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INTRODUCTION 

Barium titanate, (BaTiO^), belongs to the general class of materials 

known as ferroelectrics. Ferroelectric materials are crystalline dielec

tric materials composed, of molecules having permanent dipoles which are 

spontaneously polarized in the absence of an electric field and whose 

structure does not possess a center of symmetry. Due to their spontaneous 

polarization, ferroelectric materials are included in a more general group 

of materials called pyroelectrics. Pyroelectric materials are spontaneously 

polarized, and when the temperature of such a crystal is altered the 

polarization changes. These changes in polarization can be measured. 

Pyroelectric crystals in turn belong to a more general class of materials 

known as piezoelectrics. These materials become polarized when a mechani

cal stress is applied. Of the 36 crystal classes, 21 are knovna to lack a 

center of symmetry and of these, 20 have been found to be piezoelectric. 

Of these 20 piezoelectric classes of crystals, 10 have been found to be 

pyroelectric. 

Ferroelectric materials are distinguished from pyroelectric materials 

in that the direction of polarization can be reversed by an applied 

electric field. This characteristic of ferroelectric materials cannot be 

predicted from the crystal structure and at present can be determined only 

on the basis of a dielectric experiment. 

Ferroelectrics are materials with strong anomalies is many of their 

physical properties, e.g., dielectric constants, piezoelectric constants, 

and elastic constants. Some of these properties are utilized in the 

design of special devices. The large dielectric constant of some ferro-
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electrics makes them useful, in polycrystalline form, as high capacitance con

densers. Their high piezoelectric coefficients make them suitable as 

electro-mechanical transducers and this is the major use of ferroelectric 

materials at this time. The presence of ferroelectric hysteresis makes 

them suitable as memory elements in conputers although they are not at 

this time as satisfactory as the ferrites. The elastic properties are 

utilized in applications such as oscillators. 

Among the many applications of ferroelectric materials are components 

that may be utilized in high radiation environments. The influence of 

this environment on the properties of ferroelectrics is thus of vital 

importance in determining the suitability of such conçonents. 

The nature of radiation effects in crystalline materials is coitç)lex. 

Different types of radiation produce different effects and the complexity 

of the overall effects is increased when more than one type of incident 

radiation is used. Since the basic objective of radiation effects studies 

is the isolation of defect mechanisms, it is desirable in such studies to 

use a single type of radiation field. Other factors which must be known 

include the irradiation teiwperature and the details of the irradiation 

itself, Ten^erature is a doubly important parameter when irradiating 

ferroelectric materials due to the sensitivity of ferroelectric properties 

to tenperature. 

This dissertation is a study of the effects of gamma-irradiation on 

the properties of single-crystalline barium titanate. This material was 

selected since it has the simplest structure of the ferroelectric materials. 

Physical measurements made as a function of gamma dose included the ferro
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electric hysteresis loop and the optical absorption spectrum in the wave

length range of 0.43 to 0,70 jJi, Photomicrographs of the domain structure 

were made on each crystal before and after each irradiation. The objectives 

of this dissertation are to present data showing the changes in the 

hysteresis loop, optical absorption spectrum, and the domain structure of 

BaTiO^ as a function of Co^^ gamma dose and to "utilize these data to 

isolate the gamma radiation damage mechanism in BaTiO^. An additional 

objective is to compare the radiation sensitivity of crystals which were 

irradiated in the as-grown condition to that of crystals which had their 

surface layer removed by an etching process. 
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REViav OF LITERATDEE 

Introduction 

The anomalous dielectric properties of barium titanate (BaTiO^) 

ceramic specimens were discovered independently in about 19^3 by investi

gators in the United States, Russia and Japan, The ferroelectric behavior 

of BaTiO^ was reported in 194^-46 by von Hippel and co-workers in the 

United States and independently by Wul and Goldman in Russia. These 

findings initiated extensive research in the study of ferroelectricity 

in barium titanate polycrystalline specimens. 

The first large single crystals of barium titanate became available 

following the publication in 195^ of a crystal growing method known as 

"Remeika's flux method" (1), Much attention was then directed to the 

study of single-ciystalline specimens of barium titanate. 

The ferroelectric properties of BaTiO^ have been found to be highly 

anisotropic and structure dependent and in addition, the ferroelectric 

behavior is exhibited only over a limited teinperature range. Above a 

specific temperature which is characteristic of BaTiO^, the material be

haves as a normal dielectric. This characteristic temperature is called 

the Curie temperature and for tençeratures above this value the ferro

electric materials are termed paraelectric in analogy to the ferro

magnetic materials. The Curie temperature of BaTiCy is at 120° C, Above 

this temperature, in the paraelectric phase, the unit cell has the basic 

perovslcLte structure as shown in Figure 1, When the temperature of liaTiC^ 

is decreased from above the Curie point, the ciystals undergo a series of 
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Q Ba Q 0 ® Ti 

Figtire 1, Sinçile cubic perovskite cell of BaTiCy 

structural transitions which in turn cause changes in the ferroelectric 

properties. At the Curie point, the crystals transform into a tetragonal 

polarized phase with point group symetry of 4 mm. The direction of the 

spontaneous polarization is parallel to the direction of one of the 

original cubic (100) directions. The tetragonal phase is stable in the 

temperature range between 120 and 5° C. Below 5° C the crystal symmetry 

becomes orthorhonibic with point group mm. The direction of polarization 

in this phase is parallel to the direction of one of the original cubic 

(no) directions. The orthorhombic phase is stable between 5 and -90° C. 

Below -90° C the crystal symmetry becomes rhoribohedral with the point 

group 3 ra. The direction of polarization of this phaseHs parallel to the 
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direction of one of the original cubic (111) directions. The domain 

structures and phase transitions in BaTiO^ are discussed in detail by 

Forsbergh (2), 

The tetragonal phase of barium titanate has been the subject of most 

investigations since it has a relatively sircple structure and it is stable 

at room temperatixre. The work presented this dissertation is confined 

to the tetragonal phase of BaTiO^, 

Since spontaneous polarization can occur along any of the three cubic 

(100) axes, domains can form which are polarized perpendicular to each 

o 
other and separated by a 90 domain wall or domains can form which are 

o 
polarized antiparallel and which are separated by a 180 domain wall. The 

existence of domains is attributed to the fact that a crystal which is 

uniformly polarized, i.e., polarized in one direction, is unstable due to 

the presence of unconpensated charges on the crystal surface and the 

resulting depolarizing effect. If the crystal is conposed of domains with 

different directions of polarization, the depolarizing effect is reduced. 

The crystal energy is then stored in the domain walls and an equilibrium 

condition is reached between the number and size of the domains present and 

the thickîiess of the walls separating them. 

In a single crystal of barium titanate, a domain is said to be an 

"a-domain" if it has its polar axis in the plane of the crystal plate. If 

a domain has its polar axis perpendicular to the plane of the plate it is 

called a "c-domain". Crystal plates consisting completely of a-domains or 

c-domains are called a-domain or c-domain crystals respectively. 
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Ferroelectric Characteristics of BaTiO^ 

Several attempts have been made to explain the ferroelectric behavior 

of BaTiO^. Megaw (3) pointed out that if the ions are all assumed to have 

the Goldschmidt ionic radii, the Ba ions are slightly too large to fit into 

a close-packed perovskite structure. This causes an expansion of the 

lattice with the result that the Ti ions are loosely bound in the octahedra 

of oogrgen atoms. This produces abnormally large Ti-0 distances and thus 

large polarizabilities. 

Mason and I4atthias (4) have developed a somewhat different model. They 

assume the titanium ion has six equilibrium positions slightDy displaced in 

the axial direction from the body-center position. Above the Curie point 

the titanium ions occupy these positions at random. In the tetragonal 

state they occupy positions primarily along a single axis. The transition 

at the Curie point therefore represents a transition from a disordered to 

an ordered state. By assuming suitable values for the ionic shift, the 

authors have accounted for the value of the dielectric constant above the 

Curie point and the two dielectric constants in the tetragonal phase, 

A phenomenological theory of ferroelectricity in BaTiO^, based on the 

free energy of BaTiO^, has been developed by Devonshire (5). The details 

of this theory are presented in Appendix A. The free energy can be written 

in terms of temperature, stress and polarization. If the crystal is in an 

unstressed condition, the free energy can be written in series form iii 

powers of the polarization. The coefficients of each term in the series 

are then tençierature dependent. An expression for the free energy in terms 

of polarization and temperature is given by Equation A-4, 
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Assuming a first-order phase transition in BaTiO^ as it is cooled 

through the Curie point, (6), the free energy function in the tetragonal 

phase has the form shown in Figure 2. 

G 

+P .P, s s 

Figure 2. Free energy function vs polarization for tetragonal BaTiO^ 

Figure 2 shows that below the Curie point the free energy has two 

minima which correspond to opposite values of the polarization. Thus under 

equilibrium conditions, the crystal has a spontaneous polarization which 

can have two values, i.e., +Pg and -P^, which have the same magnitude of 

free energy. This condition alone is not sufficient to insure that BaTiC^ 

is ferroelectric. It is also necessary that the polarization can be 

switched from one polarization state to the other by an electric field 
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that is smaller than that required to produce dielectric breakdown. 

Switching of this kind is achieved in BaTiO^, 

The equation developed by Devonshire describing the polarization (P) 

in terms of the electric field (E) acting on a ferroelectric is given by 

A-6. With coefficients as given in the Appendix, a plot of this function 

is shown in Figure 3. 

Figure 3. Polarization vs applied electric field for tetragonal BaTiO^ 
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The section BCD has a negative slops and for a capacitor iinder conditions 

of constant voltage this represents an "unstable range. As a result, 

switching to state F is expected when the field is increased in the 

negative direction past point B. A similar switch to point G is expected 

when the field is increased past point D. In sections AB and 2D, the 

polarization is subjected to an applied field which favors the opposite 

direction of polarization. Sections AB and ED therefore represent 

metastable states. The points B and D, at which the metastable states 

cease to exist, are given by dE/dP = 0. The electric field strength value 

corresponding to these points is 195»000 volts/cm (7)» Experimental values 

found for coercive field range from a few hundred to two thousand volts/cm. 

It is seen, therefore, that the crystal leaves its metastable state at 

values of the applied field that are lower than predicted by the phenomeno-

logical theory. 

Several factors which influence the coercive field have been 

investigated ejqjerimentally. Wieder (8) investigated the temperature 

dependence and found that E^ decreases as the temperature is increased in 

the tetragonal phase. The frequency of the applied field was 60 Hz. Merz 

(9) investigated the dependence of the 60 Hz coercive field on the thickness 

of the crystal. He found that the coercive field depends inversely on the 

crystal thickness. The relationship is given as 

E. = + y  ( 1 )  
d 

where E^ is the measured coercive field strength, E^ is the coercive field 

strength which can be obtained on very thick crystals, 7^ is a constant and 
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d is the thickness of the ciystal. The frequency dependence of was 

investigated by Wieder (10), This work showed that increases as the 

frequency of the applied field increases. 

The value of coercive field in BaTiO-j has thus been found experimental

ly to depend on tenroerature, crystal thickness and the frequency of the 

applied electric field. 

The Qjmamics of Polarization Reversal 

The amount of polarization that can be reversed in a single domain 

BaTiO^ crystal, due to the application of an electric field, and the time 

required for such a process to take place have been investigated in detail 

by Kerz (11, 12). From optical and electrical pulsing experiments he 

found that the polarization reversal in BaTiO^ takes place in two steps; 

first, the nucleation of new domains, and second, the linear growth of 

these nuclei in the direction of the applied field. 

Using rectangular voltage pulse, Merz developed empirical formulas 

for the switching current and the time required to reverse the polariza

tion completely. Figure k shows the electric field applied to the BaTiC^ 

crystal and the switching current as a function of time after application 

of the field. 

For small electric fields (about 2 Kv/cm) the ençirical relation

ships for the maximum current, i^^y, and the switching time, t^, were 

given as 

- CL/E (2) 
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E 

î 
t 

i 

•max 

Figure 4. Electric field-applied to BaTiOo crystal and the switching 
current vs time after the application of the field 

and exp - a/E (3) 

oo 

where CL = C,^ + ^ (4) 

tcjj = a ( d - d' ) , (5) 

and i^ and t^ are the current and switching time for an infinite 

electric-field strength E, Q. is a constant called the activation field 

and depends on the tenperature and on the thickness, d, of the sa^^nle. 



www.manaraa.com

13 

, ̂  , a « and d' are constants. From Equations 3. 4, and 5» the 

switching time is given as 

tg = a ( d - d' ) exp a„/Ej axp|/]/dsJ, (6) 

The empirical relationship was confirmed eocperimentally by Little (13) 

and Wieder (14). 

For higher values of electric field Merz found that 

\  ~  ̂  (7) 
E-E 

and i V =f-= fX( E-e' ) , (8) 
max tg 

where i = ̂  = the mobility of the domain walls, E is a limiting field 
/j ' . 

similar to à coercive field strength, and v is the velocity with which the 

nuclei grow in the forward direction. The values of jJ, and v were found 

to be 

2 
2,5 cm /volt • sec, 

I f ,  
V = 0,5 X 10 cm/sec for E = 2000 v/cm, and 

V = 3.5 X 10 cm/sec for E = 14 Kv/cm. 

On the basis of the empirical relationships of Merz, Landauer et 

(7) assumed that the switching rate of polarization can be given by 

g = F (P) exp - a /E(t) (9) 

where E(t) is the instantaneous field and F(P) permits the switching rate 

to depend on the extent to which the crystal has already reversed its 
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polarization. Assuming the applied field to be a linear fxjnction of time 

(approximating a sine wave from zero field to its maximum), the authors 

determined the following equation. 

where P = electric polarization, = final polarization, y = rate constant, 

F(P) is assumed to be equal to ^/(Pg - P ), CI = constant which depends 

Bauation 10 gives the dependence of the hysteresis loop on the frequency 

and the magnitude of the applied field. Values of coercive field found 

from Equation 10 for different frequencies are in good agreement with 

experimental values. This indicates that the empirical relationship 

developed by Merz (Equation 2) not only explains the switching current 

behavior but also the dependence of the coercive field on frequency. This 

result is to be expected since the coercive field and the process of 

polarization reversal are closely related. 

The general consistency of Merz's results lead several other 

investigators to tiy to produce ençirical models for switching. Pulvari 

and Kuebler (15) presented a theory describing polarization reversal in 

c-domain crystals of BaTiO^. This theory included consideration of the 

electric field threshold necessary to initiate domain nucleation as well 

as the domain wall mobility. Janovec (16) constructed a theoiy of the 

coercive field of BaTiO^, This theory defines the coercive field as the 

(10) 

on temperature, E* = E(t) / t, E(t) = applied field, and 

dx . 
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field for which the probability of nucleating anti-parallel domains starts 

increasing very rapidly. This theory yields values of coercive field 

which are in order of magnitude agreement with experimental values, Abe 

(17) developed a theory in which he assumes that the coercive field is 

dependent on the velocity of the forward groifbh of domains. The results 

of this theory of the coercive field and its dependence on the applied 

electric field, crystal thickness and temperature are in good agreement 

with experimental values. 

The earliest experimental efforts designed to determine the mechanism 

of polarization reversal were reported by Merz (11) and Little (13). In 

both cases it was concluded that the polarization reversal process con

sisted of the nucleation of antiparallel domains and their subsequent 

growth in the forward direction. 

More recent investigations, published in a series of papers by Ixliller 

and Savage, (18, 19, 20, 21, 22), provide evidence of the sidswise motion 

of 180^ domain walls. These investigators utilized an etching technique 

developed by Hooton and Merz (23) as well as an optical technique developed 

by themselves (24) for the observation of the 180° domain walls. The 

etching technique was used to study the static 180° domain structure and 

the optical technique was used for direct observation of the motion of 180° 

domain walls. Using these techniques, the authors found (18) that the 

polarization reversal in BaTiO^ could take place by the expansion of a few 

domains through extensive sideifise 180° domain wall motion. The electric 

field dependence of the sidewise 180° domain wall velocity was studied 

(19, 20, 21) and it was found to obey the enç>iidcal formula 
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CO 
-S/E (11) 

where v = sidewise 180° domain wall velocity and v^ is the extrapolated 

wall velocity for E =00 . v^ is independent of the applied field E. 

3 is the activation field and depends on the crystal thickness, the 

applied electric field and the teirparature. Although the work of Killer 

and Savage was limited to small field strengths, i.e., 0.1 to 2.0 Xv/cm, 

the results are in general agreement with Merz's polarization reversal 

foruiula. 

The study of the nucleation and grotfth of 180° domains was extended 

to high field strengths by Stadler and Zachmanidis (25). This investi

gation showed that ferroelectric switching, in the range of electric field 

studied, takes place by nucleation of new domains and sideîd.se growth of 

new and old domains very similarly to switching at lower fields but much 

faster. The sidewise wall velocity and the nucleation rate were found to 

1.'^ -1.4 
vary as E ' thereby causing the known E * variation of sid.tching time. 

It was thereby shown that at both high and low applied fields, the apparent 

o 
sidewise motion of 180 domain walls is due to nucleation and forward 

growth of knife-shaped steps on the previously existing wall. 

A complete picture of the polarization reversal process in BaTiO^ has 

been developed by Fatuzzo and Merz (26). When an electric field is applied 

to the BaTiO^ crystal, domains are first formed, mainly at the crystal 

surface, and then grow through,the crystal thickness. When they have 

grown through the crystal, they begin to expand sideifise. New domains 

continue to be formed as the others grow by their sidewise motion. When 

the domains have expanded into the vicinity of their neighboring domains. 
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-5 
they begin to join together. In this manner all the unsiri.tched region is 

switched to the direction of the applied field. 

The study of the polarization reversal process in c-doiaain crystals 

as discussed above is quite well understood. The svTitching in crystals 

o o 
vAiich contain both 90 and 180 domains is not nearly as advanced. Little 

(13) first discussed the interaction of 90° and 180° domains during the 

sifitching process. This discussion was based on optical observations of 

the switching process. A more detailed study was made by Brezina and 

Fousek (27). The interaction mechanisms were broken down into four types, 

o o ' 
i.e., the effect of the 90 walls on the 180 switching processes, the 

effect of the 90° switching processes on the 180° processes, the effect of 

180° walls on the 90 processes and the effect of the 180° processes on 

0 
the 90 processes. The delineation of mechanisms is schematic only, as in 

the actual sxd.tching process the interactions occur simultaneously. The 

principal influence of these interaction phenomena on the macroscopic 

properties of irailti-domain crystals is an increase in coercive field and 

a sloïfing down of the switching process. 

The Surface Layer on BaTiO^ 

The existence of a thin surface layer, having properties which differ 

from those of the bullc of the crystal, was first suggested by Kanzig (28) 

for as-grown crystals of BaTiO^, He observed, as a result of x-ray and 

electron diffraction studies, a discrepancy in synmetry between a surface 

layer of about 100 £ thickness and the bulk of the crystal. This surface 

layer was more severely strained than the bulk of the crystal and the 
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strained surface layer did not vanish when the crystal was heatod above the 

Curie temperature. Kanzig suggested that the observed tetragonal surface 

strain may be caused by an ionic or electronic space-charge, A space-

charge layer of this type could be present if the surface of the crystal 

17 18 ,3 
has a large vacancy concentration, i.e., 10 - 10 vacancies/cm . 

Vacancy concentrations of this magnitude on the surface of the crystal 

yield an electric potential of about 1 volt between the surface and the bulk 

—4 —6 
of the ciystal. If the thickness of the layer is 10 to 10 cm, electric 

ij, 6 
fields of magnitude 10 volts/cm to 10 volts/cm may be present. This 

would produce a severe strain in the surface and the field would be 

sufficiently strong to maintain this highly strained configuration above 

the Curie point, 

Merz (12) provided additional evidence of a surface layer in his study 

of the dependence of the coercive field and the activation field on 

crystal thickness. He described a model in which he assumed the existence 

of a surface layer of small dielectric constant as cor^ared to the bulk of 

the crystal. In this model an appreciable portion of the applied field 

lies across the surface layer. He estimated the thickness of the surface 

layer to be of the order of lO"^ to lO""'^ cm. 

The results of investigations by Chyncweth (29), and Miller and Savage 

(21) have provided additional evidence of the existence of a surface layer 

on BaTiO^ single crystals. 

An experimental study of the properties of the surface layer was made 

by Pulvari (30), He found the thickness of the surface layer to be 

approximately 2 x 10 cm thick and to be nearly independent of crystal 
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thickness. It was also found that the properties of the surface layer 

could be varied by two different methods, i.e., proper variation of the 

crystal growing conditions and addition of coaipovmds containing oxygen. 

The influence of the surface layer on the properties of BaTiO^ has 

been reported by several investigators. Coufova and Arend (31) showed 

that the thickness dependence of optical absorption in unetched crystals 

of BaTiO^ is due to the surface layer. Using an etching process, they 

found that the absorption coefficients decreased with decreasing crystal 

thickness until a surface layer of about 6 x 10 cm had been etched off 

each side of the crystal. Continued etching did not influence the values 

of the absorption coefficients, 

Glogar and Janovec (32), examined the thickness dependence of the 

coercive field. Crystals were successively etched and the coercive field 

determined after each etching process. It was found that when the crystal 

thickness is decreased by etching the coercive field always increases. 

The coercive field increases rapidly with initial etching, e.g., a 
•3 o 

reduction in crystal thickness of 10~ cm to 2 x 10 cm resulted in an 

average increase in of 200 v/cm. Farther reduction of the crystal 

thickness results in only a very slight growth in coercive field. 

Brezina and Fotcenkov (33) studied the influence of the surface 

layer on the 180° switching of BaTiO^ single crystals. Using transparent 

liquid electrodes, the authors observed directly the polarization reversal 

process. It was found in single crystals with the surface layer that a 

large number of domain nuclei are formed upon application of a d-c 

electric field. The resulting domains grow in the forward direction through 
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the crystal with very little sidewise groifth being apparent. This 

polarization reversal mechanism is preserved even after etching the 

surface layer from only one side of the crystal. A fundamental change was 

found in the switching process when the surface layer was removed from 

both sides of the crystal. The number of domain nuclei produced is much 

smaller and the polarization reversal occurs primarily by the sidewise 

o 
displacement of 180 domain walls. In some cases the sideways displace

ment of the walls was observed to be associated with the generation of 

point domains on the moving wall. This supports the mechanism for the 
o 

sideways displacement of 180 domain walls discussed by Miller and 

Weinreich (34). 

Color Centers in BaTiû^ 

A common method for the determination of point defect structures in 

materials that have been subjected to radiation is that of the optical 

absorption spectrum. This method has been utilized extensively in the 

study of point defect mechanisms in the alkali halides. Using the method 

of Smakula, (35) it is possible to calculate the concentration of defects 

of a given type by an analysis of the absorption peak. The study of color 

centers in barium titanate is in its infancy as corcpared to similar 

studies in the alkali halides. 

Kosman and Bursian (36) studied the color center structure of BaTiC^. 

It was found that f centers consisting of an oxygen vacancy ifith one or 

two trapped electrons are produced as a result of heating the crystals in 

a hydrogen atmosphere. 



www.manaraa.com

21 

Coufova and Arend (31) in a study of the optical properties of the 

surface layer of barium titanate single crystals, found that the absorption 

spectrum shows a dependence on crystal thickness in the wavelength range of 

0.43 to 0.70 jj^. The absorption coefficient decreases as the thickness of 

the crystal is decreased until the thickness equal to that of the surface 

layer is removed. Continued reduction of the crystal thickness does not 

change the absorption coefficients. The results of this work were used to 

determine the thickness of the surface layer. No absorption peaks were 

observed in this study. 

Additional work by Cooxfova and Arend (37) showed the influence of 

oxygen non-stoichioraetry on the optical absorption spectrum in the wave

length range of 0.4-3 to 0,70 jJu , Heating barium titanate single crystals 

in a hydrogen atmosphere at 200° C caused an initial reduction in the 

values of the absorption coefficients. Heating in hydrogen at higher temp

eratures increased the coefficients and two absorption peaks were found, 

having maxima at 0.48 and 0.64 ̂ . The presence of each of these peaks in 

the absorption spectrum depended on the teinperature at which the reduction 

took place. For crystals reduced at 900° C for 15 minutes, the absorption 

coefficients were increased by a factor of about 6 and both absorption 

peaks were present. Selective heating of these crystals in an oxygen 

atmosphere reduced the absorption coefficients to within a few per cent of 

their pre-reduction values and the absorption peaks were no longer present. 

On the basis of a detailed analysis of the experimental results, the 

authors concluded that the peak at 0.64 ̂  was due to a defect structure 

consisting of an oxygen vacancy with one electron trapped at this site. 

This result is in good agreement with calculations by Dvorak (38) wliich show 
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that the absorption band of a color center formed by one electron trapped 

on an oxygen vacancy is centered around 0,69 jX, 

A stucty conducted by Ikegami et (39) showed the optical 

absorption on crystals which were more severely reduced than in the study 

referenced previously (37). This study indicated a large absorption peak 

centered around a wavelength of 2.80 jX and also an increase in the 

absolution near the absorption edge at 0.40 jLL. A more recent and much 

more detailed study conducted by Bcegami and Ueda (40) showed the absorp

tion peak to be centered around a wavelength of 2,3 jJi • Absorption was 

also increased near the absolution edge. Using the results of electrical 

resistivity. Hall effect, thermoelectric force and electron spin resonance 

measurements as well as the optical absorption spectrum, it was concluded 

that the lattice irrperfection in the reduced BaTiO^ crystals was the 

oxygen vacancy with two trapped electrons. It was speculated that the 

center wavelength of the absorption band corresponds to the optical 

activation energy for the excitation of an electron from the trapped state 

to the conduction band of BaTiC^, 

The influence of oixygen non-stoichiometry of the hysteresis loop of 

BaTiO^ has been studied by Arend ̂  (41), The crystals were grovm by 

the Remeika method and were of the c-domain type. The crystals were 

reduced in a hydrogen atmosphere at 600, 750, and 900 C respectively for 

15 iviinutes. After roasting at 600 C, the hysteresis loop had lost its 

squareness and showed a significant increase in coercive field and decrease 

in remanent p'olarization. After roasting at 750 and 900° C the hysteresis 

effect had almost disappeared. The remanent polarization had essentially 
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vanished and the crystals behaved nearly as a normal dielectric. 

Radiation Effects in BaTiO^ 

The study of radiation effects in single crystalline barium titanate 

is not well developed, A small nuiriber of investigations have been per

formed and the results in most cases are not consistent or in good 

agreement. An additional problem is the fact that in most cases the 

experimental conditions are not described in sufficient detail. 

The first radiation effects study in single-crystalline barium 

titanate was reported in 1957 by Wittels and Sherrill (42), They irradiated 

BaTiO^ with fission spectrum neutrons at a temperature of about 100° C, 

20 2 
The maximum integrated flux was 1,8 x 10 n/cm including those neutrons 

having energy greater than 5^ Kev, After this maximum exposure they found 

that the tetragonal single crystals had been transformed into perovskite-

type single crystals normally stable only above 120° C, Lattice parameter 

measurements indicated anisotropic expansion had occured with a^ increasing 

2,26 $ and c^ increasing 1,1? Efforts to thermally transform the 

irradiated crystals into any of the states normally stable in unirradiated 

BaTiO^ were unsuccessful. The Curie point at 120° C also was not 

18 2 
observed following the irradiation. Exposures up to 1 x 10 n/cm 

produced no measurable shifts in lattice parameters and the crystals 

exhibited their normal behavior with reference to thermal transformation. 

Annealing experiments indicated that the perovskite structure is 

retained with reduced lattice parameter after annealing at 500° C and 

1000° C, The time length of the annealing was not specified. After 

o 
annealing at 1000 C, c^ had returned to the pre-irradiation value but 
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had only partially contracted thus retaining the perovskite structure, 

Lefkowitz and Itltsui (43) in 1958 studied the effect of pile 

60 'v/ 
irradiation and Co / -irradiation on the coercive field. They irradiated 

single-crystal specimens to an integrated fast neutron flux (E > 0.4 ev) of 

5 X 10^^ n/crn^ at a temperature not exceeding 60° C. Hysteresis loop 

measurements made at room temperature indicated that the coercive field 

had decreased and the spontaneous polarization generally increased with 

dosage. The coercive field changed from 730 v/cm prior to the irradiation 

l6 2 
to 630 v/cm after an integrated dose of 7.8 x 10 n/cm . No data was 

given for changes in spontaneous polarization. For fast neutron dosages 

17 , 2 ' 
of about 10 n/cm , the hysteresis loops were deformed and double loops 

appeared. X-ray studies of the crystals with doable loops did not show 

any evidence of change in the crystal structure. 

60 
Crystals irradiated by Co gamma rays also showed a reduction in 

coercive field and an increase in spontaneous polarization. For exanple, 

the coercive field of a single crystal changed from 1020 v/cm before 

8 
irradiation to 750 v/cm after a gamma exposure of 1.15 x 10 roentgens. 

Again no data was given for changes in the spontaneous polarization. The 

crystals were colored by both the pile irradiation and the ̂Lray irradia

tion. Measurements of the absorption spectra for the pile irradiated 

sarnies did not reveal any peaks in the wavelength range of 0.05 to 

0.13 f l .  

All of the hysteresis loop measurements made in this study were at a 

frequency of 60 Hertz. Silver paste electrodes were used to contact the 

crystals. 
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So 
A study of the effects of Co gamma radiation on the hysteresis loop 

of single crystals was reported in 1962 by Hayakawa and Ikushima (44), 

This work indicated that the hysteresis loop was not changed appreciably 

6 
by irradiation to a dose of about 10 rad. Continued irradiation to a 

7 
total dose of 10 rad resulted in the hysteresis loop becoming nearly 

linear, i.e., the specimen had lost its hysteresis characteristics and the 

spontaneous polarization had nearly vanished. This damage could not be 

annealed out at room temperature. Optical absorption measurements were 

made in the wavelength range of 2.5 to 25 however, no absorption peaks 

were found. 

Using the above results as well as the results of conductivity 

measurements, the authors suggested a model for the radiation damage in 

BaTiO^, The mechanism postulated as the cause of damage is the Varley 

mechanism (45). The defect produced is an oxygen vacancy with one or two 

electrons trapped at the site of the vacancy. 

The specimens used in this work varied in thickness from 0.008 to 
4 

0.016 cm. The gamma exposure rate was approximately 5 x 10 roentgen/hour 

and the irradiation temperature was not given. All post-irradiation 

measurements were made at room tosperature. The hysteresis loops were 

cycled at a frequency of 60 Ha and the alternating voltage applied to the 

crystals was 250 volts rms. 

An extensive study of the radiation effects in single crystalline 

barium titanate due to reactor irradiation was reported in I965 by Glower 

and Hester (46). The specimens were irradiated in a combined neutron and 

gamma ray field with the fast neutron flux (E >0.1 Mev) being about 
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3 X 10^^ n/cm^ - sec and the gamma dose rate being about 7.2 x 10^ rad/hr. 

The temperature of the crystals during irradiation was believed to be 

about 70° C. The crystals were etched for 30 minutes in at 150° C 

prior to any other experimental procedures. This etching process removed 

the surface layer from the crystals and eliminated any effects that may 

have resulted therefrom. 

In this study the hysteresis loop was developed at a frequency of 

about 0.5 Hz. This permitted the observation of the annealing of radiation 

damage by the field used to develop the hysteresis loop. 

The results of the work by Glower and Hester are summarized below. 

1. Radiation damage effects in single-crystal BaTiO^ are temporarily 

annealed out by the field used to generate the hysteresis loop. When 

the field is removed from the crystal, the hysteresis loop assumes the 

shape it had immediately after irradiation. The time required for this 

reverse annealing is about one or two days. 

2. The remanent polarization (P^) is decreased to a small fraction of its 

original value following fast neutron and 7^-ray irradiation of 

18 , 2 10 
10 n/cm and 10 rad respectively. 

3. Crystals which are "poled", i.e., biased to saturation prior to the 

irradiation, are more resistant to radiation than are "unpoled" crystals. 

4. Radiation induced strain anneals simultaneously with annealing of 

remanant polarization. Thus, it is concluded that both effects are 

produced by the same damage center. 

5. The coercive field (E^) is not changed significantly until irradiation 

l8 2 
levels of 10 n/cm (neutrons) and 10 rad (gamma) are exceeded, 
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then increases rapidly with increased irradiation. 

6. The hysteresis loop of "poled" crystals becomes biased as a result of 

irradiation. The direction of the biasing is in the direction of the 

field used to "pole" the crystal. 

7, Reactor irradiation causes large domains to break up into smaller 

domains, some of which are 90° and 180° domains. 

Considering the experimental results and assuming that ionization is 

the primary cause of radiation induced changes in the properties of BaTiO^, 

the authors developed a model for the damage mechanism. This model 

suggests that free electrons, produced by the ionizing radiation, migrate 

through the crystal to the domain walls where they become trapped. The 

buildup of electrons at the domain walls produces a strain field which can 

induce domain subdivision and thus increase the total domain wall area. 

As the number of domains increases, the magnitude of will decrease. As 

long as the domain subdivision occurs to relieve the strain buildup, no 

large change in the coercive field is observed. When the domain size 

decreases to a certain minimum size, domain subdivision can no longer occur 

and increases proportionally with the strain buildup due to the charges 

at the domain walls. In essence, the domains become pinned in place after 

domain subdivision ceases. 

A co)jQ>arative study of the influence of monoenergetic electrons and 

60 
Co gamma radiation on single crystal and polycrystalline BaTiO^ was 

reported in 1966 by Solov'ev et jd. (47). Electron irradiations with 

different energy electrons permitted an analysis of the radiation effects 

due to displacements of different atoms in the BaTiCy lattice. It was 
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found that different effects are observed for bonibardments vriLth electrons 

having energies above and below the threshold for displacement of oscjrgen 

atocis. The radiation effects wore aiuch more prominent when the electrons 

had energy greater than the oxygen threshold. This result indicates that 

the gamma irradiation effects in BaTiO^ are not due only to ionization 

phenomena and also that the displacement of oxygen from its normal lattice 

site may be the most significant damage effect produced by electron 

irradiation. 

Electron irradiation of BaTiCy resulted in an improvement in its 

dielectric and ferroelectric properties during the initial stages of 

irradiation. This improvement was attributed to the annealing of crystal

line defects by the incident radiation. Continued irradiation caused a 

deterioration of the properties. 

Radiation induced changes in BaTiO^ single crystals due to Co^^ gamma 

irradiation were found to be similar to those found for irradiation t^lth 

electrons of energy greater than that corresponding to the oxygen thresh

old, The gamma dose rate used was 1,44 x 10^ rad/hr. The results again 

indicated an improvement of the BaTiO^ crystals during the initial stages 

of the irradiations. In this case, the integrated dose at which the 

7 crystal started deteriorating was found to be 4 x 10 rad. 

Annealing experiments indicated that annealing of the radiation 
o 

induced defects occurs at temperatures as low as 50 C, All of the 

radiation induced defects were found to be annealed out at a temperature 

of 150° G, 

Considering the oixygen displacement as the major defect produced by 
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raonoenergetic electrons and the Compton electrons produced by the Co^^ 

'X-rays as well as the low temperature annealing of these defects, the 

authors suggested a radiation damage model. The caygen atoms are assumed 

to be displaced from their normal lattice sites. However, in order to be 

annealable at such low temperatures those displaced atoms are believed to 

be localized within their own unit cells. The displaced atoms are stable 

at room temperature but can relax into their original positions during the 

annealing process. These displaced atoms in the unannealed condition were 

not observed in x-ray diffraction patterns due to the relatively small 

scattering power of the oxygen atoms. 



www.manaraa.com

30 

THE K^PERIMENT 

Objectives and Procedure 

The experimental work associated with this project was chosen in an 

attempt to satisfy three objectives. The first was to develop data 

showing changes in the ferroelectric hysteresis loop, the optical absorp

tion spectrum in the wavelength range of 0.43 to O.7O jX , and the domain 

60 
structure of etched BaTiO^ crystals as a function of Co gamma dose. 

These data are not currently available in the open literature. The second 

objective was to determine the basic radiation damage mechanism in gaznma 

irradiated BaTiO^. The literature indicates that changes in color center 

content and changes in domain structure can both significantly alter the 

hysteresis loop. Radiation effects studies have shox-jn that BaTiO^ 

crystals become colored due to gamma irradiation (43) and also that 

o 
reactor irradiation causes large domains to break up into smaller 90 and 

o 
180 domains (46). This objective was to determine the most significant 

of these possible mechanisms. The third objective was to coii^are the 

radiation effects behavior of etched BaTiO^ crystals to that in crystals 

which did not have the surface layer removed. The current literature on 

radiation effects in BaTiO^ shows large variations in radiation effects 

observed and in the dose required to produce these effects. The latter 

objective was to determine whether or not the large variations can be 

attributed to the surface layer. 

Six crystals were used in this study. Four crystals had the surface 

layer removed by an etching process and two crystals were used in the as-
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grown condition. The thickness of the crystals used in this work are 

shown in Table 1. 

Table 1. Crystal data 

Crystal 
Number 

Original 
Thickness 
(microns) 

Final 
Thickness 
(microns) 

Maxiaram Gamma 
Doss Received 
(Rad) 

2 

4 

5 

8 

9 

12 

390 

298 

362 

322 

120 

l6o 

134 

150 

150 

149 

120 

160 

1.60 X 10' 

1.60 X lo' 

1.60 X lo" 

1.32 X lo' 
8 

2.91 X 10 
8 

2.91 X 10 

The procedure used to investigate the properties of crystals 2, 4, 5 

and 8 is outlined below. 

1. The crystals were etched in I^PO^^ to the thickness shown in Table 1. 

2. Photomicrographs of the domain structure were made using a polarizing 

microscope and attached camera. 

3. The optical absorption spectrum of each crystal was determined using 

the spectrophotometer. 

4. The ferroelectric hysteresis loops were obtained and the crystals were 

polarized in the same direction at the end of each experimental run. 

5. The crystals were then irradiated to the desired dose level, 

6. Steps 2, 3, and 4 were repeated, 

7. The crystals were then irradiated to a higher dose level. 
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8, Steps 6 and 7 were then repeated alternately ointil the maximum 

desired dose level was reached. 

The experimental procedure used for the unetched crystals was 

identical to that described for the etched crystals with one exception. 

No optical absorption spectrum measurements were made on the unetched 

crystals. 

Source of Crystals 

The crystals used in this study were purchased from Semi-Elemaits 

Incorporated of Saxcriburg, Pennsylvania, These crystals are undoped 

single crystals of the classic butterfly wing type. They were grown by 

the potassium fluoride flux method developed by Remeika (1), The crystals 

were primarily of the a-domain type upon receipt from the supplier. 

The crystals when purchased were in two different size groups. The 

crystals that were etched had the original thicknesses shown in Table 1. 

Their shape was triangular and the legs had a minimum length of 5 mm. 

The crystals that were not etched were smaller in thickness (Table 1) and 

had a minimum leg length of 2 mm. 

Specimen Preparation 

The surface layer was removed from the crystals by etching in 

orthophosphoric acid at a temperature of 1^5° C, This method has been 

used by others (31, 46) and results in a thickness change of about 1 

micron per minute of etching time (31). It is necessary to etch BaTiO^ at 

a temperature above its Curie point, Above the Curie point the crystal is 
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no longer ferroelectric and thus has no domain structure. It has been 

found (23) that domains etch preferentially depending on their orientation, 

i.e., the crystal surface next to the positive end etches much more rapidly 

than the surface next to the negative end. If the crystal has a domain 

structure during the etching, the surface will not be smooth but will 

reflect the domain structure of the crystal. The surface quality is un

changed by etching above the Curie point. 

The crystals used in this study were contained in an acid resistant 

nylon container during the etching process. %en the crystals were 

removed from the hot acid they were immediately washed in boiling water. 

They were then cooled in air and their thickness was determined using a 

micrometer. The crystal thickness was determined to an accuracy of + 2 |LL 

by this method. 

Hysteresis Loop Measurement 

The ferroelectric hysteresis loop was obtained using the basic 

Sawyer and Tower circuit (48), however, it was modified slightly to 

incorporate an x-y plotter (14). The circuit is shô m in Figure 5. 

The driving voltage applied to the crystal S was supplied by a Hewlett-

Packard, Model 202 A, Low Frequency Function Generator. The sine wave 

output had magnitude maxima of + 19 volts. The instantaneous voltage is 

displayed as the x component by the x-y recorder. The instantaneous charge 

is measured by a Keithly, Model 6IO B Electrometer, The input to the 

electrometer is amplified by an internal dc ançlifier which in turn 

supplies the signal to the y coordinate of the x-y plotter. The x-y 
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y 

Electrometer 

V: 

-o 

x-y 
recorder 

-O 

Y 
-O 

Figure 5. Schematic drax'ûng of the circuit used to obtain the ferro
electric hysteresis loop 

recorder (Electronic Associates Inc., Model 1120, Variplotter), thus 

displays the hysteresis between electric field and polarization. As a re-

14 
suit of the large input resistance of the electrometer (10 ohms) and the 

large capacitance (IjLlf) of the integrating capacitor C, this circuit was 

very stable with respect to charge leakage and environmental effects. 

The signal frequency with which the hysteresis loop was produced 

was selected in order that annealing of the radiation damage (46) could 

be observed. The frequency used was 0.15 Hertz, 

Due to the temperature sensitivity of the parameters obtained from 

the hysteresis loop (8) all hysteresis loops were generated at a tempera

ture of 74° F. 
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The electrode material used in this work was a saturated solution of 

lithium chloride. This electrode material has been used quite extensively 

(33» 19, 20, 24) for domain wall Idnetics studies where electrode trans

parency is a requirement. It is also advantageous in this work since it 

eliminates the sensitivity of the coercive field on the humidity (4$). It 

has also been found (26) that "ageing" of the ferroelectric properties of 

BaTiO^ does not take place when liquid electrodes are utilized. 

It has been observed that the coercive field increases ;d.th time after 

the application of liquid electrodes. This effect has been studied (32) 

and it has been found that the value of coercive field approaches a 

maximum value after a time of 10 to 15 minutes. The increase observed was 

the same regardless of whether an alternating electric field was applied 

permanently or whether it was applied only for the time necessary to record 

the hysteresis loop. The dispersion in values of the coercive field is 

reduced to about 2 '% by waiting for 10 minutes. In this study, the 

hysteresis loop measurements were started not sooner than 15 minutes after 

the electrode material was applied. 

The apparatus used to support the crystal during the hysteresis loop 

measurements is shot-rn schematically in Figure 6. 

The crystals were washed with methyl alcohol and distilled water 

prior to application of the electrodes. The electrode material "beads up" 

on the surface of BaTiCy and circular electrodes are obtained with 

suitable care. The electrode area was determined using a Gaertner Model 

1180-301 A Measuring Microscope, For each crystal, the electrode diameter 

was measured from three directions, i.e., vertically, and 60° from the 
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BaTiO^ Crystal 

liquid electrode material 

Copper wire electrode 

To external circuit 

Plexiglas material 

To external circuit 

Figure 6, Schematic drawing of the crystal holding apparatus used in 
making hysteresis loop measurements 
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vertical on each side. Two measurements were made in each direction both 

before and after the hysteresis loop was obtained. The electrode diameter 

was then calculated by squaring the average of the readings from each 

direction, determining their sura total, and taking the square root of this 

quantity. The electrode area was then calculated. 

The magnitude of the saturation polarization was determined by reading 

the needle deflection of the Keithly, Model 6lO B Electrometer. For the 

etched crystals, the hysteresis loops were square and the remanent polari

zation corresponded to the value obtained for the saturation polarization. 

12. 

The value of remanent polarization (P^) is calculated from Equation 

^max 
P (32) 

z-rr (d^r 

where is the difference between the maximum needle deflection in 

either direction and d_ is the electrode diameter in cm. 

Coercive field measurements were obtained directly from the plotted 

hysteresis loops. The full width of the loop along the x axis divided by 

twice the crystal thickness yields the value of E^. 

Bias field measurements were also obtained directly from the plotted 

hysteresis loop. 
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Optical Absorption Spectrum 

The optical absorption spectrum was obtained using a Beckman, Model 

DU Spectrophotometer, The technique used involved a comparison of the 

light transmitted through the BaTiO^ crystal (P) to that transmitted 

through an air standard (P^). Measurements at any given wavelength were 

made using the same spectral sHt width. 

The spectrophotometer yielded results in terms of absorbance (A) 

where A is defined as 

The absorption coefficients (K) are determined from the absorbance 

values as shown by Equation 14-, 

where d is the thickness of the crystal. 

Due to the size of the crystals used in this work, it was necessary 

to modify the specimen cell holder. This was done by placing one small 

wooden block in each of two adjacent conroartments of the cell holder. 

Each of these blocks had a hole drilled through it in such a manner that 

the spectrophotometer would read the same degree of light transmission at 

the same wavelength when either of the compartments housing these wooden 

blocks was placed in the light path. Thus the spectrophotometer would read 

100 ;o transmission at a given wavelength regardless of which coitpartment 

(13) 

K = 
2.3 (A) 

(14) 

d 
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was in the light path. Since the light transmission characteristics of 

both compartments was the same, one was used as the standard and the other 

was used to hold the crystal. 

Before each of the absorption spectrum measurements, the crystals 

were washed in methyl alcohol and then in distilled water. The crystal 

being studied was then placed in the chosen cell compartment. Extreme 

care was taken to insure that the same part of the crystal was used for 

each of the absorption spectrum measurements. This was done to minimize 

the influence of surface and internal crystalline defects. 

Domain Structure 

The domain structure of the crystals was determined using a Bausch 

and Lomb Model 124-4 Polarizing l'Horoscope. The technique (49) used for 

the observation of the domain structure of the BaTiO^ crystals is based on 

the occurrence of spontaneous birefringence which is induced by the 

spontaneous polarization. Since the polarization points in different 

directions in adjacent domains the birefringence is also different. This 

permits the domains to be observed using a polarizing microscope. This 

method works extremely well for the case where the domains have polariza-
o 

tion directions which differ by 90 . If a domain has its dipoles oriented 

perpendicular to the surface of the crystal (parallel to the light bsam) 

and if the crystal is viewed between crossed polaroid lenses, no light 

will pass through into the microscope, A c-domain will thus appear as a 

dark region when viewed with a polarizing microscope. If a domain" has its 

dipoles oriented parallel to the surface of the crystal (perpendicular to 
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lenses are crossed. An a-doraain xri.ll thus appear as a bright region when 

viewed with a polarizing microscope. The distinction between a- and c-

domains is therefore readily determined by this technique. 

The above technique is not effective in revealing domains with anti-

parallel polarization. In this case the optical properties of the domains 

are the same and they appear identical when observed with crossed polaroids, 

Radiation Facility 

The crystals were irradiated in the Veterinary Medical Research 

Institute gamma radiation facility. This facility is loaded %fith approxi

mately 8,500 Curies of Co^^ and delivers a inaximum dose rate of 3.65 x 10 

rad per hour. 

The gamma irradiation facility is shown in Figure 7. The cobalt is 

contained in 18 capsules. These capsules are about 1,5 cm in diameter and 

14 cm long and each is clad in a stainless steel jacket. The capsules 

are attached to six arms and are arranged so that they give a uniform 

gamma dose to the specimen of interest. The arms are each fixed to a 

pivot which permits the capsules to be swung in toward the specimen to be 

irradiated and positioned at the distance from the spcoiaen which trill 

yield the desired dose rate. In this work, the maximum obtainable gamma 

dose rate was used,- • 

The crystals to be irradiated were housed in a brass tube which is 

attached to a rack and pinion drive mechanism for lowering and raising 

the samples into and out of the radiation field. The crystals were con-
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tained in a glass bottle within the brass tube and were supported •vd.thin 

the glass bottle by a plexiglas disk. The disk was inserted and resioved 

fron the glass bottle by means of an attached wire. A schematic drawing 

of a typical experimental arrangement is shown in Figure 8. 

BaTiO^ Crystals 

Plexiglas disk 

Brass tube 

Glass bottle 

Wire handle 

Figure 8. Schematic drat-mig of experimental arrangement during irradiation 

The temperature of the air surrounding the crystals was maintained at 

o 
20 C by purging a coolant through a coil wound inside the brass tube. 



www.manaraa.com

43 

Dose Rate Measurement 

The gamma dose rate to which the BaTiO^ crystals were exposed was 

determined using a ferrous sulfate solution (Fricke solution) as the 

dosimeter. The chemical raaction which is the basis of this dosiiustry 

system is the oxidation of ferrous ions (Fe-H-) to ferric ions (Fe+++). 

Water molecules contained in this aqueous solution are dissociated by the 

incident gamma photons. The free radicals of H and OH in turn bring about 

the oxidation reaction. The réactions involved in this process are 

discussed by Price (50). The nmribar of ferric ions produced depends on 

the amount of dissociation of H2O which in turn depends on the gamroa dose. 

The extent to which ferrie ions are produced is determined using a 

Beckman Model DU Spectrophotomstor, The ferric ions have an absorption 

peak at approximately 304 mu. The aiaount of this ion present can thus be 

determined by comparing the optical density of an irradiated sample to 

that of an unirradiated saimle. The difference in optical density is used 

to calculate the gamma dose rate. The dose rate, according to Price (50) 

is given as 

. 9 
R (rad/hr) : " °'°'blank) 

£blt 

where O.D. and blank the optical density of the saitçle and 

blank respectively, C is the molar extinction coefficient, Y is the 

ferrous sulfate yield in micromoles (^M) of ferric ions per liter per 

1000 rad, b is the saitç>l© thickness and t is the irradiation time in 

hours. 
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For the system used in this work, Equation 14 can be written as 

R (rad/hr) = (l6) 

t (sees) 

The dose rate for the source position and experimental conditions of 

this work was found (See Appendix B) to be 3.6^4 x 10 rad/hr. This 

represents the rate at which energy is being deposited in the water in the 

Fricke solution. 
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ESPERII®^TAL RESULTS AND DISCUSSION 

A significant differsnes has been observed in the response of etched 

60 
and unetched BaTiO^ crystals to Co gamma irradiation. As a result, the 

experimental results of this study id-ll be presented in two general 

groups corresponding to the etched and unetched crystals respectfully. 

Etched Crystals 

Remanent polarization 

60 
The effect of Co gamma irradiation on the remanent polarisation of 

single-crystalline barium titanats is shown in Figure 9. These data were 

obtained after each crystal had been looped many times and the loop was no 

longer changing with additional cycling. The unirradiated values of 

2 
ranged from 25.6 to 26.6 ^coulombs/cm and are in good agreement i-iith the 

accepted values for good BaTiO^ crystals (46). All of the etched crystals 

were irradiated while in the poled state. The results indicate that is 
g 

essentially unchanged until a dose of about 2 x 10 rad has been reached, 

decreases ifith continued irradiation beyond this dose. For the three 

9 
crystals irradiated to a dose of I.60 x 10 rad, the average decrease in 

Py is 8.65 IO. 

Crystals 2, 4 and 5 were irradiated under identical experimental 

conditions. These crystals were irradiated at the same times and to the 

same dose for each irradiation. Crystal 8 was irradiated to provide data 

points for doses between those' used for the other crystals. This technique 

provided a check against unknozm influences on the ferroelectric 

properties of BaTiO^, The similarity in results for all the crystals 
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indicates that the effect of external influence is negligible. 

These results are in general agreement with the work of Glower and 

Hester (46) for reactor irradiated etched specimens. Their results show 

the same behavior as seen in Figure 9» however, the dose at which was 

9 
reduced by 8.65 $ was about 3 x 10 rad. This result is not unexpected 

o 
as their irradiation temperature was about 70 C and significant annealing 

of gamma radiation effects can take place at that temperature (47). 

The results shown in Figure 9 are not in good agreement irith the 

results of any of the other gamma radiation damage studies performed on 

single-crystalline BaTiO^ (43, 44). 

Coercive field 

60 
The effect of Co gamma irradiation on the coercive field is shown 

in Figure 10, 

These results were also obtained after the crystals had been cycled 

numerous times and the hysteresis loop was no longer changing. The values 

of were determined from the full width of the hysteresis loop regardless 

of where the loop was located with respect to the coordinate axis. The 

pre-irradiated values of range from 486 to 564 volts/cm. No data are 

available in the literature for comparison at the frequency used in this 

work, however, the scatter in the experimental values for different 

crystals of the same thickness is not uncommon (32, 46). 

The results shown in Figure 10 indicate that the coercive field is 

reduced with gamma irradiation. For crystals 2, 4 and 8 the values of E^ 

go through a minimum and then begin to increase at a dose of about 

8 
5 X 10 rad. Crystal 5 shows a somewhat different behavior. The fluctu-
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ation in the values of E shown for irradiations 1, 2, 3 and 4 is un-
c 

explained. The increased value in after irradiation 5 is attributed to 

the fact that prior to this irradiation the crystal was poled in a direction 

opposite to that of the previous irradiations. This is discussed in more 

detail later. 

The initial decrease of E^ with dose for crystals 2, 4 and 8 is in 

agreement with results found previously for low dose gamma irradiations 

(43, 44) at room temperature. Glower and Hester (46) reported a very slow 

9 
increase in E^ up to a dose level of about 3 x 10 rad, E^ then increased 

rapidly for higher dose levels. 

Annealing of radiation effects by the electric field 

The manner in which the hysteresis loop changed with repeated 

cycling following irradiation is shown in Figure 11, 

The data presented in Figure 11 are for crystal 4 after a gamma dose 
Q 

of 1,60 X 10 rad and are typical of annealing effects observed in other 

crystals. The crystal was in the poled state indicated by x during the 

irradiation. The unidirectional annealing of polarization was determined 

directly by observing the needle deflection of the electrometer. The 

annealing of the bias field is readily seen from the hysteresis loops. 

After 245 cycles the loop was stable and did not change with continued 

cycling. 

Annealing effects similar to those shown in Figure 11 were first 

observed after reactor irradiations by Glower and Hester (46). Prior to 

their study, all the radiation effects studies were conducted with the 

driving voltage having a frequency of 60 Hz. 
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Figure 11 also shows an annealing effect in the coercive field. This 

reduction of with cycling is opposite to that observed on unirradiated 

crystals (32) and therefore iraist be due to the influence of the electric 

field on radiation induced damage. 

Radiation effects on the hysteresis loop 

The manner in which the hysteresis loop of poled BaTiO^ single 

60 
crystals is affected by the Co gamma irradiation is shown in Figure 12. 

Curves 1, 2, and 3 represent the stable loop configurations prior to 
8 , 9 

the irradiation, after 6.83 % 10 rad and after 1.60 x 10 rad respec

tively, The data are plotted for crystal 4, however, all the etched 

crystals showed a similar behavior. 

Figures 11 and 12 indicate that the incident radiation affected the 

unoccupied ferroelectric state of the crystals while the occupied state 

remained essentially unchanged. Similar results have been found by 

Chynoweth (51) in poled ferroelectric triglycine sulfate which was irradi

ated by x-rays. 

Internal bias 

An internal bias field is developed in poled crystals of BaTiO^ as a 

result of gamma irradiation. The bias field is defined as the value of the 

applied field corresponding to the center of the hysteresis loop. Figure 

13 shows the internal bias developed in crystal 5 due to the irradiation. 

The data shown were obtained from the first loop following each irradiation. 
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The internal bias results in a shift of the entire hysteresis loop 

along the x axis in a direction opposite to that in which the crystal was 

poled during the irradiation. This effect is seen in Figure 11. The fact 

that the bias field increases in the direction opposite to that in which 

the crystal is poled is shovm in Figure 13. For irradiations 1, 2, 3 and 

4, the crystal is poled in the same direction and the bias field increases 

steadily. For irradiation 5t the crystal is poled in the opposite 

direction. The hysteresis loop in this case shifts in the direction 

opposite to that found for the previous irradiations and as a result the 

bias field is reduced. For irradiation 6 the crystal is again poled in 

the original direction and the bias field increases. 

The physical significance of the bias field is that the electric 

field required to reverse the polarization from the direction it had 

during the irradiation continues to increase with increasing dose. Like

wise the field required to orient the polarization with the direction it 

had during the irradiation continues to decrease. 

Optical absorption spectrum 

The effect of the gamma irradiation on the optical absorption 

spectrum is shown in Figures 14 and 15. 

Figure 14 shows the spectra for crystal 8 prior to any irradiation 
g 

and after an integrated gamma dose of 3«95 % 10 rad. The curves plotted 

represent the maximum difference obtained in the absorption coefficients 

for all the doses used for this particular crystal. In general, the 

coefficients for all the crystals decreased with increasing gamma dose to 

a total dose of about 6 x 10 rad. Continued irradiation beyond this dose 
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resulted in a gradual increase in the absorption coefficients. This is 

shown in Figure I5 where the absorption coefficients at a wavelength of 

0.64 jJ^Sive plotted against gamma dose. This wavelength corresponds to the 

position of the absorption peak observed experimentally in reduced BaTiO^ 

by Coufova and Arend (37) and to the position calculated by Dvorak (38) 

for the absorption peak produced by oxygen vacancies with a single trapped 

electron. 

The optical absorption spectrum measurements in the wavelength range 

of 0.43 to 0.70 l±à±d not reveal any absorption peaks in the range of 

gamma dose used in this work. The absence of a peak at 0.64 ̂  indicates 

that the defect consisting of an oxygen vacancy with a single trapped 

electron is not produced in BaTiO^ by gamma irradiation. The changes in 

the ferroelectric hysteresis loop are thus due to some other defect 

mechanism. 

The similarity in Figures 10 and 15, showing coercive field vs gamma 

dose and absorption coefficient at \= 0.64 vs gamma dose respectively, 

is noted. These curves suggest that there may be some connection between 

the crystalline mechanism responsible for the change in absorption co

efficient and the mechanism responsible for changes in E^, 

Domain structure 

The photomicrographs taken before and after each irradiation showed 

no change in the domain structure as a result of the irradiations. No 

a-domains were introduced into the c-domain crystals and no change in 

polarization direction was observed for the c-domain crystals. This latter 

result was confirmed by the hysteresis loop measurements as the polariza
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tion annealed only in the direction opposite to that in which it was 

oriented when the looping began. This effect is shown in Figure 11. 

Unetched Crystals 

The radiation effects in BaTiO^ crystals which did not have the 

surface layer removed are different from those observed in etched crystals. 

The change in remanent polarisation with Co^^ gamma dose for crystals 9 

and 12 is shoivn in Figure 16. 

Crystal 9 had a thickness of 120 jXand crystal 12 a thickness of iSOjJ., 

The maximum electric fields applied to these crystals were 1530 and 1190 

volts/cm respectively. It is noted that the pre-irradiated values of 

for the unetched crystals are lower than those shown in Figure 9 for the 

etched crystals. Apparently saturation polarization was not attained even 

though the electric field applied to the crystal was much higher than the 

coercive field. This problem is discussed by Merz (9) and Kanzig (28) and 

it is attributed to the influence of the surface layer. Normal dielectric 

hysteresis cannot take place until the space charge layer has been broken 

down. This requires a much higher electric field than T;as used in this work. 

Figure 15 shows that increases initially with increasing gamma dose 

7 and at a dose of about 2 x 10 rad it starts to decrease. P^ continues to 

8 
decrease with increasing gamma dose to the maximum dose of 2.91 x 10 rad. 

In all cases, P^ was determined after the crystal had been cycled for a 

long period of time (~3 hrs) and the loop was stable. 

These results are in good agreement ifith the results of Solov'ev et 

(4?) for electron and Co^^ gamma irradiation. They reported a slight 
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increase in polarization during the initial portion of the irradiation, 

7 
At a dose level of about 4 x 10 rad, the polarization started to decrease 

and continued to decrease with increasing dose. No values were given for 

remanent polarization, 

60 
The effect of Co gamma irradiation on the coercive field of the 

unetched crystals is shown in Figure 17. 

The unirradiated values of for the two crystals reflects the 

thickness dependence of the coercive field (33). After the initial ir-
6 

radiation, to a dose of 7.56 x 10 rad, the values of coercive field for 

the two ciystals are nearly the same. Additional irradiations caused a 

decrease in coercive field for both crystals with the values being nearly 

the same after each irradiation. 

Although these results are not conclusive, the initial changes in the 

value of Eg suggest that the gamma radiation has minimized the thickness 

dependence of E^, 

The results of irradiating unetched crystals of BaTiO^ indicate that 

the polarization reversal process is enhanced with small doses of radia

tion and as the dose increases the switching process becomes more difficult. 

This is confirmed for crystals 9 and 12 by Figures 18 and 19 respectively. 

These figures show the shape of the first loop after application of the 

electrodes for three different levels of irradiation. In each figure, part 

7 a is for the unirradiated case, part b is after a gamma dose of 2,85 x 10 

8 
rad and part c is after a gamma dose of 2,91 x 10 rad. 

In both cases the loop in part b is the "best" loop shown and most 

nearly resembles the square loop associated with hysteresis in etched 
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Figure 18. Effect of Co gamma irradiation on the first loop developed 
after application of the electrodes (crystal 9) 
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Effect of Co gamma irradiation on the first loop developed 
after application of the electrodes (crystal 12) 
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crystals of BaTiO^. 

The crystals that were not etched showed no change in domain 

structure after undergoing the procedure used to "pole" the etched 

crystals. The influence of the surface layer is such that the as-grown 

domain structure is permanent with respect to the electric field strength 

used in this work as well as a gamma dose of 2.91 x 10^ rad. 
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Sm-ÏÏ-IARY AND CONCLUSIONS 

The effect of Co^^ gamma irradiation on the ferroelectric properties 

of single crystalline BaTiO^ has been studied. The ferroelectric 

hysteresis loop, the optical absorption spectrum in the wavelength range 

of 0.43 to 0.70^ and the domain structure of etched BaTiO^ crystals were 

studied as a function of garma. dose. Etched crystals were irradiated to 

9 
a total dose of 1,60 x 10 rad. 

The experimental results for etched crystals are summarized as follows: 

60 9 
1, Co gamma irradiation to a total dose of 1,60 x 10 rad causes a 

decrease of about 8.65 ̂  in the remanent polarization, is 
8 

essentially unaffected until a total dose of 2 x 10 rad is received. 

2, The coercive field decreases with initial irradiation. At a dose of 

8 
about 5 X 10 rad a minimum value is reached and then increases with 

continued irradiation. 

3. The electric field used to develop the hysteresis loop causes 

annealing of the radiation induced damage. This annealing which occurs 

as the crystal is continuously looped, results in an increase in 

and a decrease in E as comoared to the values determined from the 
c 

first loop after an irradiation. 

4. The optical absorption spectrum measurements showed a reduction in the 

absorption coefficients with initial irradiation. At a dose of about 

8 
6 X 10 rad the coefficients reached a minimum and then increased with 

continued irradiation. No absorption peaks were observed in the 

wavelength range of 0,43 to 0,70 , In particular, no peaks were 

observed which would indicate the presence of point defects consisting 
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of an cs^gen vacancy with a single trapped electron. 

5. Co^^ gamma irradiation produces an internal bias field in poled 

BaTiO^ crystals. The internal field increases in a direction opposite 

to that in which the crystal is poled. 

6. No changes were found in the domain structure of etched BaTiO^ 
Q 

irradiated to a total dose of 1.60 x 10 rad. 

8 
Unetched crystals were irradiated to a total dose of 2.91 x 10 rad. 

The ferroelectric hysteresis loop and the domain structure of unetched 

ciystals were studied. 

The experAuental results for unetched crystals are summarized as 

follows: 

1, The value of remanent polarization increases initially with increasing 

7 gamma dose, A maximum in Pj. is found at a dose of about 2 x 10 rad. 

Continued irradiation causes a reduction in the values of P , r 

2, The coercive field decreases with increasing gamma dose, 

3, The domain structure of unetched BaTiO^ crystals in unaffected by 

Co^^ gamma irradiation to a total dose of 2,91 x 10 rad. 

The radiation damage model developed by Glower and Hester (46) for 

reactor irradiated etched BaTiO^ crystals does not explain the results 

found in this study. This model considers ionization as the major radia

tion damage mechanism for reactor irradiation and suggests that"changes in 

the hysteresis loop with irradiation are due to changes in the domain 

structure of the crystals. The results of this study, where ionization 

effects are indeed the most significant, reveal no changes in domain struc

ture with increasing gamma dose. 

The radiation-induced changes in the hysteresis loop in etched 
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ciystals also cannot be attributed to the presence of point defects 

consisting of an o:qrgen vacancy with a single trapped electron. The 

absorption peak corresponding to this particular defect was not observed 

in this study although it is known to fall within the range of wavelength 

studied. 

The changes in the hysteresis loop and in the optical absorption 

spectrum are similar to those found as a result of heating BaTiO^j in a 

hydrogen atmosphere (37, 41). The crystalline defect produced by heating 

BaTiO^ in hydrogen is an oxygen vacancy with one or two trapped electrons 

(36), This suggests that the significant radiation induced defect may 

be an oxygen vacancy with two trapped electrons. 

There is a significant difference in the response of etched and un-

etched BaTiCy single crystals to Co^^ gamma irradiation. The unetched 

crystals show a much higher radiation sensitivity than do the etched 

crystals. If BaTiCy is to be used in a radiation environment, it would 

be of significant advantage to etch the crystals prior to their use. 

Radiation effects in BaTiO^ will be most significant in applications 

where the material is switched infrequently or is otherwise used 

sparingly. Such applications will not be taking advantage of the anneal

ing effect produced by an applied electric field. 
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RECOMMEMDATIONS FOR FURTHER STUDY 

To prove or disprove the oxygen displacement mechanism as the princi

pal gamma radiation induced defect in BaTiO^, it is recommended that a 

study be conducted in which an attempt is made to observe the absorption 

peak corresponding to an oxygen vacancy with two trapped electrons. This 

peak is centered about a wavelength of 0,23 ̂(39). This value of wave

length is outside the useful range of the spectrophotometer used in the 

current study, 

A study of the effects of gamma irradiation on the sidewise 180° 

domain wall velocity is also desirable. The techniques developed by 

Miller and Savage (19) could be utilized for the wall velocity measure

ments, Wall velocity measurements as a function of applied electric 

field for field directions parallel and antiparallel to the direction in 

which the crystal was poled during irradiation should reflect the 

difference in difficulty required to reverse the polarization after ir

radiation. The results of a study of this type would assist in the 

development of a theoretical model of gamma radiation effects in BaTiO^, 

It is also recommended that study be made of the gamma radiation 

effects in unetched crystals. Groups of crystals, with each group having 

a different thickness could be irradiated. Changes observed in the 

hysteresis loops with irradiation would permit better definition of the 

value of dose corresponding to the maximum in Pj, and would also permit a 

more detailed evaluation of changes in the coercive field. 
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APPENDIX A 

Phenomenological Theory of BaTiO^ 

The differential dU of the internal energy of a body which is subject 

to external stresses and electric fields is 

dU = TdS + Ë'dP (A-1) 

i=l 

where S is entropy, T is tenroerature, and are strain and stress 

components, respectively, E is the electric field and P is the polariza

tion. The Gibbs function, defined in terms of internal energy, entropy, 

temperatiire, stress and strain for an elastic material is given by 

G = U X. - TS . (A-2) 

i 
The differential dG of the Gibbs function is then 

3 

dG = -SdT 4-y x^dX^ + (A-3) 

i=l 

When the stress is assumed to be zero. Equation A-2 can be expanded in 

powers of polarization, the coefficients being temperature dependent. 

Above the Curie point, BaTiO^ has a cubic structure and thus all the odd 

power terms in the expansion ifill be zero, G can then be written as 

+ g C' + I 
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is the free energy for zero polarization and is usually set equal to 

zero, 

Devonshire (5) considered tetragonal BaTiO^ as a strained cubic 

crystal with small changes from cubic symmetry. Equation A-4 is thus 

assumed to be valid both above and below the Curie point. It is assumed 

in the ferroelectric phase the spontaneous polarization lies along the 

z-axis, and that electric fields are only applied along this direction. 

Then = Py = 0 and Equation A-4 becomes 

G = G o-iaP^ + iyP^ + iSp^ CA-5) 
o 6 

where P indicates the polarization P^ along the z-direction and d , y 

and 3 are new coefficients. 

The electric field E acting on a ferroelectric, in terms of the 

polarisation P, is obtained by differentiating Equation A-5 with respect 

to P, i.e., 

— = E = ap + -y P^ + S P^ (A-6) 
ap ^ 

At temperatures above the Curie point and neglecting saturation 

effects, the electric susceptibility can be derived by differentiating 

Equation A-6 with respect to P and then setting P = 0. 

(A-7) 

Devonshire (5) assumes that CL can be approximated with a linear function 

of temperature and "V and S are considered to be constant. The approxima-

tion for Q is given as 
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a = /? (T - T^) (A-8) 

where is usually near but is not necessarily equal to the Curie 

temperature. From Equation A-7 and A-8, the dielectric stiffness constant 

Kis given as 

K =^= (T . r^) . (A-9) 

A 

This shows that the assumption made in A-8 is necessary to explain the 

Curie-Weiss law observed in BaTiCy above the Curie point. For complete 

agreement with the Curie-lfeiss law,^ in B^uation A-9 must equal ̂ Tf/C 

where C is the Curie constant. 

The equation for free energy can now be written as 

G = ^ (T - T^) + iy + g S P^. (A-10) 

According to Fatuzzo and Merz (26), the coefficientsand S are positive 

for all known ferroelectrics, «y , however, can be either positive or 

negative and the dependence of G on temperature and polarization depends 

very strongly on the sign of'y. In BaTiO^, "y is negative (6) and the 

change from the ferroelectric to the paraelectric state is accorgaanied by 

latent heat and a discontinuity in specific heat. Phase transitions of 

this type are termed first-order. 

The constants , -y and § have been evaluated for BaTiO^ by Fatuzzo 

and Merz (26). The values for each are 

Q) - 7,4 X 10"^ c.g,s, units 

"y = 18 X 10 (T - Tg) c.g,s, units 
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where = 175° C, and 

c\ , -23 
O = 33.4 X 10 c.g.s. units. 

It is noted that thermodynanjic models of ferroelectricity have 

several limitations. This approach gives a purely macroscopic picture 

and does not describe the atomic displacements which accompany the process 

of polarization and the switchiJig of a ferroelectric. In addition, this 

process is valid only for the equilibrium properties and does not apply 

to such conditions as occur during the switching process. Many experimen

tal results relating to ferroelectric materials can be interpreted, 

however, on the basis of a thermodynamic model. 
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APPENDIX B 

Dose Rate Calibration of Irradiation Facility 

Run 
No. 

Irrad. 
Time 
(Sec.) 

Dosimeter 
Optical 
Density 

(Irrad,) 

Dosimeter 
Optical 
Density 

(Unirrad. ) 

Change 
in 

Optical 
Density 

Dose Rate 

4 
10 rad/min. 

1 
2 
3 

15.15 
15.25 
15.20 

Source position setting of 40,15 

0.571 
0.584 
0.582 

0.010 
0.015 
0.015 

0.561 
0.569 
0.567 

6,06 
6.11 
6.11 

Average Dose Rate = 6.09 X 10 rad/min, 

= 3.65 X 10^ rad/hr. 
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APPENDIX C 

Table 2. Irradiation history for crystals 2, 4 and 5 

Irrad, Date Date Total Temp. Dose Received Accuinu-
No. In Out Irrad. (°C) (Rad) lated Dose 

Time (Rad) 
(hrs.) 

7 7 
1 3/11/68 3/11/68 8.21 20 3.00 x 10 3.00 x lo 

8 8 
2 3/12/68 3/14/68 38.90 20 1.42 x 10 1.72 x 10 

8 8 
3 3/15/68 3/18/68 62.90 20 2.30 x 10 4.02 x 10 

4 3/19/68 3/22/68 77.15 20 2.83 x 10® 6.84 x 10® 
8 Q 

5 3/24/68 3/29/68 104.50 20 3.82 x 10 1.066 x 10 

6 3/31/68 4/7/68 147.10 20 5.38 x 10® 1.60 x 10^ 

Table 3. Irradiation history for crystal 8 

Irrad. Date Date Total Tençj. Dose Received Accurau-
No. In Out Irrad. C°C) (Rad) lated Dose 

Time (Rad) 
(hrs. ) 

7 7 
1 3/13/68 3/14/68 15.52 20 5.67 % 10 5.67 % 10 

2 3/15/68 3/16/68 15.38 20 5.62 x 10^ 1.13 x 10® 
8 8 

3 3/19/68 3/22/68 77.15 20 2.82 x 10 3.95 x 10 
8 8 

4 3/24/68 3/29/68 104.50 20 3.82 x 10 7.77 x 10 

8 9 
5 3/31/68 4/7/68 147.10 20 5.38 x 10 1.32 x 10 
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Table 4, Irradiation history for crystals 9 and 12 

Irrad. Date Date Total Terrç». Dose Received Accurau-
No. In Out Irrad. (°C) (Rad) lated Dose 

Tine (Rad) 
(hrs. ) 

1 3/11/68 3/11/68 2.07 20 7.56 x 10* 7.56x10° 

/ *7 
2 3/13/68 3/13/68 2.08 20 7.59 % 10 1.515 % 10 

3 3/16/68 3/16/68 3.64 20 1.33 % 10^ 2.845 x lo"^ 

7 7 
4 3/22/68 3/22/68 8.14 20 2.97 x 10 5.815 x 10 

5 3/27/68 3/28/68 11.15 20 4.07 x 10^ 9.885 x 10^ 
7 8 

6 4/1/68 4/2/68 12.90 20 4.71 x 10 1.46 x 10 

8 8 
7 4/5/68 4/7/68 39.70- 20 1.45 x 10 2.91 x 10 



www.manaraa.com

81 

APPENDIX D 
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Table 5. Hysteresis loop data for crystals Z ,  k ,  S  and 8 

7 8 8 8 9 9 
Dose (rad) 0 3.00 x 10 1.72 x 10 4.02 x 10 6.84 x 10 1.066 x 10 1.60 x 10 

Crystal 2 
Coercive Field (volts/cm) 523 496 466 46l 46? 474 479 
Remanent Polarization g 25.70 25.55 ' 25.6 25.43 24.78 24.24 23.41 

(jLLcoul/cm ) 

Crystal 4 
Coercive Field (volts/cm) 490 483 460 460 455 468 477 
Remanent Polarization ^ 25.61 25.75 25.60 25.42 24.70 24.40 23.61 

(^coul/cm ) 

Crystal 5 
Coercive Field (volts/cia) 564 570 535 540 484 503 496 
Remanent Polarization g 26.60 26.65 26.61 26.38 25.74 25.21 24.15 

( ̂coul/cm ) 
Internal Bias Field 20 33 40 50 12 23 

(volts/cm) 

Crystal 8 7 8 8 8 9 
Dose 0 5.67 X 10 1.13 X 10 3.95 X 10 7.77 X 10 1.32 x 10 

Coercive Field (volts/cm) 486 476 440 429 444 463 
Remanent Polarization g 

(^coul/cm ) 26.20 26.30 26.10 25.82 25.39 24.50 
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Table 6. Hysteresis loop data for crystals 9 and 12 

6 7 7 7 7 8 8 
Dose (rad) 0 7.56 x 10 1.515 x 10 2.845 % 10 5.815 % 10 9.88 x 10 1.46 x 10 2.91 x 10 

Crystal 9 
Coercive 535 509 496 484 48? 486 483 468 
Field 
(volts/era) 
Remanent 5.78 7.31 7.78 7.59 6.76 5.59 4.72 3.74 
Polarization 
(^coul/cn^) 

Crystal 12 
Coercive 472 506 496 494 493 484 484 475 
Field 
(volts/cm) 
Remanent 1.42 4.98 5.06 5.935 5.35 4.33 3.28 2.69 
Polarization 
(jLLcoul/cm^) 
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APPENDIX: E 

Table ?, Cfptical absorbance for crystal 2 as a function of wavelength 
and Co" gamriîa doss 

Wave
length 
(/X) 0.00 

Co Garmia Dose (10^ rad) 

3.00 17.20 40.20 68.40 I06.60 loO.OO 

0.43 0.664 
0.44 0.520 
0.45 0.434 
0.46 0.395 
0.47 0.371 
0.48 0.354 
0.49 0.344 
0.50 0.338 
0.51 0.331 
0.52 0.326 
0.53 0.323 
0.54 0.319 
0.55 0.322 
0,56 0.319 
0.57 0.318 
0.58 0.317 
0.59 0.319 
0.60 0.315 
0.61 0.316 
0.62 0.316 
0.63 0.318 
0.64 0.320 
0.65 0.317 
0.66 0.317 
0.67 0.317 
0.68 0.318 
0.69 0.318 
0.70 0.317 

0.657 0.650 
0.514 0.501 
0.427 0.412 
0.390 0.377 
0.365 0.353 
0.351 0.342 
0.338 0.335 
0.334 0.317 
0.327 0.310 
0.322 0.309 
0.320 0.307 
0.316 0.302 
0.316 0.301 
0.315 0.301 
0.312 0.300 
0.313 0.301 
0.313 0.299 
0.310 0.299 
0.311 0.300 
0.309 0.297 
0.309 0.299 
O.308 0.298 
0.310 0.299 
0.311 0.298 
0.311 0.297 
0.312 0.296 
0.313 0.297 
0.311 ' 0.297 

0.636 0.625 
OM 0.483 
0.401 0.397 
0.369 0.365 
0.349 0.346 
0.335 0.328 
0.325 0.321 
0.311 0.303 
0.303 0.301 
0.300 0.296 
0.298 0.296 
0.294 0.292 
0.295 0.292 
0.296 0.291 
0.296 0.290 
0.295 0.290 
0.293 0.289 
0.295 0.291 
0.294 0.291 
0.293 0.289 
0.293 0.290 
0.291 0.289 
0.292 0.288 
0.293 0.289 
0.292 0.287 
0.292 0.287 
0.291 0.286 
0.290 0.287 

0.635 0.647 
0.494 0.509 
0.409 0.421 
0.373 0.333 
0.353 0.363 
0.336 0.343 
0.331 0.339 
0.317 0.332 
0.311 0.323 
0.309 0.319 
0.307 0.317 
0.301 0.311 
0.300 0.311 
0.301 0.309 
0.300 0.307 
0.298 0.306 
0.298 0.307 
0.299 0.308 
0.29s 0.3C6 
0.297 0.305 
0.298 0.306 
0.297 0.306 
0.297 0.306 
0.295 0.304 
0.296 0.305 
0.295 0.305 
0.296 0.306 
0.295 0.305 
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Table 8. Optical absorbarice for crystal 4 as a function, of wavelength 
and Co°0 gamma dose 

Wave
length 
(fi) 0.00 

Co^^ Gamma Dose (10^ rad) 

3.00 17.20 40.20 68.40 106.60 I60.00 

0.43 0.749 
0.44 0.585 
0.45 0.490 
0.46 0.445 
0.47 0.420 
0.46 0.399 
0.49 0.385 
0.50 0.379 
0.51 0.371 
0.52 0.368 
0.53 0.361 
0.54 0.358 
0.55 0.355 
0.56 0.355 
0.57 0.354 
0.58 0.359 
0.59 0.353 
0.60 0.354 
0.61 0.356 
0.62 0.358 
0.63 0.355 
0.64 0.357 
0.65 0.357 
0.66 0.359 
0.67 0.359 
0.68 0.359 
0.69 0.355 
0.70 0.354 

0.740 0.732 
0.580 0.565 
0.461 0.464 
0.439 0.425 
0.414 0.401 
0.395 0.385 
0.378 0.375 
0.375 0.354 
0.366 0.346 
0.363 0.349 
0.355 0.342 
0.352 0.337 
0.354 0.339 
0.351 0.335 
0.352 0.334 
0.350 0.333 
0.348 0.335 
0.350 0.336 
0.351 0.335 
0.353 0.337 
0.352 0.336 
0.350 0.339 
0.351 0.338 
0.351 0.339 
0.353 0.338 
0.352 0.336 
0.351 0.334 
0.351 0.335 

0.715 0.703 
0.556 0.545 
0.451 0.446 
0.416 0.411 
0.395 0.392 
0.378 0.364 
0.364 0.350 
0.350 0.346 
0.340 0.338 
0.340 0.333 
0.333 0.329 
0,328 0.328 
0.330 0.326 
0.330 0.327 
0.331 0.327 
0.329 0.325 
0.330 0.327 
0.331 0.327 
0.329 0.326 
0.330 0.325 
0.329 0.325 
0.328 0.326 
0.326 0.324 
O.32S ' 0.323 
0.327 0.323 
0.326 0.321 
0.324 0.321 
0.324 0.322 

0.716 0.730 
0.558 0.573 
0.460 0.473 
0.421 0.432 
0.401 0.412 
0.376 0.387 
0.363 0.377 
0.349 0.363 
0.351 0.364 
0.350 0.362 
0.341 0.353 
0.341 0.351 
0.338 0.350 
0.338 0.349 
0.336 0.348 
0.336 0.348 
0.337 0.345 
0.335 0.347 
0.336 0.346 
0.335 0.347 
0.335 0.345 
0.333 0.343 
0.331 0.343 
0.330 0.345 
0.332 0.344 
0.331 0.345 
0.333 0.344 
0.331 0.343 
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Table 9. Optical absorbance for crystal ̂  as a function of wavelength 
and Co°® gamma dose 

Wave
length 
(,LL) 0,00 

Co^*^ Gaffima Dose (10^ rad) 

3.00 17.20 40.20 68.40 IO6.6O I6O.OO 

0.43 0,730 
0.44 0.559 
0.45 0.474 
0,46 0,433 
0,47 0,412 
0.48 0,395 
0,49 0.384 
0,50 0.375 
0.51 0.368 
0,52 0.365 
0.53 0,359 
0,54 0.356 
0,55 0.352 
0.56 0.346 
0,57 0.338 
0.58 0.337 
0.59 0.337 
0,60 0.340 
0,61 0.340 
0.62 0.339 
0.63 0.341 
0,64 0.343 
0,65 0,341-
0,66 0.343 
0.67 0,341 
0.68 0,342 
0.69 0,344 
0.70 0,346 

0.722 0.715 
0.553 0.535 
0.463 0.448 
0.426 0.411 
0.404 0.389 
0.390 0.380 
0.376 0.362 
0.370 0.350 
0.364 0,343 
0.360 0,344 
0.355 0,340 
0.354 0.336 
0.348 0,330 
0.345 0.328 
0.340 0.323 
0.337 0,324 
0.337 0,320 
0.336 0.323 
0.335 0.324 
0.335 0.326 
0.336 0.325 
0.337 0.326 
0.336 0.323 
0,339 0.325 
0.338 0.326 
0.339 0.333 
0.340 0.332 
0.339 0.331 

0.698 0.682 
0.526 0.515 
0.436 0.431 
0.404 0.398 
0,384 0,380 
0,374 0,361 
0,350 0.348 
0.345 0.342 
0.336 0.333 
0.334 0.328 
0,331 0,326 
0.327 0.325 
0,325 0,322 
0,325 0,322 
0.321 0.319 
0.323 0.317 
0,319 0,316 
0,320 0,318 
0.320 0.315 
0,321 0,314 
0,321 0.315 
0.320 0.316 
0.320 0.315 
0.318 0.315 
0.318 0.315 
0.321 0.314 
0.322 0.315 
0.320 0.316 

0.695 0.708 
0.528 0.545 
0.445 0.457 
0.407 0,417 
0.389 0.399 
0,374 0,382 
0,359 0,374 
0,352 0,364 
0,348 0,360 
0,344 0.356 
0.340 0,351 
0,337 0.34a 
0,332 0,344 
0,334 0,342 
0.329 0.336 
0,324 0,334 
0.323 0.336 
0,326 0,337 
0,326 0,337 
0.326 0.33s 
0.324 0.337 
0.328 0.335 
0.326 0.337 
0.326 0.336 
0.323 0.334 
0.325 0.336 
0.326 0.336 
0.327 0.336 
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Table 10. Optical absorbanc© for crystal 8 as a function of wavelength 
and Co°0 gamma dose 

Wave Co^^ Gamma Dose (10^ rad) 
length 

0.00 5.67 11.30 39.50 77.70 132.00 

0A3 0.734 0.705 0.692 0.687 0.693 0.710 
0.44 0.566 0.536 0.517 0.502 0.512 0.520 
0.45 0.476 0.456 0.448 0.435 0.441 0.450 
0.46 0.435 0.418 0.414 0.409 0.414 0.423 
0.47 0.415 0.399 0.392 0.384 0.391 0.401 
0.48 0.396 0.378 0.372 0.367 0.376 0.390 
0.49 0.383 0.362 0.358 0.352 0.357 0.365 
0.50 0.371 0.352 0.345 0.338 0.345 0.353 
0.51 0.366 0.349 0.343 0.333 0.340 0.348 
0.52 0.364 0.347 0.340 0.332 0.334 0.343 
0.53 0.358 0.341 0.334 0.322 0.330 0.339 
0.54 0.355 0.338 0.331 0.325 0.329 0.338 
0.55 0.350 0.335 0.329 0.324 0.326 0.335 
0.56 0.352 0.334 0.329 0.323 0.327 0.334 
0.57 0.352 0.334 0.329 0.324 0.329 0.334 
0.58 0.351 0.337 0.330 0.321 0.328 0.337 
0.59 0.350 0.336 0.331 0.325 0.327 0.334 
0.60 0.348 0.336 0.330 0.323 0.329 0.336 
0.61 0.347 0.335 0.329 0.322 0.328 0.338 
0.62 0.350 0.333 0.329 0.322 0.326 0.336 
0.63 0.349 0.335 0.331 0.324 0.329 0.335 
0.64 0.351 0.337 0.331 0.323 0.325 0.337 
0.65 0.354 0.338 0.332 0.324 0.332 0.338 
0.66 0.355 0.338 0.334 0.325 0.331 0.337 
0.67 0.357 0.339 0.335 0.326 0.333 0.339 
0.68 0.355 0.339 0.333 0.325 0.332 0.340 
0.69 0.352 0.341 0.335 0.324 0.333 0.338 
0.70 0.354 0.337 0.334 0.325 0.333 0.339 
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