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THE MORPHOLOGY OF TrI'E FIELD ION SPECI!1EN 

S. Ranganathan, H. B. Lyon and G. Thomas 

Inorga..'1ic Materials Research Division, Lawrence Radiation LaOoTatory, 
and Department of Ydneral Technology, College of Engineering, 

. University of California, Berkeley, California . 

ABSTRACT 

The simulation of field ion images by computation of the position 

of atoms which lie within an outer shell of given thickness on a 

spherical crystal has been extended to spherical .crystals of a variety 

of structures. ?nese include the hexagonal lattice, the hexagonal 

close-packed structure and a few' of the common superlattices. The 

conseCl,llences of the invisibility of one atomic species in ordeTed . 

alloys has been invest~gated. The results show that computations are 

in fact necessary for a detailed L'1terpretation of the field ion ~~age. 
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1 •.. INTRODUCTION 

In crystal groivth the· structure of the crystal is Kno',m to play 

a~ ~~ortant part in the morphology of the crystal. In fact be:ore 

the advent of x-rays the rr.orphology w·as often used to make valuable 
, 

deductions conce:ming the structure of the material. Eravais'" 'lias 

the first to recognize that the interplanar distance determL~es 'I1nether 

a particular face appears in the resultant crystal or not. 

Harl-:er
2 

gave this idea a precise formulation. They took lattice center-

ir..g, screw' axes ,and glide planes into account and used the multiple 

ir..d.ices of the low·est order of x-ray reflection in computing inter-

pl~~ar distances. 

Tne latter consid.eration is applicable to the field ion spec~men 

as ~·:ell a..'1d enables us, to list the plane s for a given lattice in 

terms of decreasing internlanar dista..'1ce. . .. .such a list gives the mOr,:Jho-

logical importance of the planes. The size and the· nurnber of (L">.,:Z) 

rings on a field ion image is a measure of the importance of the (hl~~) 

Also the list gives the order in which planes develop as 

the size of the crystal is increasedo Drachsler a..'1d WOl:r3 w·e're t:'::le 

fil'st to point out the usefulness of·x-l'ay ext:L.'1ction rules L~ the 

context of field ion microscopy. 

A diffel'ent approach to the morphology of the field ion spec~men 

v."as suggested by l~oore. 4 
Since the image is made up of pl'otl'uding 

ato::ns on the surface of a nearly hemispherical crystal, £flOore ~JrOvid.E<~ 

a de:c~initio~ for this protrusion, naJnely that only those atc:;,s ~·:hich 

lie ~/rithin an outer shell of given thickness can give rise to s:pots 

on the L-n.age. A computer w·as used to find out the coordinate s of the 
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ato!:ls "Ii thin the shell. Recently the Moore model vla.S extended. to 

spr.eres of varying radii by Moore and Ranganathan. 5 ~~ey found that 

the decr~asing interplanar distance rule is nearly exact for ~y 

given zone but it cannot be applied to the i!nage as a vlhole, because 

there is i.."lterference betvreen rings. Also even when a pla.."le is 

present in the image, it ~~y escape recognition. Moore a~~ Ranga.."latha.."l 

also obtained'a visibility criterion that rec.uires the presence of at 

least three atom row's parallel to the dense direction in the plane. 

T'nis criterion ca.."l explain the different rates of develop!:lent of 

different zones. 

In crystal structures vrhere atoms occupy crystallographically 

non-eCluivaler.t positions the. criterion of inter,planar distance and 

inter-row' distances cannot be used. Crystals with h.c.p. structures 

are a.."l exarr~le. In such cases simulation of the field ion cirr~ge by 

co~putation is desirable for purposes of comparison, and ~age inter-

pretation. The situation is analogous to the facility of intel"preta-

tior. of orientations in electron micrographs by mea.."lS of Kikuchi dif-

-:"-I''''c-'-'; '-'YI .,.,,"' ..... s· 6,7 ...... ~ u .... u ...... ,,~;:; ~ 

Advances in the technic.ue fb field ion microscopy have !:lade 

possible to obtain regular i..'T.ages fr,om a number of ordered alloys ami 

inte:~etallic compounds. In some instances it has been sho-,In that one 

s:pecies of atoms may remain invisible. Computer st1;.dies are r.elp:ul 

·in checking such possibilities. They can f1;.rther be used for inc.ex-

i."lg a~'1d. detecting anomalous behavior, for exal':'.ple, partial vizibility 

in certai.."l areas. Hence it I·ras thought ivorthwhile to extend the :;~OQe..L 

of ;'-:oore to some of the co~on superlattices. 
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~1is paper t~us describes the results of computer calculated 

im.aGes for various crystal structures. 

2. METHOD OF CiuJCULATION 

Moore determined the distance of the atom 'from the spherical 

envelope. If it vrere 'helm·1' a set value, p, the coordinates of t{).e 

p represents tl-;.e ::raximum depthbelovr t:::e 

s:ii:erical s'CJ:'face at ""I'hich atoms can still contTibute to t{).e llr.age. 

'ne t{)'us obtained the ortho~aphic projection for b.c.c. and f.c.c. 

lattice. We have follow'ed a different procedure, but vlish to 
, 

er.~pna-

size ~hat t~e results are identical. 

Our n:.ethod is applicable to any crystal sys tem where tI·ro of the 

axial angles are eq,ual to 90 deg. Only the trigonal and the triclin:'c 

systel~s are excluded. A given crystal structure is considered in 

ter~s of the Bravais lattice. If the' latter has cente:ci11g, then the 

stTucture ca..'1 be generated by repeated application of the lr.et:'1od to 

the sirn]le lattice w'ith different coordinates for the orl.gl.n. 

fOT exarrQle, . the f. c. c. lattice ca...'1 be considered to consist of four 

\.' f'iJ)·};)·~.;~ /':. ().. 0 .J..) 
-', 2)) 2 • For the sL~ple lattice all atoms are projected 

or.:,:;o t:'1e basal plane (h.'d). Tnen the annuli formed by the i:n.te:;."sec-

·tiO::1 of the spherical shell with (hk2) plane s a:ce also p:;"ojectec. onto 
i' 

the basal plane. Tne atoms in the basal plane a:ce t{).en scc:~e~. T.c:e 

distance of eac::: atom from the center is computed. 

of .!,:;he atom are recorded if its distance fron:. t{).e cente:;.' falls "iithin 

~~e ~adius limits of any ar~~ulus. Tne coordi..~ates are tben conve:::-teo. 

to correspond to a...'1y desired projection. 
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'l'he SCtJ1l1ing ·l)rOCcSs .... Ias ext:cerr.ely rapid. Tne calculations 

,·rere progra.'1lmed L"1 Fortra.."1 for a Control Data 6600 Compute:c. 

3. RESULTS 

3-1. H.C.P. Metals 

Figu . .res 1 and 2 show the computed ilr.ages for h. c.p. rr.etals ~d.tn 

axial ratios cia e<2.ual to 1.62 and 1. 58.' These tw·o values w·e:ce chosen 

as they are the pertinent values for rhenium and rutheni~~ t( - .8 
J. "e.L:lea. 

has carried out a systematic field ion micl'oscope study of these t'dO 

n:etals. Z~e computed images correspond to a.radius of 132 c. 

value of p w·as chosen to be 0.05a and is near the value Hoore a::lci 

3anga."1atha.."15 used for a f.c.c. metal of comparable radius. There is 

very little difference be.t'vreen Figure 1 and Figu.re 2 :L.Y). te:Lm.S of the 

size and number of planes. It can be conclucied the axial .. 
ratio Qoes not play too great a role in determining the appearance of 

.l-' • 
v~le ll'"~age. This SUppOl'ts a similar conclusion reached by r.ren, quoted. 

lvlebed 1 s· paper. 6 

Tne hexagonal close packed structure consists of two classes of 

atoms ':Ihich can be designated as Po and. Pl atoms. Eve:a though all 

the atoms in the h.c.p. structure are chemically alike, they can be 

divicied :L."1to these two classes by considering their crystallog::aphic 

Fu+ther, if (2h + 4k + 3£) is a multiple of 6, each 

(hki2) ?lar.e contains both Po and Pl type atoms. If (2h.;- 4k .;- 3£) = 
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P_.atO:1S lie '0 et"re en the plal:'.e s throuc;h ? atorns .. 
.1. ~O 

d.is~vance alternates (~ ~k£)' (C.hk2 
E , , 9 as - 7" ~ld)· 0 0 

T.cus the:ce are 

four :\.i...'lds of (1"~'k;.i£) surfaces. In x-ray diffraction they can be c.is-

t:L'lguished by their different intensities as shown in Table I. 

. lV:elmed has sho"Vln that :L.'1 over !rDst of :L.'T~age J 

points arise from only one class of atom (say po). P. atorn.s al'e , 

ei t::eT . . . ., .. 
L'lV~S~O.Le or have been evaporated. preferentially. 

tively the rneniur.1 :L~age can be s~ulated by computing the pattern 

fro~ the' hexagonal lattice. To !r.a.ke comparisons, computatio~ \·,'ere 

carried. out on the assumption that every other basal plane ' .. las contri-

b-..:.ting to the image. Figures 3 ~'1d 4 show the resUlts for the values 

of ~~e ~xial ratios quoted above. It can be seen that there is a 

':':"astic cI"...a.'1ge in the observed nu.'i':Oer of planes between thE! pattern 

from the h.c.p. structure and the pattern from the hexagonal lattice. 

computations ,·rere carried out for the hexagonal lattice and 

h.c.p. structure with the. cia value equal to 1.58. Resul"vs ;:le1'8 0'0-

"vaineci for radius values of 44, 88 and 132 c. Table II lists the 

planes that, appear in different zones. T..'1e p value ',las se"v a "v 0.092 

fo::, Ric = lJl;. a.'1d at 0.07a for Ric = 88.1 vlhere R is the raciius of 

spherical crystal. Tnis has been done as :tv:oo::'e ane, 

t~e ~'1 - , vnlc.cness of the shell has to be increased. v]l1e~ tne 

is s:C1alle:c i.'1 size, if there is to be cor:cespondence i'lith tee r.u.~er 

of lltage pO~'1ts in experimental iT~ges. 

Table II lists the planes t1"~t sre obsel~ed along teree i.~porta.~t 

zo~es the conlputed pattern for bot .... 1. the ;:'e::-=agonal la~~ice 

T.~e hexagonal la~~ice is & Bravais la~tice. 
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any given zone the planes are expected to appear in the order 0-:: de-

creasing interp1anar dis tC3..L'1.C e. T.~is is fo~~d to be .:...' I."ne case. 

~ecreasL~g interplanar distance corresponds to increasing mesh size 

o,f the surface plane. The sQ,uare of the reesh size is given by 

planes appear in different zones in the order determined by this 

A similar straigfJ.tforward correlation ivi th the interpla..'1ar dis-

tance is not to be expected in the h.c.p. structure as the interplanar 

dist~~ce is not.single valved for an~~ber of (~~i£) planes. Table 

T gives the predicted differences in patterns from the h.c.p. struc-

ture 0::1 the as'su.rr.ption that when E = 3, (hki2) should be Q,'..:.oted as 

,1here 0 = 2, as the interpla.~ar distance is halved. 

For E values of 1 and 2, (r~i£) planes can be indexed as (hki£)B to 

correspond to the Po and Pl surfaces. T.~ese consideratior~ ca.~ be 

used to explain the diffe::ences betw'een the two patterns. It :r .. 'U.st 

be emphasized that computed patterns are necessary .as the degree of 

domina.'1ce a.'1d reduction in importance for various planes are not easily 

evoluated'by other ~£a.'1s. 

In the [OOOlJ zone in h.c.p., (4150) gains prominence over (21)0) 

:l11d. (140) as the former belongs to faces of Type I while :c1:e latte::.' 

"bro belong to Type III. Also the [0001J zone ~ppears better developed 

:'or t::e h. c.p. structure than for the hexagonal lattice. 7.'1i s is i..~ 

agree::ent -vrith the experimental observation of ~eL'ned that the [OOOlJ 

zone show's the development of more pla.'1es for rutheniw'n tha."1 for 
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In the [1120J zones .both the hexc,gonal and h.c.p. patte:::-ns ::;1-:0':' 

ve:::-y n~a:::-ly the sarne degree of c.evelop;llent. Al:rllost all planes in 

this zone belong to Type II 0:::- III. For 2xar:;ple (1011) an E:.lter-

na"Cl11g interplanar distance of 
1 
b d, ~d' 6' , 

1 

::; d, 
o 

5. 
7 o 

two topmost planes have very nearly the same radii and· can be :illS-

taken to be a single plane. (3032) is a Type I plane to occur in ~DlS 

zone and shows dominance in the h.c.p. pattern. (j" . . .LSO is a 

Type IV plane and hence its indices are (6062). It is seeD to be su~-

pressed. and (4041) precedes this plane in order of appearance. 

It is in the [1010J zone that the hexagonal and h.c.p. patterns S:-.O":' 

xa:::-ked differences. All the planes in the zone have an E value of 0 or ). 

Plane~ an E: value of 0 are very dominant. 

In electron diffraction patterns, the phenomenon of double diffrac-

tion leads to the observation of (0001) from a combination of (OilO) and 

(O:~l), even though (0001) is forbidden as it has a zero va~ue for struc-

'tt::"'e factor. 'I'here is no useful analogue in field" ion microscopy I"'O~ trlis 

phGl1C:nell0n. 

3 -2.' Superlattices 

Ir:lages have been obtained/fron: the (J phase in the v<l-Re system, 

cementite, NiBe, MoNi4 and CoPt. Comparisons with computed i~~ges can 

be valuable in establishin,g the nature of the visible species in tnese 

10 11 
m' , ~ S.<.' .<.' 'R 1- ' - ",' T - " 1- - _.J.. ,~ -cases. 1.',,'1e '-lorK or OU",ll'V'or ",n anc. ~ a p.'1 auG. song ana. 11'~U .i.<:::r ~:c;. v..:; 

helped establish that effectively only platin~~ atoms are being iEaged 

from CoPt in the ordered state. 
_ , _ 12 , ,. __ 
rirer: ana. l'1"e"Nme..n r!ave OO"'C8.lr.eC. lrr£::.ges 

f:;:,o;;, l'f;oliii4 and found the authors' sue;gestion that only :r;;o.Ly::.c:.err~m aJ.:o~;:.:: 

irnaged to be correct. In sectiorl 1 ... "'e or.:. 

anci type superlatticcs. ?or ... . . ., -a c.e"tal.!..ec.. o:~ 

• 

~, 

• 
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G80IT.etry of these structures) . , .13 the revie,oJ by Marcln.":O\'Tzk:l.. may be con-

sultea.. This choice was made as they are common super lattices a:;d abc; 

• as they can be generated by successive combi:;ations 01 cubic ~ttices 

('Lo)}) yield. the f.c.c. patterr.. Figures 5)6)7 and. 8 shmr t:le results 

thus obtained) from a single progran. The rad.ius is 200a 'eThere "a" is 

the parameter of the, unit cell. The p value ,.;as set at 0.05a. For tr~e 

B2) L10 and 11; structures, it is probable that a higner value of p s:"K,ult'i. 

be used.. An independent investigation of Ni4Mo has sho.-rn that the p value 

increases ,.;hen one of the species is ir.visible. Ho,.;ever) Moore a::-:d Ro.n-

ganathan5 have d.emonst~ated that a higher p value merely leads to an in-

crease in tne number of visible atoms. It does not lead. to an increase 

i:G. t{-~e ::-lLl."'Ylber of planes. Hence we cave used a single p value) sir.ce i're 

a:te :-:'iai~1ly interested. ·in the morphological aspects of the iyaage. 

A superlattice of the B2 type has the composition AB and its str~c-

ture is tne cesium chloride structure. The A atoms occupy a siY:1ple c',;.."cic 

lat".:;ice and Fig. 5 shows the type of pattern to be expected frc;r.l A a"0O"::s 

alone. Polonium is the only metal with the simple cubic lattice as its 

\ 
crystal structure and is an unlikely candidate for field ion microscopic 

.:;xar:lination. HOvTever, NiBe has the cesium chlorid.e struct1;.re. 

has obtained patterns from this compound.. 

([001}) planes are more prominent than the Qodecahedral ((l:O}) plane . 

• Eence 'Ire can infer that only nickel atoms are being ir::aged.. ?;l.g\..<.Y8 9 

s~ves the entire ster.eogrmn for the simple cubic lattice. T::is ~·;e..s ob-

-'wi:;eQ by photographic reproduction o::.~ the 45° sector. 

Ii. sl;.;!crlattice of the 110 type also has the cO~pOSJ.."0J..O:1 fl.3. 

strt:ctm'e can be visualized to arise from the f. c. c. lattiCe "by PO?"..l:"~~t.:'o·:: 
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of alternate (002) planes "'ith one kine. of atom. Figure 6 shO'>"f;~ t~;(: 

p3.t~crn ',\1'i1cn only A atoms are being imaged. CoPtI nus the L10 :::t:c-uct:.;.re. 

Cor:-!pa~'isons with micrographs publishec. by Tsong anc. Jvlullerll 8hmT veY.'y 

gooc. correlation. 

t::an) :t~ollO'tiec. a simple approach and sta-ced that fewer planes , .. :ill appear 

i:: the CoPt. iYl'3ge) if only platinUItl atoms are Lrr:aged. It can ~:J2 sno"t.·rn that 

if n:Gs:~ .size is the criterion for visibility as has 'been asslJJ.':.(;cl by Drecr~sl(;r 

anc. Holf}: then only planes up to (1:2 ..!-, k 2 
.J.., .22 )/4 '1' •• WJ.. .L appear lr.l. tt;.c 

from CoPt) if planes up to h
2 + k

2 + l appear for ?t ",hen the crystals &.:.."8 

of the sar:le rac.ii. However} this will be. true only if all the a-coms on the 

\ 

. surfaCe are imaged and if there is no interference betvTeen vaY.'io'J.s :rings. 

Compa:rison of Figs. 6 and 9 shows that the reduction in the m:.. ... :iGer of 

planes is not very much. This is partly because the Y.'ecognition of planes 

vlith very high indices is difficult. An interesting result is 

zones are not affected in terms of the number of visible planes. 111-020 

zone is an example. 

Pla.nes vlhich are occupied by only one kind of atom can be defir:eG. as 

superlattice planes. The geometrical s~ructure factor rule is t~at ~ ~~~ 

k should. have the sarne parity and. £ the opposite parity • 

.. )~: ",Y',,=.c' o:-,""e' "''Y'ovili....,r.-·nt in t'ne im'" (l'," if one of the snecies is invisible . .:.: __ ..... _I.J ~- J,;J_.... ... ... 1...0... .... """'0"" 1:' 

r,.'.".US in" +'n"" 002 -020 zone l"or oF', -'- 'nCo ,,...',,,, c-f' "",... crv'" ...., "'YO. ce J..' ~ :r 0"·-::' _ _ ~.'-' .J.. • c. c. "' .... o~ c.e~ ~:!~ •• lJ.J.''V'" ", \ v.~) 

(022 L {( 024) ) ( 042) L while ·eo"" ""n e i I ...... i"., ..£-J ..... O structure the ord.e:r is (001)) 

(023). 

A superlattice of the L12 type r..as the composition P..~.·3 • 
) 

occupy the corner sites of the f. c. c. lattice. If t};,ey are t[-,e onl.Y 'lis-

i"ole .::..toms, then the pattern Hill 'be similar to Fig.). A ato::r:s alcr:e ' .. :::"11 

:C~:.":--.1 ~che pattcr:1 in Fig. ,..(. The patteT11 is sirnilar to that f~or:1 t:--... e :.c .. c. 

• 
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lattice. However, the mot!f of atoms on individual planes is different 

'and can be used for finding out whether A atoms alone are visible, Once 
, 

again superlattioe planes will show an alternation in the density of the A 

atoms. The geometrical structure factor rule is that for superlattice 

planes hld have mixed purity. Thus (001)1 (010) are superlattice planes. 

Computations can be useful. in vlsualizing patterns from more compl:l..-

cated structures as well. The rapidity of the method is very helpful. 

Figure 10 shows the pattern to be expected from Copt II Which has an ortho .. 

rhombic structure. The crystallographio unit cell may be conceived to arise 

from stacking ten Copt I tetragonal cells aligned :tn the [OlOJ direction 

and switching the content of (001) planes from all platinum atoms to all 

cobalt atoms halfway along the new cell. This gives rise to an antiphase 

boundary halfway along the long cell and at subsequent similar intervals 

along the [OJ.O] direction. In Fig. 10 there are forty such antiphase 

boundaries on (010 ) planes and arranged in a periodic fashion. 'I'heorder 

of importance of planes is not disturbed and is seen to be similar to 

that of Copt I (Fig. 6). It is also seen that only superlattice planes 

show contrast for the antiphase boundary. This is to be expected on·the 

g • R criterion familiar to electron microscopists, g is the reciprocal 

lattice vector for the plane and R is the displacement vector for the 

antiphase boundary and has a value of ~(I01) for the boundary in Fig. 10. 

g • R has nonintegral values for superlatti(~e planes and hence the anti-

phase boundaries can be seen as a mismatch surface where it crosses these 

planes. This is yet another area where computed patterns are helpful. 

Recently Sanwald et 13.1.15 have been able to confirm the contrast to be 

expected from dislocations in spherical crystals by simulating the field 

ion image. 
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CONCLUSIONS 

(l) Tneinte::op::oetation of i'ie1c.. ion mic::00Grapns is. g::oeatly sir::nli:iec.. 

by tl:e 1.:Se of cornp1.:ted. patterns pa::'tic1.:la.:dy c::-ysta~ strt:.ctUYeS. 

10'\,-e::o sy:.::::etry than the cubic syste:r:lS. 

(2) Com.?utations arenecessa::'Y anc.. valuable in cases vrl:ere a single 

c::oi~erion S1.:cn as interp1ana::' distance cannot be ap:r?lied.. 

1-.) ,.) The patter::ls ·fl~om nexagorJ.al .ana. h. c.p. crysta.ls e..r.:.G.. seve~al 

cc~z~o~ s~perlattices have been cOffiyuted.and the factors that i~l~e~ce 

tl:e a?pea::oa::1ce of these images have been discussed. 

The contrast ~rom antipnase boundaries has been s~1.:lated. and 

is in as;;.~eernent '\n th theoretical consid.era-'cioD.,S. 
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Fig. 2 Computed pattern for spherical surface of h.c.p. 
structure. cia = 1.58; Ric = 132. 
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Fig. 4 Computed pattern for spherical surface of hexagonal 
lattice. cia = 1.58; Ric = 132. 
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Computed pattern for the simple cubic lattice; 
also for the B2 type superlattice with B atoms 
being invisible. 
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Computed pattern for the L10 type super lattice 
with B atoms invisible. 
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Computed pattern for L12 type superlattice with 
B atoms invisible. 
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Fig. 8 Computed pattern for the f.c.c. lattice. 
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Periodic antiphase structure. This corresponds 
to CoPt II with cobalt atoms invisible. Every 
fourth antiphase boundary has been marked. The 
mismatch contrast can be seen on (001), (110), 
and (021) planes. 
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