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Non~characteristic Defects in Thin Films of Cobalt Ferrites 

L. C. De Jonghe and G. Thomas 

Lawrence Radiation Laboratory and 
Department 0f Materials Sci~nce and Engineering 

University of California 
Berkelev, California 94720 

,\BSTRACT 

Eigh voltage transmis~ion ~lectron microscopy h~s been used to 

study the structure of thin films of cobalt ferrites of various comoo-

sitions. Small oefects hay!! be'en identified to result from a ccmbj nation 

of chemical, polishing used to prepare foils and subsequent radi a '..:i 00 

damage in ~he electron micros.'ope. SUl:h defects must be distinguished 

from the "characteris tic defects, such as small precipitates, since th~v 

are representative only' of the preparation and e'xamination techniques. 
. :"~"',>. 
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INTRODUCTION 

The increased penetratln~ power and the low ionization radiation 

damage of the electron beam produced in high voltage electron micro­

(1) 
scopes· constitnte the main reasonH wh'yextensive structu~al 

investigations are Ilow I'Q,:;s(ble of non-metalli.c materials from whic,h 

very thin foils are not easily prepared, and are some~imes not 

desirable. During a high voltu~e transmission ele~tron ~icros~or~ 

study of phase transformati;',os in cobalt ferrite spinels (to be 

reported later) ,small defects \~ere observed wlli eh were not representative 

of the bulk &amples. This paper discusses the identification and the 

origin of these non-charact~riStic defects. 

EXPERIMENTAL 

Specimens were obtained from the Airtron-Litton Industries in 

the form of small single crystals with a diameter from 2 to 3 mm. 

They w~r~ annealed in air at temperatures of about 900°C for about 

50 hours ~ Then they were cC'oled siowly.. The crystals were mechanically 

ground down to platelets with a thickness of about 75 microns, and 

subsequently polished. A chemical polishing tec~njque was used similar 

to the one reported by Lewis(2) for magnesiu~ aluminate spinels. The 

platelets were immersed in hot phosphoric acid kept at "a temperature 

of about 400°C. When the platelets were. disso.lved to about 1/3 of 

their original size electro~, transparent areas could usually be found 

at the edges. Cherni cal polishing tO~Ik. 5 to 10 minutes. Immediately 

after polishing, the specimens were first washed in hot water, and then 

in alcohol. The. [o>11s were examined in a Hitachi 650 kV transmission 

,",~lectron microscope. 

The compositLon of the microscope atmosphere was analyzed at 
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the specimen stage level with a Varian partial pressure gage. The 

-6 
total pressure was about') x In Torr. Fi.g. 1 shows the gage read-

out, from which the partIal pressures can be ~alculated. Water 

vapor was the main gas pili18l~. and this probably evolves f rom the 

photographic plates in the microscope camera chamber. The partial 

pressures t)f the three main ~as phases (H
2
0, N2 and 02) in the 

specimen neighborhood h.we been list~d in fig. 1. 

RESULTS 

Numerous small defects were found in all til~ ferritE'S that 

.wereexamined (C0l.05Fel.9~04 to C01.29Fe1.7904)' Fig. 2 shows the 

distribution of the defects around a nearly perfect conical etch pit. 

The observations were made at an accelerating voltage of 650 kV, and 

tilts allows the foils to be electron transparent wi th good resoluti on 

up to about 1 micron for g == 440. When the number of defects per unit 

.area is counted in this foil it is found that the projected defect· 

density is invariant OV€'f the entire range of thicknesses. The defect 

images are black-I"hite lo[\es, wi'th a line of no contrast dividing the 

lobes. These kinds of images typically result from the matrix strain 

field around defects that are too small to be resolved.directly. The 
•••••••••••• C (3) ..... 

contrast of sucn defects '",He; first discussed by Ashby lind Brown, and 

subsequently exam i.nEo'o in more de tall particularly with regard to depth 

. .. (4) 
dependence by s(,v.?ral authors, e.g. Ruhle et a1. The directi('n of 

the white-to-black contrast may.be cllaracterized by a vector q (see 

Bell and Th .. )ma>; ('i). Consideration of the direction of the line of 

no contrast L.~, i and Sf can for certain foil orientations allow the 

immediate identification of the displacement vector associated with 

. ;~ _ r .. :", .: .,<:' •• ~ I 
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the defect. LC and q have been defined in the insert in fig. 2. In 

this, bright field image q is the same fC'r every'defect, suggesting 

that they are all' loc~t~d near the top or near the bottom surface ~f 

the foil. In the many flli.l~ tb~t were examin~d these defects were 

found with the same projected ddect density right up to the foil 

'edges. At 650 kV the extinctIon dist~nce for 440 reflections is 
o 

about SOOA. fnr cobalt fer-rites ,. so that it may bt! assumed that tilt! 

defects are located within half an extinction dist~nce from either 

surface~ Further information must come from a comparison of bright 

. (5) 
and dark field images. Image contrast calculations according to 

. (6) 
the procedures set up by Bell and Thomas for a systematic 12 beam 

dynamical case at 650 kV shOwed that, as far as strain contrast from 

small defects is concerned,. the same rules apply as ,were worked out 

b~l Ashby aq.a Brct-ln for ~ two heam caSE at' 100 kV, whtm the deiec~s, 

are within haHan'extinction 'distance from the surface. Bright and 

dark field images are c(,tn::'ctred in figs. 3a and 3b. Note that q is 

in the same direction in both bright and dark field~From these 

observations it can be concluded that the defects are all 'near the 

surface of the foil that is facing the electron gun~ and that they are 

of the vacancy type.' F,'r most of the defects LC is.perpendicular to 

the operating diffraction vector itw~ile. the direction of q is anti­

parallel to g. Some defects marked L, for which LCis not perpendicular 

to g, have been mark~d. For these defects LC is along the [lio] direction 

whileq is still antiparallel to g ... 404. This strongly suggests 

that the markeJ defects are vacancy loops on the (lli) plane. The 

magnitude of the 8urg~rs vectors has not been determined, but since' 

• 
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(7) 
dj.slocations appear not to be dissociated in cobalt ferrite spinels" 

the loops are probablY p(:·rtect prismatic loops wj th b = a/2 110-·. 

Fjgs. 4a and 4b show two dark field images with different ~40 operatin~ 

vectors. A loop found in tlds area is marked:.. For the other defect: 

im~ges LC is at all times perpendicular to g whi.1e at the same tim(' 

-q is anti parallel to g. It must be concluded that the large majority 

ot' ~he·defects are spheriral vacancy clusters, while only occasil'nallv 

a prismatic loop is formed. 

The increase in project~d defect density ~jth constant irradiation 

ill the micro::;copt' Waf; follc;>wed.Figs. Sa to Sd ~.how ho ... ' t!;e defect 

cit'nsi ty changes wi th time. The diffracting vectc.rs are di f ferent 

440 reflections •. This again allows one .to distinguish between loops 

and spherical clusters. A loop that was found in this area has been 

marked L .. Note that the defects retain their character within the 

observations interval: there 'is no switch from spherical cluster to 

loop, or conversely. Th~ projected defect d~nsitv versus time is plotLed 

in fig. 6. These ob~ervatlons show that the projected defect ~ensity 

saturates at about 2 x 109 per cm2 after about 20 minutes of observation. 

This kind of behavior is quite similar to that obserVed by Makin on 

c6pper~8) 10 the present case the clusters do not con-tinue to grow, 
o 

however, beyond ~ radius of about IOOA, ~t least,within the period of 

observation. In appearance. the defects are similar to those that 

result .from the ion bombardment of some FCC metals~9) The defects 

observed in th~ present work are likely to be oxygen vacancy clusters. 

Indeed, during polishing in hot phosphoric acid, hydrogen is produced 

00 the surface of the dissolving crysta~. Tl:le hydro'gen reduces the 

,.' To:. ", " ,- ", 
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crystal over a very small ~epth ~nd this ~eaction catalyzes the 

dissolution. The precipitatiun of the vacancies that are introduced 

in this ~'ay in the surfaces of the foils, would then be stimulated 

by the radiation damag~ produced during observation in' the microscope. 

The radiation damage l'esults from the impact. of accelerated ions; it 

is unlikely that it would oriKinate in primary electron kncck-~n 

events sinc~ then the defE>cts should appear simuJtaneously in the top 

and the bottom surface of the foil. Also, tlw defects form w: th equal 

density in parts of the foil that are not electron irradia;ed. The 

accelerated ions are probably formed from the gases that are present 

in the microscope atmosphere. which.as was described in the experi-

mentalsE>ction.are most probably oxygen ions from dissociating water 

vapor,and nitrogen ions. 

about 400°C. Above these temperatures phase transformations oC,cur 

in the foil and the behaVior of the clusters can no longer be followed. 

An example of a Partially transformed foil is shown in fig. 7. 

I Defect clusters 'Were also observed to form during observation 

at liquid ,nitrogen' temperatllres. These defects are shown in fig. 8. 

Since there are pr"l'=entty no tilting facilities available for the 
, , 

cold stage. the numh~r of' dif fraction c!xperiments that can be carried 

out are rather limited. Still, it scen~ that the strain fields of 

the defects are n('lt q,uite spherical. Instead, the strain contrast 

indicates that at this temperature small stacking fault, tetrahedra 

form (strain c,)ntrnst from small .tetrahedra has been discussed by 

Chik~10» Th1.~ change of, defect character with temperature 1s not 

.. \. 
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clearly understood, unlef;s one \"ould assume that the stacking fault 

energy decreases with decreasin~ t~mperature. 

~ CONCLUSIONS 

a. Oxygen is lost from tilt..' surfClce layers of tl,,~ cobalt ferrite 
~J 

spinels during chemical polishing in hot phvsphoric acid. 

b. Damage produced by lht! fmpingE!mt:'nt of.accelE"-at~d ions sti:nll!atp.s 

the precipitation of tht! oxygen vacancies in the tor> surface ,'I 'he 

specimen. The ions that produce the damage :, r(, 1.0St likely to :.t' 

nitrogen ions and oxygen ions from the dissocia i0n of the wal~r 

vapor Xhat is present in the microscope atmosphere. Near room tem-

perature the defects are nearly all spherical vacancv clusters, while 

occasionally a perfect prismatic vacancy loop is formed. At low 

temperatures, the indicat!ops are that small stacking fault tetrahedra 

are m6re frequent. The defects can be electrically neutral by an 

appropriate electron transfer among the nei,ghboring cations. 

c. As wjth certa.in metals, care must be exereiiied in electron micr.o-

scope analyses of lattice defects in ceramic materials. In the 

present Cdse, thepr~pari'lLi()n induc~d defects must be distinguished 

from charac terisl. defec.t!:' and small precipitates. The maximum projected 

9 2 
density of the.no"-~har~cter~stic detects is about 2 x 10 per em, 

which clear)." allows (hI!! study "f dlller defects of interest in the 

foils wi thO~lt interference • 
.. 
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FIGURE CAPTIONS 

1. Part tal pressure gage read-out. Frllm this t the partial pressures 

of the gases present in the mi croscope atmosphere. can be det€'rmined. 

The main components are \~atE:'r vapor and nitro~el1. 

2. Distribution of defects around a nearl" perfect conical etch pit. 

The insert defines the line 6f no contraRt LC and the direction ~ of 

the white-to-black image ~Ilntrast. ~ote that q js the same fi:!'" til 

the defects. 

3. Bright and dark field images of the defects. Prismatic vacanev 

loops are marked L. 

4. Dark field itlk'lges of the defects with. different 440 diffracting 

vectors operating. A loop has been marked as L. The majority of 

the defects are spherical vacancy clusters. Orily occasionally are 

loops in evidence. 

5. Change of the defect density wi th time. The different diffracting 

vectors allow at the sam! time distinction between spherical clusters 

and loops La The elapsed time is indicated. 

6. Increase of pro1er.ted defect density versus time with continuous 

observation at 650 k V. 

7. Cobalt ferrite spin€': raniallv transformed ill the hot stage 

above 400°(:. /l:e-te. th .. : interface fdnge contrast from then1jmerous 

. . '. . 
larger defects and the strain contrast from the smaller ones • 

8. Defects formed at Jc.quid nitrogen temperatures. The contrast in 

a and b Seell\6 t.;J. indicate that most of the defects are tetrahedra 

rather than spherical clusters or prismatic loops • 
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Fig . 2 
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apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
ptocessdisclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to,· any information pursuant to his employment or contract 
with the Commission, or his erriployment with such contractor. 
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