1 are seen to be higher than 

those of BaTi03 ceramic, indicating that the sample consisted largely 

of a-domains with respect to the applied field (i.e., the direction 

of spontaneous polarization lay in the plane of the crystal plate). 

The tetragonal-orthorhombic and orthorhombic-rhombohedral transitions 

show up as slight peaks in the permittivity. The peaks are not as 

prominent as in the d-c case, but they are larger than in the case of 

the ceramic sample. This is because piezoelectric clamping is not as 

severe in the single crystal as in the ceramic, since the single crystal 

axes are continuous. 
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The curve of loss tangent vs. temperature is shown in Fig. 12 . 

The losses are seen to be less than those obtained with the ceramic 

sample. This might lend support to Von Hippel's theory [6] that 

grain motion in the ceramic accounts for some of the lossiness. 

4 
The Curie constant was found to be C = 5.5 X 10 . 

3.3 (Ba Sr Ti)^ Ceramic 

Ceramic mixtures of the two isomorphous ferroelectrics BaTiO^ 

and SrTiO^ are sometimes prepared for use in various applications. 

The Curie temperature of the mixture varies linearly downward from 

120°C with percentage of SrTiO^. A mixture of 23$ SrTiO^ is of 

interest because it provides maximum permittivity at about 30°C, a 

reasonable operating temperature for a device application. The 

experimentally obtained curve of e1 and e" for such a mixture at 

3.0 Git is shown in Fig. 13. The curve of tan 6 vs temperature is 

shown in Fig. 14 . Aside from the shift of the Curie point, the 

curves are very similar to those of the BaTiO^ ceramic. The peak 

permittivity is slightly reduced and the losses are slightly greater 

4 
in the mixture. The Curie constant was found to be C = 3.3 X 10 . 

Measurements were also made on the same (Ba yy Sr 23) TiO^ 

mixture, doped with 0.04$ Indium by weight. This particular doping 

minimizes the conductivity of the ceramic mixture, and maximizes the 

measured RC relaxation time of the bulk material [7]. These pro¬ 

perties are desirable in the construction of thermoelectric power 

generators. The objective of making measurements at 3.0 Ghz was to 
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determine whether the change in the relaxation time of the bulk material 

had any effect on the microwave dielectric relaxation and relaxation 

losses. The curve of e1 and e11 for the doped material is shown in 

Fig. 15 . No differences were observed between the doped and un¬ 

doped (Ba 77 Sr 23^^*®3 solutions. This indicates that the 

change in bulk relaxation time in the doped material was due to 

conductivity changes alone, and that this change in relaxation time 

due to the .04$ In doping has no effect on the microwave relaxation 

properties of (Ba 77 Sr 23) TiO^. 

3.4 Performance of the Measuring Equipment 

The method of measurement which was used, a circular disc sample 

in a radial line terminating a coaxial line, proved to be quite satis¬ 

factory in its simplicity of operation, and in the accuracy and re¬ 

producibility of its results. The most important experimental 

difficulty was in obtaining good contact between the sample and the 
j * 

v 

sample holder throughout a temperature run. Making provision for 

easy adjustment of contact pressure at all temperatures would be a 

desirable design change for future applications. Loss of contact 

sometimes was the result of shock and vibration transmitted through 

the floor and walls. A means of providing isolation of the sample 

holder from shock should be incorporated in any future system. 
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CONCLUSIONS 

Measurements on BaTiO^ ceramic and BaTiO^ single crystal yielded 

similar results. -The ceramic yielded a peak real permittivity of 

approximately 2800. The single crystal peak real permittivity was 

approximately 3800. The lower.temperature transitions showed smaller 

peaks, and were more prominent in the single crystal'results than in 

the ceramic results. The values of loss tangent obtained were rather 

high, in the range 0.3 to 0.6. The ceramic samples had greater loss 

than the single crystal samples. The values of Curie constant 

4 
obtained were 3.4 X 10 for the BaTiO^ ceramic and 5.5 X 10 for the 

BaTiO^ single crystal. 

Measurements on (Ba yySr 23)^10^ yielded results which were much 

like those of BaTiO^ ceramic except that the Curie transition occurred 

at 32°C rather than at 120°C. Data was also taken with samples of 

(Ba yySr 23)^10^ doped with I^O^. The level of doping was chosen to 

maximize the bulk relaxation time of the material, providing more than 

an order of magnitude increase of T over the undoped material, Merz [1] 

has stated that the large measured relaxation time in ferroelectrics 

is responsible for the onset of relaxation dispersion and loss at micro- 

wave frequencies. It follows that a large change in the bulk relation 

time should have some effect on the high frequency permittivity and 

loss in ferroelectrics. Measurements on doped and undoped (Ba ^Sr. 23) 

TiOg yielded nearly identical results, however, indicating that a 

factor other than the large measured relaxation time is responsible for 
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the microwave dispersion and loss in ferroelectrics. 

Comparison of the results with previous work by other researchers 

(Sec. 1.4), where such comparison is possible, shows good agreement 

between the numerical values of permittivity and loss. It is interesting 

to note that results obtained with the earlier transmission resonance 

method of measurement show real permittivities uniformly higher and 

loss tangents uniformly lower than results obtained with the later, 

potentially more accurate, termination method of measurement. 

The radial line termination method of measurement which was used 

in the experiment showed good stability of operation and reproducibility 

of results as long as good contact with the sample was maintained. 

Repeated data runs with one sample yielded curves which showed maximum 

disagreements always less than ten percent, in both real and imaginary 

values of permittivity. 

[1] W. Merz, Progress in Dielectrics, Vol. 4, p. 117, Heywood & Co., 

Ltd., London, 19 62 
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' APPENDIX - COMPUTER PROGRAMS ' 

Computer programs were written in order to perform the calcu¬ 

lations (given in section 2.2) which were required to calibrate the 

apparatus and to convert experimental data to values of complex per¬ 

mittivity. Three separate programs were written. The first program 

determined the parameters of the equivalent circuit of the experimental 

system. Measured values of standing wave ratio p and shift of the 

minimum A associated with two samples of known permittivity were 

used to solve two simultaneous equations (eq. 1, section 2.2) to 

obtain values of the equivalent circuit parameters n and Y1. The 

second program reduced the experimental data to values of e* and eM. 

Using the values of n and Y* obtained above, and the1values of 

p and A associated with each data point, the program performed a 

series of operations (equations 2-12) which produced a resulting value 

of e1 and eM. A third program was written to provide a means of 

obtaining approximate values of permittivity from values of p and A 

instantaneously, so that data could be checked during an experimental 

run. The operations of the second program were performed on an arbi¬ 

trary set of values of p and A and the resulting values of complex 

permittivity were printed as a table. A data point (p,A) could be 

reduced by finding the value of p on the horizontal axis of the table 

and the value of A on the vertical axis. The approximate value of 

e* - jeM is then located at the intersection of the corresponding 

row and column. A section of the table used in the experiment is shown 

on the following page. 
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