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ABSTRACT W 

Lithium ion impurities in potassium chloride form para- 

electric defects which are crystal imperfections having a 

permanent electric dipole moment that can exist in one of 

several equivalent but geometrically different positions. 

The exact form of the defect is not yet known although ex¬ 

perimental and theoretical work indicates the defect can 

tunnel from one equilibrium position to another thus leading 

to transitions between the resultant states. The process of 

stimulating electric dipole transitions between the energy 

levels is known as paraelectric resonance. Paraelectric 

resonance is the electrical analog to paramagnetic resonance. 

A microwave spectrometer with related equipment capable 

of observing paraelectric resonance has been designed and 

built and is described herein. 

Paraelectric resonance was observed at 29.1 GHz and at 

1.3° K in KCl:Li+ samples for eight different electric field 

orientations. Transitions were observed for the following 

values of electric field. 

e // [100] 6.0 ± .5 KV/cm, 17.5 + 1.5 KV/cm 

e // [1210] 5.2 ± .4 II 16.0 + 1.0 II 

e // [610] 6.5 ± .5 II 19.0 + 1.5 II 



e // [H3] 9.7 ± .4 KV/cm 

e // [112] 7.8 ± .5 

e // [HI] 9.1 ± .9 II 

£ // [221] 8.0 ± .5 II 

e // [110] 7.8 ± .9 91 

Data was also obtained on the transition line widths and power 

saturation. Observations were made on KC1 samples which had 

been melt doped with lithium and on samples which had been 

doped by diffusion. 

The transitions observed are not in good agreement with 

the simple tunneling models which neglect internal strains. 

More than the predicted number of lines appear for certain 

orientations of the electric field and fewer than the pre¬ 

dicted number of lines appear for other orientations. 
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OBJECTIVES 

The objectives of this thesis are as follows: 

1. To become familiar with the phenomenon known as para- 

electric resonance. 

2. To design and build a microwave spectrometer with all 

related equipment capable of allowing observation of para- 

electric resonance. 

3. To obtain KC1 samples exhibiting paraelectric reso¬ 

nance and to take data for a number of sample orientations. 

4. To provide a base by completion of the above from 

which a study of paraelastic resonance can be undertaken. 



I. INTRODUCTION 

Paraelectric resonance is defined as the process of stim¬ 

ulating electric dipole transitions between energy levels of 

a paraelectric defect. A paraelectric defect is a crystal 

imperfection having a permanent electric dipole moment which 

can exist in one of several equivalent but geometrically 

different positions. These positions correspond to potential 

energy minima which arise from electrostatic interactions 

between the defect and the ions of the host crystal lattice. 

Because of the symmetry of the crystal, the positions of the 

potential wells are related by the point operations char¬ 

acteristic of the crystal point group. In each potential 

well, the defect can be in a state similar to that produced 

by a three dimensional harmonic oscillator. Between each of 

the potential wells is an energy saddle point known as the 

energy barrier. If this energy barrier is of finite height, 

the polar imperfection can tunnel from one well to another 

even though it cannot surmount the barrier. The tunneling 

mixes the states associated with each individual potential 

well thus producing a splitting of the degenerate states and 

allowing transitions between the mixed states. A further 

splitting can be produced by applying a static electric field 

to the crystal. With the energy levels of the imperfection 

now split by tunneling and by the Stark effect, a microwave 

electric field can induce transitions between the different 



2. 
energy levels. This is the type of spectroscopy known as 

paraelectric resonance. 

Paraelectric resonance can be considered the electrical 

analog to paramagnetic resonance as can be seen by substi¬ 

tuting the word electric for magnetic in the following sen¬ 

tence . 

In paramagnetic resonance, the states of a 
paramagnetic defect having a permanent magnetic 
dipole are split by a static magnetic field and 
transitions between the split energy levels are 
induced by a microwave magnetic field. 

Another similarity is that in both paraelectric and paramag¬ 

netic resonance the frequency at which one wishes to observe 

resonance is chosen and the spectrometer and other experi¬ 

mental apparatus built. Then the energy level splitting is 

varied by scanning the electric or magnetic field, as the 

case may be, until the splitting is equal to the hv micro- 

wave energy, at which point resonance will be observed. How¬ 

ever, there are several important differences between para¬ 

electric and paramagnetic resonance. Paramagnetic resonance 

can be described classically and quantum mechanically from 

the relation of the magnetic dipole moment of the imperfection 

to its angular momentum whereas this relation does not exist 

for a paraelectric defect. It is this relation which produces 

the energy levels and the transitions between them for para¬ 

magnetic resonance. It is the tunneling which a paraelectric 

defect undergoes that produces the discrete nondegenerate 

energy states and allows transitions between the states, and 
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this can be explained only quantum mechanically. 

All observations of paraelectric resonance have been made 

in alkali halides. Two types of paraelectric imperfections 

are found in these crystals. One type is the polyatomic 

molecule such as OH , CN , or NO2 which occupy anion vacan¬ 

cies in the host lattice, and the other type is the single 

, *|* “}* , ,• , 
ion such as Li or Na occupying a cation vacancy. It is 

readily apparent that the polyatomic defects have permanent 

electric dipoles and will retain them in the host lattice. 

However, the Li+ ion, for instance, does not have a permanent 

electric dipole in free space but will have in the host crys¬ 

tal if it occupies a position somewhat off center from a 

vacant alkali lattice site. This requires the impurity ion 

to be smaller than the alkali ion which is absent. The elec¬ 

tric dipole of either type of imperfection will orient along 

one of the equivalent potential minima. 

Crystals exhibiting paraelectric resonance as defined 

above may be called paraelectrics. However, this term is 

also applied to ferroelectric crystals which are at a high 

enough temperature to thermally disorder the interacting 

permanent electric dipoles. These two types of crystals 

are different and should not be confused. Ferroelectric 

crystals have an inherent electric dipole derived from their 

composition which is purely stoichiometric. Above a trans¬ 

ition temperature they become "paraelectrics" in analogy to 

ferromagnetic-paramagnetic crystals. However, as considered 
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here, paraelectrics refers to those crystals which depend 

upon defects in the host lattice for an electric dipole and, 

hence, paraelectric resonance. 

Historical Background 

Paraelectric resonance is a new field of spectroscopy. 

All observations of this phenomena have been made in only 

the last several years. However, considerable work, both 

experimentally and theoretically, has been done by a number 

of investigators, and although indications are that experi¬ 

mental observations can be explained by the theoretical models 

of six <100> oriented dipoles for the polyatomic dipoles or 

eight <111> oriented dipoles for the single atom defects, 

no one has yet observed sufficiently detailed resonance struc¬ 

ture to exactly designate the model. 

The first indication of a new defect in an alkali halide 

occurred in 1961 when Klein'*' found the thermal conductivity 

of supposedly pure NaCl from several different sources to 

vary considerably at low temperatures. The effect was quan¬ 

titatively related to the presence of an ultraviolet absorp- 
O 

tion band at 1850 A known to be caused by an oxygen contain¬ 

ing anionic impurity—namely either OH , CO^ , or 0^ • A few 

2 
months later, Brugger and Mason observed an increase in sound 

attenuation in the same crystals which showed the thermal 

conductivity decrease. The explanation of these observations 

was that the impurities were strong low temperature phonon 
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3 
scattering centers which had to involve internal inodes. Pohl , 

in 1962, also found thermal conductivity variation, in this 

case, due to NC>2 in KC1. 
4 

In 1962, independently of the above, Kanzig demonstrated 

with mechanical stresses and electron paramagnetic resonance 

that O2 could be substituted for the halide ion in alkali 

halides. He showed that the 0^ could orient its internuclear 

axis along one of six equilibrium positions in the unstressed 

crystal and that the degenerate energy states became split 

upon stressing. 

These observations stimulated others to also explore this 

5 
new type of defect. Kuhn and Luty , 1964, studied the ultra¬ 

violet absorption of KC1 doped with OH as a function of elec¬ 

tric field, temperature, and crystal orientation. The results 

were explained with a model in which the OH dipole axis could 

be oriented along any one of six <100> crystal axes. Kanzig, 
g 

Hart, and Roberts , 1964, by dielectric constant measurements, 

showed the paraelectric property of KC1:0H and the 6 <100> 

dipole model. Both of these groups working independently 

observed at almost the same time paraelectric cooling of the 

KC1:0H system in an experiment exactly analogus to paramag¬ 

netic cooling. 

At this point, the investigators divided themselves into 

two distinct groups—those observing polyatomic defects and 

those observing single ionic defects. 

The hydroxyl ion was the favorite molecular defect although 
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_ .7 
CN and C>2 were not neglected. Paraelectric cooling , para- 

89 • • 10 
elastic cooling , infrared , and dielectric susceptability 

measurements were instrumental in revealing the properties 

of the defect. The theoreticians then came into their own 

devising models which would properly explain the experimental 

results. The theoretical groundwork had been laid in 1936 

by Devonshire^ who calculated the energy levels for a linear 

molecule trapped in a lattice with octahedral symmetry. Start- 

12 
ing from this work, several groups published papers at al¬ 

most the same time in 1966. All represented the OH dipole 

replacing a halide ion and oriented along the six <100> direc¬ 

tions in the host alkali halide (usually KC1) lattice. They 

called for a manifold of three ground states which could be 

further split by an external electric or stress field. They 

also gave selection rules for paraelectric transitions between 

the states. More recently, work has been done calculating 

13 
the relaxation of the dipole defects and the effects of 

14 
strains on the paraelectric resonance line widths. 

However, even while the theoretical papers were being 

prepared, several groups were actively trying to observe para¬ 

electric resonance as had been first suggested by Kuhn and 

15 Luty. And, in the latter part of 1965 and first part of 

1966, paraelectric resonance of KCl:OH was observed.^ 

But still the field was not exhausted, because even though 

the 6 <100> dipole model appeared to satisfy the observed 

properties of the defect, there were nagging contradictions 
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between the resonance spectra and the theory. The most im¬ 

portant of these concerned the type of dipole tunneling be- 

17 tween orientations. There has also been doubt cast upon 

whether OH has actually been producing the observed para- 

18 
electric resonance spectra or perhaps something else. The 

answers to these questions remain unknown. 

The interest in single ionic defects began as an offshoot 

19 
of a study on molecular defects. In 1965, Sack and Moriarty 

were studying low temperature dielectric phenomena of alkali 

halides doped with CN and NO2 , when they noticed that Li+ 

doping in KC1 and KBr produced similar results which could 

be explained if the Li+ was not symmetrically located in the 

+ 20 K vacancy. Lombardo and Pohl then observed an electro¬ 

caloric effect in KC1 doped with LiCl which implied a tun¬ 

neling between different orientations as had already been 

6 15 observed with the hydroxyl defect. ' Others then began 

. 21 22 studying the dielectric susceptibility, infrared spectra, 

23 24 thermal conductivity, and specific heat of Li doped al¬ 

kali halides, principally KCl and KBr. 

A theoretical model for the Li+ ion in an alkali halide 

was put forward along with predictions for spectra before 

the paraelectric resonance was ever observed. Matthew, 1965, 

first presented simple calculations to show the Li+ would 

25 be stable off center from the cation vacancy. Dienes, 

26 27 Hatcher, Smoluchowski, and Wilson and Quigley and Das 

then calculated the Li+ to have its lowest energy minima 
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when displaced in the <111> directions and higher minima in 

2 8 <100> directions. Gomez, Bowen and Krumhansl presented the 

8 <111> dipole model which predicted a ground manifold of 

four equally spaced states which could be split by an exter¬ 

nal electric field with transitions occurring between the 

states. 

The theory of the Li"*" being displaced in the <111> direc¬ 

tions was proven very convincingly by ultrasonic velocity 

29 measurements done by Byer and Sack. 

Paraelectric resonance of the Li+ defect has not been 

30 reported in detail as of yet. Unpublished thesis by Hocherl 

31 and Blumenstock show spectra very similar to some observed 

for OH . They do report a definite dependence of signal upon 

. + . 32 Li concentration. In addition, Herendeen has reported 

very briefly on Li+ isotope effects in KCl:Li+. 

In conclusion, it can be seen that although considerable 

work has already been done in this field, still more needs 

to be done. Such is the purpose of this thesis. 
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II. THEORY 

Consider, for a moment, a crystal of KC1. Its structure 

is that of the well-known NaCl: two interlocking face cen¬ 

tered cubic lattices of potassium and chlorine; or it may 

also be thought of more easily as a simple cubic lattice 

with alternating potassium and chlorine ions. Now, in this 

Gedanken Experiment, remove one of the K+ ions. The vacancy 
O 

which is left is approximately 2.92 A in diameter and so a 

+ ° 
Li ion with a diameter of about 1.64 A could be fitted in 

with room to spare. At first thought, one might expect the 

Li+ ion to occupy the exact center of the vacancy where the 

electrostatic attractive forces of the six nearest neighbor 

Cl ions would exactly cancel, but this would be an unstable 

equilibrium point. Hence, the Li+ ion would be expected to 

lie in an off-center potential energy minimum somewhere in 

the cavity left by the K+ ion. And as already mentioned, 

calculations involving electrostatic, polarization, dipole- 

dipole interaction, and repulsive energies have been done 

which show the Li+ ion to have its lowest energy minimum in 

n i 11 J• • • 25, 26, 27 a [111] direction. 

+ + Now consider the effect of replacing a K ion with a Li 

ion in an off-center [111] position. The K+ vacancy has an 

effective negative charge centered at the on-site position 

4. 
while the Li ion contributes an off-center positive charge. 

The net result is an electric dipole with its vector directed 
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toward the Li+ ion and a magnitude of one electronic charge 

times the Li+ displacement distance; hence, the name, the 

8 <111> dipole model. Of course, this is only a very simple 

approximation which, among other things, does not consider the 

perturbation of the basic crystal structure caused by the 

difference m size of the K ion and the Li ion. 

It must be realized that inside the solid the many ions 

are not stationary even though thermal equilibrium may exist. 

For instance, the ions vibrate about their equilibrium posi¬ 

tion and even jump from one site to another. The Li+ ion 

may move from one potential minimum to another about the oc¬ 

cupied K+ vacancy or it may move to a minimum of another set 

about a different K+ vacancy site. However, the consider¬ 

ations involved for paraelectric resonance assume that the 

time involved for the Li+ ion to make a transition from one 

potential energy minimum to another is so long that the Li+ 

ion "sees" a set of stationary potential wells separated by 

potential barriers. As a zeroth approximation, the barriers 

may be considered of infinite height and the Li+ ion would 

be described by the solutions of the harmonic oscillator for 

each minimum separately. But then the Li+ ion would be locked 

in one minimum and could not give characteristics such as are 

observed. However, if the barriers are less than infinite 

in height, then the wave functions of each separate minimum 

may overlap, and a tunneling approximation is in effect. The 

separate wave functions are then no longer orthogonal and the 
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system may be better described as a linear combination of the 

separate functions. This is very similar to the formation of 

a molecular orbital by a linear combination of atomic orbitals 

The limiting case of the tunneling approximation is used 

here in that the overlap is small, but not negligible because 

it is this overlap and mixing of states which gives a zero 

field split ground state and transitions between states. 

In the following will be discussed the bistable dipole 

model and the 8 <111> dipole model. The bistable dipole model 

or the dual harmonic oscillator potential model, is not ap¬ 

plicable to any known physical system but does clearly and 

correctly introduce the concepts of tunneling, energy level 

variation with field, transition intensities, line widths, 

and relaxation which will be used in the more complicated 

8 <111> dipole model. The 8 <111> dipole model is discussed 

rather that the 6 <100> model or some other because the theo¬ 

retical work backed by the experimental findings of Byer and 

29 Sack indicate this to be correct model for KClrLi. 

The description of these two models has been done pre- 

17 viously: the bistable dipole by Estle, and the 8 <111> 

2 8 dipole model by Gomez, Bowen, and Krumhansl. Discussion 

is included here to aid in understanding the paraelectric 

defect and the experimental results and for completeness. 
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The Bistable Dipole Model 

The bistable dipole model describes a system having a 

dipole with two potential minima in which it can be found. 

The special case to be considered here is a dipole formed by 

a massless negative charge fixed at the origin and a parti¬ 

cle of mass m with a positive charge residing in one of the 

minima. The minima are assumed to be the potential wells of 

simple harmonic oscillators, and the dipole is assumed to 

occupy only the lowest energy state. 

Figure la shows the zeroth approximation in which the 

potential wells are separated by a barrier of infinite height. 

The potential in the dipole Hamiltonian is 

12 2 
V1 = 2 mt0 <3-z<>> for z 

(1) 
12 2 

V2 = 2 m<Jj (Z+V for Z 

depending on whether the positive particle is in well(T)or 

(5} There exist two complete orthogonal sets of wave func¬ 

tions with the lowest energy states having the forms 

*>,= 

<k = 
(2) 

The infinite barriers do not allow the dipole to undergo 

transitions so this approximation will not be considered 

further. 
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a. Barrier of infinite height 

V 

b. Barrier of finite height 

Fig. 1 The two potential wells of the bistable dipole model 

separated by an energy barrier. 
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Tunnel Splitting 

The next approximation reduces the barrier height between 

minima as illustrated in Fig. lb. The barrier is still high 

enough to prevent the positive particle from going over, but 

its noninfinite value removes the orthogonality of the sets 

of wave functions <}>^ and Thus, the states are mixed and 

the quantum mechanical concept of tunneling enters. 

With the tunneling approximation, the model potential 

becomes 

12 2 
V1 = 2 mui (z-V ^or z > 0 

(3) 
12 2 

V2 = 2 (z+z0) for z < 0 

This approximation assumes only a small overlap of the wave 

functions, and hence the lowest states of the mixed 

system may be expressed as linear combinations of the lowest 

states of the independent systems. 

^1^*1 ^2^2 

The Schrodinger equation can be solved 

HiJ) = 

[ H11 ' E11 H12 " E12 
\H21 " E21 H22 “ E22 

where 
oa 

En = F f <t>, 4>, dz - E 
- ©O 

£a = £ J 
Js = £ 

-<o 

0 

(4) 

(5) 
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£ it ES 

G 
mu> -t * 

and where 

tin = ( <J) H<t>, Je 
-oO 

H„ = i loo 

Ha = Ha = Sjh " & 
The energy eigenvalues can be found from eq. (5) by solving 

the determinant 

H11 - E 

H21 - ES 

H 12 

H 22 

ES 

E 
0 

C r(Hn + Ha) - t \I[(M„-hL*)-S(Hu-H*,)]2 + 4(SHn-H,*.)(sH^-H3,) (6) 

* Z(l-Sz) 

Since overlap is assumed small 

may be neglected in comparison 

(6) are calculated 

oO 

= j <j>, (T + V,) (j>, Js 
-oO 

the quantity S in eq. (6) 

to 1. The quantities in eq. 

o 

(T+V,) \ <£, (T+\0<j>,j2- 

r° 
cf>, ( )£- V, )($) Jz 

••oO 
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tnw , z 
~ ~T~ 

Mil - H - j ft60f Wiu>7T •■•••J - Hzz 

— Z ^ /O fha "f rt’ii' order 

®° oo ^ 

H* = W*' = = Jjft(T+i4)<£xela + j 

— z % to S ~ Pi co Za ( ^ ^ ) S /n ovJec, 

This allows eq. (6) to be simplified to 

• E± " H11 + H12 (7) 

and eq. (7) may be substituted into eq. (5) to give the nor¬ 

malized wave functions 

*± = ^5"- with ener9y E+ (8) 

Now, if the choice of energy zero is changed such that 

H11 “ H22 “ then 

H12 = H21 = " 4 where 4 S h“2o(s) S (9) 

Theoretical calculation of A from first principles would be 

very difficult in reality and perhaps impossible if the ex¬ 

act nature of the system were not known. Thus, A is consid¬ 

ered a parameter to be determined experimentally. As can 

be seen from eqs. (7) and (8), 2 A is the energy splitting 

of the ground states due to overlap or tunneling. 

Electric Field Splitting 

The states may be further split by the application of 

an electric field. Consider applying an electric field in 
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the +z direction in Fig. lb. Potential well(l) will be ef¬ 

fectively deepened and well (g)will become more shallow by 

an amount -y*e. The electric dipole moment y is a constant 

of proportionality coupling the imperfection to the applied 

electric field. It will be considered an experimental para¬ 

meter in the same sense as A. The problem may be solved in 

the usual manner: 

Hip = Eifi 

-ye 

-A 

-A 

+y e 

E 
+ ± (y e) ^ + A^ (10) 

(11) 

In this calculation, the overlap is considered small and 

factors of S in the energy and wave function normalization 

have been neglected as can be done in eqs. (7) and (8) above. 

Consider now the wave function describing the system in 

the limits of low and high fields. When e o, eq. (11) is 

seen to reduce to 

ifi± - (<f>l + ‘f’2) with E+ = ±A 

which is just eq. (8) as expected. When ye >> A, 

*+ = 
A 

*1 - (f>2 with E+ = ye 2y e 

lf>_ = <f> i + 
A 

2y e 
<j) 2 with E_ = -ye 
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and this, too, is as expected. 

Equation (10) may be plotted as in Fig. 2 to show the split¬ 

ting of the energy levels with electric field. 
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10 

8 

6 

4 

2 

0 

E 
A 

-2 

-4 

-6 

-8 

-10 

-12 

Fig. 2 The splitting of the energy levels of the bistable 

dipole model as a function of electric field. 
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Transitions 

Transitions may be induced between the energy levels by 

an oscillating electric field parallel to the static elec¬ 

tric field. The intensity of such a transition is proportion¬ 

al to the square of the matrix element between the states. 

1 “ | < I y£ac I *_ > 2 

The electric dipole moment is here considered to be an op¬ 

(12) 

erator whose diagonal matrix elements have the classical 

values and whose off diagonal elements are zero because of 

the assumption of small overlap. 

< <j)1 | y | <J). = +y 

< <J>. <J»2 > = -y 

< | y | <J>- = o 

Thus, the intensity of the transition is found to be 

2 2 A2 
1 “ 1 eac 222 

ye + A 
(13) 

It may be noted the transition is most intense at zero static 

electric field and decreases in intensity as e increases. 

In order that a transition occur at all, the oscillating 

electric field e must meet the condition ac 

hv = 2 /y^e2 + A2 (14) 

This is plotted in Fig. 3 and shows the threshold frequency 

corresponding to zero field. 
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• i I 1 j | | ! I o 
0 2 4 6 8 10 12 14 

MC/A 
Fig. 3 The value of the electric field at which resonance 

occurs as a function of the frequency of the oscil¬ 
lating electric field for the bistable dipole model. 
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Line Width 

Experimental observations of paraelectric resonances 

clearly show line broadening effects. If the line broaden¬ 

ing is assumed to be caused by random internal strains and 

electric fields in the crystals, then this bistable dipole 

model offers an explanation. Consider the following modi¬ 

fication to the above model. Let the two potential wells be 

located in the xz plane as illustrated by the dipole positions 

in Fig. 4. Let the dipoles respond to stress in addition 

to electric field as previously. An elastic dipole moment 

X is introduced as a parameter analogously to the electric 

dipole moment y. The elastic dipole moment relates the di¬ 

pole energy to the second rank tensor stress field and, thus, 

is a second rank tensor itself. The tensor X is symmetric 

and has six independent components for the general case, but 

only the X component causes an energy level shift for this 

particular model since the bistable dipole lies entirely in 

the xz plane. The problem to solve here is 

ext int 
lie - ye X S xz xz A 

A 

= E (15) 

is the z component of the externally applied 

electric field 

where e z 
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Fig. 4 The dipoles and coordinate axes of the bistable 
dipole model used to illustrate the response to 
stress as well as electric field. 
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„int 
xz 

j pj. 
: is the z component of the random internal elec¬ 

tric field, and 

is the tensor component of the random internal 

stress acting in the +z direction on a unit sur¬ 

face whose normal is in the x direction. 

The eigenvalues are 

ov4- -J r»4- n v-'i 4- O O 

(16) 
, . , [~, ext , int , , 
'+ = ± V (y+ ye_ + A 

smt) 2 + a2 
xz xz z z 

Paraelectric resonance will be observed when the frequen¬ 

cy of the electromagnetic (microwave) radiation meets the 

condition 

\f(P hv = 2 
ext , mt , . 0intx 2 , .2 

is + ye + A S ) + A z z xz xz (17) 

or, this may be rewritten as 

i , ext int , A 0int, 
I “<e2 + 

e2 + -52. 
Sxz > - 

2 .2 _ res 
- A = yez (18) 

2TGS 
where ez is the z component of the pure electric field at 

the dipole necessary for resonance. From this comes eq. (19) 

which is an expression of the externally applied electric 

field at which resonance is observed, 

ext res mt A .int 
e - e - xz S z z   xz (19) 

The internal stress and electric fields are random and have 

a distribution of values over the different dipoles in the 

crystal, hence the resonance will be observed over a distri¬ 

bution of applied electric fields, and this is the broaden¬ 

ing observed. 
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Relaxation and Power Saturation 

The dipoles throughout the crystal can be in either the 

if>_ or the state in accordance with the Boltzman distri¬ 

bution. If the thermal equilibrium distribution has been 

disturbed by dipoles absorbing energy from electromagnetic 

radiation, then the system will tend to return to equilibrium 

when dipoles in the state "relax" to the ip_ state. Rate 

equations describing the redistribution of dipoles between 

the two energy levels can be solved to give 

where W 

V 

n 

n 
ss 

n n 
ss 1 + V 

W 

(20) 

is the transition probability per unit time due 

to whatever interactions with the lattice that 

would allow dipoles to relax; 

is the transition probability per unit time due 

to the electromagnetic radiation which disturbs 

the equilibrium condition; 

is the population difference between the two levels 

when in thermal equilibrium; 

is the steady state population difference between 

the two levels. 

The rate of energy absorption, P ^ , from the electro¬ 

magnetic radiation depends only on the steady state excess 

number of dipoles in the lower energy level 

P , = n Vhv = 
abs ss 

n Vhv o (21) 
1 + V 

W 
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2 
From time dependent perturbation theory, V « e , and since a.c 

o 
e « P , where P is the power of the incident electro- ac em' em v 

magnetic radiation, eq. (21) may be rewritten 

P 
abs 

cc 
P 
em 

P 
em (22) 

1 + V 1 + C P 
W 

em 
W 

where C appears as a proportionality constant between Pem 

and W. This shows that power saturation effects will be 

observed if the mechanism allowing relaxation of the dipole 

is anything less than infinitely rapid. 

Consideration of possible relaxation mechanisms suggests 

coupling of the dipole elastic moment to the stress field of 

lattice phonons and the electric moment to the electric field 

produced by the gradient of the phonon strain. The dipole 

may relax by a single phonon process or by multiphonon pro¬ 

cesses. The single phonon process is dominant at low tem¬ 

peratures simply because fewer phonons are present in the 

host crystal. Only the single phonon process will be con¬ 

sidered. 

The elastic dipole relaxation rate can be calculated as 

follows. The Hamiltonian for the dipole undergoing relax¬ 

ation is 

H (23) 

where X.. is the ij— component of the elastic dipole moment 

introduced previously; and 
| | 

is the ij— component of the lattice phonon stress 

tensor. 
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The phonon stress tensor can be related to the phonon strain 

through Hooke1s Law: 

P. . = EE C. . 
ID mn ljmn mn 

(24) 

th where C.. is the ijmn— of the 4th rank tensorial elastic i;jmn J 

constant and is determined entirely by the host 

lattice independently of the paraelectric imper¬ 

fection; and 

th e^ is the mn— component of the phonon strain tensor. 

The strain tensor is defined to be 

mn 
1 /au . 3u \ 

= Mir 51 
(25) 

where is the displacement in the mth direction. The dis¬ 

placement of the lattice ions from their equilibrium position 

is the manifestation of the phonon as it passes through the 

crystal. The phonon strain may be quantized by writing the 

displacement in terms of phonon creation and annihilation 

operators. 

u=Z\[ fy X,©| 
Ke‘ 

f J (26) 

where M is the mass of the ion being displaced; 

N is the number of ions in the crystal; 

o)^ (ic) is the frequency of the phonon with the wavevec- 

tor it, and polarization 1; 

ag^ is the operator corresponding to the annihilation 

of phonons; and 

a+ is the operator corresponding to the creation of 
icl 
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phonons. 

With these substitutions, eq. (23) may now be rewritten 

‘‘/ii J k 
m,n 

This Hamiltonian used with Fermi's Golden Rule from time 

dependent perturbation theory gives an expression for the 

elastic dipole relaxation rate, W 

)?if -atne 
M ) (27) 

We,^=xj2 f■suMlH'il'jSl (28) 

p^^(E) is the density of energy states for phonons with a 

1— polarization, 

_ 2 
P ('F) = It) 66V (£)] 
^ ^ vx(k) 

and v^(k) is the velocity of propagation of the phonon. This 

form of p(E) assumes a Debye crystal which is reasonable if 

the phonon energy is not too large. is the matrix element 

of eq. (27) with the initial and final states. 

Hf- ~ j n •) j  > 

z 
o< 

^ 14 nnn \ 

m, n 

1 Ylk„ + / 

1 *n fern K. | j y 

(29) 
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Thus the transition probability per unit time due to elastic 

dipole relaxation is 

J jg V uJn(k) 

Z 

d_n. 

\de\ai\ — (^TTU RiJmn ^ Vi ^ ^ 
hi) 
m}f) 

3 JS^AT 

^eiast “ ttu)jkT j Z^. ^ 
C -I £,4, 3 

jr>,n 

where R.. is a complicated form of C.. together with a ljmn ljmn 

grouping of physical constants which were obtained in com¬ 

bining eqs. (28) and (29). 

Up to this point, the development has been general and 

valid for models more complex than the bistable dipole. For 

the bistable dipole in the high temperature limit, eq. (30) 

becomes 

Wei~t = (31) 

The matrix element of 

of p in eqs. (12-13) 

l z 
— X*2 

A is analogous to the matrix element 
X z 

and can be written as 

2.2 . * 
/A £ + A 

z 

(too) z 
z 

X J<£ 
(32) 
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Therefore, 

W+, . = 16 kTA2 A2R elast xz xzxz (33) 

The relaxation rate is thus seen to be proportional to tem¬ 

perature, the size of the elastic dipole moment, and the 

magnitude of the tunnel splitting. 

The other relaxation mechanism is due to the coupling 

of the electric dipole moment to the electric field of the 

phonon strain. In order for the dipole to experience a suf¬ 

ficiently large electric field, the phonon must have a wave¬ 

length approximating the ionic spacings, but at low temper¬ 

atures few phonons of this energy exist in the crystal. Hence, 

at lower temperatures elastic dipole relaxation would be 

dominant and at higher temperatures electric dipole relaxa¬ 

tion and multiphonon processes would dominate. The deter¬ 

mination of electric dipole relaxation rate is similar to the 

above calculation. The Hamiltonian is 

H = Z p . e . 
i 

e. = ZZZ D. . 3 e l . limn -r-r- mn imn J 31 

(23a) 

(24a) 

th where D^jmn is the ijmn— component of a 4th rank tensor re¬ 

lating the electric field to the gradient of the strain ten¬ 

sor. Equations (25) and (26) are valid as written and when 

used with eq. (23a) give 

W = i Zi()(a$/k
- a'|e‘

k') (27a) 

m, n 
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The net result is that the square of the matrix element 

3 
now has an o term instead of only to. The transition prob¬ 

ability per unit time due to electric dipole relaxation be¬ 

comes 

VL elect i _ £-Wfer I ^4 \/A^ I ^ > 
(30a) 

When specialized to the bistable dipole, this becomes 

V^~ = ^I ^ ^ Ua I U>- > | (31a) 

= 4 kT/A/ Az (iico)Z 

(33a) 

From this, it is apparent that the electric dipole relaxa¬ 

tion increases as the static electric field squared unlike 

the elastic dipole relaxation. 

The total relaxation rate W is the sum of eqs. (30) and 

(30a) or, in the bistable dipole case, eqs. (33) and (33a). 

W = 16 kTA2[R X2 + Q u2(u2e2 + A2)] 
xzxz xz “zzMz Mz z 11 (34) 
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This can now be substituted in eq. (22) and the effect of 

relaxation will be observed in the form of power saturation 

of the paraelectric transition. Saturation will occur at 

lower powers as the temperature or static electric field 

strength is decreased. Experimental observation o' the sat¬ 

uration will give an indication of the size of t. e. product 

of the zero field splitting and the elastic and electric di¬ 

pole moments. However, this method alone will not give in¬ 

formation about the sizes of X or u separately. 

The bistable dipole model has been used to illustrate 

some of the characteristics a more physical model of a real 

crystal would possess in more complicated form. Other fea¬ 

tures such as the effects of uniaxial stress and paraelastic 

resonance have not been discussed because they are not of 

primary importance here. 
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The Eight <111> Dipole Model 

The major difference between the 8 <111> dipole model 

and the bistable dipole model is in the number of dipoles. 

The physics is almost identical but the calculations are 

understandably more complex. Rather than two, there are now 

eight potential wells arranged with one on each o the di¬ 

agonals extending from the center to the eight corners of a 

+ 
cube. The dipole thus formed by a Li ion in one of the 

potential wells can be represented by a vector along the 

appropriate [111] direction as in Fig. 5. Eight dipoles are 

shown because in an isolated crystal the Li+ ion can exist 

equally well in any one of the eight wells, and, indeed, 

averaged over the crystal all wells will be populated equally. 

Actually, in the tunneling approximation used here, one 

cannot say the Li+ ion is localized in any one of the poten¬ 

tial wells. The paraelectric entity can better be described 

by a wavefunction made up of a linear combination of the 

eight basic harmonic oscillator-type wavefunctions. The 

basis wavefunctions can be represented by |j> where j ranges 

from 1 to 8 corresponding to the eight dipoles of Fig. 5. 

In the manner of LCAO—MO approach, the total wavefunction 

|rk> may be written 

V = Zav.ij
> 

3 kj J (35) 

There are eight different wavefunctions |r^> and they will 

later be given the A, B, E, and T labels of group theory. 
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| 3> |2 > 

Fig. 5 The dipole positions of the 8 <111> dipole model. 



35 

The Hamiltonian describing the system can be separated 

into two parts; that part dealing with tunneling and that 

part dealing with an applied electric field. 

H = H (T) + H (ef) (36) 

The zero point energy of the system is not of interest here 

and has been suppressed just as was done in the bistable di¬ 

pole case. What is of interest is the splitting of the energy 

levels caused by tunneling and external fields. 

The tunneling Hamiltonian, H(T), can be expressed in matrix 

form using the eight individual dipole functions as a basis. 

The value of the H^^(T) matrix element is a function of over¬ 

lap of the individual i and j th basis functions—compare with 

eq. (9). As before, the value will not be theoretically cal¬ 

culated, but will instead be represented by the parameters 

T71f T109' or T180* T^e s^9n;i-ficance °f the parameter sub¬ 

scripts is that they refer to the angles between the basis 

states dipole directions. As can be seen from Fig. 5, the 

potential wells occur at the eight corners of a cube, thus 

T^^ is termed "cube edge" tunneling, T.^^ as "cube face" tun¬ 

neling, and Tlg0 as "cube diagonal" tunneling. 
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H±j (T) = <i|H(T) i j> = (36a) 

The electric field Hamiltonian, H(ef), can also be ex¬ 

pressed in matrix form. a, 6, and y are the directional 

cosines of the electric field. 

a-B-y 
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The Schrodinger equation can now be used to combine eqs. 

(35) and (36) to obtain the homogeneous set of equations 

£ (H. . - E. S. .) a. . = 0 (37) 
j ' ID k ij 

As done before, the overlap S between different basis wave- 

functions will be considered small. Therefore, S terms will 

not appear in the normalization factors of the wavefunctions 

or in the energy eigenvalues. 

Solution of eq. (37) for energy eigenvalues and eigen¬ 

vectors |rk> involves a set of eight simultaneous equations 

which can best be done numerically by a high spee.. •'■omputer. 

With the eigenvectors determined, the intensity of the para- 

electric resonance transitions between the different energy 

states can be calculated from eq. (38). 

1 “ l<rjlJ4aolVl2 <38) 

The dipole moment operator is assumed to have the same matrix 

elements at the high frequency of e as for the static e. 

Transition intensities can be calculated for any angle be¬ 

tween the oscillating and static electric fields, but since 

the geometry of "e parallel to ~c is the most easily realized 

experimentally, only this will be considered. 

The 8 <111> dipole model can be specialized still further 

by considering the relative magnitudes of the three tunnel¬ 

ing parameters. In a physical sense, one would not expect 

the three parameters to be of equal value because of their 

exponential dependence upon the distance between potential 

wells arising from the overlap term. By this reasoning, it 
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would be expected that > Txso* However, this 

argument assumes the potential wells to be approximately 

spherical in shape which they may or may not be. If the po¬ 

tential wells are instead cigar shaped with the major axis 

along the <111> directions, then the potential barrier at 

the origin may be small thereby resulting in overlap of all 

the basis states and equal values for the three tunneling 

parameters. This uncertainty requires the investigation of 

different ratios of the values of the tunneling parameters 

and comparison to experimental data to determine the correct 

model. 

Special Case of Cube Edge Tunneling 

This is the simplist case and assumes cube edge tunnel¬ 

ing to be so much larger than cube face or cube diagonal tun¬ 

neling that TjLog and T^QQ are approximately zero. The numer¬ 

ical solution of eq. (37) gives the energy level eigenvalues 

as a function of electric field as illustrated in Fig. 6a, 

b, c. The labels A, B, and E attached to the energy levels 

in Fig. 6 are group theoretical designations of the wavefunc¬ 

tions and will be discussed further under Symmetry Consider¬ 

ations . The energy levels in Fig. 6 are described by the 

following relations including electric field and zero field 

splitting. 

e // dOO] 

E 
1A1 2T71 [T71 + 3y e •* 2 " E2B2 (39) 
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E
IE = ■ 

- [T 2 
1 71 + T2^h

 = - E2E (40) 

E1B2 2T - zi?i [T71
2 + ipV]*

2
 = - E2A1 (41) 

e // [HI] 

E1A1 - [ (3T 
,2, 22/1 

71* + y £ ] " E4A1 (42) 

E2A1 = EIE = [T71 + 9y £ ] 2 E3A1 = " E2E (43) 

e // [HO] 

E1A1 = - T 71 - [(2T71)
2 + §y

2e2]* = - E3B1 (44) 

E
IBI = + T71 

- C(2T71)
2 + fu

2e2]^ = - E3A1 (45) 

E2A1 = E1B2 T7I = “ E1A2 = " E2B1 (46) 

The paraelectric transitions between the states are given in 

Fig. 7. 

Figures 6 and 7 show the energy level splitting and trans¬ 

itions for the three simple cube directions. Results could 

also be shown for any other desired direction, but another 

way to present the information concerning the transitions is 

by displaying the angular dependence of the spectra as a func¬ 

tion of electric field at some specific and experimentally 

observable frequency. To do this, the zero field splitting 

of the states must be estimated as can be done from specific 

heat measurements. Then the frequency of the oscillating 

electric field can be expressed in terms of the zero field 

splitting thus determining the field at which resonance will 

occur. 



Fig. 7 The value of the electric field at which resonance 
occurs as a function of the frequency of the oscil¬ 
lating electric field for the 8 <111> dipole model 

■with cube edge tunneling. 
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This is done, again by computer, for a sufficient number of 

field orientations such that an angular dependence scheme is 

21 24 
obtained as illustrated in Fig. 8. Measurements ' have 

shown the zero field splitting to be of the order of 20 to 

24 GHz. The value of 20 GHz was chosen for presentation of 

Fig. 8. The microwave frequency at which measurements were 

to be made was 30 GHz, thus the frequency is one and one- 

half times the zero field splitting. 

In viewing Fig. 8, one sees the prediction of only one 

resonance along each of the three simple cube directions and, 

furthermore, that the field necessary for resonance is in the 

ratio of l:/2i/3 for e // [100], [110], [111] respectively. 

This ratio arises from the cosine of the angle between the 

electric dipole moment and the electric field. More than one 

resonance is predicted for other crystal directions. The 

[112] direction, for example, should exhibit two signals— 

one being at twice the electric field of the other. 

Cube edge tunneling was first thought to give predic¬ 

tions in agreement with experimental observations but, as 

will be discussed in Section IV, there appears to be doubt 

because of some data. 
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e // 40* 30* 20* 10* 0 10* 20‘ 30* 40* 50* 60* 70* 80* 90- 
Fig. 8 Angular dependence of the transitions predicted by 

the 8 <111> dipole model with cube edge tunneling. 
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Special Case of 4/-1/1 Tunneling 

33 This is the special case investigated by Dischler. 

The tunneling parameters have ratios of T^^ / T-^g / T-^QQ 

= 4/-1/1. The reasons for the proposal of this model are 

24 
the observations of Harrison, Peressini, and Pohl , and 

23 Walton. Harrison, Peressini, and Pohl measured the spec¬ 

ific heat anomaly of lithium doped KCl and concluded that 

the lowest energy state was a singlet and next higher state 

was a triplet and the zero field splitting between the two 

states was about 20 - 24 GHz. Walton measured the resonant 

phonon scattering in KCl:Li+ and concluded two states must 

be separated by 39 ± 3 GHz and two other states must be sep¬ 

arated by 66 ± 3 GHz. The significance of the 4/-1/1 ratio 

is now apparent as it gives a model in. which the paraelec- 

tric defect has four zero field energy states with the proper 

degeneracy and splitting to agree with experiment. (See Fig. 

9 at e = 0) They are a singlet, triplet, triplet, and sing¬ 

let in order of increasing energy. In group theoretical 

notation, they are labeled, respectively, A.^, Tiu' 
T2g' 

A2u* ■r^ie zero splitting between the and T^u states 
can be set equal to 20 GHz in agreement with Harrison, Per¬ 

essini, and Pohl and the corresponding splitting between 

and T2g will then be 40 GHz and between T^u and 
A
2U, 67 GHz, 

in agreement with Walton. 

The energy level variations with field and the predicted 

transitions for the three simple cubic directions are shown 
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in Figs. 9 and 10a, b, c. For e // [100] and v = 30 GHz, 

one line is predicted just as in the cube edge tunneling 

case. However, for e // [111], three lines are predicted 

and for e // [110], two lines. The lines are relatively 

close together though and if appreciable line broadening 

due to internal strains is present, the paraelectric res¬ 

onance signal may only appear as one line. Other crystal 

orientations, such as [112], show very many lines not pres¬ 

ent in the simpler cube edge case. 

An angular dependence plot similar to Fig. 8 is not shown 

because it is already evident that the 4/-1/1 ratio model 

does not satisfy the experimental observations of paraelec¬ 

tric resonance even though it is in agreement with the 

experiments discussed above. This does not mean the 4/-1/1 

model is necessarily wrong. Preliminary calculations in¬ 

cluding random internal strains predict lines which are in 

much better agreement with experiment. This will be re- 

34 ported upon later. 



Fig 1Qa **E12 (Ei2 is the zero field splitting) 

The value of the electric field at which resonance occurs as 
a function of the frequency of the oscillating electric field 
for the 8 <111> dipole model with 4/-1/1 tunneling. 



^e12 (E—zero field splitting) Fig. 10b. ±^ 
The value of the electric field at which resonance occurs as 
a function of the frequency of the oscillating electric field 
for the 8 <111> dipole model with 4/-1/1 tunneling. 



The value of the electric field at which resonance occurs as 
a function of the frequency of the oscillating electric field 
for the 8 <111> dipole model with 4/-1/1 tunneling. 
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Symmetry Considerations 

Group theory provides a means of finding the energy lev¬ 

els of the paraelectric entity at zero field and their qual¬ 

itative splitting with non-zero fields without the solution 

of eq. (37). The paraelectric defect has been introduced 

as an electric dipole which can point in one of eight [111] 

directions. This would endow it with symmetry. The 

host crystal, however, has 0^ symmetry in zero field, there¬ 

fore, the true states describing the paraelectric entity 

must transform according to this symmetry group. The proper 

representations of these states can be obtained from the 

character and compatibility tables of such books as Properties 

35 
of the Thirty-Two Point Groups. For 0^ symmetry, the rep¬ 

resentations are A_ , T0 , T, , and A. and can be written 
2u' 2g lu lg 

in terms of the eight basis functions as: 

|A2u(xyz)> = -±[(|1>+|3>+|6>+|8>) - (|2>+|4>+|5>+|7>)] 

J T2g (xy) > = ( 11>+ | 3>+ | 5>+ | 7> ) - (| 2>+| 4>+| 6>+| 8> ) ] 

lT2g(yz)> = 7f[(|1>+12>+|7>+|8>) - (|3>+|4>+|5>+|6>)] 

|T2g(xz)> = (|1>+|4>+|6>+|7>) - (|2>+|3>+|5>+[8>)] 

Tiu(y)> = ?l[( |1>+| |2>+| 5>+| 6>) “ <1 |
3>+| 4>+ | 7>+ | | 8>) ] 

“ 75[( |1>+| |4>+| 5>+| 8>) " <1 1 2> + 1 3>+l 1 6>+l 7>) ] 

Tiu
(z)> = 7f[< |1>+| |2>+| 3>+| 4>) - ( 1 5> + 1 6> + |7>+| 8>) ] 

Alg(r)> = 75[( |l> + |2>+| |3>+ | 4 >) + ( 1 5> + 1 6 >+ 1 7>+ I 8 >) ] 
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It should be noted that these are the states given by 

eq. (35) but obtained here by symmetry considerations and 

previously upon solution of eq. (37). 

The energy levels of the states corresponding to the four 

representations can be found from the tunneling Hamiltonian. 

H. . (T) = <r . |H(T) I r .> (48) 
J 

This is a diagonal matrix (because of the choice of the ba¬ 

sis functions |r^ >) and the eigenvalues are obtained immedi¬ 

ately. 

E
A2U 3T71 3T109 

+ m X180 

ET2g T71 + T109 
T 
180 

E
T1U " T71 + T109 

+ T X180 

EAlg ~ - 3T?1 - 3T J 109 
- T X180 

These zero field energy level values may be compared to 

the special cases of tunneling presented by Figs. 6 and 9 

and are seen to agree as they should. 

The application of an external electric field to the 

crystal changes the symmetry from 0^ to some other as deter¬ 

mined by the field orientation. This change in symmetry 

requires the representations of the states of the defect to 

change so that the new representations will be compatible 

with the new symmetry. Table 1 shows how the states change 

for an applied electric field along three crystal axes. 

These should also be Compared with Figs. 6 and 9. Group 

theory will not give the exact forms of all the wavefunctions 
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Ir.> in terms of the basis functions for non-zero fields. 1 1 

For this, it is necessary to solve eq. (37). 

Group theory will also indicate which transitions between 

states are allowed by symmetry, but will not give the observ¬ 

able intensity. In Properties of the Thirty-Two Point Groups, 

representation multiplication tables which will give the sym¬ 

metry form of the oscillating field Hamiltonian necessary to 

produce transitions between states can be found. The theo¬ 

retical intensity must be calculated from eq. (38). 

Experimental data will be presented in Section IV and 

compared with the predictions of the theoretical models of 

this chapter. 
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III. APPARATUS AND EXPERIMENTAL PROCEDURE 

Paraelectric defects change some of the characteristic 

properties of the pure crystal. These changes are observed 

in the laboratory and the findings then used to prove or 

disprove the theoretical model of the defect. Paraelectric 

resonance produces an additional term in the dielectric 

susceptibility expression of an otherwise pure crystal, and 

this added term provides the means reported upon in the fol¬ 

lowing to study the KCl:Li+ paraelectric defect. The com¬ 

plex susceptibility term xe due to paraelectric resonance 

can be written in its real and imaginary parts and both parts 

are directly related to the transitions discussed in the pre¬ 

vious chapter. 

Detection of Paraelectric Transitions 

A crystal containing paraelectric defects is placed in 

the cavity of a microwave spectrometer in such a way that 

the microwave electric field and an applied static electric 

field are parallel to the desired crystal orientation. The 

frequency of the spectrometer is tuned to the resonant fre¬ 

quency of the loaded cavity and the impedance of the loaded 

cavity is matched to the spectrometer such that there is 

minimum reflectance of power. Then the static electric field 

is slowly varied through the value necessary for resonance. 

The transitions thus induced change the dielectric suscep- 
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tibility of the crystal which changes the impedance of the 

cavity. The cavity is then no longer matched to the spec¬ 

trometer and the resulting reflected microwaves produces the 

signal. 

The change in impedance which produces the signal can be 

understood from the idealized equivalent circuit of the load¬ 

ed cavity shown in Fig. 11. 

R c 
A/WW 

Lo 

Fig. 11 Equivalent circuit for a loaded cavity. 

The impedance of this circuit is 

Z = R + i(uL - ^) (50) 

where R is the pure resistance encountered by surface cur¬ 

rents in the walls of the cavity; 

to is the angular frequency of interest; 

L = L + L is the equivalent inductance of the cavity 

and the sample; and 

. C = C + C is the equivalent capacitance of the cavity 

and the sample. 

The equivalent capacitance C may be rewritten as 

C = Cc + Cs = Co(l-n) + neCD 

= Co(l-n) + nCo (l+4irxe) 

= C0[l+4Trn (x '-ix") 1 
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where CQ is the capacitance of an empty cavity; 

£ = 1 + 4iTxe 
= 1 + 4TT(x,_ix") 

is the complex dielectric constant of the sample 

which can then be expressed in terms of the complex 

susceptibility; and 

Savnpla Vk tome. 

Cfl-vz/T^y \/o lutn e. 

is a filling factor of the sample in the cavity. 

With these substitutions, the impedance can be written 

Z = R + i[a)L - (l+4Trnxe) (51) 
o 

If the product of the filling factor and the susceptibility 

is very small, nxe << ~^r then a binomial series expansion 

of (l+4irnxe) ^ can be made with retention of only the first 

two terms. For the particular case to be reported here, 

-4 -3 10 < n < 10 . Although the value of the susceptibility 

Xe for KCl:Li
+ is not known near resonance, it can probably 

be assumed that it is not larger than xe for water (e - 50, 

Xe - 4) whereas the assumption that (l+47rnxe)= 1 - 4irnxe 

introduces an error less than 1% for x -10 and an error of 
e 

about 3% for x - 20. 
e 

Equation (51) can be rewritten 

' Z = R + ij^L - -i-[l+4Trn(x,-ix")]J 

Introduce the resonant frequency of the cavity with the sample 

away from paraelectric resonance as and the impedance 
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becomes 

z = R + W n y 
a>Co 

+ . f-A? 4 L 40o* c 
—1— 4. JJTJUCL] 
^ Co to C0 i 

The quality factor of the cavity when the sample is not in 

resonance is Q = * BY usin9 this and noting that at 
o o 

resonance ui = OJq, the impedance at resonance may finally be 

written 

Z = R(l+4TrnQ0x") 
+ i 4irnRQ0x' (52) 

Equation (52) shows why the impedance of the loaded cav¬ 

ity changes near resonance because of changes in the suscepti¬ 

bility of the sample. It should be further noted that the 

effects of changes in x' and x" are enhanced by the cavity 

Q. Since x' and x" are separated in phase by Jthe effects 

of dispersion and absorption may be observed separately with 

the proper spectrometer. If rixe had been so large that the 

binomial expansion and approximation of the term in eq. (51) 

could not have been done, then the impedance would be a com¬ 

plicated function of xe/ and absorption and dispersion could 

not be observed separately. 

The reflected microwaves resulting from the changing im¬ 

pedance are incident upon a crystal diode detector which can 

be adjusted to respond in a linear fashion to the microwave 

electric field. The electric field 0 of the reflected micro- r 

waves is related to the electric field 0^ of the microwaves 
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incident upon the cavity by the reflection coefficient R 

= Re. 
c 1 

Z - Z 
(53) 

Z + Z Ei 
o 

where Z is given by eq. (52) and ZQ is the characteristic 

impedance of the spectrometer as seen by the cavity. When 

the cavity is matched to the spectrometer, Z is approximately 

equal to ZQ. Therefore, as paraelectric resonance is approach¬ 

ed and Z changes, it can be seen from eq. (53) that the crys¬ 

tal detector will emit a signal proportional to Aer« 

Ae. 
AZ 
2Z ei 

(54) 

Now, by adjusting the phase, a signal proportional to either 

Ax" or Ax' may be observed. 

The Experimental Apparatus 

Microwave Spectrometer 

The microwave spectrometer was designed to function in 

the frequency range of 26.5 to 40 gigahertz (GHz) which is 

often referred to as either the R, Q, or Ka band. The spec¬ 

trometer is of the homodyne balanced mixer type. A schematic 

is presented in Fig. 12. 

a. Klyston and klystron power supply — Microwaves of 

frequency 28-32 GHz are produced by the Oki Klystron, Model 

30VIT. The maximum power output for sustained operating 

periods is strongly frequency dependent, but is approximately 

200 milliwatts at 30 GHz. The Oki klystron was chosen above 
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other competitors because of its relatively high power out¬ 

put and its wide operating frequency range. The klystron 

is powered by a Weinschel Engineering Universal Klystron 

Power Supply, model Z 815 B (the old FXR model). This very 

versatile power supply provides sufficient power for all of 

the usual laboratory-type klystrons and provides 60 cycle 

sawtooth, sine wave, square wave, or any applied external 

modulation to the klystron output. After an initial warm¬ 

up period, the microwave output has been found sufficiently 

stable that extra stablization circuitry has not been nec¬ 

essary. 

b. Frequency determination — A 20 dB DeMornay Bonardi 

(DMB) cross guide coupler channels 1% of the microwave power 

into a DMB temperature compensated, reflection type, direct 

reading wave meter which produces an absorption dip in the 

klystron output mode which is sensed by a Sylvania IN53B 

crystal diode detector. This determines the frequency to 

within 2.5 MHz or about .01%. 

c. Bias Arm — It is desired to operate the signal de¬ 

tector crystals in their linear region, i.e., so that their 

voltage output will be proportional to the microwave elec¬ 

tric field. This is accomplished by providing a bias power 

of approximately 1 mw for each crystal detector. Ten per¬ 

cent' of the klystron power is directed into the bias arm by 

a 10 dB Oki directional coupler where the proper bias is 

obtained by a DMB flap attenuator. An Oki direct reading 
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precision phase shifter in the bias arm is a very necessary 

part of the spectrometer in that it allows the phase differ¬ 

ence between signal and bias to be chosen for separate ob¬ 

servation of absorption x" and dispersion x'* 

d. Signal Arm — After separation of the bias power, 

the remaining power enters the signal arm where a Hewlett 

Packard (HP) rotary vane, variable, precision attenuator can 

reduce it by a maximum of 50 dB. The signal arm power is 

further and unavoidably reduced by 3 dB by a HP 3 dB direc¬ 

tional coupler. The remaining signal arm power which is now 

between zero and 90 mw proceeds to the cavity after being 

measured by a HP thermistor and HP model 431 C power meter. 

The reflected power from the cavity which is the signal con¬ 

taining information about paraelectric resonance travels back 

the waveguide to the HP 3 dB coupler where half is lost and 

the other half is directed to the balanced mixer detector. 

Cavity and Sample Mounting 

A resonant cavity is used to provide a large microwave 

electric field in which to place the sample. The type of 

cavity is determined by the experimental requirements. It 

was desired to position the sample in the cavity between one 

wall and an electrode such that a static electric field could 

be applied across the sample parallel to the microwave elec¬ 

tric field. It was also advantageous to have a high Q cavity 

because, as already seen, the effects of x' and x" are en¬ 

hanced by the cavity Q. It was also necessary to consider 
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the effect of putting the sample, electrode, and lead in the 

resonant mode structure. It was thought probable that the 

ideal mode structure would be disturbed and perhaps shifted 

so that the sample would not be in the region of most intense 

microwave electric field. A problem also existed in that the 

resonant frequency and impedance of the loaded cavity would 

vary between room temperature and the 1-2° K temperature of 

the experiment. Thus, it was necessary to devise a mechanism 

which would allow the coupling characteristics of the cavity 

to be changed at any time. 

The cavity chosen was a rectangular one with the TE^Q^/ 

mode having a resonant frequency of 30 GHz. The TE^gg mode 

was chosen because of its symmetry about the center of the 

cavity and because of its transverse electric field. Figure 

13a exhibits the mode structure. A TEIQI' TEIO3 or TE305 

mode would also be suitable in this respect, but the TE^Q1 

and TE^gg require much smaller cavity dimensions and have 

lower Q's while the TE^g,. has a higher Q but is crowded with 

other modes. The ratio of the cavity dimensions was deter¬ 

mined from the relation 

^ = ■? \l (iT + (f-T *(J)1 (55! 

where c is the velocity of light; 

1, m, n are the mode numbers, e.g., 303; and 

a, b, d are the cavity dimensions. 
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b. Position of the electrode, sample holder, and HV lead. 

Fig. 13 The TE3Q3 microwave cavity. 
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The actual cavity dimensions are then determined so that 

neighboring modes are sufficiently separated for minimum 

overlap and confusion. 

The dimensions of the cavity used here are given in Fig. 

13a. The nearest modes are the TE222 at 29.2 GHz on the low 

frequency side and TE2p4 at 21 GHz on the high side. The 

resonant frequencies of all modes shift when the cavity is 

loaded, and the cavity Q decreases. At the 1-2° K operat¬ 

ing temperature, the loaded cavity has its TE^Q^ resonant 

frequency in the vicinity of 29.1 GHz with a Q of about 2500. 

No other modes are present within plus or minus one gigahertz. 

Figure 13b illustrates the position of the electrode, 

sample holder, and high voltage lead. In order to least dis¬ 

turb the TE2Q2 mode, the electrode and HV lead are in a plane 

perpendicular to the microwave electric field. The HV lead 

enters the cavity in a region of minimum electric field. 

The HV input insulation and sample holder are of teflon be¬ 

cause of its very low microwave lossiness. 

Optimum coupling of the microwave power into the cavity 

is accomplished by a device similar to that described by 

3 6 Blackstead. The waveguide just before the cavity is re¬ 

duced in width by brass inserts so that the minimum trans¬ 

mission frequency is about 32 GHz. Insertion of a teflon 

wedge in the reduced section again allows transmission while 

partial insertion produces a v/ide variation of coupling. 
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a one millimeter thick sample. A current limiting resistor 

of 100MQ is provided to prevent damage from dielectric break¬ 

down and arcing. The electric field is modulated with a 100 

KHz sine wave having an amplitude variable from zero to .1 

KV/cm. The modulation is provided by an output from a Princ- 

ton Applied Research (PAR) lock-in amplifier and a Textronics 

Type 0 operational amplifier. 

b. Crystal Detectors - The electric field of the micro- 

wave signal is also modulated by the paraelectric resonance 

with the 100 KHz sine wave. It enters the balanced mixer 

and sums with the bias electric field. The crystal diodes 

emit voltages proportional to the electric fields incident 

upon them when operated in the milliamp range as determined 

by the bias. Hence, one crystal emits a voltage proportional 

to 1/2 (Signal + Bias) and the other 1/2 (Signal - Bias). 

The choice of the 100 KHz modulation is determined by the 

crystal diodes since their inherent noise decreases inverse¬ 

ly with modulation frequency while 100 KHz is still low enough 

to be handled easily. 

c. Amplification - A PAR CR-4A differential amplifier 

accepts the signals from the crystal diodes and cancels out 

the bias. The signal can be amplified with a gain from 10 

to 10,000 with a reduction in the signal to noise ratio of 

less' than 6 dB. A PAR Model 120 Lock-In Amplifier then com¬ 

pares the amplified signal to the original modulation fre¬ 

quency and phase, adds a further state of amplification, and 
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drives the ordinate axis of the HP/Moseley Model 7005 B XY 

recorder. The abcissa axis is driven by the high voltage 

through a 1% resistor chain, thus producing a plot of absorp¬ 

tion or dispersion derivative, depending upon the bias arm - 

signal arm phase difference, versus the electric field across 

the sample. 

Sample Preparation 

The KC1 crystals investigated for paraelectric defects 

were obtained from Drs. H. C. Wolf and G. Hocherl of the 

Technische Hochschule of Stuttgart and from Harshaw Chemical 

Company. The KC1 received from Stuttgart required little 

preparation other than cutting to the proper size and orien- 

30 tation since it was grown from a melt doped with LiCl. 

The material received from Harshaw, however, did not exhibit 

paraelectric resonance, except in one case, before doping 

with lithium. 

The Harshaw KC1 consisted of numerous random sized pieces 

obtained from the cutting of prisms, lenses, etc. They were 

classified as "optical grade" purity which means that impuri¬ 

ty concentrations were sufficiently low so that no absorption 

spectra was observed from the ultraviolet to the infrared. 

After a number of unsucessful attempts to observe paraelec¬ 

tric- resonance from the "as received" crystals, it was rea¬ 

soned that lithium would have to be added to the KC1 to form 

the paraelectric defect. 
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The pieces of Harshaw KC1 were first cleaved along their 

easy cleavage planes, (100), to approximately a 1/8 inch cube. 

A cube was then sealed in a piece of pyrex tubing with about 

a half atmosphere of dry nitrogen and with a small amount 

of lithium and placed in a furnace at about 600° C for time 

periods up to 18 hours. This is the process of additive 

coloration first investigated in the 1930's and used exten¬ 

sively since to produce color centers in alkali halides. 

Part of the physical process involved in the production 

of color centers is the diffusion of electrons freed by the 

reaction of the metal vapor with the crystal surface into the 

crystal where they become bound to vacancies, but this is 

not the part of interest here. The part of concern is the 

diffusion of the lithium ions into the KC1 where they occupy 

normal potassium sites. This method of introducing lithium 

into KC1 to form paraelectric defects has not been reported 

previously. All other investigators have accomplished the 

doping by adding LiCl to the melt from which the KCl:Li+ 

crystal was drawn. 

37 
Hanson studied the diffusion of lithium into KC1 and 

reported a diffusion rate of 

(56) 

According to this, the rms distance a Li+ ion will diffuse 

into the KCl at 600° C in 18 hours is 

d 
rms 

[ 2Dt] 2 024" (57) 
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This indicates that samples with varying concentrations of 

lithium can be obtained by taking the samples from different 

depths inside the treated cube of KCl. It was observed that 

the spectra from a sample taken from the center of a treated 

cube was less intense than that from a sample including the 

outer surface of the cube. A sample of fairly uniform con¬ 

centration can be obtained by first cleaving or cutting the 

KCl to a thickness less than .048" (2 d ) and then dif- 
rms 

fusing in lithium. 

At 600° C lithium is a liquid and has a vapor pressure 

of 0.1 torr, thus placing the encapsulated KCl (m.p. 772° C) 

in a partial atmosphere of lithium vapor. Any attempt, how¬ 

ever, to calculate from this the amount of lithium entering 

the KCl is greatly complicated by a gettering action of the 

pyrex ampoule upon the lithium. 

After doping has been accomplished, the KCl is reduced 

to the desired size and orientation for the experiment. The 

actual sample size is not critical and in fact is determined 

primarily by the requirement that the loaded cavity Q not 

be too low. This requirement is satisfied if the sample 

size is approximately .045" x .075" x .075". A tolerance 

of plus or minus .005" on the thickness and .025" on the 

cross section was placed on the sample dimensions because of 

the size of the high voltage electrode. The crystal is al¬ 

ways cut so that the sample orientation is parallel to the 

smallest dimension. 
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If the desired orientation is the [100] direction, the 

KC1 is cleaved to size quickly and easily. For any other 

orientation, the KC1 is cut somewhat oversize on a diamond 

saw and then water polished to the final size. 

Procedure to Obtain Data 

The steps involved in observing paraelectric resonance 

and taking data with the spectrometer will be outlined here. 

Details such as checking the calibration of the electronics 

will not be included because, even though such details are 

quite important and essential, they are considered to be part 

of the normal equipment maintenance. 

1. Warm up - All the electronics are turned on to allow 

time for transient conditions to disappear and the equipment 

to stabilize after warm up. The sample is placed under the 

electrode in the cavity and the cavity lowered into the inner 

dewar. 

2. Cool down - The outer dewar is filled with liquid 

nitrogen and the inner dewar with helium gas. The helium 

acts as a heat transfer agent and speeds cool down. After 

about thirty minutes, the inner dewar is at liquid nitrogen 

temperature (77° K) and liquid helium may be transferred 

into it. If it is desired to work below 4.2° K, the vacuum 

pump is turned on and the helium vapor pumped away, thus 

lowering the temperature of the liquid helium, the cavity, 

and the sample. The lowest temperature achievable in this 
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way is about 1.3° K. 

3. Frequency set - The klystron is modulated with a 

60 cycle sawtooth and scanned in frequency until the crys¬ 

tal detector and oscilloscope monitoring the reflection from 

the cavity indicate a sharp dip in the klystron mode. This 

is due to the TE^Q^ resonant frequency of the cavity. The 

HV power supply is turned up for a high electric field 

70 KV/cm) across the sample and the cavity coupled to 

the spectrometer for optimum transfer of energy into the 

TE303 mode. This is done at high field to insure that the 

sample is well removed from resonance conditions. 

4. Balanced mixer - The klystron is operated continuous 

wave (CW) at the frequency of the TE3Q3 mode and the mixer 

arm is balanced. This is done by adjusting the slide screw 

tuners so that there is a minimum reflectance of bias power 

from each branch of the balanced mixer. This is necessary 

to reduce signal and bias cross-feed between the two detec¬ 

tors . 

5. Absorption scan - The klystron is frequency modulated 

with the 100 KHz output of the PAR Lock-In Amplifier about 

the resonant absorption of the cavity. Since the cavity has 

been coupled to the spectrometer only at the TE3Q3 resonant 

frequency, some of the frequency modulated klystron power 

will be reflected from the cavity to the balanced mixer. The 

microwaves arriving at the detector crystals have the same 

appearance as if the klystron were emitting CW and the cavity 
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resonant frequency were changing at a 100 KHz rate. By ad¬ 

justing the phase of the microwaves in the bias arm, the mod¬ 

ulation reflection from the cavity can be canceled out. This 

effectively tunes the spectrometer to respond only to a change 

in the Q of the cavity and not to a change in the resonant 

frequency. The Q of the loaded cavity changes as x" near 

resonance: 

1 = 1 + I 
^ ^unloaded ^sample 

n = 2TT Stored energy _ 1 
^sample - Power loss/cycle ~ x"n 

AQ = - TIQ
2
AX" (58) 

Thus, when the spectrometer is tuned to be insensitive to 

changes in the cavity resonant frequency, it will be sensi¬ 

tive only to change in the cavity Q which is proportional to 

absorption x"* 

The klystron is now switched to CW operation and the gain 

of the CR-4A amplifier and the Lock-In Amplifier adjusted 

to give the desired pen deflection on the XY recorder as the 

electric field across the sample is swept through the value 

necessary for resonance. The derivative of the resonant ab¬ 

sorption will be obtained on the recorder since the electric 

field is modulated and phase sensitive detection is employed. 

When working with very weak signals, noise is sometimes 

troublesome and tends to confuse the recorder tracings. This 

problem can be reduced by introducing a RC time constant into 
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the Lock-In output. Care must be used that the time constant 

is not large enough to produce a shift in the resonance po¬ 

sition. This can always be checked by sweeping the electric 

field upward through resonance and then downward through 

resonance. The traces will be identical if the time constant 

is small. 

6. Dispersion scan - As already noted, the effects of 

absorption x" and dispersion x' upon the cavity impedance 

are separated by 90°. Thus, if the spectrometer is first 

tuned to absorption and the phase in the bias arm then chang¬ 

ed by 90°, only dispersion will be observed. In all other 

respects, the recording of dispersion data is identical to 

that for absorption. 
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IV. EXPERIMENTAL DATA AND ANALYSIS 

Paraelectric resonance spectra were obtained for eight 

different orientations from a number of different samples 

of KC1. The information noted from each of the samples and 

orientations was 

1. the number of lines 

2. the position of the lines with respect to the applied 

electric field 

3. the line shape and width 

4. the power saturation of the observed transitions 

5. the variation of the first four with sample treat¬ 

ment. 

Each orientation of the KCl:Li+ samples exhibited at 

least one line. For each orientation, the value of the elec¬ 

tric field at which the line appeared always varied somewhat 

from scan to scan on the same sample or on different samples. 

The reason for this is not completely understood. The val¬ 

ues quoted will be accompanied by "error bars" which are 

more representative of this variation than of error in the 

determination of the electric field applied to the sample. 

The position of the strong lines was easily determined 

because the maximum of the dispersion derivative closely cor¬ 

responded to the mid-point between the two extremes of the 

absorption derivative as expected. The weaker lines, however, 

presented a more difficult problem particularly when the line 
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appeared as only slightly more than a hesitation on the shoul¬ 

der of a stronger line. For these cases, the point of mini¬ 

mum slope was chosen and the line given this value of the 

electric field. 

The half widths of the lines were observed to vary some¬ 

what with sample orientation and most drastically with sam¬ 

ple treatment. As will become more evident in the following 

discussion of each orientation, the internal stresses and 

dislocations resulting from rapid heating cycles produce 

greater line widths than found in samples not so treated. 

29 + It has been reported previously that KClrLi samples 

undergo an "ageing" with the result that the signal decreases 

with time. The observations reported upon here are incon¬ 

clusive in this respect. KC1 samples were received from 

Schearer and Estle which were reported to have displayed para- 

17 electric resonance in 1966. However, paraelectric reson¬ 

ance could not be found after two yeais elasped time. These 

particular samples were never doped with Li+. The previous 

studies were made on the "as received" crystals from Harshaw. 

It is possible that the originally observed signal was not 

. + — due to Li , but rather another impurity such as OH which 

precipitated out. It is also possible that their signal was 

due to the small amount of Li+ inherently present in KC1 which 

precipitated or was in too small a concentration to be de¬ 

tected with the present equipment. On the other hand, sam¬ 

ples of KC1 which were doped with Li+ in the manner already 
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described were checked repeatedly over a six month period, 

but a definite signal degradation could not be observed. 

Spectra 

Two lines were observed for e // [100] for all KCl:Li+ 

samples. The low field line is at 6.0 ± .5 KV/cm and is much 

stronger than the high field line at 17.5 ± 1.5 KV/cm. A 

typical scan is displayed in Fig. 15. It was taken from a 

sample which was cleaved to the desired size and then addi- 

tively doped as described under Sample Preparation. The 

half width of the low field line is 4.6 ± .3 KV/cm. The half 

width of the high field line could not be determined because 

of the masking effect of the low field line. The Stuttgart 

samples which were grown from melt doped KCl:Li+ also exhib¬ 

ited the two lines discussed above. However, the half width 

was 3.6 ± .3 KV/cm which was less than ever observed from Li 

diffused KC1. Both lines exhibited saturation as would be 

expected from relaxation. The saturation effect appeared 

when the dispersion derivative signal continued to increase 

with power while the absorption derivative signal did not. 

Figure 15 plainly shows the dispersion signal to be stronger 

than the absorption signal. The lines of the Li diffused 

KC1 samples began to saturate below one mw and were completely 

saturated at about 25 mw. The lines of the Stuttgart KC1 

also began to saturate below 1 mw, but were completely sat¬ 

urated at 10 mw. One implication here is that the relaxation 



77 

Fig. 15 PER spectra of KCl:Li+ with e // [100], v = 29 1 GHz 
and T = 1.3° K. ' 
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mechanism may be more active for the Li diffused KCl than 

for the melt doped KCl. Another possibility is that the 

process of diffusing in lithium produces strains in the KCl 

which alter the transition probabilities between states. 

KCl:Li+ samples were prepared so the electric field would 

lie 5° away from the [100] direction in the (001) plane. This 

is approximately the [12 1 0] direction. This orientation 

yielded two lines shifted in value from the simple [100] 

direction. The low field line occurred at 5.2 ± .4 KV/cm 

and the high field line at 16.0 ± 1.0 KV/cm. Figure 16 shows 

the lines and the striking effect of half width upon the ap¬ 

pearance of the spectra. The Stuttgart KCl:Li+ low field 

line has a half width of 3.6 KV/cm and the two lines are al¬ 

most resolved. The Li diffused sample has a half width of 

6.1 KV/cm and the two lines are less resolved. The large 

half width of the Li diffused KCl is inversely related to 

the time duration of the heating of the crystal during treat¬ 

ment. 

Figure 17 displays the spectra from a Li diffused KCl 

sample with the electric field along the [610] direction or, 

equivalently, 10° away from the [100] direction in the (001) 

plane. The two lines appear at 6.5 ± .5 KV/cm and 19.0 ± 1.5 

KV/cm. The scan is taken from a sample which was heated 

quickly over a bunsen burner and the half width of the low 

field line is consequently a broad 7.5 KV/cm. The high field 

line in both Figs. 16 and 17 appears also to have been much 
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Fig. 16 PER spectra of KCl:Li+ with e // [12 1 0], v = 29.1 
GHz, and T = 1.3° K showing the effect of the line 
width on the spectra. 
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broadened but it cannot be measured because of the masking 

of the low field line. 

The orientation of e // [113] produced only one trans¬ 

ition and that at 9.7 ± .4 KV/cm as shown in Fig. 18. Only 

one sample was investigated at this orientation. 

In Fig. 19, a scan of a Stuttgart sample with e // [112] 

is exhibited. One line is found at 7.8 ± .5 KV/cm with a 

half width of 7.1 ± .3 KV/cm. The half width of the line 

from Li diffused KC1 was still greater—9.6 ± .4 KV/cm. 

Since theory predicted two lines for this orientation, it 

should be noted there is only one obvious line. However, 

it may also be noted that the trace appears somewhat slow in 

returning to the base line on the high field side of the main 

signal. This might be interpreted as the result of a broad, 

weak line at about 15 KV/cm, but nothing definite can be 

concluded. 

The sample orientation of e // [111] is interesting in 

that all KCl:Li+ samples exhibited one line at 9.1 ± .9 KV/cm 

and only one sample had an additional line at 25 ± 2 KV/cm. 

As can be seen from Fig. 20, the high field line is very 

weak and may be due to some unknown impurity, but other ori¬ 

entations were cut from the same parent block of KC1 and 

treated in the same way, yet they showed no lines indicative 

of an impurity. The half width of the main line for this 

particular sample is 7.5 KV/cm which is about 25% less than 

in the other samples. Thus, the high field line may have 



D
i
s
p
e
r
s
i
o
n
 

82 

Fig. 

“"“I 

+ i 

o 

o 
kQ 

o 
LO 

o 

o 
00 

o 
CM 

(sqxun Ajpj^Tqav) T^ubxs 

18 PER spectra of KCl:Li+ with e // [113], 
GHz, and T = 1.3° K. 

v 29.1 

E
le

c
tr

ic
 

F
ie

ld
 

(
K
V
/
c
m
)
 



83 

o 
r- 

o 

o 
LO 

o 

o 
ro 

o 
CN 

o 

(sq-pun AjtPJt^Tqjv) T^USTS 
Fig. 19 PER spectra of KCl:Li+ with e // [112], 

GHz, and T = 1.3° K. 
v 29.1 

E
l
e
c
t
r
i
c
 
F
i
e
l
d
 
(
K
V
/
c
m
)
 



84 

o 
r- 

o 

o 
LO 

o 

o 
ro 

o 
CM 

O 

o 

Fig. 20 PER spectra of KCl:Li+ with c // 
GHz, and T = 1.3° K. 
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been masked in the other samples. 

Figure 21 is a scan of a Stuttgart sample with E // [221]. 

One line appears at 8.0 ± .5 KV/cm with a half width of 6.1 

± .5 KV/cm. 

The orientation of e // [110] is unique in that the one 

line which appeared at 7.8 ± .9 KV/cm with a half width of 

6.8 ± .5 KV/cm would not saturate at even the highest (85 mw) 

power. Figure 22 shows a typical scan. 

Magnitude of the Electric Dipole Moment 

The magnitude of the electric dipole moment can not be 

determined exactly if the exact model of the paraelectric 

defect is unknown. However, a ballpark figure can be obtain¬ 

ed from approximate models. For reasons already discussed, 

the 8 <111> dipole model is most probably correct, and al¬ 

though the special case of cube edge tunneling is lacking in 

some respects, its simplicity aids in calculating the elec¬ 

tric dipole moment. 

The low field line observed at 6 KV/cm for E // [100] 

is partially due to the 1A—2A transition. Equations (39) 

and (41) may be used to give 

hv = E2A - E1A = 2[T71 + 3U e ] 2 

or, rearranging, 

JX = {3. (2Tr,)Z r l 8 
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Fig. 21 PER spectra of KCl:Li+ with e // [221], v = 29.1 
GHz, and T = 1.3° K. 
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Fig. 22 PER spectra of KCl:Li+ with e // [110], 
GHz, and T = 1.3° K. 
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For a zero field, splitting of 20 GHz, 2T^ = h20, and for 

v = 29.1 GHz and e = 6 KV/cm 

y = 6.1 Debye 

For the case of e // [111], the 9.1 KV/cm line is par¬ 

tially due to the 2A—3A transition. Equation (43) gives 

hv = E3A " E2A = 2[T71 + 9y2e2j 2 

3 
2 e 

y = 6.9 Debye 

The 7.8 KV/cm line for e // [110] is partially due to 

1A^—2A^. Equations (44) and (46) give 

hv E2A1 “ E1A1 
- r fon. x 2 . 2 2 2,h 

[ (2^71? + -jy e ] 

A 
z-aT7>)

JL 

6 

y = 6.6 Debye 

Undue emphasis should not be placed upon the above values 

of the electric dipole moment because of the existing uncer¬ 

tainties. For example, if the zero field splitting is ac¬ 

tually 18 GHz, or 22 GHz, rather than 20 GHz, then the cal¬ 

culated value of y would be 7.1 D, or 6.0 D, respectively, 

rather than 6.6 D for e // [110]. In addition, the varia¬ 

tion in the values of the observed fields necessary for trans¬ 

itions causes a variation in the calculated value of y. Fur¬ 

thermore-, if the energy levels are not as described by eqs. 

(39-46), then the above calculations are in error. 
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In view of the above considerations, the electric dipole 

moment value found here is in agreement with the findings 

* .. 17, 20, 24 of others. 

Discussion 

The data obtained for the different electric field ori¬ 

entations is summarized in an angular dependence display in 

Fig. 23. The dots with attached error bars denote the posi¬ 

tions of the lines as observed in the laboratory. The dotted 

lines represent the angular dependence of the spectra pre¬ 

dicted by the theoretical cube edge tunneling model. (See 

Fig. 8) The following points may be made about the obser¬ 

vations : 

1. The values of the low field transitions are in fairly 

good agreement with the theoretical curve except for e // 

[113]. The transitions observed along the three cubic direc¬ 

tions are ordered in field as expected (See Figs. 7 and 10) 

with e[li;Lj > e[110] > e[ioor 

2. The high field lines appearing at and near e // [100] 

are not predicted by the simple tunneling models discussed 

in Section II. The high field line for e // [111] is not 

predicted either, but since it was observed only once, it 

is not considered here. 

'3. Two lines were expected for e // [112] and [221] , 

but only one was observed for each orientation. 

4. The 4/-1/1 model called for three lines for e // [111] 



Fig. 23 A summary of the PER spectra observed for KCl:Li+ 
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and two lines for e // [110]. Only one line was observed for 

each orientation, but the large line width could easily have 

made several lines appear as one. 

5. The line widths of the melt doped KCl:Li+ samples 

are consistently smaller than the line widths of the Li dif¬ 

fused samples. Longer heating periods during the treatment 

of the Li diffused samples appeared to produce smaller line 

widths. These characteristics of the line widths indicate 

internal strains and fields. 

6. Saturation of the absorption signal was observed for 

e // [100], [12 1 0], [112], [111], and [221]. The melt doped 

+ + KCl:Li saturated at lower powers than the Li diffused KC1 

samples. Insufficient data was obtained for e // [610] and 

[113] . No saturation could be obtained for e // [110] and 

this is in direct contradiction to the findings of Schearer 

17 and Estle. They also found the high field line for e // 

[100] to not saturate whereas observations here are that it 

does. 

7. The data indicates that the electric dipole moment 

of the paraelectric defect is approximately 6.5 Debye. This 

is in fair agreement with Estle (7 Debye), Lombardo and Pohl 

(5.5 Debye), and Harrison, Peressini, and Pohl (6 Debye). 

The data which has been presented is insufficient to lead 

to definite conclusions. There are contradictions between 

the experimental data and the simple tunneling models dis¬ 

cussed in Section II. It appears that the correct model of 
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the paraelectric defect is still to be found, but there are 

clues in the above data which suggest better agreement be¬ 

tween theory and experiment may result from the consideration 

of internal strains and fields in the crystal. 
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V. FUTURE STUDIES 

A continuation of the investigation of the paraelectric 

resonance of KCl:Li+ is necessary to reach a better under¬ 

standing of the defect. The following studies are proposed. 

Rapid short term heating of the KCl:Li+ sample has been 

observed to greatly increase the resonance line width. It 

is thought that the increase is due to large internal strains 

caused by dislocations introduced by thermal shock. An at- 

temp will be made to produce samples with high and low dis¬ 

location densities and to compare the line widths and posi¬ 

tions of each. An electron microscope will be used to ob¬ 

tain a dislocation count. Paraelectric resonance spectra 

will be taken at 36 GHz as well as at 29 GHz in order to 

obtain more data points. 

The possible ageing of KCl:Li+ samples will also be stud¬ 

ied further. The most likely mechanism producing a time de¬ 

pendent signal is the precipitation of Li+ ions around dis¬ 

locations or into colloidal suspensions. The electron micro¬ 

scope will be used to observe any Li+ precipitation and the 

results related to the strength of the paraelectric reson¬ 

ance signal as a function of time. 

Finally, a major attempt will be made to observe a semi- 

paraelastic resonance in KCl:Li+. The energy levels of the 

paraelectric-paraelastic defect will be split by an applied 

electric field and transitions will be induced between the 



93 

levels by coupling the defect through its elastic dipole 

moment to externally introduced acoustic phonons. Prelim¬ 

inary calculations assuming cube edge tunneling predict at 

least one transition will be observed at any frequency for 

certain orientations of the electric field and phonon polar¬ 

izations. It is proposed to carry out this experiment at 

10 GHz. Although no calculations have yet been performed, 

it is expected that if the 4/-1/1 model with internal strains 

is more correct than the cube edge model, then even more 

transitions will be observed. The purpose of this study will 

be to show that paraelastic resonance is experimentally pos¬ 

sible just as is paraelectric resonance. 
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