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FIELDS IN THE TEMPERATURE RANGE OF 1100-1250K 

JOSE ROBERTO MARTINELLI 

D i s s e r t a t i o n under the d i r e c t i o n of P ro fessor Donald Leroy K inser 

D i f f u s i o n of oxygen and magnesium is studied in nominal ly pure MgO 

c r y s t a l s f o r the temperature range of 1100-1250 K. A nuclear technique 

tha t uses the nuclear reac t ion i8o(p,ot) i5N in the reg ion of the resonant 

energy at 629 KeV, is used to measure ^^0 concent ra t ion p r o f i l e s . Oxygen 

d i f f u s i o n c o e f f i c i e n t s are determined. In a d d i t i o n , magnesium d r i f t is 

determined wi th an e l e c t r i c f i e l d appl ied to the samples. A c t i v a t i o n 

energy and pre-exponent ia l values are ca lcu la ted fo r both oxygen and 

maynesium d i f f u s i o n . Values are obtained fo r the My^^ ion ic t rans fe rence 

number. These r e s u l t s are in yood agreement wi th those expected by 

e x t r a p o l a t i n g h igher temperature v a l u e s . 

The e f f e c t of t ime, tempera tu re , and e l e c t r i c f i e l d s t reng th on the 

ca t i on d r i f t are r epo r t ed . A l s o , the e f f ec t s on d i f f u s i o n by doping MgO 

w i t h 1500 pg/g chromium is determined; the resu l t s are cons is ten t wi th 

the assumption that excess VMg are present due to t r i v a l e n t i m p u r i t i e s . 

Ru the r fo rd backscat te r ing in the random and channel ing modes are 

used as a complementary technique to study sur face mod i f i ca t i on in MgO 

due to e l e c t r i c f i e l d . 
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INTRODUCTION 

D i f f u s i o n processes are important in es tab l i sh ing the ra te of so l i d 

s t a t e r e a c t i o n s , as wel l as chemical reac t ions between so l i ds and 

l i q u i d s or gases. For example, ox ida t ion of metals is c o n t r o l l e d by the 

m o b i l i t y of ions in the s o l i d s t a t e . Noteworthy is the co r ros ion 

r e s i s t a n c e of aluminum which is re la ted to the format ion of a p r o t e c t i v e 

f i l m of AI2O3 on aluminum s u r f a c e s . Th i s t h i n oxide l a y e r is homoge

neous and usua l l y crack f r e e . The ex t remely slow growth of t h i s f i l m at 

ambient temperatures is due to the slow rate of ion ic d i f f u s i o n through 

the o x i d e . In p o l y c r y s t a l 1 i n e ceramics d i f f u s i o n processing is used to 

d e n s i f y the m a t e r i a l s . Reduct ion of po ros i t y occurs by the migra t ion of 

atoms to pores . These processes in oxides have been s tud ied e x t e n s i v e l y 

i n order to prov ide a be t te r understanding of defect s t r u c t u r e as wel l 

as processes such as c reep , s i n t e r i n g , gra in g rowth , pore m o b i l i t y , and 

e l e c t r i c a l conduc t ion . Measurements of s e l f - d i f f u s i o n c o e f f i c i e n t s as a 

f unc t i on of temperature and oxygen p a r t i a l pressure have been used to 

i d e n t i f y and c h a r a c t e r i z e defect popu la t ions . 

The t ranspor t p rope r t i es of oxides are s t i l l not ve ry we l l under

stood since there is only l im i t ed data and the r e s u l t s of the d i f f e r e n t 

i n v e s t i g a t o r s do not always ag ree . In con t ras t to a l k a l i h a l i d e s , the 

agreement w i th theory is compara t ive ly poor. T h e r e f o r e , i t is usefu l 

t o accumulate add i t iona l data on d i f f u s i o n ra tes in h i g h - p u r i t y oxide 

c r y s t a l s , using techniques that a l low d i r e c t determinat ion of 



d i f f u s i o n c o e f f i c i e n t s when p o s s i b l e . A rev iew of d i f f u s i o n data fo r 

severa l ox ides is y i ven in re ferences 1 and 2. 



CHAPTER I 

METHODS OF STUDYING DIFFUSION IN OXIDES 

The most common methods of s tudying d i f f u s i o n in oxides are those 

employing r a d i o a c t i v e t r a c e r s and s e r i a l s e c t i o n i n g . The t r a c e r con

c e n t r a t i o n p r o f i l e is obtained by measuring the a c t i v i t y of each removed 

l a y e r , or the f r a c t i o n a l a c t i v i t y remaining a f t e r mater ia l remova l . 

However, fo r many elements there are no r a d i o a c t i v e isotopes w i th h a l f -

l i v e s long enough to prov ide accurate da ta . In those cases, methods 

employing s table isotopes as t r a c e r s may be chosen in connection w i th 

mass spectrometry a n a l y s i s . The i n i t i a l na tura l concen t ra t ion of those 

isotopes ins ide the specimen to be analyzed has to be as low as poss ib le 

in order to prov ide good r e s o l u t i o n . A t y p i c a l example is the case of 

oxygen s e l f - d i f f u s i o n in o x i d e s ; the use of oxygen rad io iso topes as t r a 

cers is not f e a s i b l e s ince there are none w i th a h a l f - l i f e longer than 2 

minutes ( e . g . i s g ) . Thus , methods employing a s tab le isotope that 

d i f f e r s from i^O must be used in order to determine the concent ra t ion 

p r o f i l e . A mass spectrometer is used to determine the r a t i o of i ^ O / i ^ O 

i n a gas phase* p r e v i o u s l y enr iched wi th ^^Q and kept in equ i l i b r i um wi th 

the sample being i n v e s t i g a t e d . Al though t h i s method is i n d i r e c t and 

sur face exchange may be a r a t e - l i m i t i n g s t e p , i t i s usefu l f o r the 

determinat ion of r e l a t i v e l y low d i f f u s i o n rates (on the order of I x l O - ^ ^ 

cm2 s - i ) . Th i s method does not y i e l d the d i s t r i b u t i o n of the d i f 

fus ing species ( i^o) as a func t ion of d is tance from the sur face exposed 



t o the enr iched gas, i . e . the concen t ra t ion p r o f i l e ; only the time 

dependent v a r i a t i o n of the r a t i o isg / i e o in the gas in equ i l i b r i um is 

measured. A p r o f i l e can be determined by measuring the r a t i o iSQ/i^O by 

mass spectrometry as success ive l aye rs of the mater ia l are removed by 

mechanical g r i n d i n g . Surface cond i t ions have been repor ted to i n f l uence 

the s e l f - d i f f u s i o n c o e f f i c i e n t [ 3 ] . 

When i t is not poss ib le to f i nd su i t ab le i s o t o p e s , a method 

employing e l e c t r i c a l c o n d u c t i v i t y measurements can be used to study d i f 

f u s i o n . The N e r n s t - E i n s t e i n equation i s used to ca l cu la te the d i f f u s i o n 

c o e f f i c i e n t from the e l e c t r i c a l c o n d u c t i v i t y da ta . Th i s method is 

i n d i r e c t and l im i ted to those mate r ia l s in which charge t ranspor t is 

e x c l u s i v e l y i on i c or in which the ion ic t r ans fe rence number can be 

determined. One of i t s weaknesses is the d i f f i c u l t y in separat ing 

e l e c t r o n i c and ion ic t r anspo r t wi thout using o ther exper imental t e c h 

n iques . 

Ion beam mass spectrometry has a lso been used in d i f f u s i o n s t u d i e s . 

Mater ia l is removed from a sur face through which t r a c e r d i f f u s i o n has 

o c c u r r e d . T h i s removal is done by bombarding the sample w i th a beam of 

i o n s , e . g . , a rgon . The removed mater ia l is then analyzed by a mass 

spectrometer to determine the amount of the t r a c e r i so tope . Al though 

t h i s method has shown cT high depth r e s o l u t i o n , problems of ion iden

t i f i c a t i o n and spu t te r i ng rates have been found [ 4 ] . By using the 

spu t te r p r o f i l i n g techn ique , the k i n e t i c energy of the pr imary beam not 

on ly causes secondary ions to leave the s u r f a c e , but a lso d isp laces ions 

in the sur face l a y e r l a t e r a l l y and in to the bu lk , which r e s u l t s in 

cascade mixing [ 5 ] . 



Nuclear reac t ions of va r ious elements w i th ene rge t i c p a r t i c l e s p ro 

v i de a p rac t i ca l a l t e r n a t i v e method of ana l ys i s and g i ve a d i r e c t 

measurement of the p r o f i l e of d i f f u s i n g spec ies . These techniques are 

w i d e l y used fo r oxygen d i f f u s i o n because the re are severa l reac t ions 

which can be induced, some of them showing usefu l c h a r a c t e r i s t i c s f o r 

the determinat ion of d i f f u s i o n p r o f i l e s . 

React ions most commonly used a r e : 

i ) i ' '0(3He,a)i^0 — uses rare s tab le iso tope of o x y g e n . 

i i ) i 8 o ( p , n ) i 8 p _ isp emits a 0.6 MeV pos i t ron and has a h a l f - l i f e 

o f 112 m in . The proton beam energy has to be 2.7 MeV, and problems wi th 

a c t i v a t i o n of o ther elements are p resen t . T h i s reac t ion has been used 

t o determine the oxygen d i f f u s i o n c o e f f i c i e n t by au to- rad iograph expo

sure [ 6 ] . Th i s technique is unique s ince i t can show the ex is tence of 

p r e f e r e n t i a l d i f f u s i o n paths such as g ra in boundar ies , e . g . , as in the 

case of undoped and Fe-doped MgO b i c r y s t a l s [ 7 ] . 

i i i ) i 8o (p ,y)i9p _ jh-js reac t ion can be used c lose to the reac t ion 

resonance energy of 2.26 MeV, but has the same d e f i c i e n c i e s as the 

I80(p ,n) i8p r e a c t i o n . 

i v ) i8o(m^n)2iMe — isg p r o f i l e can be determined by success ive 

removal of sur face l a y e r s , and by repeated bombardment. 

v ) i8o ( p , c i ) 15(\| _ jh-js reac t ion has been used to study the oxygen 

d i f f u s i o n in o x i d e s , me ta ls , as wel l as the ox ida t i on of me ta l l i c 

a l l o y s . The energy spectrum of a - p a r t i c l e s prov ides in format ion about 

the d i s t r i b u t i o n of d i f f u s i n g oxygen as a func t ion of the d is tance from 

a sur face through which d i f f u s i o n has o c c u r r e d . The stopping power fo r 



protons and a - p a r t i c l e s t r a v e l i n g through the sample must be known, as 

wel l as the d i f f e r e n t i a l c ross sec t ion of t h i s nuclear r e a c t i o n . 

There are at leas t th ree ways to use the nuclear reac t i on y i e l d to 

determine the concent ra t ion p r o f i l e of oxygen: 

i ) By inducing the nuclear reac t i on c lose to the resonance 

e n e r g i e s , which can be at 629 KeV or 1.765 MeV in the case of 

i8o ( p , a ) i 5 N , and which can probe the i so top i c oxygen ion concen t ra t ion 

t o depths up to 4 lim wi th a r e s o l u t i o n of 0.1 \M [ 8 ] . 

i i ) By ana l ys i s of the a - p a r t i c l e spectrum when the proton energy 

i s g rea te r than the resonance ene rgy . T h i s method is usefu l when a p ro 

f i l e of small depth is to be determined [ 9 ] . 

i i i ) By removing success ive l a y e r s of mater ia l mechan ica l l y , 

fo l lowed by proton a c t i v a t i o n ana l ys i s of each consecut ive sur face 

using the resonance technique at 629 KeV or 1.765 MeV. 

The nuclear method is capable of s e n s i t i v i t i e s of the order of 10^^ 

atm cm-3 [ 1 0 ] , but f o r o x i d e s , such as in the present work, the r e s o l u 

t i o n is 1018 atm cm-3 due to 0.2% of I ^ Q n a t u r a l l y present in the o x i d e . 

The method is nondes t ruc t i ve i f the resonance or the cont inuous spectrum 

methods are used. In p rac t i ce only ch lo r i ne and boron may i n t e r f e r e 

w i t h the ana l ys i s of ^^0, but i^N and i^p might have some in f l uence in 

the product ion of c t - p a r t i c l e s [ 1 1 ] . The nuclear reac t ion i80(p ,a ) i5N 

seems to be the most des i rab le f o r s tudying the oxygen d i f f u s i o n in 

o x i d e s , as wel l as the ox ida t i on of m e t a l l i c a l l o y s . The maximum depth 

probed depends on the stopping power values fo r a - p a r t i c l e s and p ro tons . 

Backscat tered protons are a problem since the a - p a r t i c l e de tec to r may be 

jammed due to p i leup [ 1 2 ] . These protons can be f i l t e r e d w i th a mylar 



f i l m . The a - p a r t i c l e s also lose energy in passing through the mylar 

f o i l and t h i s loss l i m i t s the depth which can be probed. Much improve

ment is poss ib le i f protons can be prevented from reaching the de tec tor 

w i thou t using a mylar f o i l . The separa t ion of the backscat tered protons 

from the a - p a r t i c l e s a lso can be accomplished wi th a magnetic f i e l d . 

The r e s u l t i n g decrease in the width of the spreading func t ion increases 

the depth to which an ana l ys i s can be achieved [9 ] to approx imate ly 10 

urn. However, f o r shal low p r o f i l e s (< 1 pm) an absorber technique is 

p r e f e r r e d [ 1 2 ] . The concen t ra t ion p r o f i l e may be determined in the su r 

face reg ion (< 5 pm) w i th a r e s o l u t i o n of the order of 0.1 ym. By 

improving the energy r e s o l u t i o n of the d e t e c t o r , the r e s o l u t i o n of t h i s 

technique becomes < 100 A near the sur face [ 1 0 ] . 

There are a number of i n d i r e c t procedures a v a i l a b l e to study d i f 

f u s i o n , e . g . , the rmograv imet ry , NMR measurements and op t i ca l abso rp t i on , 

a l l of which s u f f e r from va ry i ng degrees of inaccuracy and d i f f i c u l t y of 

i n t e r p r e t a t i o n . These w i l l not be discussed in the present work. 

E l e c t r i c f i e l d e f f e c t s on d i f f u s i o n 

E f f e c t s of e l e c t r i c f i e l d s on d i f f u s i o n of atomic species have 

become important w i th the widespread use of r e f r a c t o r i e s as e l e c t r i c a l 

i n s u l a t o r s . The add i t ion of an ex te rna l e l e c t r i c f i e l d in d i f f u s i o n 

exper iments has a lso provided va luab le in fo rmat ion about the t ranspo r t 

mechanisms of charged spec ies , which could not be d i s t i ngu i shed from 

neut ra l species by the t r a d i t i o n a l d i f f u s i o n exper iments . In t h i s sec

t i o n we b r i e f l y rev iew the work performed on a l k a l i ha l ides and oxides 

concerning the e f f e c t s of e l e c t r i c f i e l d on d i f f u s i o n . 

I, P . e . N . 



E f f e c t s on d i f f u s i o n of an ex te rna l e l e c t r i c f i e l d appl ied to a 

sample of NaCl have been reported [ 1 3 ] . In those experiments the 

e l e c t r i c f i e l d was appl ied to d i s t i n g u i s h between the c o n t r i b u t i o n of 

f r e e sodium vacancies from those of vacancy pa i rs in the d i f f u s i o n 

p rocess . 

I t has been noted that e l e c t r i c f i e l d s produce a s h i f t of the d i f 

f us i on p r o f i l e which can be c o r r e l a t e d to the m o b i l i t y of the d i f f u s i n g 

spec ies . Exper imenta l data are in agreement w i th curves ca l cu la ted from 

the so lu t i on of F i c k ' s second law conta in ing a d r i f t term which includes 

the d r i f t mob i l i t y and the e l e c t r i c f i e l d s t r e n g t h . In add i t ion to the 

usual concen t ra t ion grad ient term [ 1 3 ] . 

The r e l a t i v e displacement of the d i f f u s i o n p r o f i l e was used to 

ca l cu l a t e d i r e c t l y the t ranspo r t of sodium ions through a c r y s t a l in an 

e l e c t r i c f i e l d . I n t e r d i f f u s i o n exper iments in the KCl-KBr s i n g l e -

c r y s t a l system have shown c l e a r l y a s h i f t i n g of the p r o f i l e caused by an 

ex te rna l dc e l e c t r i c f i e l d [ 1 4 ] . I t was demonstrated that at high tem

pera tu re some of the vacancies which take part in d i f f u s i o n t r a n s f e r of 

m a t e r i a l , are e l e c t r i c a l l y n e u t r a l . 

There are a l im i ted number of papers repor t ing on e f f e c t s of 

e l e c t r i c f i e l d in t ranspor t p roper t i es of o x i d e s . These are con

cen t ra ted on s o l i d s ta te reac t ions in CaO-Al203 [15,16] and Mg0-Al203 

systems [ 1 7 ] , and oxygen d i f f u s i o n in L)02 [ 1 8 ] . I t has been shown, f o r 

example, that an e l e c t r i c f i e l d enhances d i f f u s i o n of Ca in to AI2O3 

gra ins and changes the s i n t e r i n g ra te of p o l y c r y s t a l 1 i n e mater ia ls by 

a s s i s t i n g mass t r a n s f e r across the contact zone between g r a i n s , and by a 

loca l e l e c t r i c a l heating e f f e c t . 



In the Mg0-Al203 po l yc rys ta l1 ine sys tem, the Mg d i f f u s i o n coef 

f i c i e n t has been determined as a func t ion of appl ied f i e l d by measuring 

the r a t i o C M g ] / C A l ] using the E n e r g y - D i s p e r s i v e X-Ray (EDAX) probe in 

con junc t ion w i t h a scanning e l ec t ron microscope (SEM), and assuming the 

v a l i d i t y of the so l u t i on of F i c k ' s second law f o r the appropr ia te boun

dary cond i t ions [ 1 7 ] . I t has been noted that the d i f f u s i o n c o e f f i c i e n t 

o f Mg in to AI2O3 i s markedly increased in the presence of an e l e c t r i c 

f i e l d when the alumina side of the couple is po la r i zed n e g a t i v e l y . On 

the o ther hand, when the alumina side is po la r i zed p o s i t i v e l y a v e r y 

small increase in the d i f f u s i o n c o e f f i c i e n t over the one in the absence 

o f f i e l d is obse rved . 

Dornelas et a l . [18] observed that p o l y c r y s t a l 1 ine L I O 2 subjected to 

e l e c t r i c f i e l d s at 1Q00°C, decomposes in the cathodic r e g i o n . Me ta l l i c 

phases i n v o l v i n g uranium and plat inum ( the e lec t rode ma te r i a l ) have been 

observed on the cathode. Consequently the re leased oxygen d i f f u s e d to 

the anode c rea t i ng an oxygen excess ox ide UÜ2+x> x va ry ing from 0 

(cathode reg ion) up to 0.25 (anode i n t e r f a c e ) . 

I t has been shown by Gonzalez et a l . [19] that protons and 

deuterons can be swept out of MgO s ing le c r y s t a l s when subjected to a 

moderate e l e c t r i c f i e l d (2000 V/cm) at 1300 K. The d r i f t e d ions are 

moved to the cathode in agreement w i th the expec ta t ion that protons are 

swept toward the negat ive po le . 

I n a d d i t i o n , mater ia l degradat ion has been repor ted [20] to occur 

in undoped MgO s i n g l e c r y s t a l s subjected to e l e c t r i c f i e l d s of the order 

of 103 v/cm at T > 1000°C. An increase in e l e c t r i c a l c o n d u c t i v i t y leads 

to a subsequent breakdown. Dark s t reaks deve lop . In the s t reaks the 
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presence of r e l a t i v e l y high concent ra t ion of d i s l o c a t i o n l oops , v o i d s , 

and p r e c i p i t a t e s have been observed [ 2 0 ] . Al though two models have been 

proposed to exp la in the o r i g i n of t h i s d i e l e c t r i c breakdown, there i s 

s t i l l a lack of exper imental evidence to subs tan t ia te them. Sonder et 

a l . [21] suggested that the degradat ion of the mater ia l leading to 

breakdown is due to a r e s i s t i v i t y decrease along d i s l o c a t i o n s and sma l l -

angle g ra in boundar ies , and on ly the f i na l sudden breakdown is due to 

thermal runaway [ 2 2 ] . A double i n j e c t i o n model has been proposed by 

Tsang et a l . [23] in which e l ec t rons are i n j ec ted by the cathode and 

holes by the anode. In t h i s model , accumulation of n e g a t i v e l y charged 

i o n i c species is proposed in the reg ion adjacent to the anode in order 

to exp la i n the increase of hole i n j e c t i o n . 

Research Ob jec t i ve 

In the present work, a technique is developed to i n v e s t i g a t e ion ic 

d r i f t in so l ids caused by an ex te rna l e l e c t r i c f i e l d . The measurement 

of the oxygen i so tope , ^^0, concen t ra t ion p r o f i l e is used to determine 

the oxygen d i f f u s i o n c o e f f i c i e n t as wel l as the m o b i l i t y of ion ic spe

c i es d r i f t e d by the e l e c t r i c f i e l d . Consequent ly , both oxygen and 

c a t i o n i c d i f f u s i v i t y can be ob ta ined . Moreover, the c a t i o n i c t r a n s 

fe rence number can be determined. 

T h i s technique is used to i n v e s t i g a t e the movement of magnesium 

ions to the sur face region of MgO s ing le c r y s t a l s subjected to e l e c t r i c 

f i e l d s ranging from 0 to 3x10^ V cm-i in the temperature range of 

800-1000°C. 
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The choice of MgO was based upon i t s r e l a t i v e l y simple s t r u c t u r e 

( f ace centered c u b i c ) , the a v a i l a b i l i t y of h i g h - q u a l i t y c r y s t a l s , and 

i t s r e l a t i v e l y high ion ic t r ans fe rence numbers. These c h a r a c t e r i s t i c s 

make i t an e x c e l l e n t sub ject f o r a fundamental i n v e s t i g a t i o n of mass 

t r a n s p o r t . 

Exper imenta l Technique f o r Measurements 

In the present work the nuclear resonance reac t ion i8o ( p , c t)i5N is 

used to measure the ^^0 concen t ra t ion p r o f i l e . Alpha p a r t i c l e s are 

detected as a func t ion of inc ident proton energy . The i n teg ra ted a -

p a r t i c l e count is p lo t ted against the proton energy r e s u l t i n g in the so-

c a l l e d e x c i t a t i o n c u r v e . 

Charged p a r t i c l e s moving through a so l i d lose energy at a rate 

determined by the type of p a r t i c l e s , t h e i r energy , and the stopping 

power of the m a t e r i a l . The mean p a r t i c l e ene rgy , Em, decreases a f t e r 

pene t ra t ing to a g iven depth in a s o l i d [ 2 4 ] . When the i n i t i a l energy 

Ei is equal to 629 KeV, the resonance reac t ion occurs fo r j u s t at 

the sur face of the sample, but not f o r ^^Q w i t h i n the sample. For Ei 

s l i g h t l y g rea te r than 629 KeV, the nuclear reac t ion w i l l be induced at a 

depth at which the energy has dropped to 629 KeV, as shown by the 

diagram in F i g . 1. Th i s depth can be ca lcu la ted by using publ ished data 

f o r the stopping power of each element [25] and apply ing Bragg 's ru le 

f o r a compound [ 2 6 ] . 

Method of ana lys i s 

The exper imental data as obtained may be analyzed by e i t h e r con

v o l u t i o n or deconvolut ion as descr ibed by Rawal et a l . [ 2 7 ] . 
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S U R F A C E D E P T H P E N E T R A T I O N 

F i g . 1. Proton energy vs depth p e n e t r a t i o n . The ho r i zon ta l dashed 
l i n e at 629 KeV shows the depth at which the proton energy is 629 KeV. 
That is the depth at which the resonance reac t ion o c c u r s . 
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There are th ree basic f ac to r s con t r i bu t i ng to the observed rounding 

and spreading of the i n teg ra ted a - p a r t i c l e s count and the depth p r o f i l e 

[28]: 

i ) I n i t i a l proton beam energy spread, a E . The proton beam pro

duced by the Van der Graaf f acce le ra to r has an energy d i s t r i b u t i o n 

approximated by a gaussian d i s t r i b u t i o n . 

i i ) Proton s t r a g g l i n g . Both energy and energy d i s t r i b u t i o n of the 

protons are a func t ion of the mater ia l and the d is tance x through which 

they have t r a v e l e d in the t a r g e t . The standard d e v i a t i o n is g iven by 

Bragg 's sca t te r i ng fo rmula : 

<{. = 4.0 + KXi/2 (1) 

where i^q is the i n i t i a l standard dev ia t i on and K = 8.54 x 10"'' 

esu2/cm3/2 f o r MgO. For Ep > Ep, the resonance ene rgy , 

<). = (1,0 + K ' ( E p - E r ) i / 2 (2) 

where K' = K ( S p ) - i/2 and Sp is the stopping power f o r protons t r a v e l l i n g 

through MgO. 

i i i ) Resonance w i d t h . The natura l width of the resonant peak at 

629 KeV is 2.1 KeV as shown by F i g . 2. Hence, a resonance reac t ion 

does not occur at a unique energy and t h i s d i s t r i b u t i o n , must be 

i n c l u d e d . Another f a c t o r that can be seen from F i g . 2 is the nonzero 

c ross sec t ion for proton energ ies d i f f e r i n g from the resonance ene rgy . 

The reac t i on of I ^ Q ^^ith protons whose energ ies are g rea te r than the 

resonance energy , con t r i bu tes to the a - p a r t i c l e y i e l d and t h e r e f o r e must 

a lso be inc luded . 
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1 5 

The parameters i nvo lved in the d i f f u s i o n model are i n f e r r e d e i t h e r 

by f i t t i n g the deconvoluted spect ra w i th und is to r ted p r o f i l e s or by 

f i t t i n g the recorded spect ra w i th the convoluted p r o f i l e s . We have 

se lec ted the l a t t e r method. 

The nuclear reac t ion y i e l d can be ca lcu la ted fo r each inc iden t pro

ton energy from the fo l l ow ing equat ion : 

y = i .= / ^ C ( x . , / ; ^ ^ * f ^ e x p [ - i ( i f f ] 
0 E'-6(j, "^^Trcj) L ^ ^ -i 

d E ' d x ' (3) 

where i i s the in tegra ted c u r r e n t , e the de tec to r e f f i c i e n c y , n the 

s o l i d angle subtended by the d e t e c t o r , C ( x ' ) the assumed concent ra t ion 

p r o f i l e , and c ( E ' , e ) the d i f f e r e n t i a l cross s e c t i o n . 

L i t e r a t u r e Survey on Oxygen D i f f u s i o n in MgO 

Oxygen d i f f u s i o n in MgO has been determined by the g a s - s o l i d i s o 

tope exchange [ 2 9 ] , by the autorad iograph ic technique inducing the 

nuc lear reac t ion i 8 o ( p , T i ) i 8 F [ 6 ] , and by the y i e l d of the nuclear reac

t i o n i 8 o ( p , c t ) i 5 N [ 3 0 ] . The r e s u l t s obtained fo r the d i f f u s i o n coef 

f i c i e n t are summarized in Tab le 1 . I t can be noted from t h i s tab le that 

the p re -exponent ia l term D Q from the Ar rhen ius equation ( E q . 1 1 ) has a 

wide range of values ( d i f f e r i n g by 1 0 orders of magni tude) . In add i 

t i o n , the a c t i v a t i o n energy Q from the same equat ion ranges over about a 

f a c t o r of f o u r . In view of the wide range of D Q and Q , a redetermina

t i o n of these values is u s e f u l , p a r t i c u l a r l y at low tempera ture , 

< 1 4 0 0 K . 
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TABLE 1 

Samples 
Temperature 

Range (°C) 
Do Q 

X 10l0(m2/sec) ( K J / m o l e ) * 
Nature of 
D i f fus ion Ref . 

( i ) Single c r y s t a l s 

Low pu r i t y 1300-1750 2.5 261 E x t r i n s i c 29 
High pu r i t y 975-1150 43 343 I n t r i n s i c 31 
High pu r i t y 750-975 4.8 x 10-8 125 E x t r i n s i c 31 
Cr-doped (300 ppm) 1000-1150 4.8 X 10-6 142 E x t r i n s i c 31 
Cr-doped (300 ppm) 835-1000 1.5 X 10-2 228 Below i n 

ver ted knee 
31 

Li-doped (380 ppm) 1040-1150 1.4 X 10-5 178 E x t r i n s i c 31 
High purity-ORNL 1350-1560 2.0 X 102 370 30 

( i i ) P o l y c r y s t a l s 

Undoped 1050-1490 0.45 252 E x t r i n s i c 32 
Li-doped (3-5 at.%) 1090-1420 0.52 186 E x t r i n s i c 33 
Undoped ( l oose ly 

s in te red ) 
1020-1260 1.6 X 10-2 186 E x t r i n s i c 34 

Undoped ( l oose ly 
s in te red ) 

1260-1450 9.9 X 103 430 I n t r i n s i c 34 

Undoped ( l a rge 1100-1427 1.36 X 10* 460 I n t r i n s i c 35 
g ra i n ) 

' l kJ/mole = 1.037x10-2 eV/atm 

I t has been suyyested [29] that oxygen d i f f u s i o n in MgO is an 

i m p u r i t y - c o n t r o l l e d and/or s t r u c t u r e - s e n s i t i v e process ( e . g . , a f fec ted 

by subgrain boundaries and d i s l o c a t i o n s ) , and that the a c t i v a t i o n energy 

corresponds to that for ion m o b i l i t y . However, the a c t i v a t i o n energy 

has a meaning on ly when the t r anspo r t mechanism is determined. A l s o , i t 

i s suggested [31] that at low temperature the t r anspo r t of oxygen is by 

both i n t e r s t i t i a l and vacancy mechanisms. The vacancy concent ra t ion is 

OXYGEN DIFFUSION DATA IN MyO 
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i n t e r s t i t i a l and vacancy mechanisms. The vacancy concent ra t ion is 

dependent upon the c r y s t a l p u r i t y , oxygen p a r t i a l p r e s s u r e , and tem

p e r a t u r e . On the other hand, there are repor ts [5 ,36] on oxygen d i f 

fus ion in i ron-doped MgO and scandium-doped MgO which claim that oxygen 

d i f f u s i o n is i n s e n s i t i v e to the presence of a l i o v a l e n t cat ions of h igher 

valence than magnesium. In so l id so lu t i on these cat ions are known to 

enhance the concen t ra t ion of magnesium ion vacancies and decrease the 

oxygen vacancy c o n c e n t r a t i o n . 

L i t e r a t u r e Survey on Magnesium D i f f u s i o n in MgO 

S e l f - d i f f u s i o n of magnesium in MgO has been determined by severa l 

experiments in the range of temperatures 1000-2400°C. Table 2 sum

mar izes the a v a i l a b l e da ta . Al though there are repor ts c la iming the 

observa t ion of Mg d i f f u s i o n through i n t r i n s i c vacancies [ 3 7 ] , the r e l a 

t i v e l y high Schottky format ion energy would preclude such observa t ion at 

temperatures below the mel t ing po in t , even in the purest samples [ 3 8 ] . 

The values of D Q and a c t i v a t i o n energy are of magnitudes comparable to 

those observed in measurements of impur i t y ca t ion d i f f u s i o n , and are 

t h e r e f o r e a t t r i b u t e d to e x t r i n s i c i m p u r i t y - c o n t r o l l e d d i f f u s i o n [ 3 9 ] . 

There is f a i r agreement that Schottky defects are predominant in 

MgO with format ion enthalpy va ry ing from 390 kj/mol to 800 k J / m o l , 

according to t h e o r e t i c a l ca l cu la t i ons [ 3 0 ] . Exper imental a c t i v a t i o n 

en tha lp ies are cons is ten t w i th format ion en tha lpy , AHf = 370 kJ/mol and 

m ig ra t ion en tha lpy , AHm = 145 kJ or w i th AHf > 870 kJ/mol and AHm = 270 

kJ [ 4 2 ] . 

; •-. .: - £ ; ) S R G e T ! C A S S N U C L E A T E S 
i. F . e . M. 
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TABLE 2 

Temperature Range 
°C 5° cm2 / sec 

Q ^ 
kJ/mol Remarks Reference 

1400-1600 0.249 331 T r a c e r value s e c t i o n - 37 
ing technique 

1200-1600 0.38 220 From mob i l i t y de te r - 38 
minat ion by e .m. f . 

1000-2400 4.19x10-'* 266 Mass spectrometry of 39 
s tab le isotope ^e^y 
as t r a c e r 

1265-2350 7.48x10-6 151 T r a c e r value sec t ion ing 40 
method using ^s^g rad io 
a c t i v e t r a c e r 

1100-1400 
1400-1750 

0.54 
1.6x10-5 

308 
164 

T r a c e r value sec t ion ing 41 
method 

*1 kJ/mole = 1.037x10-2 eV/atm 

The ion ic c o n d u c t i v i t y and t r ans fe rence number have been measured 

in MgO s i n g l e c r y s t a l s f o r temperatures ranging from 1100°C to 1600°C. 

The i on ic t r ans fe rence number was determined by the emf method [ 3 8 ] , and 

d i l a t ocou lome t r i c method [43] as a func t ion of oxygen p a r t i a l p ressu re . 

The values repor ted fo r 1 atm of oxygen are 0.44 at 1155°C and 0.31 at 

1234°C [ 4 3 ] . 

The i on ic c o n d u c t i v i t y has been determined to be d i r e c t l y propor

t i ona l to the concen t ra t ion of the t r i v a l e n t so lu tes [ 3 8 ] . The 

c o n t r o l l i n g charge-balance equation appears to be 

MAGNESIUM SELF-DIFFUSION COEFFICIENT IN MgO 
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2[VMg] = [ iMg] + [Fewg] , (4) 

where [VMg] is the concen t ra t ion of double i on i zed magnesium vacanc ies , 

[ iMg ] is the concen t ra t ion of t r i v a l e n t so lu tes exc lud ing i ron and 

[ F e ^ g ] is the Fe^'*' c o n c e n t r a t i o n . 

II 



CHAPTER I I 

BASIC THEORY OF DIFFUSION 

F i c k ' s Laws 

An ideal c r y s t a l is composed of atoms d i s t r i b u t e d in a regu la r per

i od ic arrangement of points in a space def ined l a t t i c e [ 4 4 ] , A l a t t i c e 

i s a mathematical abs t rac t i on usefu l in understanding a c r y s t a l l i n e 

s t r u c t u r e . However, in p r a c t i c e , such a per fec t c r y s t a l l i n e system does 

not e x i s t because of the ex i s tence of t he rma l l y c reated i n t r i n s i c 

d e f e c t s , e . g . , Schottky and/or Frenkel p a i r s , or de fec ts created by 

i m p u r i t i e s . The presence of a l i o v a l e n t impu r i t i es causes an e l e c t r i c a l 

charge unbalance which is compensated by defec ts such as vacancies and/or 

i n t e r s t i t i a l s . 

S t r u c t u r a l imper fec t ions or defects are a pr imary avenue fo r atom 

mig ra t ion in s o l i d s . Volume or bulk d i f f u s i o n is the atomic mig ra t ion 

of ions caused by motion of the l a t t i c e d e f e c t s , e . g . , vacancies and 

i n t e r s t i t i a l atoms. Planar and l i n e a r d e f e c t s , e . g . , g ra in boundaries 

and d i s l o c a t i o n s , may be avenues fo r enhanced atom m i g r a t i o n . 

Analogous to the problem of heat conduc t ion , a mathematical theory 

of d i f f u s i o n in an i s o t r o p i c medium has been developed [ 4 5 ] . F i c k ' s 

f i r s t law in one dimension s ta tes that the ra te of t r a n s f e r , j , of d i f 

fus ing species is d i r e c t l y p ropor t iona l to the concent ra t ion grad ient 

8 C ( x , t ) / 3 x : 

20 
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j _ , M x ^ • ( 5 ) 

The p ropor t iona l constant D is ca l l ed the d i f f u s i o n c o e f f i c i e n t . F i c k ' s 

second law is de r i ved from the above and the c o n t i n u i t y equa t ion ; and f o r 

the p a r t i c u l a r case of the d i f f u s i o n c o e f f i c i e n t being independent of the 

c o n c e n t r a t i o n , F i c k ' s second law takes the simple form 

111. t) - n 3^C(x t ) , . ^ ( x , t ) - D — ^ . (6) 

T h i s equat ion may be so lved e x p l i c i t l y fo r c e r t a i n boundary cond i t ions 

which can be expe r imen ta l l y d e f i n e d . For i ns tance , in a s e m i - i n f i n i t e 

s o l i d w i th an i n i t i a l constant t r a c e r c o n c e n t r a t i o n , C Q , un i fo rmly 

d i s t r i b u t e d th roughout , and w i th sur face maintained in e q u i l i b r i u m wi th a 

gas phase, the boundary cond i t i on is 

C ( o , t ) = f o r t > 0 (7) 

Cg i s the f r a c t i o n a l concen t ra t ion of t r a c e r in the gas phase, and C ( o , t ) 

i s the f r a c t i o n a l concen t ra t ion of t r a c e r at the sur face of the s o l i d . 

The so l u t i on of Eq. (6) s a t i s f y i n g the above cond i t i on is [45] 

C ( x , t ) - Co = (Cg-Co) e r f c ( - ^ ) . (9) 

I f the sur face does not ins tan taneous ly e q u i l i b r a t e w i th the concent ra 

t i o n of the t r a c e r in the gas, the boundary cond i t ion at x=o fo r t>o is 

- D ( - f ) ^ = V [Cg - C ( o , t ) ] (6) 
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w i t h C ( x , t ) ->• Co as X -»• 00 . 

V is the f i r s t - o r d e r sur face exchange c o e f f i c i e n t . The so l u t i on of 

E q . (6) s a t i s f y i n g that cond i t ion is now [30] 

Cg - Co ^2/Dt^ ^ ^ \) ^ ^2/Dt ^ 

By es tab l i sh i ng a temperature dependence of the d i f f u s i o n coef 

f i c i e n t , the a c t i v a t i o n energy and, t h e r e f o r e , the sum of the en tha lp ies 

o f defect format ion and motion can be determined, leading to an a tomis t i c 

i n t e r p r e t a t i o n of the mechanism of d i f f u s i o n . 

Expe r imen ta l l y determined d i f f u s i o n c o e f f i c i e n t s are u s u a l l y 

expressed by an A r r h e n i u s - t y p e equat ion 

0 = Do exp (- ^ ) , (11) 

where Do is the p re-exponent ia l f a c t o r , Q the a c t i v a t i o n ene rgy , R the 

gas cons tan t , and T the absolute temperature . 

In the p a r t i c u l a r case of d i f f u s i o n tak ing place by the vacancy 

mechanism, the a c t i v a t i o n energy Q is the sum of both the enthalpy of 

vacancy f o r m a t i o n , AHf , and the enthalpy of i on i c mot ion , A H ^ , i f the 

i n t r i n s i c vacancies are predominant [46] 

0 = AHf + AHm . (12) 

However, i f e x t r i n s i c vacancies are predominant, the a c t i v a t i o n energy 

f o r d i f f u s i o n is 

Q = AHm . (13) 
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In any case , the mechanism is the same. An atom in a l a t t i c e s i t e jumps 

to a nearest vacancy. The net e f f e c t i s atoms migra t ing in one d i r e c t i o n 

and vacancies in the opposi te d i r e c t i o n . 

Al though the vacancy mechanism was chosen as an example, there are 

o the r poss ib le mechanisms such as i n t e r s t i t i a l , i n t e r s t i a l c y , and r ing 

mechanisms which are d iscussed in de ta i l in re fe rence 4 6 . 

D r i f t Caused by an E l e c t r i c F i e l d 

In the case of e l e c t r i c - f i e l d forced d i f f u s i o n , F i c k ' s second law 

conta ins a d r i v i n g fo rce term in add i t ion to the concen t ra t ion g r a d i e n t : 

3 C ( x , t ) _ n 3 2 C ( x , t ) p a C ( x , t ) 
dt ~ ^ ax^ 3x ( 1 4 ) 

where u i s the mob i l i t y of the d i f f u s i n g species and E is the e l e c t r i c 

f i e l d s t r e n g t h . 

For a s e m i - i n f i n i t e specimen wi th i n i t i a l and boundary cond i t ions 

C ( x , o ) = C Q , C ( o , t ) = Cg, r e s p e c t i v e l y , the so lu t i on of Eq . ( 1 4 ) when 

both e l e c t r i c f i e l d and d i f f u s i o n are in the same d i r e c t i o n is [ 4 7 ] : 

yEx 
C . ( x , t ) = Co + ^ [ { 1 - e r f [f^]} . e ° { l - e r f ( ^ ) 

2/Dt ' 
( 1 5 ) 

Upon reve rs ing the d i r e c t i o n of the appl ied f i e l d but keeping the same 

f i e l d s t r e n g t h , the so lu t i on to Eq . ( 1 4 ) is g iven by [ 4 7 ] 

C - ( x , t ) = Co + V i o -
2 1 - e r f (• x+uEt 

2M • 

uEx 

+ e ^ 2/Dt^ 
. ( 1 6 ) 



24 

E f f e c t s of an e l e c t r i c f i e l d on the mig ra t ion of charge species in a 

homogeneous c r y s t a l i n v o l v e s a decrease of the a c t i v a t i o n energy fo r 
ZesE 

m ig ra t i on by a fac to r of ^ in one d i r e c t i o n , and an inc rease by the 

same fac to r in the reve rse d i r e c t i o n . F igu re 3 i l l u s t r a t e s t h i s concept 

where s is the i n t e rp l ana r c r y s t a l l i n e d i s t ance , e the e l ec t ron charge , 

and Z the charge s t a t e . The r e s u l t i n g cu r ren t dens i t y J-\ caused by the 

d i r e c t i o n a l charge t r anspo r t is g iven by 

J i = oiE , ( 1 7 ) 

where the subscr ip t i des ignates a p a r t i c u l a r specie ( i o n i c or e l e c 

t r o n i c ) , and ai is the c o n d u c t i v i t y of that spec ie . The c o n d u c t i v i t y of 

p a r t i c l e s of type i is 

a i = t i a , ( 1 8 ) 

where t i is the t ranspo r t (or t r a n s f e r e n c e ) number of specie i . 

The t o ta l e l e c t r i c a l c o n d u c t i v i t y a i s g iven by the sum of the e l e c 

t r o n i c and ion ic c o n d u c t i v i t i e s . I f only one ion ic specie and one 

e l e c t r o n i c specie are con t r i bu t i ng to the c o n d u c t i v i t y , then 

a = a i o n + crel • ( 1 9 ) 

In t h i s case the ion ic t r anspo r t number, t-jon> is def ined as the r a t i o 

between the ion ic c o n d u c t i v i t y and the t o ta l c o n d u c t i v i t y : 

t i o n = ^ . (2Ü) 

The c o n d u c t i v i t y is re la ted to the charge c a r r i e r m o b i l i t y u by 

the fo l l ow ing equat ion : 
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F i g . 3. Schematic i l l u s t r a t i o n of the e l e c t r i c f i e l d 
e f f e c t on the c r y s t a l p o t e n t i a l : s o l i d l i n e ind ica tes 
po ten t i a l w i thout p e r t u r b a t i o n , dashed l i n e is po ten t ia l 
w i t h f i e l d p e r t u r b a t i o n . 
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a = Z e c y . (21) 

where c is the concen t ra t i on of mobile s p e c i e s . 

The N e r n s t - E i n s t e i n r e l a t i o n e s t a b l i s h e s a r e l a t i o n between m o b i l i t y 

and d i f f u s i o n c o e f f i c i e n t of any s p e c i e s , and i t is d e r i v e d from the 

c a l c u l a t i o n of the net f low of p a r t i c l e s in the presence o f an e l e c t r i c 

f i e l d , assuming random d i f f u s i o n in a homogeneous system [ 4 6 ] : 

u = If D , (22) 

where K is the Boltzmann constant and T the absolute tempera tu re . 

I n a s o l i d e l e c t r o l y t e subjected to an e l e c t r i c f i e l d app l ied 

th rough oxygen r e v e r s i b l e e l e c t r o d e s , a r e l a t i v e displacement of the 

e l e c t r o l y t e - e l e c t r o d e i n t e r f a c e i s observed [ 4 3 ] . T h i s displacement has 

been a t t r i b u t e d to the accumulat ion of i o n i c species in the e l e c t r o l y t e -

e l e c t r o d e i n t e r f a c e [ 4 3 ] . I t has been repor ted [43] that an accumulat ion 

o f 0.1 Coul i s enough t o cause a displacement of approx imate ly 3 ym at 

1160°C. 

Tak ing the p a r t i c u l a r case of c a t i o n i c m i g r a t i o n , the c a t i o n i c 

t r a n s f e r e n c e number can be ca l cu la ted by a simple charge-mass ba lance . 

The c a t i o n i c t r a n s f e r e n c e number w i l l be the r a t i o of the equ i va len t 

charge due to the c a t i o n i c motion and the t o t a l charge t r anspo r t ed 

th rough the m a t e r i a l : 

t " t = - ? i , (23) 

where n is the number of moles of c a t i o n i c spec i es , I the dc c u r r e n t . At 

t he t ime i n t e r v a l , and F Fa raday ' s c o n s t a n t . 
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I t is c l ea r that 

, (24) 

where S A X is the volume of the d isp laced r e g i o n , a_ the mater ia l den

s i t y , and M the molecular we igh t . 

Hence 
_ a S Z F A X , . 

teat - M I At • (25) 

In the present work i t is assumed that the sur face area of the 

i n t e r f a c e e l e c t r o l y t e - e l e c t r o d e is kept cons tan t , and the e l e c t r o l y t e -

e lec t rode i n t e r f a c e is d isplaced by A X normal to the e lec t rode p lane. 

T h e r e f o r e , the f a c t o r S / I can be e a s i l y replaced by 1/J leading to 

E q . (26 ) : 

_ a Z F A X , . 
^<^at - M.J .A t • (26) 

Assuming pure c a t i o n i c mot ion, t ca t= l » Eq^ (26) is rearranged as 

MJAt = a Z F A X . (27) 

T h e r e f o r e the m o b i l i t y is 

_ a F A X 

^ -MecE At ' (28) 

where c is the ca t ion vacancy c o n c e n t r a t i o n . 

The cat ion vacancy d i f f u s i o n c o e f f i c i e n t , Dy, is determined by 

E q . (29) when one combines Eqs. (22) and (28 ) : 

I. p. £. N. 
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CHAPTER I I I 

EXPERIMENTAL PROCEDURE 

Sample Prepara t ion 

Samples of MgO nominal ly pure* s i n g l e c r y s t a l s were cut w i th a 

diamond edge saw in slabs (1x1x0.1 cm) and (1x0.6x0.1 cm) from a boule 

w i t h faces on the c r y s t a l l o g r a p h i c planes {100}. The o r i g i n a l boule was 

i n the form of a rec tangu la r paral1 e l i p i p e d 1x1.5x1.5 cm. A f t e r g r ind ing 

w i th a se r i es of success i ve l y f i n e r a b r a s i v e s , such as 240, 320, 400, and 

600 g r i t SiC impregnated paper, as wel l as 3/0 carborundum impregnated 

paper , each sample was mechanical ly pol ished wi th alumina s l u r r i e s , 0.3 

pm in p a r t i c l e s i z e . Water was used dur ing the g r i n d i n g . A f t e r 

p o l i s h i n g , samples were chemica l ly pol ished wi th a so lu t i on of 85% 

HPO3 at 150°C fo r 30 seconds in order to remove the sur face l a y e r l e f t 

from the mechanical po l i sh ing procedure [ 4 8 ] . Chemical po l i sh ing is a lso 

necessary s ince the nuclear technique has shown that mechanical 

p o l i s h i n g , even using f i ne alumina, produces a contaminated sur face [ 4 9 ] . 

A f t e r p o l i s h i n g , the samples were washed in wa te r , in acetone, and then 

d r i ed in a i r at room temperature . 

I t has been demonstrated by Spadaro [50] that annealing at 1400°C 

reduces the d i s l o c a t i o n dens i t y in MgO s ing le c r y s t a l s by at leas t an 

* C r y s t a l s grown by Tateho Chemical I n d u s t r i e s C o . , L t d , Hyogo-ken, 
J a p a n . Neutron a c t i v a t i o n ana lys i s performed by ORNL ind ica tes the 
f o l l ow ing p r i nc i pa l impur i t i es in y g / g : A l , 44; V , 20; C r , 8; Mn, 2; 
F e , 71; and Na, 130. 

29 



30 

order of magnitude and produces a real ignment of d i s l o c a t i o n s in po lygo-

n ized a r r a y s . However, the pene t ra t ion depth of d i s l o c a t i o n s show 

l i t t l e or no change. Because of these e f f e c t s i t was decided to anneal 

the samples at 1400°C fo r 4 h in a i r p r i o r to the i n t r oduc t i on of the 

i s o t o p i c t r a c e r . 

A f t e r the t r a c e r i n t r oduc t i on and the d i f f u s i o n annea l ing , the su r 

faces of the samples were covered wi th a l a y e r of aluminum 200 A th ick 

by spu t te r i ng an aluminum ta rge t w i th a rgon . The aluminum l a y e r p ro 

v ides an e l e c t r i c a l contact between the sample and the sample holder 

dur ing the nuclear ana l ys i s and thereby reduces the accumulation of 

charges generated by the proton bombardment. Charge accumulat ion 

a d v e r s e l y a f f e c t s the measurement of the emitted u - p a r t i c l e s because of 

the energy reduct ion of protons due to coulombic i n t e r a c t i o n , thus 

g i v i n g an erroneous i nd i ca t i on of depth of the i 8 o ( p , a ) 15[\| r e a c t i o n . In 

a d d i t i o n , e l e c t r i c a l breakdown on the sur face might in t roduce e l e c t r o n i c 

no ise in the d e t e c t o r . 

A n a l y t i c a l Procedure 

The oxygen d i f f u s i o n c o e f f i c i e n t i s gene ra l l y obtained from f i t t i n g 

the mathematical so lu t i on of the d i f f e r e n t i a l d i f f u s i o n equat ion to the 

exper imenta l concent ra t ion p r o f i l e of the t r a c e r . Depending on the 

boundary c o n d i t i o n s , severa l a n a l y t i c a l so lu t ions are p o s s i b l e . The 

boundary cond i t ions are determined e x p e r i m e n t a l l y , by the method of 

t r a c e r i n t r o d u c t i o n . 

Three d i f f e r e n t methods (and t h e r e f o r e three d i f f e r e n t boundary 

c o n d i t i o n s ) have been used in these exper iments to in t roduce t r a c e r s 
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i n to the sample. They a r e : i ) imp lan ta t i on , i i ) y a s / s o l i d i so top i c 

exchange, and i i i ) g a s / s o l i d i so top i c exchange wi th e l e c t r i c f i e l d 

e x t e r n a l l y app l i ed . 

Implanta t ion 

The {100} face on MgO s ing le c r y s t a l s was implanted w i th 189+ ions 

w i t h energy of 110 KeV and an i n teg ra ted f l u x of 10^'^ ions cm-2. For 

t h i s energy the gaussian d i s t r i b u t i o n of the implanted ions had a maximum 

at 1412 A and a standard dev ia t i on of 722 A about t h i s depth . D i f f u s i o n 

anneals were made at temperatures in the range of 200-1600°C in a i r . For 

temperatures g rea te r than 800°C, samples were placed in a magnesia boat 

and fo r temperatures lower than 800°C, in a qua r t z boat , and inse r ted in 

an e l e c t r i c furnace wi th a quar tz muf f le t ube . Anneal ing times ranged 

from 1 to 7b hours . At the end of each annea l , samples were quenched in 

a i r to room temperature by wi thdrawing the boat from the fu rnace . 

G a s / s o l i d i so top ic exchange 

D i f f u s i o n anneals were performed on MgO samples in equ i l i b r i um wi th 

one atm of 95% ^ ^ Q ^ gas* in the range of temperatures 800-1000°C, dur ing 

t ime i n t e r v a l s ranging from 24 to 400 hours . A quar tz tube i nse r ted in 

an e l e c t r i c furnace contained the samples. 

G a s / s o l i d i so top ic exchange wi th e l e c t r i c f i e l d e x t e r n a l l y appl ied 

MgO samples were e q u i l i b r a t e d w i th one atm of 95% I8O2 yas in the range 

of temperatures 800-100Û°C. An e l e c t r i c f i e l d w i th s t reng ths ranging 

* 1 8 0 2 gas was purchased from Monsanto Research C o r p o r a t i o n . 
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from zero to 3000 V/cm was appl ied between the {100} sur faces of the 

samples dur ing the d i f f u s i o n annea l ing . F igu re 4 shows the exper imental 

apparatus cons is t i ng of a temperature and p r e s s u r e - c o n t r o l l e d system. 

E lec t rodes were plat inum gauze (45 and 100 mesh). Samples were i nse r ted 

i n a quar tz tube and compressed between two e lec t rodes by means of a 

spr ing system. To keep the pressure un i fo rmly d i s t r i b u t e d on the 

sur face of the sample, two per fo ra ted d i s c s , i n i t i a l l y made of machin

able g lass ceramic (MACOR)*, were used in contact w i th the e l e c t r o d e s . 

However, an abnormally high background was detected during the nuclear 

a n a l y s i s . The o r i g i n of t h i s background was found to be the product of 

a nuclear reac t ion i n v o l v i n g boron ( i i B ( p , a ) 8 B e wi th Q = 5.65 MeV) pro

ducing OL p a r t i c l e s w i th energy 3.70 MeV when the inc iden t proton energy 

was 0.65 MeV [ 5 1 ] . T h i s assumption was checked by promoting the same 

nuc lear reac t ion w i th samples conta in ing boron, such as BN and Ni38. I t 

was concluded that the source of boron contaminat ion on the MgO was the 

MACOR d i s c s , s ince t h i s mater ia l contains 7% B2O3. T h e r e f o r e , parts 

made of MACOR were replaced by pure a lumina. 

The samples were i nse r ted in the furnace a f t e r i t reached a s tab le 

tempera tu re . The system was then evacuated to l O - ^ mm Hg and f i l l e d 

w i t h 1 atm of 95% i^g^ enr iched oxygen . During the process of f i l l i n g , 

the gas passed through a cold t rap in order to remove any res idual 

w a t e r . Samples of the I8O2 gas were c o l l e c t e d before and a f t e r the d i f 

f us ion anneal ing and analyzed by mass spect rometry in order to monitor 

*MACOR machinable g lass ceramic chemical composit ion provided by 
Duramic Produc ts , I n c . , New J e r s e y : 46% S i 0 2 , 16% A U O g , 17% MgO, 10% 
K2O, 4% F, 7% B2O3. 
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the v a r i a t i o n of the i so top ic c o n c e n t r a t i o n . The average i so top i c con

c e n t r a t i o n decreases ~15% wi th respect to the i n i t i a l concen t ra t ion 

regard less of the exposure time w i t h i n the range of times of these 

exper imen ts . Apparent ly the l a rges t f r a c t i o n of t h i s v a r i a t i o n is 

caused by the gas i so top ic exchange w i th the furnace w a l l s , s t a b i l i z i n g 

a f t e r 24 h . 

The e l e c t r i c f i e l d was appl ied by an ex te rna l power supply (PRL 

E l e c t r o n i c s , Model CP-1413-V) and the cur ren t was measured by a d i g i t a l 

e lec t romete r ( K e i t h l e y Model 616) in se r i es w i th the sample, the power 

supp l y , and a res i s tance of 100 a ( V a r i a b l e res i s tance box, LEEDS & 

No r th rup , Cat . No. 2164). E l e c t r i c a l connect ions to one of the e l e c 

t rodes was made by a P t : P t 10% Rh thermocouple which was also used to 

monitor the temperature of the sample. A thermocouple i n d i c a t o r (Dor ic 

Model DS-350) provided d i g i t a l temperature readout . At the end of each 

anneal , the samples were cooled ins ide the furnace to room temperature 

at a coo l ing ra te of ~10°C/min. Before wi thdrawing the samples, the 

remaining gas was stored in a sorp t ion pump conta in ing z e o l i t e . The 

qua r t z tube was then f i l l e d wi th dry a i r and the sample w i thd rawn. 

Nuclear ana l ys i s 

The exper iments descr ibed in t h i s sect ion were c a r r i e d out by using 

a Van de Graaf f acce le ra to r able to reach a maximum energy of 2.5 MeV. 

An ion ana lyz ing magnet is used to se lec t the p a r t i c l e beam. The magne

t i c f i e l d of t h i s magnet is adjusted in order to maximize the beam 

cu r ren t detected by a Faraday cup. A nuclear magnetic resonance probe is 

used to measure the magnetic f i e l d . The magnetic f i e l d s from which ha l f 
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of the maximum cur ren t was obtained were also measured in order to e s t i 

mate the energy standard dev ia t i on A E . From these measurements A E was 

est imated to be 0.8 KeV. The i^O concent ra t ion p r o f i l e was determined 

by inducing the nuclear reac t ion 18Q(p^^^ ) 15|\| in the reg ion of the reso 

nant energy of 629 KeV. By va ry ing the proton beam energy up to 750 

KeV, the reac t ion was induced at inc reas ing depths in the samples. For 

each inc ident proton ene rgy , the nuclear reac t ion i ^0 (p , a ) i 5N produces 

a - p a r t i c l e s which are d i s t r i b u t e d through a range of ene rgy . As an 

example of such y i e l d , F i g . 5 shows a t yp i ca l a - p a r t i c l e spectrum 

obtained by bombarding a ^''1"' wi th 629 KeV p ro tons . The 

i n teg ra ted charge in t h i s case was 10 pCoul . 

To probe the i^O concen t ra t ion p r o f i l e , the inc ident proton energy 

i s i n c reased , r e s u l t i n g in a s i m i l a r y i e l d fo r each se lec ted energy . 

The i n teg ra ted a - p a r t i c l e count of each spectrum is p lo t ted as a func

t i o n of proton ene rgy , producing the e x c i t a t i o n c u r v e . The samples 

were mounted in a goniometr ic chamber w i th two degrees of f reedom. 

I n i t i a l l y , the samples were o r ien ted w i th (100) face normal to the i n c i 

dent proton beam. By t i l t i n g the ta rge t a few degrees o f f of t h i s 

d i r e c t i o n , the in teg ra ted nuclear reac t ion y i e l d was maximized. At t h i s 

o r i e n t a t i o n channel ing e f f e c t s did not a f f ec t the da ta . Erroneous depth 

p r o f i l e s can be obtained i f the c r y s t a l is o r ien ted in the channel ing 

d i r e c t i o n w i th respect to the proton beam. The stopping power and the 

cross sec t ion fo r c o l l i s i o n s wi th atoms in the channel ing d i r e c t i o n 

d i f f e r from the ones in a ramdom o r i e n t a t i o n , where the p r o b a b i l i t y of 

atomic c o l l i s i o n is h igher [ 5 2 ] . 
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F i g . 5. Alpha p a r t i c l e spectrum of lr^^02 f i l m bombarded 
w i t h 629 KeV pro tons : p a r t i c l e counts vs p a r t i c l e energy . 
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The a - p a r t i c l e s produced by the reac t ion were detected through a 

s i l i c o n sur face b a r r i e r de tec to r (ORTEC Model TE-13-100-100) located 9 

cm from the center of the goniometer, and making an angle of 150° w i th 

respect to the inc iden t proton beam d i r e c t i o n (see F i g . 6 ) . A t h i n 

a lumin ized mylar f i lm 0.50 mi ls th i ck covered the de tec tor in order to 

sh i e l d i t from backscat tered p ro tons . The beam cu r ren t ranged from 50 

to 150 namps and the in teg ra ted charge f o r each run was 20 uCoul . 

A d isc of z i rcon ium conta in ing a f i l m of lr^^02, 150 A th i ck on the 

su r face was used as a standard sample. Th i s sample was prepared by ano

d ic ox ida t i on of z i rcon ium in H2^^0. The th ickness of the f i lm has been 

est imated by the values of v o l t a g e , c u r r e n t , and time i n t e r v a l adopted 

f o r the anod iza t ion p rocess . Th i s sample provided an energy c a l i b r a t i o n 

and s tandard ized the parameters w i th respect to the v a r i a t i o n s of the 

acce le ra to r c o n d i t i o n s . 

Complementary Ruther fo rd backsca t te r ing (RBS) and channel ing 

exper iments were performed in some samples by using a 2 MeV a - p a r t i c l e 

beam. The mylar f i lm was replaced by a metal p la te w i th a 0.4x1.3 cm 

s l i t . The beam cur ren t ranged from 10 to 30 namps. For RBS, the 

samples were a l igned 7° from the [110] d i r e c t i o n and the azimuthal angle 

was va r i ed during each run to avoid channel ing and to prov ide a "random" 

s p e c t r a . The in teg ra ted charge was 20 y C o u l . In the case of RBS in the 

channel ing mode, samples were o r ien ted w i th [110] d i r e c t i o n p a r a l l e l to 

the inc ident proton beam. The azimuthal angle was va r i ed in order to 

minimize the in teg ra ted counts . The i n teg ra ted charge was 60 uCoul . 

A mult ichannel pulse height ana l yze r (MCA) was used to s to re the a-

p a r t i c l e s energy s p e c t r a . Each spectrum was subsequent ly t r a n s f e r r e d to 

1. P . E . N . 
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1st C O L L I M A T O R 

2 n d C O L L I M A T O R 

F i g . 6. Schematic view of the ana l ys i s chamber. P -
proton beam, H - sample holder which can be ro ta ted and pu l led 
up and down, D - s o l i d s ta te d e t e c t o r , S - sample, and C -
chamber. 
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a magnetic tape fo r computer a n a l y s i s . C a l i b r a t i o n of the mult ichannel 

ana l yze r was done by measuring RBS of pure C, A l , and Si samples. 



CHAPTER IV 

RESULTS 

In t h i s sect ion the observed e x c i t a t i o n curves are p resen ted . In 

the d iscuss ion s e c t i o n , they w i l l be compared w i th ca lcu la ted e x c i t a t i o n 

curves generated by convo iu t ing assumed pene t ra t ion p r o f i l e s . From 

these e x c i t a t i o n curves i t is poss ib le to determine d i f f u s i o n param

e t e r s . 

I n i t i a l l y , e x c i t a t i o n curves obtained from ^^O"*" implanted-HgO 

samples are shown as a func t ion of anneal ing times and tempera tures . 

These are fo l lowed by e x c i t a t i o n curves from samples i s o t o p i c a l l y 

exchanged wi th ^ ^ Q ^ . Dependence on anneal ing parameters such as t ime , 

tempera tu re , and e l e c t r i c f i e l d s t reng th are i nc luded . 

RBS spect ra in both random and channel ing modes are shown fo r 

samples exchanged wi th ^^62, and exposed to e l e c t r i c f i e l d . F i n a l l y , 

data obtained from SEM of sur faces kept in contact wi th e lec t rodes are 

p resen ted . 

Resu l ts from Implanted Samples 

F igu re 7 shows the e x c i t a t i o n curves fo r a sample as implanted and 

a f t e r d i f f u s i o n anneals at 150G°C/8h, 1200°C/75h, and 700°C/lh in a i r . 

In t h i s chapter dash l i nes are drawn connect ing exper imental points in 

order to help v i s u a l i z e the exper imental da ta . The background from an 

unimplanted sample which contains a natura l concent ra t ion of 0.2% ^^0 is 

15 times less than the maximum number of counts obtained from a sample 

40 
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implanted w i th 10^'' ions cm-2. Data in t h i s f i g u r e were taken 

w i thout checking channel ing e f f e c t s . I t is observed tha t annealing at a 

low temperature ( e . g . , 700°C), does not s i g n i f i c a n t l y a f f e c t the implan

t a t i o n p r o f i l e . However, anneal ing at h igher temperatures ( e . g . , 1200°C 

and 1500°C) a l t e r s the implanta t ion p r o f i l e s u b s t a n t i a l l y as a r e s u l t of 

a loss of implanted ^^0 d i f f u s i n g toward the implanted sur face of the 

c r y s t a l . The remaining 20% of implanted ^^0 is apparent ly moved deeper 

i n t o the c r y s t a l . A f t e r t h i s i n i t i a l experiment i t was r e a l i z e d that 

channel ing might a f f e c t the r e s u l t s . The ma jo r i t y of implanted ^^0 can 

on ly be observed when channel ing is avoided s ince implanta t ion leaves 

the l a t t i c e d i s t o r t e d , and ions occupy i n t e r s t i t i a l p o s i t i o n s . However, 

anneal ing res to res the l a t t i c e by re loca t ing atoms in these p o s i t i o n s . 

An example is shown in F i g . 8. Th i s f i g u r e shows that an implanted 

sample, when analyzed in the channel ing mode has a l a r g e r amount of 

implanted ^^0. A f t e r anneal ing at 700°C dur ing 1 h in a i r (accord ing to 

f i g u r e 6 l i t t l e d i f f u s i o n takes p l a c e ) , channel ing of protons is 

observed in [100] d i r e c t i o n because the t o ta l amount of ^^0 detected is 

lower compared to the random spectrum taken by t i l t i n g the ta rge t 7° o f f 

tha t d i r e c t i o n . In view of these r e s u l t s , a l l the subsequent measure

ments were done in nonchanneling d i r e c t i o n s . 

Resu l ts from ^^0 g a s / s o l i d i so top i c exchange 

A t y p i c a l e x c i t a t i o n curve from the nuclear reac t ion on a MgO 

sample e q u i l i b r a t e d w i th I8O2 gas is shown in F i g . 9. In t h i s par

t i c u l a r case the ^ ^ Q g a s / s o l i d i so top ic exchange was performed at 
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[100] d i r e c t i o n . Dashed l i n e s are drawn to help v i s u a l i z e 
the exper imental da ta . 
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975±6°C dur ing 311.4h. E x c i t a t i o n curves were a lso obtained fo r 

894±3°C/48.1h, and 845±4°C/256.7h, r e s u l t i n g in s i m i l a r c u r v e s . 

The p r i nc i pa l c h a r a c t e r i s t i c s of these curves are a peak c lose to 

630 KeV and a monotonie increase of number of a - p a r t i c l e counts at 

h igher e n e r g i e s . The area under the peak is approx imate ly re la ted to 

the concen t ra t ion of ^^O in the region near the s u r f a c e . The increase 

of counts at h igher energy does not i nd i ca te an increase in 

concen t ra t ion deeper in to the c r y s t a l , but does ind ica te an e f f e c t of 

the cross sec t ion of the nuclear reac t ion in t h i s range of ene rgy . T h i s 

e f f e c t is taken in to account by the convo lu t ion p rocess . 

Resu l ts from ^^0 gas / so l i d i so top ic exchange in the presence of an 

Ex te rna l E l e c t r i c F i e l d 

The e f f e c t of an e l e c t r i c f i e l d on the e x c i t a t i o n curves fo r proton 

bombardment is shown in F i g . 10 fo r a MgO sample subjected to a f i e l d 

s t reng th of 90 V /cm, dur ing a 48 hours ^̂ 0̂2 g a s / s o l i d exchange at 

936±2°C. Data from a sample under the same cond i t ion but wi thout 

appl ied f i e l d is included fo r comparison. The cathode side of t h i s 

sample e x h i b i t e d a higher i n teg ra ted p a r t i c l e count than did the anode 

s i d e . Indeed, t h i s is observed fo r a l l samples subjected to moderate 

e l e c t r i c f i e l d s . The anode side exh ib i t ed an e x c i t a t i o n curve s i m i l a r 

t o the one obtained wi thout appl ied f i e l d , except fo r a peak s h i f t . 

T h i s d e v i a t i o n is a t t r i b u t e d to v a r i a t i o n s of the energy c a l i b r a t i o n of 

the Van de Graaf f acce le ra to r which occured between runs performed on 

d i f f e r e n t days . These v a r i a t i o n s are gene ra l l y observed and re la ted to 

the maintenance process of t h i s machine. However, the area under the 
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F i g . 10. E x c i t a t i o n curves fo r a MgO s ing le c r y s t a l 
subjected to ^^0 g a s / s o l i d i so top ic exchange at 936°C/48h, 
and to an e l e c t r i c f i e l d s t reng th of 90 V cm-^: ( • ) cathode 
s i d e , (o) anode s i d e , and (A) no f i e l d . Dashed l i nes are 
drawn to help v i s u a l i z e exper imental da ta . 
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e x c i t a t i o n curve is the important parameter and i t should not be 

a f fec ted by the peak s h i f t . 

The e l e c t r i c f i e l d s t reng th dependences of the e x c i t a t i o n curves 

are depicted by F i g s . 11 and 12 fo r the cathode and anode f aces . I t 

should be noted that the o rd ina te scales fo r these two f i g u r e s d i f f e r 

by more than an order of magnitude. These samples were exchanged w i th 

at a f i x e d time (24h ) , and temperature (930°C). From the area 

under the e x c i t a t i o n curves of the cathode sides i t is observed that the 

i^o concen t ra t ion in the reg ion near the sur face increases propor

t i o n a l l y to the e l e c t r i c f i e l d s t r e n g t h . Moreover , the e x c i t a t i o n curve 

fo r low e l e c t r i c f i e l d (10 V/cm) approaches the one in the absence of an 

e l e c t r i c f i e l d . 

Al though the areas under the e x c i t a t i o n curves fo r the anode sides 

are s im i l a r to the ones wi thout appl ied f i e l d , there is some v a r i a t i o n , 

e . g . , 90 V/cm, which cannot be expla ined in terms of e l e c t r i c f i e l d 

s t reng th dependence. These anomalies w i l l be d iscussed in the next 

chap te r . 

The time dependence of the e x c i t a t i o n curves was measured by 

keeping the temperature (930°C) and the e l e c t r i c f i e l d (90 V/cm) at 

constant v a l u e s , and by va ry ing the i so top i c exchange time i n t e r v a l . 

F igu res 13 and 14 show the e x c i t a t i o n curves fo r the cathode and anode 

s i d e , r e s p e c t i v e l y . For the cathode sides the ^^0 concent ra t ion in the 

region near the sur face is observed to increase p r o p o r t i o n a l l y to the 

exchange time i n t e r v a l . For the anode side the reve rse conclus ion is 

reached. 

i, p . E . N -
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F i g . 11. E x c i t a t i o n curves from the cathode side of MgO 
s i n g l e c r y s t a l s subjected to ^^Q g a s / s o l i d i so top ic exchange 
at 930°C/24h and to e l e c t r i c f i e l d s t rengths o f : ( • ) 3000 V 

(O) 1000 V c m - i , (A) 300 V c m - i , (V) 90 V c m - i , (0) 10 V cm 
cm 

-1 
-1 and « ) no f i e l d . Dashed l i nes are drawn through data 

po in ts to help v i s u a l i z e exper imental da ta . 
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F i g . 12. E x c i t a t i o n curves from the anode side of MgO 
s i n g l e c r y s t a l s subjected to ^^Q g a s / s o l i d i so top i c exchange 
at 930°C/24h and to e l e c t r i c f i e l d s t reng ths o f : ( • ) 1000 V 
c m - i , (O) 300 V c m - i , (A ) 90 V c m - i , ( v ) 10 V c m - i , and ( ^ ) no 
f i e l d . The dashed l i n e is drawn to help v i s u a l i z e one set of 
the exper imental da ta . 
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F i g . 13. E x c i t a t i o n curves from the cathode side of 
MgO s i ng le c r y s t a l s subjected to ^^0 g a s / s o l i d i so top i c 
exchange at 930''C, and to an e l e c t r i c f i e l d s t reng th of 90 
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Dashed l i nes are drawn to help v i s u a l i z e the exper imental 
d a t a . 
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F i g . 14. E x c i t a t i o n curves from the anode side of MgO 
c r y s t a l s subjected to ^^0 g a s / s o l i d i so top ic exchange at 

Time -1 930°C, and to an e l e c t r i c f i e l d s t reng th of 90 V cm 
i n t e r v a l s were: ( • ) 24h, (O) 48h, and (A) 96h. Dashed 
l i n e s are drawn to help v i s u a l i z e the exper imental da ta . 
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S i m i l a r l y , the temperature dependence of the e x c i t a t i o n curves was 

a lso determined f o r both cathode and anode sides by keeping the e l e c t r i c 

f i e l d s t reng th ( 9 0 V/cm) cons tan t . The exchange time i n t e r v a l was f i x e d 

at 4 8 h f o r T > 8 9 0 ° C and 1 3 9 h f o r T < 8 9 0 ° C . F igures 1 5 and 1 6 show 

these r e s u l t s . The temperature dependence of the e x c i t a t i o n curves is 

usefu l fo r determining the a c t i v a t i o n energy of the phys ica l process 

respons ib le f o r the r e s u l t s obtained in t h i s work. The v a r i a t i o n s of 

the areas under the e x c i t a t i o n curves f o r the cathode side show an 

increase of ^^O concen t ra t ion in the region near the s u r f a c e , propor

t i o n a l to the increase of the tempera ture . The v a r i a t i o n s of the e x c i 

t a t i o n curves fo r the anode side show the same behav io r , except for the 

case where the temperature was 8 4 5 ° C . 

RBS data 

RBS in the random and channel ing modes was performed on two samples 

in order to determine the loca t ion of the ^ ^ 0 . One sample was i s o t o p i 

c a l l y exchanged w i th I ^ Q ^ w i thout f i e l d and the o ther in the presence of 

an e l e c t r i c f i e l d . F igu re 1 7 shows the RBS spectrum in the random mode 

f o r a sample exchanged wi th ^ ^ Q ^ at 9 6 0 ° C dur ing 8 9 h. The steps i n d i 

cated in the f i g u r e are due to the onset of '+He s c a t t e r i n g by 27/^i 

( p r e v i o u s l y deposi ted on the samples) , ^^O and ^̂ M̂g ( subs t ra te 

components). There is no evidence of s c a t t e r i n g by ^ ^ Q ^ F igu re 1 8 

shows the RBS spectrum from the n e g a t i v e l y po la r i zed face of a sample 

subjected to the same procedure, but in add i t ion to a 1 0 1 0 V/cm e l e c t r i c 

f i e l d . Th i s f i g u r e shows that '*He sca t t e r i ng is due to i ^O, in add i t ion 

to 1 ^ 0 , 2'+Mg, and 2 7 / \ i , goth spectra were obtained wi th c r y s t a l s t i l t e d 
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F i g . 15. E x c i t a t i o n curves from the cathode side of 
MgO s i n g l e c r y s t a l s subjected to an e l e c t r i c f i e l d s t reng th 
of 90 V cm-^ , and i^O g a s / s o l i d i so top i c exchange a t : (^ ) 
973°C/48h, (A) 936°C/48h, (O) 894°C 48h, ( • ) 845°C/139.Ih. 
Dashed l i n e s are drawn to help v i s u a l i z e the exper imental 
da ta . 
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F i g . 16. E x c i t a t i o n curves from the anode side of MgO 
s i n g l e c r y s t a l s subjected to an e l e c t r i c f i e l d s t reng th of 90 
V c m - i , and ^^0 g a s / s o l i d i so top i c exchange a t : (0) 973°C/48h, 
(A) 936<'C/48h, (O) 894°C/48h, and ( • ) 845°C/139.Ih. Dashed 
l i n e s are drawn to help v i s u a l i z e the exper imental da ta . 
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7° o f f the [110] c r y s t a l l o y r a p h i c d i r e c t i o n , and cons tan t l y ro ta ted in 

order to randomize the azimuthal a n y l e . 

Channel iny was poss ib le by o r i en t i ng the c r y s t a l s in such a way that 

the [110] d i r e c t i o n co inc ided w i th the inc ident p a r t i c l e beam. F igures 

19 and 20 show the RBS spect ra in the channel ing mode f o r the same 

c r y s t a l s as used to obta in the random spectra ( F i g s . 19 and 20) . 

Sur face peaks fo r 27/^]^ ^'*f^g, ^^0, i^O, and ^^C are observed in both 

s p e c t r a . These peaks are expected fo r '•He s c a t t e r i n g from atoms on the 

su r face of the samples; no evidence of i n t e r s t i t i a l atoms or amorphous 

format ion in the region near the sur face was de tec ted . The only 

observed d i f f e rence between the data fo r the case wi thout and wi th a 

f i e l d is a s l i g h t increase in the background when the f i e l d is p resen t . 

Since they were taken from d i f f e r e n t samples, and the channel ing op t im i 

z a t i o n might vary due to misal ignment , a small d i f f e r e n c e is expec ted . 

SEM micrographs 

Due to the d i f f e r e n t sur face appearance of c r y s t a l s subjected to 

e l e c t r i c f i e l d s , scanning e l ec t ron micrographs were taken from c r y s t a l 

su r faces p r e v i o u s l y in contact w i th e l e c t r o d e s . F igu res 21(a) and (b) 

show two of these micrographs at d i f f e r e n t m a g n i f i c a t i o n s . They were 

taken from tlie cathode face of a sample subjected to 1000 V/cm at 930°C 

dur ing 24 h. The increased magn i f i ca t ion used fo r F igu re 21(b) prov ides 

a more de ta i l ed view of the sur face mod i f i ca t ions s t imulated by the 

e l e c t r i c f i e l d . F igures 22(a) and (b) show SEM micrographs taken from 

the anode face of the same sample, using the same magn i f i ca t ions as 

F igu res 21(a) and ( b ) . 

I. p . S . N . 
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a) 70X 

b) 700X 

F i g . 21. SEM micrograph from n e g a t i v e l y p o l a r i z e d su r face . 
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a) 70X 

b) 700X 

F i g . 22. SEM micrograph from p o s i t i v e l y p o l a r i z e d su r face . 
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No a l t e r a t i o n in the sur face t e x t u r e was observed from c r y s t a l su r 

faces exposed to f i e l d s t reng ths < 300 V cm-^ . The dark area shown in 

F igu re 22(a) is part of the region where the proton beam was i n c i d e n t . 

The micrographs taken at h igher magn i f i ca t i on (700X) show that the 

cathode and anode sur faces d i f f e r . Comparing micrographs shown in 

F igu res 21(b) and 2 2 ( b ) , i t i s seen that the d i f f e r e n c e is not only on 

the contact points but a lso on the surrounding a r e a . Th i s area appears 

t o be smoother on the anode sur face than on the cathode s u r f a c e . The 

roughness of the cathode sur face might be an i nd i ca t i on of the format ion 

o f a new oxide f i l m , such as Mg^^O. However, s tereomicrographs are 

needed in order to obtain the sur face topo log ica l c h a r a c t e r i s t i c s . 



CHAPTER V 

DISCUSSION 

Development of a convo lu t ion program 

A computational program has been developed in order to generate 

e x c i t a t i o n curves from the convo lu t ion of an assumed concent ra t ion p ro 

f i l e w i th the i n i t i a l proton beam energy spread, p a r t i c l e energy 

s t r a g g l i n g , and the f i n i t e width of the resonant cross s e c t i o n . A 

diagram of t h i s program is g iven in F i g . 23. 

For each inc ident proton energy Ep, the program convoiutes the 

energy spreading w i th the d i f f e r e n t i a l c r o s s - s e c t i o n values prov id ing 

the p r o b a b i l i t y of c rea t ing an a - p a r t i c l e at each depth . A matr ix of 

such p r o b a b i l i t y is ca lcu la ted as a func t ion of depth and then again 

convolu ted w i th the assumed concent ra t ion p r o f i l e in order to produce 

a ca lcu la ted e x c i t a t i o n c u r v e . The parameters descr ib ing t h i s con

c e n t r a t i o n p r o f i l e , e . g . , d i f f u s i v i t y , sur face exchange c o e f f i c i e n t , 

and/or oxide l a y e r t h i c k n e s s , are then adjusted by a sub rou t i ne , labe led 

DLMDFl,* in order to obta in the best f i t . T h i s subrout ine minimizes the 

sum of squares of the d i f f e r e n c e between the ca lcu la ted e x c i t a t i o n curve 

and the observed one. The i n t e g r a t i o n s necessary to convolute the con

c e n t r a t i o n p r o f i l e were done by using a s u b r o u t i n e , labeled S P L I N T , * * in 

* B . S. Garbow, K. E. H i l l Strom, and J . J . More, Minpack Documentat ion, 
Argonne Nat ional L a b o r a t o r y , Argonne, I L , 1980. 
* * G . E. F o r s y t h e , M. A . Malcolum, and C. B. Moler , Computer Methods fo r 
Mathematical Computations ( P r e n t i c e H a l l , 1977), pp. 89-90. 
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the l i b r a r y of the DEC-10 computer. Fu r the rmore , the convo lu t ion 

program uses exper imental c r o s s - s e c t i o n values [51] i n t e rpo la ted in 0.1 

KeV s t e p s , instead of t h e o r e t i c a l a n a l y t i c a l e x p r e s s i o n s . The t h e o r e t i 

cal approach would in t roduce f u r t h e r assumpt ions. 

To check t h i s program, the exper imental data obtained from the 

Z r ^ ^ o ^ standard sample was analyzed by using the fo l l ow ing procedure: 

the concen t ra t ion depth p r o f i l e was assumed to be a step func t ion w i th a 

constant i^g concent ra t ion w i t h i n the f i r s t 150 A from the s u r f a c e . 

T h i s th ickness has been p r e v i o u s l y est imated by the parameters of the 

anod iza t ion process . Beyond t h i s depth the ^^0 concen t ra t ion was taken 

to be z e r o . F igu re 24 shows both the exper imental and ca lcu la ted e x c i 

t a t i o n c u r v e s . The points on t h i s f i g u r e i nd i ca te the degree of 

agreement between the ca lcu la ted curve and the exper imental data to be 

expected in these exper iments . 

Implanted Samples 

The r e s u l t s from implanted samples show a loss of ^^0 a f t e r 

anneal ing at T > 120U°C, as ind icated in F i g . 7. The reason f o r such 

loss is s t i l l not c l e a r . I t is poss ib le that d i f f u s i o n through the 

damaged area created by the implantat ion process is much f a s t e r than 

through the undamaged i n t e r i o r of the implanted sample. I n t r i n s i c 

de fec ts are created during implantat ion in MgO [ 5 3 ] , both in the anion ic 

s u b l a t t i c e ( F , F"*", F 2 - c e n t e r s ) and in the ca t i on i c s u b l a t t i c e 

( V " - c e n t e r s ) . Excess defects would acce le ra te d i f f u s i o n . A s im i l a r 

phenomenon has been c l e a r l y observed [54] f o r an AI2O3 s i n g l e c r y s t a l 

implanted w i th T i and Cr . RBS spect ra obtained on t h i s mater ia l in the 
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channel ing mode show the c rea t i on of an amorphous l a y e r due to the 

implanta t ion p rocess . They a lso show r e c r y s t a l 1 i z a t i o n due to 

annea l ing , and a loss of the i n i t i a l l y implanted i m p u r i t y . 

Loss of implanted 18Q+ has also been observed in NiO s ing le 

c r y s t a l s [ 5 5 ] . For that mater ia l i t i s a t t r i b u t e d to evaporat ion of NiO 

dur ing d i f f u s i o n annea l ing . By annealing two implanted NiO specimens 

s imul taneous ly w i th the implanted sur faces in con tac t , the loss of ^^0 

was reduced. The same procedure was t r i e d in the present work. Two MgO 

c r y s t a l s implanted w i th 10^^ ions cm-^ were annealed at 1200°C wi th the 

implanted faces in con tac t . The loss of ^^0 was approximate ly the same 

as in the case of an uncovered f ace , i . e . , none of the implanted ^ ^ Q ^g^^ 

d e t e c t e d . Apparent ly two c r y s t a l s in contact do not preclude the loss 

of implanted ^^0. 

F igu re 8 is i n t e r p r e t e d by assuming that implanted ^ ^ Q -jgns occupy 

random pos i t i ons in the c r y s t a l , i . e . , both i n t e r s t i t i a l and l a t t i c e 

s i t e s , prec lud ing channel ing of inc ident p a r t i c l e s . However, a f t e r 

anneal ing at temperatures as low as 700°C, channel ing is observed , i n d i 

ca t ing that implanted i^O ions have l e f t i n t e r s t i t i a l pos i t i ons 

T h e r e f o r e , channel ing paths which were i n i t i a l l y occupied are now empty. 

To sum up, adopting th i s method of t r a c e r i n t r oduc t i on for s e l f -

d i f f u s i o n s tud ies requ i res f u l l understanding of the behavior of the 

mater ia l dur ing implantat ion as wel l as a systemat ic c h a r a c t e r i z a t i o n of 

r ad ia t i on damage and s t r u c t u r e m o d i f i c a t i o n , and i t s consequence to 

the d i f f u s i o n p rocess . 

I. p . e. N. 
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Ana lys i s of Gas/So l id I so top ic Exchange Resu l ts 

Oxygen s e l f - d i f f u s i o n c o e f f i c i e n t s in MgO were determined by using 

the computational program descr ibed p r e v i o u s l y to convolute equation 10 

w i th the exper imental f a c t o r s . The parameters of equation 10, i . e . , 

d i f f u s i v i t y and sur face exchange c o e f f i c i e n t were adjusted in order to 

ca l cu l a t e the e x c i t a t i o n curves that best f i t the observed ones. In 

F i g . 25 f i t s fo r d i f f e r e n t parameters are shown. The best f i t , which is 

the leas t square ca lcu la ted by the computer program, is shown by a s o l i d 

l i n e f i t t i n g the exper imental data p r e v i o u s l y presented in F i g . 9. The 

ca l cu la ted oxygen d i f f u s i v i t y f o r t h i s p a r t i c u l a r temperature (975±6°C) 

was 2.4 X 10"^^ c m 2 / s , and the sur face exchange c o e f f i c i e n t was 

5.45 X 10"^° cm/s . The same procedure was fo l lowed fo r samples sub

jec ted to d i f f e r e n t annealing time i n t e r v a l s and tempera tures . Tab le 3 

presents the d i f f u s i o n c o e f f i c i e n t values as a func t ion of tempera tures . 

These values are p lo t ted in F i g . 26 in add i t ion to values repor ted by 

o ther i n v e s t i g a t o r s . 

TABLE 3 

OXYGEN DIFFUSION COEFFICIENTS IN MgO 

Temperature (°C) t ime(s ) V(cm s " ^ ) D cm^ s "^ 

975±6 1,121,400 (5.45±1.42)xl0-^0 (2 .4±0.6)x l0-l9 

894±3 173,322 (7.08±1.77)x l0-1° ( 1 .7±0 .4 )x l0 -19 

845±4 923,940 (8.11±1.301x10"1° (2 .9±0.5)x l0-20 
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The value 161±60 kJ/mole obtained by a l eas t - square f i t of the d i f 

f u s i v i t y versus the rec ip roca l of the absolute temperature ( F i g . 26) , i s 

w i t h i n the exper imental e r r o r , in agreement w i th the one repor ted by 

Rovner [ 3 2 ] , 125 kJ/mole in the so -ca l l ed e x t r i n s i c region (750-975°C). 

The r e l a t i v e l y l a rge standard dev ia t i on fo r the a c t i v a t i o n energy value 

i s caused by the exper imental point taken at the sho r te r time i n t e r v a l 

( 48h ) . At t h i s time i n t e r v a l the concent ra t ion p r o f i l e can be substan

t i a l l y a f fec ted by the sur face exchange r e a c t i o n . I t has been 

demonstrated [30] tha t the e f f e c t s of sur face exchange reac t ion on con

cen t ra t i on p r o f i l e s w i l l be g rea te r in the i n i t i a l stages of the 

exchange than in the f i na l s tages . 

Ana lys i s of Resu l ts from Gas /So l id Exchange w i th E l e c t r i c F i e l d 
E x t e r n a l l y Appl ied 

The same procedure descr ibed in the preceding sect ion was i n i t i a l l y 

attempted to determine the oxygen d i f f u s i o n c o e f f i c i e n t in the presence 

of e l e c t r i c f i e l d s ; equation 15, instead of equation 10, was convoluted 

to ca l cu la te the e x c i t a t i o n c u r v e . 

I f the oxygen d i f f u s i v i t y va lues were assumed to be e l e c t r i c f i e l d 

independent and equal to that obtained in the absence of an e l e c t r i c 

f i e l d , the exper imental e x c i t a t i o n curves from the cathode faces could 

not be f i t t e d . A d i f f u s i v i t y two orders of magnitude higher did prov ide 

a reasonable f i t . But even then the f i e l d s t reng th dependence depicted 

in F i g . 11 could not be f i t t e d . 

A simple c a l c u l a t i o n shows that the displacement of the concent ra 

t i o n p r o f i l e caused by the e l e c t r i c f i e l d , A X = pEAt , is of the same 
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order of magnitude as the depth p e n e t r a t i o n , xct2/DAt fo r the exper imen

ta l c o n d i t i o n s . The e l e c t r i c f i e l d s used in the present work were too 

small to produce a measurable d i f f e r e n c e between the concent ra t ion p r o f i 

les in the absence of a f i e l d and that w i th a f i e l d . T h e r e f o r e , e x c i t a 

t i o n curves in these two cases should be s i m i l a r f o r a set of parameters 

corresponding to a short d i f f u s i o n r u n . F igu re 27 shows the ca lcu la ted 

e x c i t a t i o n curves obtained fo r I ^ Q d i f f u s i o n wi thout f i e l d , and in the 

presence of 300 V /cm. Indeed, the d i f f e r e n c e between them is too small 

to be observed . However, F i g . 10 shows the observed e x c i t a t i o n curves 

f o r a sample subjected to 90 V/cm. Even fo r t h i s low f i e l d , a la rge 

d i f f e r e n c e is observed between tne e x c i t a t i o n curves fo r the cathode and 

fo r the anode faces . T h e r e f o r e , the r e s u l t s are i ncons i s ten t w i th only 

an oxygen d i f f u s i o n p rocess . 

Another mechanism of mass t r anspo r t is proposed to exp la in these 
II 

r e s u l t s : i on i zed magnesium vacancies Vf/ig d r i f t to the anode causing a 

corresponding d r i f t of magnesium ions to the cathode. At the cathode 

these Mg ions react wi th I ^ Q ^ forming a Mg ^^0 l a y e r . Since magnesium 

d i f f u s i o n is some orders of magnitude g rea te r than oxygen d i f f u s i o n in 

MgO, such a mechanism can produce the ve ry la rge e f f e c t s obse rved . The 

f i e l d s t reng th and time dependence of the e x c i t a t i o n curves are con

s i s t e n t w i th a mechanism of mass t ranspor t of magnesium induced by an 

e l e c t r i c f i e l d . I f t h i s process is assumed, then the th ickness of the 

formed oxide f i lm can be used to deduce the mob i l i t y of My i o n s , and the 

c a t i o n i c t r ans fe rence number. From t h e s e , the Mg s e l f - d i f f u s i o n coef 

f i c i e n t can be c a l c u l a t e d . 
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F i g . 27. Ca lcu la ted e x c i t a t i o n curves assuming oxygen d i f f u s i o n in 
a MgO s ing le c r y s t a l subjected t o : (O) no f i e l d , {+) +300 V cm-^ , and 
(A) -300 V c m - i . The d i f f e r e n c e s in the curves are too small to be shown 
on t h i s f i g u r e . 
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For the convo lu t ion c a l c u l a t i o n , the ^^0 concent ra t ion p r o f i l e 

of the Myi^O f i lm is approximated by a step func t i on w i th a nonzero 

constant va lue from the sur face of the mater ia l to some depth . Beyond 

t h i s depth , i t i s assumed that the concent ra t ion p r o f i l e is c o n t r o l l e d 

by thermal d i f f u s i o n w i th an appl ied e l e c t r i c f i e l d . For the sake 

of completeness, equation 15 i s used, al though as d iscussed above the 

e l e c t r i c f i e l d has no measured e f f ec t on the I ^ Q d i f f u s i v i t y . The Mg^^O 

f i l m t h i c k n e s s , A X , is adjusted in order to obta in a best f i t between 

the ca lcu la ted e x c i t a t i o n curves and the observed ones. 

As discussed e a r l y in t h i s chap te r , the convo lu t ion process p ro 

duces " t h e o r e t i c a l " e x c i t a t i o n curves from y i v e n concent ra t ion p r o f i l e s . 

Such curves are compared wi th the exper imental data and adjusted to f i t 

i t . However, t he re i s a f i n i t e number of exper imental points taken at 

energy values that d i f f e r by 1 KeV, which correspond to approx imate ly 

100 A in a depth s c a l e . T h e r e f o r e , i t is est imated t h a t , due to the 

l i m i t imposed by the exper imental r e s o l u t i o n , a de ta i l ed shape curve 

cannot be reso lved fo r depths smal ler than 200 A. The determinat ion of 

the to ta l amount of ^^0 prov ide a q u a n t i t a t i v e ana l ys i s in these 

r e g i o n s . For high penet ra t ion depths, the exper imental r eso l u t i on is 

s u f f i c i e n t to prov ide a shape reso lu t i on fo r the e x c i t a t i o n c u r v e s . For 

these cases the exper imental data cannot be f i t t e d w i th any reasonable 

d i f f u s i o n p r o f i l e caused by oxygen d i f f u s i o n . P r o f i l e s having a step 

func t ion shape g ive reasonable f i t s . For s i m p l i c i t y , a step func t ion 

was used in each case since i t is cons is ten t w i th the physica l nature of 

a growing oxide f i l m . I t should be no ted , however, that be t te r f i t s 
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were obtained i f an ensemble of step func t ions were used. I t may be 

tha t such an ensemble represents i r r e g u l a r i t i e s of the actual s u r f a c e . 
II 

The mob i l i t y and d i f f u s i v i t y of V^g are ca lcu la ted from equat ions 

28 and 29, r e s p e c t i v e l y . The vacancies are present as charge compen

sa t i on due to the presence of Fe^"*", A13+, and Cr3+ i m p u r i t i e s . The 

vacancy concen t ra t ion is est imated from equat ion 4 by using the detected 

impur i t y concent ra t ion (see p. 29) . Any e r r o r in t h i s es t imat ion 

a f f e c t s only the absolute va lue of the d i f f u s i o n c o e f f i c i e n t , but not 
II 

the a c t i v a t i o n energy fo r m i g r a t i o n . The VMg concen t ra t ion w i l l be 

a f f ec ted by impur i t y p r e c i p i t a t i o n which happens over a range of tem

p e r a t u r e s . Processes such as p r e c i p i t a t i o n of impur i t i es and d i s s o l u 

t i o n of p r e c i p i t a t e s might be ind ica ted by a sharp change in the 

a c t i v a t i o n energy observed over a range of tempera tures . 

The exper imental e x c i t a t i o n curves shown in F i g . 15 are now 

rep lo t t ed in F i g s . 28, 29, 30, and 31 along wi th the ca lcu la ted e x c i 

t a t i o n c u r v e s . These curves show a secondary peak between 645 and 650 

KeV caused by the increase of cross sec t ion values and decrease of i^g 

c o n c e n t r a t i o n . Expe r imen ta l l y t h i s peak has not been r e s o l v e d . The 

ox ide f i lm th ickness corresponding to the ox ida t i on of Mg ions d r i f t e d 

to the cathode is then determined from these f i t s as a func t ion of tem

p e r a t u r e . The ca lcu la ted mob i l i t y and d i f f u s i v i t y are g iven in Tab le 4 

and are p lo t ted in F i g s . 32 and 33, r e s p e c t i v e l y , as a func t ion of 

rec ip roca l tempera tu re . The a c t i v a t i o n energy is ca lcu la ted by the 

l eas t - squa res f i t of the th ree points at T > 1168 K to equation 11. The 

s o l i d l i n e s in those f i gu res show the best f i t of equation 11. 
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F i g . 32. V^g mob i l i t y vs rec ip roca l tempera ture . 
So l id l i n e is the leas t square f i t of the th ree points at 
h igher tempera tures , and dashed l i n e is the leas t square 
f i t of a l l p o i n t s . 
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The d i f f u s i o n c o e f f i c i e n t i s g iven by 

°VMg(iiF) = {0.3±0.3)exp [-(̂ Îf̂ ) kJ/mole ( 3 Ü ; 

I f the leas t -square f i t of a l l points in F igures 32 and 33 to equat ion 11 

is taken ( i nd i ca ted by dashed l i n e s ) , the a c t i v a t i o n energy w i l l be 

h igher as g iven by the fo l l ow ing equat ion : 

Dv,,,g(cm2/sec) = (9.8±5.0)x l05exp " - 3 6 8 1 6 9 
RT kJ/mole (31) 

TABLE 4 

MAGNESIUM VACANCY MOBILITY AND DIFFUSIVITY IN MgO 

Temperature Time AX (A) u cm2 / v .s D cm2 / s 
(K) (sec) 

1118±3 501480 22±2 (8 .83±0 .90)x l0 - i i (4 .25±0.43)x l0- 12 

1168±3 173322 111±14 (1.31±0.17)xl0-9 (6.29±0.86)x l0- 11 

1204±1 86936 92±12 (2.16±0.28)xlÜ-9 (1.12±0.15)x lO- 10* 

1246±1 173334 409±74 (4.81±0.87)xl0-9 (2.58±0.47)x l0- 10 

*Data from F i g . 35. 

The data at T > 1168 are be t te r f i t t e d by equation 30. Both a c t i 

va t i on energy and pre-exponent ia l values g iven by t h i s equat ion are in 

be t t e r agreement w i th the r e s u l t s reported fo r Mg d i f f u s i o n in MgO (see 

Table 2 ) . The proposed model of Mg ion d r i f t to the cathode by vacancy 
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mechanism is then conf i rmed by these r e s u l t s . Fu r the rmore , the a c t i v a 

t i o n energy value obtained in t h i s work ind ica tes that the defects are 

e x t r i n s i c as a consequence of the presence of a l i o v a l e n t i m p u r i t i e s . 

Equat ion 31 shows h igher a c t i v a t i o n energy when the lower tem

pera ture data is i nc l uded . Th i s value of m o b i l i t y at the lowest tem

pera tu re may be an i nd i ca t i on of impur i ty c l u s t e r f o rma t i on . Fu r the r 

exper iments are needed to determine i f p r e c i p i t a t i o n of a l i o v a l e n t ions 

i s the re levan t f a c t o r . The p r e c i p i t a t i o n process has been observed at 

800°C [ 5 6 ] w i th i ron implanted in MgO, forming oxide p r e c i p i t a t e s and 

sp ine l f e r r i t e . I t is a lso known that the s o l u b i l i t y of Si in MgO is 

ve ry low at T< 1200°C [ 3 8 ] . Cr3+ has been observed to be reduced by 

e l e c t r i c f i e l d s of 1000 V/cm at 1100°C in MgO [ 5 7 ] . Sur face segregat ion 

of aluminum by spinel p r e c i p i t a t i o n has been observed in MgO [ 5 8 , 5 9 ] . 

The growth of the spinel p r e c i p i t a t e s at the sur face is observed fo r 

T > 80U°C but not f o r lower tempera tures , even over a per iod of severa l 

hours . 

The vacancy mechanism fo r atomic d i f f u s i o n requ i res a nearest 

neighbor vacancy. Hence, the jump ra te of an ion i s p ropor t iona l to 

the vacancy c o n c e n t r a t i o n . However, the vacancy i t s e l f can jump to any 

of the occupied nearest neighbor pos i t ions and t h e r e f o r e t h e i r jump rate 

i s independent of the c o n c e n t r a t i o n . T h u s , the d i f f u s i o n c o e f f i c i e n t 

f o r vacancies does not depend on the vacancy concen t ra t ion fo r small 

de fec t concent ra t ions [ 4 6 ] . 

The vacancy d i f f u s i o n c o e f f i c i e n t , O v , is re la ted to the random 

d i f f u s i o n c o e f f i c i e n t . D p , by 

Dp = c Dv , ( 3 2 ) 
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where c is the vacancy c o n c e n t r a t i o n . Equation (32) is on ly v a l i d when 

the d i f f u s i o n is completely random and the success ive jumps are indepen

den t , i . e . , u n c o r r e l a t e d . In the measurement of the d i f f u s i o n of t r a 

c e r s , t h i s assumption is not f u l f i l l e d s ince each jump depends on the 

preceding one. T h e r e f o r e , the d i f f u s i o n of the t r a c e r atom is no longer 

u n c o r r e l a t e d . However, the vacancy can jump to any one of i t s nearest 

ne ighbo rs , whi le the t r a c e r atom can only jump to the vacancy s i t e . 

The d i f f u s i o n c o e f f i c i e n t fo r c o r r e l a t e d d i f f u s i o n of a t r a c e r atom 

in a cubic c r y s t a l is g iven by 

DMg = Nv f oj^g , (33) 

where f is the c o r r e l a t i o n f a c t o r and Ny the f r a c t i o n of vacant Mg 

s i t e s . For vacancy s e l f - d i f f u s i o n in face-cen te red cubic c r y s t a l , f = 

0.78 [ 4 6 ] . Ny is est imated to be 5.45x10-5 from the vacancy con

c e n t r a t i o n value ca lcu la ted by equation 4. 

In order to compare the magnesium s e l f - d i f f u s i o n c o e f f i c i e n t 

obtained in the present work wi th r e s u l t s p r e v i o u s l y r e p o r t e d , D|v|g is 

ca l cu la ted from equation 33. Tab le 5 shows DMg as a func t ion of tem

p e r a t u r e . 

F i g u r e 34 shows the magnesium s e l f - d i f f u s i o n c o e f f i c i e n t values 

obta ined in t h i s work as a func t i on of rec ip roca l of the tempera ture . 

Values p rev i ous l y reported are a lso p lo t ted fo r compar ison. Indeed, the 

va lues in the present work are in good agreement w i th the ones expected 

by ex t r apo la t i ng the h igher temperature v a l u e s . 

In order to subs tan t ia te the v a l i d i t y of the model proposed fo r 

mass t ranspor t under i n f l uence of e l e c t r i c f i e l d , the t ime , and f i e l d 



85 

10 -8 

ORNL-DWG 84-13486 
TEMPERATURE (X) MP 

900 1000 1200 1400 1800 2400 

10 - 9 

-10 ^ 10 

- 10-^1 

UJ 

t 10-^2 
UJ 
o 

g 10-" 
U. 

10 -14 

10 -15 

10 -16 

1 ' I ' I ' I ' I ' I ' I ' 

HARDING, et al. 
V MONOCRYSTALS MgO 
• VENTRON MgO 

LINDNER a 
PARFITT 

" 7 

/ 

• NORTON MgO 
O SPICER MgO 
WUEMSCH, et aL 

/ 

PRESENT WORK 

1 1 1 
9.0 8,0 7.0 6.0 5.0 4.0 3.0 

RECIPROCAL TEMPERATURE (K"^ 10""̂ ) 

F i g . 34. Comparison of Mg d i f f u s i o n data in MyO. 
Harding et a l . , Re f . 41; Lindner and P a r f i t t , Ref . 37; Wuemsch 
et a l . , Ref . 39. 



86 

T A B L E 5 

MAGNESIUM S E L F - D I F F U S I O N C O E F F I C I E N T IN MgO 

T e m p e r a t u r e ( K ) DMg ( c m 2 / s ) 

1118±3 ( I .81±0 .18)x l0 -16 

1168±3 (2 .80±0.37)x l0 - i5 

1204±1 (4 .75±0.64)x l0 - i5 

1246±12 (1.10±0.20)x l0- l ' * 

s t r e n g t h d e p e n d e n c e w e r e a n a l y z e d . By r e a r r a n g i n g e q u a t i o n (27) 

A X . (34) 

H e n c e , a l i n e a r d e p e n d e n c e b e t w e e n A X , t h e Mg^^o f i l m t h i c k n e s s , and A t , 

t h e t i m e i n t e r v a l , i s e x p e c t e d . T h e e x p e r i m e n t a l e x c i t a t i o n c u r v e s 

shown i n F i g . 13 f o r t h e n e a r c a t h o d e r e g i o n a r e p l o t t e d i n F i g s . 

35, 36, and 37 w i t h t h e c u r v e s o b t a i n e d f r o m t h e c o n v o l u t i o n p r o g r a m . 

T i m e i n t e r v a l s v a r i e d f r o m 24 h t o 96 h , w h i l e t e m p e r a t u r e and f i e l d 

s t r e n g t h w e r e k e p t c o n s t a n t . F i g u r e 38 shows AX c a l c u l a t e d f r o m t h e 

c u r v e s as a f u n c t i o n o f t i m e i n t e r v a l At and / A E " . A l i n e a r d e p e n d e n c e 

b e t w e e n A X and A t i s o b s e r v e d , as e x p e c t e d f o r d r i f t m o b i l i t y . 

F o l l o w i n g t h e same p r o c e d u r e , t h e d e p e n d e n c e b e t w e e n A X and E , t h e 

f i e l d s t r e n g t h , was a n a l y z e d . By r e a r r a n g i n g e q u a t i o n (27) and r e p l a c 

i n g t h e c u r r e n t d e n s i t y by e q u a t i o n (17) 
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. x = | f ^ E . (35) 

Again a l i n e a r r e l a t i o n between A X , the Mgi^O f i lm t h i c k n e s s , and E, the 

e l e c t r i c f i e l d s t reng th is expec ted , as a c h a r a c t e r i s t i c of d r i f t mob i l 

i t y . 

From the ca lcu la ted e x c i t a t i o n curves p lo t ted in F i g s . 39 

through 43, Ax was ca lcu la ted fo r f i e l d s t reng ths of 10, 90, 300, 1000, 

and 3000 V/cm, r e s p e c t i v e l y . F i gu re 44 shows the l i n e a r r e l a t i o n 

between A X and E. 

Hence, the observed v a r i a t i o n of the e x c i t a t i o n curves w i th t ime, 

tempera tu re , and f i e l d s t reng th are cons is ten t w i th the model proposed 

f o r mass t ranspo r t by magnesium vacanc ies . 

An est imate of the average t r ans fe rence number fo r any run can be 

made using equation 25. The r e s u l t s , obtained from the exper imental 

va lue of the f i lm th ickness A X and cu r ren t I , dur ing the r u n , are g iven 

in Table 6. 

TABLE 6 

CATIONIC TRANSFERENCE NUMBER IN MgO 

T (K) t c a t i om c 

1243±4 0.37±Ü.12 

1206±3 0.48±0.11 

1168±3 0.45±0.11 
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These numbers are in agreement w i th the ones repor ted at 1428 K and 

1507 K fo r MgO equ i l i b ra ted in 1 atm of oxygen [ 4 3 ] . A r e l a t i v e l y la rge 

f r a c t i o n of i on i c motion is s t i l l observed at 1168 K i nd i ca t i ng that 

i on i c t r anspo r t is co r re l a ted to e x t r i n s i c defec ts independent of the 

tempera tu re . 

Resu l t s f o r Cr-Doped MgO 

In the preceding s e c t i o n , evidence fo r magnesium ion d r i f t by a 

vacancy mechanism was p resen ted . E x t r i n s i c vacancies were assumed to be 

due to the presence of a l i o v a l e n t i m p u r i t i e s . In t h i s s e c t i o n , an add i 

t i o n a l experiment is presented to subs tan t ia te that assumpt ion. 

A MgO sample conta in ing 1500 yg/g chromium was subjected to an 

e l e c t r i c f i e l d of 1000 V/cm dur ing 24 h at 930°C. A sandwich was made 

of a nominal ly pure MgO sample and a Cr doped sample in which the anode 

was placed between the two samples. The cathode of each sample was 

brought out of the furnace s e p a r a t e l y . T h u s , both samples exper ienced 

i d e n t i c a l e l e c t r i c f i e l d and i^O atmosphere. The observed e x c i t a t i o n 

curves obtained from both the cathode and anode faces of each c r y s t a l 

are shown in F i g . 45. 

I t is obvious from these data that the concent ra t ion of i^O, as wel l 

as the depth of the oxide l a y e r , are h igher near the cathode region of 

the Cr-doped MgO than the cathode reg ion of the nominal ly pure MgO. The 

anode regions for both samples show lower ^^0 concent ra t ion in agreement 

w i t h prev ious r e s u l t s . 

The s o l i d l i nes in F i g . 45 are the ca lcu la ted e x c i t a t i o n c u r v e s , 

f o l l o w i n g the procedure descr ibed in the preceding s e c t i o n . From these 
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curves the Mg^^O f i lm th ickness is determined to be 3540±350 A fo r the 

cathode of Cr-doped MgO, and 851±102 A fo r the cathode of nominal ly pure 

MgO. 

Chromium shows some in f l uence on the e l e c t r i c a l c o n d u c t i v i t y of MgO 

[ 6 0 ] . EPR measurements show that chromium normal ly is in the 3+ valence 

s ta te in untreated MgO, and reduct ion or ox i da t i on has no major 

i n f l uence on the Cr^"*" concen t ra t ion [ 6 0 ] . T h e r e f o r e , the concent ra t ion 
M 

o f VMg is ca lcu la ted from equation 4 , knowing the concen t ra t ion of 

Cr^"*". However from the ca lcu la ted e x c i t a t i o n c u r v e , i t is est imated 

tha t only 30% of t h i s concen t ra t ion is tak ing part in the t ranspor t p ro 

c e s s . T h i s r esu l t is in agreement wi th the decrease of Cr3+ con

c e n t r a t i o n detected by EPR measurement of MgO samples subjected to 1000 

V/cm at 1100°C [ 5 7 ] . The disappearance or la rge decrease of absorpt ion 

l i n e s due to Cr3+ ind i ca tes that Cr3+ is changing i t s charge s t a t e , 

probably to Cr2+. Moreover , Cr might be present as pa i rs and t r i p l e t s 

which w i l l i n f l uence t h e i r p a r t i c i p a t i o n in the ion ic t ranspor t p rocess . 

The ca t i on i c t r ans fe rence number was ca lcu la ted from equation ( 2 5 ) . 

For Cr-doped MgO teat = 0.80±0.15, which is h igher than the one ca l cu 

la ted f o r the nominal ly pure MgO ( tcat=0.54±0.10) . T h i s ind ica tes that 

the addi t ional chromium is inc reas ing the ion ic t r anspo r t by increas ing 

the e x t r i n s i c vacancy c o n c e n t r a t i o n . 

F i n a l l y , a simple c a l c u l a t i o n of evaporat ion ra te [61] shows that 

the f r a c t i o n of mater ia l l os t by f ree evaporat ion at 930°C during the 

t ime i n t e r v a l s of the present work is n e g l i g i b l e and should not 

i n f l uence the r e s u l t s . For i ns tance , at 930°C the loss of mater ia l in 

vacuo would be 1.60 x 1 0 " g / c m ^ s . For a per iod of 24 h, mater ia l to 



101 

a depth up to 4 A is l o s t . Th i s depth is fa r less than e i t h e r oxygen 

d i f f u s i o n pene t ra t ion or bui ldup of Mg^^O laye rs on the s u r f a c e , e . g . , 

f o r an e l e c t r i c f i e l d of 1000 V/cm a f i l m th ickness of 700 A , which i s 

at leas t two orders of magnitude h i g h e r , has been determined f o r the 

same per iod of t ime . 

RBS Ana lys i s 

The RBS spect ra depicted on F i g s . 17 and 18 show that f o r samples 

annealed in an e l e c t r i c f i e l d I ^ Q ^ can be de tec ted . Moreover, a depth 

pene t ra t ion on the order of 1000 A and a ^^0 isotope concen t ra t ion of 

5x101^ cm-2 are es t ima ted . These numbers are in good agreement w i th 

the ones obtained by the convo lu t ion program appl ied to the e x c i t a t i o n 

curves of the i 8 0 { p , a)i5N nuclear r e a c t i o n . In f a c t , the RBS spectrum 

depic ted in F i g . 18 is very impress ive s ince ^^0 can be reso lved from 

1^0. According to L ' H o i r et a l . [ 5 2 ] , the ^^0 concent ra t ion p r o f i l e on 

ox ides or s i l i c a t e s "has no e f f e c t " on RBS spect ra near random p o s i 

t i o n s . Our r e s u l t s show that in the p a r t i c u l a r case of a sample sub

j ec ted to an e l e c t r i c f i e l d , the ^^0 peak is observed in RBS s p e c t r a . 

Hence, these r e s u l t s conf i rm that Mgi^o f i lm is present on the sur face 

of the cathode. From the RBS spect ra in the channel ing mode ( F i g . 19 

and 20) , sur face peaks fo r ^^Q and I ^ Q are observed fo r both c r y s t a l s 

( w i t h o u t , and w i th f i e l d ) . Th i s r esu l t is expected since a f r a c t i o n of 

1^0 of the c r y s t a l sur face is exchanged wi th ^^0 in the gas phase in 

both c r y s t a l s . However, there is no i nd i ca t i on whatsoever of i^O in 

i n t e r s t i t i a l pos i t i ons or d i s t o r t i o n of the c r y s t a l l i n e s t r u c t u r e in MgO 

subjected to e l e c t r i c f i e l d . The a - p a r t i c l e s are ve ry wel l channeled 
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and the s c a t t e r i n g sur face peaks are wel l reso lu ted in the RBS spect ra 

in the. channel ing mode. 

SEM A n a l y s i s 

A s i g n i f i c a n t a l t e r a t i o n of the sur faces in contact w i th the 

e lec t rodes is detected when f i e l d s > 1000 V/cm are app l i ed . F igures 21 

and 22 show SEM micrographs taken from the sur faces kept in contact w i th 

the cathode and the anode during the d i f f u s i o n anneal ing w i th an appl ied 

f i e l d of 1010 V /cm. The micrographs were taken by t i l t i n g the sur face 

45° from the normal wi th respect to the e lec t ron beam. At lower magni

f i c a t i o n (70X) spots created by the contact between the c r y s t a l sur face 

and the plat inum gauze are observed . The same type of d i s t r i b u t i o n is 

observed on both sur faces (cathode s u r f a c e , F i g . 21 (b ) ; anode 

s u r f a c e . F i g . 22 (b ) . For f i e l d s of 300 V/cm, none of these a l t e r a t i o n s 

are observed w i th SEM, however, v i sua l observa t ion of the sur face w i th 

op t i ca l microscope shows that a l t e r a t i o n of co lo r and r e f l e c t i v i t y has 

occur red at points of con tac t . As the f i e l d s t reng th is l owered , i t is 

more d i f f i c u l t to observe these e f f e c t s . 

Through the present work a p o s i t i o n and t ime independent e l e c t r i c 

f i e l d was assumed. I t should be pointed out that t h i s assumption is 

on ly an approximat ion to the actual exper imental c o n d i t i o n . Po ten t ia l 

p r o f i l e s along the th ickness of MgO c r y s t a l s have been measured [62] 

dur ing the app l i ca t ion of an e l e c t r i c f i e l d ( s t r e n g t h of 1000 V/cm at 

1473 K ) . Several p r o f i l e s have been r e p o r t e d , depending on the l eve l of 

dc cu r ren t that crosses the sample. The potent ia l is non l inear and 

asymmetric wi th respect to the center of the sample immediately a f t e r 



103 

the vo l tage a p p l i c a t i o n . However, the po tent ia l v a r i e s w i th t ime , and 

e v e n t u a l l y a l i n e a r dependence on d is tance is reached. The e l e c t r i c 

f i e l d s t r e n g t h , which i n i t i a l l y was much h igher in the region near the 

e l e c t r o d e s , becomes cons tan t . 

The plat inum gauze used as e lec t rodes w i l l cause a sur face f i e l d 

d i s t r i b u t i o n wi th r e l a t i v e l y h igher s t reng th in the contact r e g i o n . I t 

i s t h i s h igher f i e l d s t reng th which causes the contact point con

f i g u r a t i o n observed in the SEM micrographs. In the case of lower f i e l d 

s t r e n g t h s , these higher f i e l d spots were not s u f f i c i e n t to produce any 

de tec tab le a l t e r a t i o n on the s u r f a c e . However, the e x c i t a t i o n curves 

from the nuclear reac t ion should not be a f fec ted because the ana l ys i s is 

averaged amongst the contact points and the surrounding a r e a . The p ro 

ton beam used fo r the nuclear reac t ion has a diameter of 2 mm normal 

t o the beam d i r e c t i o n . T h e r e f o r e , the area covered by the beam encom

passes severa l points of contact between the sample and the plat inum 

gauze . The a - p a r t i c l e count is an average of two r e g i o n s : the contact 

po in ts and the surrounding area on the s u r f a c e . But i t has been e s t i 

mated by the SEM micrographs that the contact points are approximate ly 

5% of the to ta l area encompassed by the proton beam. T h e r e f o r e , the 

e f f e c t s of the spot areas on the measurement is s m a l l . Indeed, d i f 

f e r e n t sur face regions were analyzed by d isp lac ing the proton beam on 

the sur face of samples, w i thout showing any subs tan t ia l d i f f e r e n c e 

among the e x c i t a t i o n c u r v e s . No d i f f e r e n c e was observed , even when 

plat inum gauzes of d i f f e r e n t mesh s i z e (45 and 100 mesh) were used. 

The exper imental e x c i t a t i o n curves obtained from the anode sur faces 

( F i g . 12) of samples subjected to e l e c t r i c f i e l d and s imul taneous ly to 
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1^02 g a s / s o l i d isotope exchange, f a l l i n to the range expected fo r oxygen 

d i f f u s i o n in MgO but they e x h i b i t some d i f f e r e n c e s among themse lves . 

The reason fo r these d i f f e rences are not ye t unders tood. S im i l a r 

d isc repanc ies have been observed by Gauth ier et a l . [43] in d i l a c o u l o -

metry exper iments . 



CHAPTER VI 

CONCLUSIONS 

i ) The use of implantat ion methods fo r in t roduc ing t r a c e r s in d i f 

f us ion s tud ies is not f eas ib le fo r I ^ Q -jp ^gQ. a systemat ic study of 

the e f f e c t of implantat ion damage on the d i f f u s i o n processes is f i r s t 

necessary . The loss of the implanted ^^0 dur ing the d i f f u s i o n anneal 

i nd i ca tes a much higher d i f f u s i v i t y toward the sur face than that 

expected fo r bulk oxygen d i f f u s i o n . 

i i ) Gas / so l i d i so top i c exchange has been used to in t roduce the 

t r a c e r i^O in MgO. The oxygen s e l f - d i f f u s i o n c o e f f i c i e n t s obtained from 

these ana l ys i s are in good agreement wi th data repor ted by using 

I8O2 g a s / s o l i d i so top i c exchange and mass spectrometer a n a l y s i s . 

i i i ) The oxygen s tab le isotope can also be used in determining the 

c a t i o n i c d i f f u s i o n c o e f f i c i e n t i f an ex te rna l e l e c t r i c f i e l d is appl ied 

s imu l taneous ly to the g a s / s o l i d i so top ic exchange. The magnesium s e l f -

d i f f u s i o n c o e f f i c i e n t was determined by t h i s technique in the range of 

temperatures 800-1000°C. These r e s u l t s are in good agreement w i th the 

ex t rapo la ted h igher temperature da ta . The a c t i v a t i o n energy and the 

p re -exponen t ia l values i n f e r r e d from these data ind ica te that d i f f u s i o n 

i s by a vacancy mechanism. 

i v ) Ca t ion ic t rans fe rence numbers were determined by measuring the 

i n teg ra ted cu r ren t that f lowed through the samples dur ing the anneals . 
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v ) The measured I ^ Q concent ra t ion in the cathode region is always 

h ighe r than - in the anode r e g i o n . The h igher ^^0 concent ra t ion is a t t r i 

buted to the ox ida t i on of Mg ions at the cathode. Mg ions are d r i f t e d 
II 

toward the cathode as a consequence of VMg d r i f t toward the anode due to 
II 

t he e l e c t r i c f i e l d . E x t r i n s i c VMg are due to a l i o v a l e n t impur i t i es 

rep lac ing Mg ions in the c r y s t a l l a t t i c e . 

v i ) MgO conta in ing 1500 u9/g chromium shows h igher i^O con

c e n t r a t i o n in the cathode sur face than nominal ly pure MgO. Th i s r e s u l t 
II 

supports the assumption that VMg are present due to t r i v a l e n t i m p u r i t i e s . 

However, the vacancy concent ra t ion i nvo l ved in the t ranspo r t process 

ca l cu la ted from the th ickness of the Mg^^O laye r is about 30% of the 

va lue expected from the chromium c o n c e n t r a t i o n . T h i s r esu l t is expected 

i f a t r a n s i t i o n Cr^''" ^ Cr2+ occurs due to the e l e c t r i c f i e l d or i f some 

o f the Cr p r e c i p i t a t e s . 

v i i ) The present r e s u l t s conf i rm the migra t ion of n e g a t i v e l y charged 
II 

i o n i c species (VMg) toward the anode e lec t rode as assumed in d iscuss ions 

o f e l e c t r i c degradat ion of MgO. 



CHAPTER V I I 

SUGGESTIONS FOR FUTURE WORK 

Weeks et a l . [20] showed that e l e c t r i c cu r ren t f lowing through MgO 

samples due to e l e c t r i c f i e l d s in the order of 1000 V/cm increases w i th 

t ime , leading to d i e l e c t r i c breakdown a f t e r 100 h at 1200°C. Since 

the re is a c o n t r o v e r s y concerning the r e l a t i v e importance of e l e c t r o n i c 

and ion ic conduct ion in the degradat ion mechanism, the present technique 

could be appl ied to determine the ca t ion t r ans fe rence number as degrada

t i o n p rog resses . The sample would i n i t i a l l y be e q u i l i b r a t e d in ^^O-i 

atmosphere, and a f t e r reaching a se lec ted cu r ren t l e v e l , 16O2 would be 

replaced by I8O2. The nuclear reac t ion technique could be used to ana

l y z e the concen t ra t ion on the cathode r e g i o n . By knowing the 

cu r ren t v a l u e , the ca t i on i c t r ans fe rence number can be determined. 

Since i t has been repor ted [62] that the add i t ion of impur i t i es such as 

C r , V , Fe , and Ni acce le ra tes the deg rada t i on , a comparat ive study of 

the t r ans fe rence number on MgO doped w i th those impur i t i es could be done 

by using the present techn ique. In f a c t , data f o r Cr-doped MgO show an 

inc rease in the ca t i on i c t r ans fe rence number compared wi th nominal ly 

pure MgO. Ni-doped MgO might be a p a r t i c u l a r l y i n t e r e s t i n g sys tem, 

s ince Ni is the on ly specie among impur i t i es observed to speed up the 

degradat ion that cannot be found in the t r i v a l e n t s t a t e . 

The technique developed fo r MgO and descr ibed in t h i s work y i e l d s a 

l a rge amount of t r anspo r t i n f o r m a t i o n . I t would be useful to determine 

I • • • ' !. £. n. 
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c a t i o n i c t r ans fe rence number and to i d e n t i f y the c o n t r i b u t i o n of d i f 

f e r e n t vacancy types in the t ranspor t processes f o r other i nsu la t i ng 

ox ides such as MgAl204 s p i n e l , YAG, and AI2O3. 

The loss of implanted i^g a f t e r anneal ing i s not ye t unders tood. 

RBS in both random and channel ing modes can prov ide a sur face charac

t e r i z a t i o n of MgO implanted wi th ^^0 and lead to be t te r i n t e r p r e t a t i o n 

o f t h i s e f f e c t . Poss ib le amorphizat ion of the implanted region and 

r e c r y s t a l 1 i z a t i o n a f t e r anneal ing can be detected by t h i s techn ique , 

s ince channel ing is ve ry pronounced in undamaged MgO c r y s t a l s . 
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