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and ‘Department of Mineral Technology, College of Engineering,
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ABSTRACT

The simulation of‘field“ion imageé‘by computation.of the position
of atémsvwhich lie within an outer shell of given thickness on a
spherical crystal'has‘been extended to sphericél.cryﬁtals of a variety
'of‘structures; The§é>include the hexagonal.lattice, the hexagénal
ciose-packed'structure and a few of the common superlattices. The
consequehces‘df.thé invisibility of:oﬁe atomic speciés in ordered .
alloys ras been investigated. The resulvs show that cdmpuﬁations are

in fact neceésary for a detailéd interpretation of the field lon image.
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1. .. INTRODUCTION

H

In crystal growth the structure of the crystal is known to pla]

an important part in the morphology of the crysial. In fact before

the advent of x-rays the morphology was often used to make valuzdvle

_ _ ;
deduvctions concerning the structure of the material. Bravais™ was

the first to recognize that the Interplanar distance determines whether

cular face appears in <The resuliant crystal or not. ' Donnay and

H

i
v 2 - : . . ‘ o .
Harler gave this idea a precise formulation. They took lattice center-
ing, screw axes -and glide planes into account and used the multiple

icer-

oy

incdices of the lowest order of x-ray réflection in computing
tianar distances.
The iatter consideration 1s applicable to the Tield ion specimen
as weli and enables us.to list the planes for a given latiice in
Terns §f Gecreasing interplanar distance. Such a list gives the morpho-

logical imporiance of the planes. The size and the number of (kki)

rings on & field ion image is a measure of the importance of the (hki)

4]

Gevelop a

[ 4]

Plane. Also the list glves the order in which plane

-
-~

the size of the crystal is increased. Drachsler and Wolf” were the
Tirst to point out the usefulness of x-ray extinction rules in The
context of field ion microscopy.

o de -

A cdifferent approach to the morphology of the field ion specimen

L - R
was sugzzested by Moore. - Since the imege is made up of protruding
atoms on the surface of a nearly hemispherical crystal, Moore provided
& definition for thls protrusion, namely that only those atcms which

lle within an outer shell of given Thickness can give rise 0 spots

crn the image. A computer was used to find out the coordinates of the
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atoms within the ehell. Recently the Moore model was extended <o
spheres of varying redii‘by Mooxre -and Renganathan.5 They found tﬁat
the decreasing_interpleﬁar diséance rule is nearly exact.for an?
given zone but it cannot be applied to the image as a whole, becaus
there is interference betwee‘ rings Aleo even when a plane is

av
Y

present in the imege, it may escape recognition. Moore and Rangenath
also obtained-a visibility eriterion that requires the presernce of at
least three atom LOWS parellei to the dense direetion in the plane.
This criteribneeen‘explain the different rates of development of
different zohes,_ |

In crystal structures'where atoms occupy crystallograpnically

‘ro“—eO“"veTe 1t positions the criterion of in terplanar distance and

inter-rOW'distgnces cannot be used. Crystals'with'h.c.p. structures
ere an example. In such cases simulation of the field,ionfimege Y
comnﬁtation is desiiable.fer purposes of comperison,rand'ix gekinte*-
pretation. The situation is analogous to the facility of interpreta-

.

tion of orientations in electron micrographs by means of Kikuchi dif-

Advences in the technique fo field ion microscopy have made it

possible to obtain regular images from a number of ordered alloys and

ances it has been shown thzt one

ct

intermetallic compounds. In some ins

[2]
'3

vecies of atoms may remain invisible. Computer studiles are helpiul

n checking such possibilities. They can further be used for index-

FJ.

ing and détecting anomalous behavior, for exarple, partial Visibility

n certain areas. Hence it was thought worthwhile to extend the model

B
>
2

Yoore to some of the comron superlatvices.

(o]
by
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This paper thus describes the results of computer calculated

images for various crystal structures.

2. METHOD OF CALCULATION

Fal ]

Moore determined the distance of the atom from the spherical

envelope. I iv were below a set valuwe, p, the coordirates of the

atom were recorded. - D represents the maximum depth below the
spnerical surfzce at which atoms can still contribute to the image.

us obtained the orthogrephic projection for b.c.c. and f.c.c.

o
(0]
ct
:)
[

lattice. We have followed a different procedure, but wish to empha-

Our method is applicable Lo any crystal system where two of <he

exisl angles are equal to 90 deg. Only the trigonal and the triclinic
Systems are excluded A given crystal structure is considered in
terms of the Bravais lattice. If the latter has centering, then the

!
e

structure can be generated by repeated application of the method <o
the simple lattice with different cooral tes for the origin. Thus,
for example,.u“e f.c.c. lattice can be considered to consist of four

Tery

Ty

A

enetrating cwbic lattices with origins at (0,0,0), {(%,%,0),

L]

N
O
A\
[
“
[\)xx -

, (3,0,4). Tor the simple lattice all atoms afe,projected

onvc the basel plane (hkZ). Then the annuli Tormed by the inversec-
“4ion of the spherical shell with (hk!) planes are also projected onto
lane. The atoms in the basal plane are then scanned. In
distance of each atom from the center is computed.  The cocrdinates
of the atom are recorded if its distance from the center falls within

the radius limits of any annulus. The coordinates are then converted

to correspond to any desired projection. We have used the sterecograpnhi
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projection which is a good approximation fto ithe field fonm
Luage.  The Galeomp plotter subroutine was used o plot the simlated
imag The scaming process was extrem ly rapid. The calcuwlations

were programmed in Fortran for a'Control Data 6600 Computer.

3. RESULTS

Sy

l_

Figures 1 and 2 show the computed images for h.c.p. metals with

axial ratios c/a ecual to 1.62 and 1.58." These two values were chosen

\ s : . .. 0
as they are the pertinent values for rhenium and ruthenium. Melmed

nas carried out a sysuematic field ion microscope study of uhese two

meltaL

metals. The computed imeges correspond to a2 radi ius of *32 c., The
value of p was chosen to be 0.05a and i1s near the value Moore and
Ranganathanp used for a f.c.c. metal of comparable radius. There is
very little difference between Figure L and Figure 2 in terms of the
appearince, size'and number of vlenes. t can be concluded the exial
ratic does‘;ot piay too great a role in determining the appearance oI
tThe image. Ehisesupports a similar conclusion reached by Iren, cquoted
in MElmed5s~paper.

The nexaconal.close packed strucuu*e consists of two classes of
atoms which can be designated as F, and P, atoms. Iven though all
the atoms in the h.c.p. structure are chemically alike, they can be
divided into these two classes oy considering their crysiallograziic
environzents. 'Further, ir (2h + 4x + 32) is a multiple of &, each
(Hk‘Z)-p;are conea;ns bOuh PO and Pl type atoms. If (2n + Lk + 3%) =

¥ tewith X an lnueger ard € =1,2,3, then the (hkﬁ) planes through

O



four kinds of (hkiZ) surfaces. In x-ray diffraction they can be dig-

tinguished by thelr different intensities as shown in Table I.
“Melmed has>;hown that in rhenium, over most of the.image, image

»oints arisé from only one class of aton (say PO). P, atoms are

elther invisible or have been evaporated preferentially. Thus effec-

t‘l

tively the rrenium image can be simulated by computing the za n

Trom the hexagonal lattice. To meke comparisons, computatlions were

o

carried out on the assumption that every other basal plans was contri-

-~

buting to the image. Figures 3 and 4 show the results for the values

4%

ol The axial ratios guoted above. It can be seen that there is &

Vaa

irastic change in the observed nunber of planes between the nattiern

S
-

Zrom the h.c.p. structure and the patiern from the hexagonal lattiice.

Computations were carried out for the hexagonal lattice and the

Z.C.D. structure with the_c/a value ecual to 1.58. Results were 00—
tained for radius values of 4h, 88 and 132 c. Table II lists the
planes that,a;pear in différent zones, The » vﬁlue wgslset at G.0
for R/c = M end at 0.07a for Rf/e = 88, where R is the radius of the
spherical_crysual.v Thls has been done’as Moore and Rangenaiian” Iound
that the thiciness of the shell has o be increased wien tne crysial

s to be correspondence with the nwder

. P

is smaller in size, if there
of image points in experimental images.

Teble II ligts the planes that are observed along three Imporvant
zones in the computed pattern for both the hexagonal latiice and tae

-

2.c.p. structure. The hexagonal latiice is a Bravais lattice.
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any given zone the planes are expected to appear in the order of de-

=X

creasing interplanar distance. This is found to be the case. The

Cecreasing interplenar distance corresponds to increasing mesh size
of the surface plane. The square of the ﬁesh size is given by
0.7522¢2(1.55(1° + nk + ¥°) + 0.44%) for the c/a value of 1.56. Tre
planes ’ppear'in_different zones in the orxder determined by'this

A similax sfraightforward correlation with the interplaner dis-
tance is not to Ee expected in the h.c.?. structuré asvtheAinter;lanar
distance is ﬁot,single valved for a nunber of.(hkii) planes. Table

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

HH

ture on the assumption thet when € = 3, (hkil) should be quoted as

(on,ok,0i,0f) where 0 =2, as the interplanar disiance is halved.

v

For € values of 1 and 2, (hkil) plenes can be indexed as (nkil)y to

orrespond to the Po and Pl surfaces. These considerations can e
T+ s

used to explain the differences between the two patiterns. It must

0

be emphasized that computed patierns are necessary &s the degree of
dominance and reduction in importance for varilous planes are not easily
evoluated by other means.

In the [0001] zone in h.c.p., (4150) gains prominence over (2130)
and (51L0) as the former belongs to faces of Type I while the lat
ORI SR | -r- 4 r 1 N S e s ! 3
cwo belong to Type III. Also the L0001l zone appears better developed
for the h.c.p. structure than for the hexagonal lattice. This is in

~ 3

£ Melmed that the [0C0L)]

agreement with the experimental observation o

zone shows the development of more planes for ruthenivm than for
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In the [1120] zones both the hexagonal and h.c.p. pa

very ncarly the same degree of development. Almost all planes in

0

two topmost planes have very nearly the same radii and can ve mis-

taken to ve a single plane. (3032) is a Type I plane Lo occur in this

&M

(e}

one and shows dominance in the h.c.p. pattern. Also (3031) is =

=]
<d
fe}
@
=

_., ’ . e . 7 . . .
plene and hence its indices are (6062). It is seen to de sup-

o]
23
(0]
4]
/2]
(0]
fol)
©
3
p;

™~
>
O
I
}.J

o
3
H
(0]
(o]
(0]
pJ
®
4]
ct
by
}J
w
g
}.J

©
)
e}
}J
=
o]
H
o
[0
L
o]
rh
[
g
e}
®
s}
H
[}
o
®

It is in the [1010] zone that the hexagonal and n.c.p. patierns show
marked differéﬁces. vAll the planes in the zone havé an € value of O or 3.
Plares with‘ah € value of O ére.very doﬁinant. \

In electéon diff?action patterns, the phenomenon of doutle diffrac-
tion leads to the observation of (0001) from a combination of (0I10) and
{01I1), even though (0001l) is forbidden as it has a zero value for struc-
Ture facﬁor. There is no useful anaiogue in field Ion microscopy for this

l

5-2.  Superlattices

N

Irmages have veen obtained’/from the ¢ phase in the W-Re systen,

cementite, NiBe, MoNi) and CoPt. Comparisons with computed images can
be veluable in establishing the nature of the visible species in these

cases. The work of Southworth and Ralph™ and Tsong and Maller™ have

helped establish that effectively only platinum atoms are veing iraged
1
irom CoPt in the ordered state. Hren and Newman™ have obtained imzges

ol = WANT S ol ] D Y, - | N I O P ~ AN A S AP e
Trom Moa*u and found the authors' suggestion that only molyodernum atons
:
v A = en J N 4o dod A o = e e e T e -~
are oveing imeged to be correct. In this section we report resuliis on
= e
] L vl
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geomeiry of these structures, the review by Marcinkowski ‘j may be con-

Q

ulted. This choice was made as they are common superlatiices and also

0n

as they can be generated by successivé comdbinations of cubic lattices

. . 101 1 1 . L
with origins at (0,0,0), (3,%,0), and (0,3,3). Further comdinations with

3

) . z - . . .
) yield the f.c.c. pattern. Figures 5,6,7 and 8 show the resulis

/'\
N
e

-
[JSIE

B, Llo and L12 structures, it 1ls provable that a higher value of p shculd
ve used. An independent investigation of h¢LVO has shown the v value

increases when one of the species is invisible. . However, Moore and Ron-

ganatn ar5 have demonstrated that a higher p value merely leads to an in-

trne number of visible atoms. It does not lead toc an increase

(93
I
)
&
U
[¢}]
i, 1,
v

8

cl

in the numoer of planes. - Hence we rave used a single p value, szince we
are mainly interested in the morphological aspects of the image.
4 superlattice of the B2 type has the composition AB and its struc-

ture is the cesium chloride structure. The A atoms occupy a simple cutic

L,.;

p;
]
H
o
3
e
jay)

$
O
3
43}

lattice and Fig. 5 shows the type of pattern to be expec
alone. Polonium is the onlj metal with the simple cubic lattice as 1
crystal structure and 1s an unlikely candidate for field ilon microscopic
zxamination. However, NiBe has the cesium chloride structure. Iclane

nas ootained patterns from this compound. The images show that ©

(€]

a

rominent thean the dodecahedra

]
—~
o)

-

}-0

O
[
~
}Ci

;

(&)

o]

(%]

o
g

001}) planes are mor
Fence we can infer that only nickel atoms are being imaged. TFigure 9
giygs the entire stereogram for the simple cubic lattice. This was 00-
taired by photographic reproduction of the Ls® sector.

& superlattice of the Llo type also has the composiciod A3, Its

structure can be v1s ualized to arise Tfrom the f.c.c. lattice by population



N Al
‘surfece are lmaged and if there is no interference between various

210~

T ~
‘U .u.V._l"1 ( e

good correlation. In analyzing the images from CoPtI, Moore and Renganaz-

in the CoPt image, if only platinum atoms are imeged. "It can e showvn that
iT mesh size 1s the criterion for visivility as has been assuned by Drechsler

. - ‘ L2 .2 N .
om CoPt, if planes wp to n + k + I appear for Pt when the Cﬂys tals zre

1 +h

cf the same radli. However, this will be true only if all the atoms on the

Corparison of Figs. 6 and 9 shows that the reduction in the nurber of

"

planes is not very much.  This is partly because the recognition o

= ~
planes

7ith very nigh indices is difficult. An interesting result ic that some

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

zone 1s an example.

Planes wn“ch are occupied by only one kind of atom can be defined as

- LGy

ik should have the same parity and [ the opposite parity. Superlattice

O
3
e}
o]
)
ct
[
®
w
a3
()
0
’_1-
®
n
I._J
wn
Fl
53
<
'J
&)
} i}
o’
}_l
@
.

planes are prominent in the image if
e . ; o o : 2 . . : A f AnAN Y
Trus in the 002-020 zone Tor f.c.c. the order cf preminence is ({002, (020);,
. A N - O 2 A~ N L AN
(c22), {(02k), (oLk2)}, while for the Ll. structure the order is {001}, (020),

(o21), (022), (023).

A superlattice of the L12 type has the composition A:B. The B atcus

\)

cceupy the corner sites of the f.c.c, lattice. If they are The only vis
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lattice. However, the motif of atoms on individual plenes is differént
"and. can be used for finding out whether A atoms alone are viSible. Once .
again superlattice planes will show an alternaticn in the densit§ Bf the A
atoms, The geometrical strugture factor rule is that for supérlattice
planes hk! have mixed purity; Thus (001), (010) are superlattice planes,

Computations can be useful in vigualizing patterns from mbre compli-
cated structures as well, The rapidity of the methodbis very helpful,
Figure 10 shows the pattern to be expected from CoPt II which has an ortho-
rhombie¢ strueture, The e¢rystallographie unit celi_may be concelved to arise
from stacking ten CoPt I tetragonal cells aligned in the [010] directiﬁn
and switching the content of (001) planes from all platinum atoms to all
cobalt atoms halfway along the neW'céll. This gives rise to‘an'ahtiphase
" houndary halfway along the long cell and at subsequent similar intervals
along the [010] direction, In Fig, 10 there are forty such antiphase
boundaries on (010) planes and arranged in a periodic fasghion, The.order
of importance of planes is not disturbed and 1s 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 1s to be expected on the
g = R criterion familiar to electron microscopists, g is the reciproeal
‘latticevVector for the plane and R 1s the displacement vector for the
antiphase boundary and has a value of %(i01) for the boundary in Fige 10,
g * R has nonihtegral values for gsuperlattice planes and hence the antil-
phase boundaries can be séen ag & migmatch surface Where it erosses these
planes, This is yet another area where combuted patterns are helpful,
Recently Sanwald et 31.15 have been esble to conflrm the eohtrast to be
expected from dislocétiOns'in spherical erystals by simulating the fiéld

ion image.'. -
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CONCLUSZIONS

(1) The interpretation of field ion micrographs is greatly simplified
by the use of computed patterns particularly in crystal structures. of
lower syrmetry then the cubic systems.

AR |

(2) Computations are necessary an Q_Valuable in cases vhere a single

£~ oo o N e . - . m o -
\3) The patterns from nexagonal and nh.c.p. crystals and several

ccrmion ‘supérlatiices have been computed and the factors that i“f*ae“cb
The appearance of these images have been discussed.

¥ IS
-—

(L) The contrast rom'antipnase boundaries has been simul

jo]
©
o
O

]

b

&

is Iin ggreement with Lheo*et cal cunSﬂae”a"ﬂons.
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XBL 674-1418

Computed pattern for spherical surface of h.c.p.
.. structure. c/a = 1.62; _R/c = 132,
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XBL 674-1419

Fig. 2 Computed pattern for spherical surface of h.c.p.
' structure. c¢/a = 1.56; R/c = 132.
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lattice. c¢/a = 1.58; R/c = 132.
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Fig. 5 Computed pattern for the simple cubic lattice;

also for the B2 type superlattice with B atoms
being invisible.
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Fig. 6  Computed pattern for the Ll

type superlattice
with B atoms invisible.

0



Fig. T

-20- UCRL-17423

XBL 674-1424

Computed pattern for Ll2 type superlattice with
B atoms invisible.
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Computed pattern for the f.c.c. lattice.
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Stereogram for the simple cubic lattice.
was obtained from Fig. 5.
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Fig. 10
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Periodic antiphase structure. This corresponds
to CoPt IT with cobalt atoms invisible. Every

fourth antiphase boundary has been marked. The
mismatch contrast can be seen on (001), (110),

and (021) planes.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

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






