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Chapter 8.

5
M
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w8.1 Summary_Qf Results.

The preceding three chapters contain a great deal of new

experimental observations. Before attempting to account for these

a summary of the main features to be explained will be useful.

a) In Chapter 5 we saw evidence that a field-evaporated metal

ion follows a trajectory which is markedly different to that of

the image-gas ions produced above it.
b) i It was shown that the evaporation of a thick shell of

material from the end of the field-ion specimen leads to a

desorption image containing a great deal of fine structure. This

structure has a common

O
H

E0
(tq

\-h

I3

to the ‘aiming errors‘ and apparently

low detection efficiency from some specimen areas which are seen

in the atom—prcbe.

0) The detail in the desorption images consists of dark and

bri:ht line svstems the oririns of which are not immediatelv
. J 9 u)

J

obvious from the normal field-ion image. The centres of major

planes frequently appear dark, especially at very high evaporation

rates, and are frequently surrounded by ring systems.

d) Some small changes in the details of the patterns are

observed when the evaporation rate is changed from l plane/second

to 108 planes/second.

5
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u

e) Provided that the general state of the surface is uncha .

imtroduoing an imaging—gas produces only minor changes in the

desorption image.
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K changes in the character of the image.
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f) There is a general similarity between the desorption images

of the F.C.C. transition metals; the desorption image from copper

is slightly modified. The transition metals show a pattern of

bright lines radiating from {lllz and {ZOO} planes: in the case

P.
H

Pa

Q4
}..r.

9:3

. . 2+ . +

of the desorntion patterns obtained from Ir and Ir}

alone are very similar.

g) The non—transition series F.C.C. metal aluminium has a

desorption image unlike any other metal so far studied. The

amount of detail in this pettern is increased dramatically by

.
n o n on .

lowering the temperature irom T8 K to ¢O 1. Lowering the temperature

4 0, 0,
_of tungsten from Y8 R to 20 L sharpens the "
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in the image
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quite considerably, but unlike aluminium does not great
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h) drain boundaries are clearly visible in the

images as bright or dark lines, or both, even when the change in

the gross curvature of the surface across the boundary is expected

to be slight. Ring systems cut by a grain boundary exist independently

in the desorption images of the adjacent grains.

8.2 Scale of Details in Qesor3tion_ImagesL

The physical scale of the features in the desorption images

can be estimated quite simply by using the inherent atomic

resolution of the field-ion microscope to establish a distance scale

which can be transferred to the desorption image from the same surface.

The distance scale can be taken directly from the known interatomic

spacing of well—resolved atoms, or indirectly, by counting the

number of net rings between two poles of ?nown angular spacing.



IIIIIIIIIIIIIIIIIIII-I---------
133.

- n 0, . .
When this was done Ior a 20 L tungsten specimen, which had been

descrbed both by nanosecond pulses and continuous evaporation,

the following dimensions were obtained:-

Tip radius A/510 Q (51 nm.)

continuous evapn.)

"3
J0
5

C75?i
\O
Q

§,;0

2\

Diameter of first dark llO l
Width of first dark 110 ring -5 1.

Diameter of dark central region of(llO) 15-25 A (continuous)
u n n n n u n 25_35 A ( nS_pu1sed)

Width of 100 zone decoration ~9 A.

Width of dark fringzaround <lOQ) zone decoration ~4 R.

Width of dark lines radiating from (110) ~2,5 A.

Total width of arms of dark 'nropeller' radiating
from 222 ~20 these contain further structure on a scale

P
~40

{}1*
of 4 K which is denendent on evaporation rate and temperature

Mean width of dark features crossing {2llfplanes, perpendicular

to the close—packed rows,-7 K.

Similar measurements for the f.o.c. metals give the width of the

characteristic bright zone~lines in the desorption images as 8-15 1.

From the point of view of practical atom—probe work these

results are fairly encouraging; the probe—holc of a normal atom—probe

subtends a circle on the image corresponding to a diameter of

approximately 2O 1 referred to the specimen surface, while the
,

dimensions given above show that the aiming errors in particular

ections at particular regions of the specimen may have an

Q4
|_|.
H

uncertainty as little as 2,5 A. For the measurement of chapter 5, in

which the diameter of{llO? tungsten rings in the desorption image

were compared with the rings in the helium image and found to be

considerably smaller, the worst case found corresponds to a shift of

only some 6 L towards the centre of the (110) plane.
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8.3 TanQential_@nergy and_Aiming Errors,

It is instructive to calculate the tangential energy which,

|-J-s
w

H

if it were the onl; factor involved oducing aiming errors,

would be necessmry to deflect ions over the apparent distances

described above. Gomer(l96l) calculated that a particle of mass

m, charge ne, and transverse velocity vt, would be displaced at the
l_

microscope screen by 2vtx( 2neVo/m) 2, where x is the tip to screen

3

{

1

distance, and V0 is the specimen potential. is the sgecimen

t magnification is x/ r , where rt is the specimen radius, thet
apparent shift on the specimen surface is

.1
d = 2(3rt Vt (m/2 e VO)§

..1_
J T1 3,
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where it is the ions transverse kinetic energy at the surface, and

Q is a small constant.

Substituting values for n=3, n=4 , with rt=5lO K, Vo= 17 KV

and Q = 1 we obtain

d,A E eV, n=3 E eV, n=4
.

t t
,

‘i
r

9,5 9,57

‘ 6 1,8
1

eI

~

¢

12 7,2 9,6

4; ~ -
r It is seen that deflections due to thermal energies,-of

order kT = 0,01 eV, will be negligible at the low temperatures

comxonly used in field-ion microscopy. Any change in the desorption

image as a function of temperature must be result of a change in the
K

¢ I

:

mechanism leading to a change in the transverse electronic energy

of the ions. ‘
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flrror s .

8.4.1 Previous Qzilanations.

Before considerinc the desorntion atterns in detail
L: ¢.

two nrevious attemnts to exnlain 2 _i errors should be mentioned.

{_.|.

3
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First, Brenner and Kchinney (1970) attempted to account for
I

aiming errors by stating that the effect was due to parallax, as

the image-gas ions are formed some distance from the surface;-

\__ __ _. __//"‘.__ g _ — —— __ ~-___ ___ ___?0r;(_-ioaai He lgV1|'1la.(-'2-&'V\

/ ; Z; ; // : : : I : //
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While this may be a contributorg erfect, if it is remembered that

the metal ions will arrive at the critical distance for gas

ionization with considerable kinetic energy, the considerable differences
v

~ ¢ ¢

between the desorption images of, say, tungsten and iridium '

indicate.that the true explanation is more complex than Brenner

and Kcinney suggested.

Second, in a very recent pacer, Gillott (l975)_has calculated

the deflection of an ion's trajectory as a result of the changing

electric field during pulsed evaporation. He found that there should

be only a small deflection, in the o posite direction to that found

by Brenner and Kcinney, and he states that other processes must be

involved. Since in the present work we have been largely concerned

-.4
-1

P1.
rt

,3‘

. DC-evaporation, pulse—effects will not be considered further.

We shall now consider the factors which are likely to

influence the trajectory of metal ions and the formation of the

desorption image. Three obvious factors are local magnification,

surface diffusion before evaporation, and deflection after evaporation.
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8.4.2 Locql High cation.
The magnification in the desorption image is given by

M = R/Q r, where R is the tip to screen distance, r the specimen

radius, and Q is a smell constant. Specimen areas with a

smell local rndius of curvature will be seen in the desorption image

at a proportionately larger tagnific tion than that of other

C!-
(D

Q4

specimen areas. As Brenner and Icinney (1970) poin out, this
will result in a smaller number of ions nmssinp through the

probe-hole in the atom-probe from the evaporation of one plane in

w
|,._J0

(D
Q.»

the highly—magni area. Abrupt chgnges in local magnification

:2
D‘

QJ

must tend to produce structure in the desorption image, may

account in part for the detail in the desorption image around, say,

the §332}planes in tungsten images. The msgni?ication is not the

only relev nt factor in the production of structured desorption images,

since altering the eve oration rate and temnernture produces considerable

changes in the desorption image of the tungsten 222 region,

C1- D.
D

without any corresponding gross change in v local curvsture as a

justification for a drastic modification of the local magnification.
Equally, there are no obvious reasons why the rhodium 110 zone—1ines

should be sufficiently demagnified to appear as bright lines in the

desorption image, while the apparently similar endform of aluminium,

imaged at ZOOK in neon, should yield dark zone—lines.

It has been suggested (Muller and Tsong 1973) that the
dark centres to “lanes in a desorption image may result from the

increase in local magnification of the last few atoms left as a

cluster at the centre of a plane. Again, this does not fit the

experimental results; the local magnification should very indenendently

of the rate of eveooretion while it is observed that the dark.. 7

ti-

centres to planes are generally larger a very high evaporation rtes;



’ image as a bright area with a dark
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also, the centres of major wlanes are not elggys dark in the

@.eSOI‘ff>‘bi.On image ( viz.G'o1d{200}f'ig(6.7)).

8.4.3 Zone

"'3
;_:.

(D
P-4
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The

Decorati
»

ons

—evaporated endforms of many elements are

commonly observed to be decorated along zone-lines by brishtlyh

emitting atoms — the 'zone—decorstion'. The appearance of the decoration

is often e function of the evancretion temperature and rate

(Pmller l964). As the zone—decorati0n atoms are resistant to

field—evsporstion and are sometimes seen to move from their original
surface site, it is perhaps not unexpected that the field—desorption

images are modified along the some zones as those in -

3.
*4.

O
P3‘

For example, the <lTO} tungsten zone-decoration, which is an

are decorated.

obvious feature of the field—ion image, is seen clenrly in the desorption

the breadth of the

H)
*1

Hm

‘J3
C?

(D

decoration is less in the desorntion imsge than in the helium image.

Also in tungsten, misplaced atoms are frequently seen on <lll>zones,

\1
O0

>-.40
r’\

we

at

1-»

cl“

are very brig‘

. .- 0-
when tungsten is UC—evaporated at 78 R, the <lll>zones

in the resulting desorption image (fig(6.2)),
X.

The <lOO}zones in the {ZOO} regions of f.c.c. metals (Ft, Au, Ir)
are always decorated, and it is these zones which appear bright in

the f.c.c. desorption image ( the letter is true for rhodium, which
. . . 0

does not show a zone decoration in helium or neon at 73 K).

The origins of the zone decoration and the structure in the field-
desorption image a

Muller (1

T8

\O
O\

4%
ci- D,

(D

) s

refore likely to be related.

uggested that the zone—decoration atoms

are atoms which are held in exposed sites on the surface bi a gain)

Of polarization energy in lieu of the lattice binding energy lost

t
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as a result of the reduction in the number of near neighbours; that
. . f _1__ F2 TF2 _1_(°< NJ / V,’ “LL t dis, 1 ¢o§,, - r kt‘ Q 3- / ,@, uAG m om soul move

from a site with four neighbours to one with three UM? is the difference
in binding energy between a kink-site and a metastable site, considering
constant nairwise potentials between first nearest neighbours only.

I'—-7
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Tong and Gilran (1958) and Forbes (1970) found that at
helium temperatures the tungsten.<lOQ> zone decoration was

formed from small clusters of 3,4, or 5 atoms in metastable sites,
rather than single atoms, as stated by Huller (1964).

Muller attempted to calculate the polarizability b5
_ . , 7 . 1 2 , ,. . . .equating tne electrostatic energy E'£oF O1 the field inside the

metal surface, assuming a small penetration distanceA , to the

polarization energy of the surface atom. This equation, xhich he

did not attempt to justify, resulted in in a value for the polarizability
34» _ _ , __-» - 1 ,of 0,54 A ior tungsten {llJ}, thicn is mucn less than the 4, i

3 ' '1" - ' 4- F"\or 6,8 A obtainea iron evaporation rate measurements (isong and

Muller 1970) or the 9,2 A3 derived by Tsong and Nalko (1972) from

experiments on the random walk of adatoms in the presence of an

electric field. Although Hu1ler's (l9é4) calculations seem hard to

justif (jhrlich and Kirk 1967 conclude that polarization and

t,_.41

field-penetration produce separate changes of opposite sign in
the energy of a surface atom) the concept of a partial replacement
of lattice binding energy by a polarization energy for an atom in
a metastable site is reasonable,

8.4.4 Other Field jffects.
Several workers have noted the movement of surface atoms

\

_ . - »unaer the action of the electric field. For_examp1e, Rettler and
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Cherbonnier (1960) reported that the activation energy for
surface self—diffusion was reduced by some ten percent at fields of
0,3-0,4 V/A for a number of transition metals; Utsupi and Comer

(1962) found the activation,energy for diffusion of Ba on tungsten

became zero at O,5~O,6 V/K; in contrast, Bassett and Parsley (1963)

found no change in the activation energy of diffusion for rhenium

atoms adsorbed on tungsten.

Plummer and Rhodin (1958) observed that platinum ad—atoms

diffused across the {222}and illfzplanes of *“1gsten, and gold

ad-atoms across the {llO}and f200}?lanes, before evarorating.

ip,

Boyes and Southon (1972) noted the rearrangement and iffusion

C1?

0
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of the last few gold atoms to evaporate from {lll; planes,
. 0 . . A -. .~ .imaged at 20 K in neon. Plunner stated that the d1;:usion
was the result of polarization forces, and ced that the

§'\
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electric field could vary by lO§ from the centre to the edge of a

net plane;

8.4.5 Binding }nergg_in an Electric Field.
The binding energy of a surface atom, as a function of

its position relative to a step in the surface, is of the form shown

below (Schwoebel and Shipsey 1966).
O

T /3 / /T Pgban L'Z¢<l/\ ilt [ma-6 -J

Q
Here A represents the energy of the atom at a kink-site

and B the energy as the atom is moved over the edge of the step. This

diagram is obtained by summing the interatomic potentials (e.g.
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find the barrier to be lg eV for tungsten 2223 rlanes from1 . N 9

Morse notentinls) between the atom and its near neighbours. The

140.

binding energy"/\ is given by lhrlich and Kirk (1967) as 8,83 eV

for tungsten, whereas the adatom binding energy /\' is found

experimentally to be 5,2 eV—for {llQ£planes, 7,0 eV for {Ell},
and 6 O eV for ll] , and from a Horse~notentiel calculation9 , i
(Girifalco and Ueizer 1959) to be 5,77 eV, 7,58 eV, and 7,93 eV

.~respectively. The barrier-A which prevents kink—site atoms from

diffusing across the adjacent terrace is therefore of order

LJJ

\I
U\

depending on the plane, in zero field. Graham and Ehrlich (1974

measurement of

r+
D.-

O

OJ
1-}:

to
1":

$3‘

sion rote as a function of temperature.

The potential diagram shown above will be modified in

-O,9eV,

)

the presence of an electric field by the polarization energy of the
2 . . . . . .atom, §4¥F . This energy will be a function OI the position of the

atom; the polarizability will be greater when the atom is exposed

to the field, and less when it is in a nosition screened by the

conduction electrons; the field will be higher at the step, and will
decrease on either side of it:—

(U é€9'>/ / E $_¢“c_F

to _¥-i/\-—~
0-) F5?

(tr)+ ¢

OT!

' /\ e

6“)

Av
K

“§r
~

O

>

- - \ nThe polarization energy binds the atom to the suriace, so

the total potential energy of the atom = - (IA) +-§MIF2) will become



_
O

T '3‘ »/\  

E=¢9 kQ&J@xL3 ;Aq@;,hvqw“
” M ””“5"_*_ _ -.

,QQiz>

The barrier to diffusion across the terrace is little
changed, but the barrier to diffusion up over the ledge is greatly

reduced; the magnitude of this reduction is difficult to estimate,

ci-
|>\—‘

W

(D

as neither polarizability of the kink—site atom nor of an atom

CF

O
l)

in an unstable site on ; of a ledge are known; if the difference

of the polarizabilities is say 3 K3 and the field is 10? higher on

the ledge, a reduction of 3 eV at 5 V/E would be easily possible.

This raises the possibility that, prior to eva oration, a rink-site
atom might move up onto the ~cent ledge, to a site more exiosed

{D
C

C__.1.
(J

to the field; ionization and field—evanoration would be likely to

%

es
Q-In

U2

follow rapidl following this migration. movement up onto the

ledge would be an alternative to that shown by the zone—decoration

atoms, which move across the terrace away from the step. In fact,

cl-
*T

(D

movement across the terrace, or up over . step, could be a

function of the plane under consideration, and of the evanoration

rate (i.e. local field, and hence polarization energy).

If migration of a kink-site atom before evaporntion did

‘-1

%
Fw

(D

occur, it seems ly that the migrating atom would move so as to

I3
(D

‘J0
C73D.

U‘

keep the number of its near ours a local maximum (that is, it
would tend to travel to the hiQher—field region by moving along

an adjacent channel between its neighbouring atoms). Ioore and

Spink (1969, 1974) have considered the sequence of evaoration of

atoms on various planes of tungsten in a series of careful exyeriments,

using lO uS pulsed evaporrtion. The; conclude that the order in which

atoms evaporate deoends on the availability of asnitable diffusion

channel in the surface, adjacent to the evaporwting atom's lattice site.
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3.5 §urfaceA3iffrsion gnu Desorption lmases.

The likely surface diffusion directions, and the

i_J-
.5

H:
G

U1
‘-11

O
13‘

effect that such 6 _ is likely to have on the desorntion

image, may be seen by inspection of a ball-model of the s;ecimen

surface. Photographs of tynical surface structures for common

crystal planes have been summarized by Uicholas (1965). We will
briefly consider the possibilities for the more prominent planes

of the f.c.c. and b.c.c. metals.

8.5.1 The vj .,1 ., eta s

The environment of a kink-site atom on a circular {POQ}

not plane may be seen from fig(8.l); it is seen that the kink-site
atoms, labelled A, are all constrained by their neighbours to move

in direction a if thev move un over the sten towards the centre of- ... d v_-

K4-

I5
(7.

J-

"3

the plane, or . _ ections bj bf if they move away from the step

across the terrace. As the plane evaporates, the last atom of

the row, labelled C, is not able to be channelled in direction 3;

it must either travel up over the ledge in direction_c, while in

contact with only l near neighbour, or move away from the ledge in

direction_b. The appearance of single zone—decoration atoms at sites

corresponding to C in the field-ion images of f.c.c. metals is thus

accounted for; the atom C is unable to evaporate. in the same manner

as its neighbours, and therefore migrates onto the terrace, where

it is retained until its local field becomes high enough to allow

evaporation in some other manner. .

For the flll} planes, (fig(8.2)), the optimum diffusion
directions are as shown. The kink-site atom A can move up over

the step in directions Q1, Q2, or_a3 and away from the step across
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the terrace in direction.b1,_bP. In direction al the atom has one

nearest neighbour and two second nearest neighbours, while in

CL’

,4-

H
(‘J

. ctions_§9,_§3 it retains two first-nearest neighbours and

one more distant neighbour. Fhe last atomsof the rows, C and C‘,
are still able to move up over the ledge in directions a2 or a3,

w ;

without any jrior movement along the ledge, as well as moving

away from the sten along bl or b2; this fits the experimental
observation that f.c.c. flllfplanes do not generally have zone-decorations.

Further analysis of hi;jher—1ndeX planes (§22o} (31.i} etc._l

has been carried out, but will not be described in detail here; as

the plane becomes rougher it becomes progressively more dif'icult to
| . . , ._ . -, . 1determine the likely oifrusion oirections; however, as the most

prominent planes on an f.c.c. specimen are the {lll} and the[2CO},
we shall now consider the likely effect of the above conclusions on

the desorption image.

It is plausible to assume that if a kink-site atom is channelled

(‘J
Q1

Ll-

in a particular direction up over the ,. acent step under the
influence of strong polarization forces, it will arrive in a

region of enhanced field with some considerable kinetic energy.

If ionization and subsequent evaporation is virtually instantaneous,
this kinetic energy may be retained by the ion, and will tend to
propel the ion further alonsits initial channelling direction.

PT’
|_|-

Qr\

Since, as we have seen, all ~site atoms of a net plane will
have well-defined crystallographic channelling—directions,
the resulting bulk movement of ions will have a considerable
effect on the desorption image. For the {ll and{2@§ planes

discussed above, ‘A situation, and expected desorption images,

c+
.7.

(D

are sketched in fig(8.3). Overlap in the trajectories of ions
from adjacent sectors with different surface channelling directions



\/V

E¢j¢
‘>

‘_‘ >p
A‘ 7A__

Z1 _I
/iv 78””

MW_

>_' P “E§Lk%® (L1; I_‘FLl~PI_ _' :‘_’_i_'_ ~‘\_£kKmb' :I‘lFyE_ ‘K; E‘

I
Q‘P“I’‘‘P AW‘XAw, ‘¢%

W1' ‘Ii Vy _o~_ ‘¢$0.4
‘L‘ .9%? .‘

“\ §\¢\‘ \7E 44”’ \M 6éM__P‘A WWWy



144-

will lead to a doubling of the number of ions/unit area in some

areas of the desorption image. Two types of {lll} imapes are shown,

E-’

C?
/-\

CI)
0

Y\)
\/

.3‘one for the directions_§l of i and the other for directions
a a The letter lead to the anoearance of dark lines intermediate1?’ __3. . , . , l ___._L V _

between the bright lines, in remarkable agreement with the

iridiun desorption rattern, fig(6.15).
The circumstantial evidence that channelled diffusion

up over the l:;be leads to the appearance of the typical f.c.c.
desorption pattern is good. To summarize it,
a) This model predicts appearance of pseudehexagonal

(-3-

T
(D

symmetry for the desorption images of fllljnlanes.

O‘
"5

}._r.
C»?

D7
ci-

rd
H
Q

Q4
|,_:.
Q

6*‘
(D

Q4

b) The -line contrast is to be roughly twice

as intense as the local background; as nearly as may be judged by

counting the number of scintillations/unit area in the deserytion image

(e.g. fig( 7.4)) this is correct.

H)
P.)

c) The ilure of the <lOQ> zone decoration atoms to

evaporate at the same field as their neighbours, but rather to move

into a metastable site, is explained.

d) If there are bulk movements of ions in particular
crystallographic directions, there will be particularly dark contrast

in the desorption mage when the directions in two adjacent

sectors are opposite;
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cl-
P-I

,_,

(D

This dark contrast is exactly that is seen in desorption image

(e.g. gold fig(6.7)); the dark contrast in these areas will
also be partly due to the higher local magnification, as the

dark lines follow the hi§hest—field re§ions of the f.c.c. specimens.

of

53..

(D

This simple model accounts fairly succesfully for the appearance

desorption images from the refractory f.c.c. metals.

Does it also account for the different onnearence of the desorntion

images from copper and aluminium? The prime vssumption that was

mode above is that the diffusing atoms can be treated as hard

spheres in contact with one another. This is a good approximation for

cl-
D4

(D

the transition metals, in which the attraction between ion

cores and the conduction electrons is balanced by the steeply—rising

repulsive potential due to
of the cores. Copper is somewhat

ci- D.

(D

overler of the outermost electrons
Q to the other f.c.c.

Q4
}_.h

s
‘3
Q
‘"3

(‘D

I3
1+

metals in that it has a full d—band and one s—electron- the interstomic7

potential may be expected to be modified. In the case of aluminium,

we have an sp metal in which the ion cores may be considered to be

completely separated by the conduction—electrcn gas; this gives

aluminium different mechanical properties to those of the transition
metals, and in particular the interatomic rotential does not rise
so steeply as the ion-cores aprroach one another. There still
seems to be some disoute as to the nature of the forces on and

Q4
I,-I0

U)
w

7-‘

acement of surface atoms on aluminium (illdredge and Yleinman

‘ 1974, Finnis and Heine 1974). However, it is not surprising, in
view of the different nature of the metals, that aluminium produces

a different type of desorption image to that of the refractory f.o.c.
metals. It seems rroboble that the aluminium atoms migrate away

from the adjacent step across the terrace during evuporstion, lea

Q4
}-I0

5
m

\

to the appearance of dork zone—lines in the desorption image. The
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precise nature of this migration, and in particular the way it
changes as a function of temperature (nd hence field, or polarization
energy) ere not understood at present. The unexneotedly high

evaporation field of aluminium'(Brendon (1951) predicted only 1,8 V/A)

may be due to the difference in evaporation behaviour.

P3
r>‘

':>

‘ed I
.

8.5.2 - ,_ C C.

We may aptly the sane type of herd—sphere analysis to

the less elosely~nncked B.C.C. structure. For the {llO; plane

>__._4r1
;_:.

.¢D
,_~ (1

(fig(8,4)) the _ -site atoms A, B can migrate up over the step

towards the plane centre in directions e, b; atom A can also relax
in the reverse direction to a into the adjacent metastable zone-decordtion

ci-
4
S3

(D

site on the terrace, as suggested by Muller (1964). Hhen normal

kink—site atoms A, B have evaporated, the atom C is left at the

end of one of the close—packed rows and is unable to migrate up

over the without nrior ** sion on the terrace. It is

U}
ct-

(D
‘Li

Q.-
|,_I

*':
H:

$3’

commonly‘observed (e.g. Taylor 1970) that at liquid—nitrogen

temperature the atoms at the ends of the close-packed rows are

resistant to evaporation and frequently migrate short distances

before evaporation. The positions of these evaporation—resistent
. .. .., . . . , 0,atoms CO1nCl€ with the bright—line contrast seen in the 78 K

}_.JO

3
5:

C?0

tungsten continuous~eveporation desorption s(fig(6.2)). This

contrast is very marked at high temperatures, but not under
. . ,0- .nanosecond—pulsed evaporation at 7e R or continuous or pulsed

. V 0" . . .evaporation at 20 h. Consideration of possible overlap between

cf‘
:3‘

(D

the trajectories of ions from different specimen areas predicts the

sane bright contrast along these (111) zone lines as on the f.c.c.
<lOO) zone-lines. However, the disappearance of the bright contrast
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low temperatures and high evupcration—rotes suggests that the
mechanism is more complicated than for the f.c.c. metals. A

measurement of the aiming—error in this region as a function of
temperature and evaporation rate would shed light on this problem.

{@-

{:3

we are here concerned with the interpretation of the vacuum

desorption image, the method of Chipter 5, which relies on the

prior field~ion imaging of the surface, is not appropriate, as

the presence of helium is known to affect the evaporation behaviour,

to an extent which is dependent on the field and temperature (Chapter

The determination of the exact way in which the evaporation of
tungsten occurs is not triviel,for this reason.

If the <1lO)zone-decoration atoms move away from the original
plane edge to metastable sites, before finally evoporrting, it is
not surprising thwt the zone+decoration appears distinctly on the

desorption image. It is not quite so obvious why the zone-decoration
o ¢_ v1S narrow in the desorption image, while in the helium image it is
seen as a broad band of bright atoms (although the magnification of
individual atoms in the zone decoration is large, especially at

high temperatures, the extent of the decoration across the surface

should not be subject to such a large change in local cation).

if!F5
F-ll

w
‘-I»

It is oossible that the introduction of helium into the system after
vacuum desorption leads to e broadening of the zone decoration, as

e result of ' ' ' "

<+
DA

(D

change in atomic potential due to the polarizing
effect of field—adsorbed helium: vacuum evaporation, followed by the

, _ _ _ o- . . .admission of helium at a very low temperature (<:2O R) to minimize

thermal excitations, and at as low a field as possible, to minimize
_ 1 '1 .1. 'polarization energy, might perhaps reveal a narrow zone-eecoration

corresponding to the vacuun—evepormtion zone—dccoration.

/\
+s

|,_|.

C1

On the b.c.c. {200} planes ~(8.5)), migration of the
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centre involves one nearest neighbour

and two second-nearest neighbours; diffusion across the terrace in

FJ

the (O01) directions is easy, and the di ~ atom retains contact

2-
&~.

Ci
U2

F‘
V-1

»—)

CY‘

with two near neighbours. The ragged appearance of the tungsten

§200f regions sug est that atoms migrate in this latter manner,

and are not evanoroted immediately, but rather settle in new sites
further from the plane centre. The

desorption image.

I'OW§3 SOHO

§
5;

C“)o
Q4

~ nature of this region may
\

be responsible for the diffuse appearance of this region in the

The {Ell} planes of b.c.c. metals consist of close—pncked

Q.)
Pr-

U)

tance apart (fig(8.6)). Shrlich and Kirk (1967)

found that the activation energy for diffusion along the rows is only

0,57 eV for tungsten ed—atoms. The last few atoms to be evaporated

from tungsten {Zll} planes are commonly seen in the helium image

to be spread out along the surface channels; somewhat similar behaviour

’ is seen in molybdenum also. It seems reasonable to conclude that
tungsten atoms diffuse down the channels for some distance before

evaeorati
»

Y3
C3‘

\o

the result of this in the desorption image is the

dark linear centre to the plane perpendicular to the close-packed

directions.
The evaporation behaviour of tungsten{222}ond adjacent

planes has been studied by Noore and Spink (1974), w found

Ir‘
O

r—‘
|.J-

/T
(U

}-_|

that surface diffusion before evaporation was . _ y. As has been

w
O

|-In

5

of

c'!'
J
:3-

O

ted out above; the desorption image of this region is o function

evaporation field. It seems likel; that changes in §olerizebilit'
and hence of polarization energy for different diffusion directions

occur as o function of field, which is very high in this region, and

this causes a change in the diffusion directions vhich are favourable

{J-.1

}_:.

at fferent fields. The central region of this plane is dark in
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‘ ~ . . 0-1ow—temperature desorption images: however, above Y8 I at slow

evaporation raten some structure becomes visible at the centre of
the plane. It is possible that evaporation may take place almost

1

directly from lattice sites under these conditions; further experiments

to see if the {lll§ lattice censbe resolved under these conditions
would be of interest, as there seems to be no other case, in the

materials which have been studied to date, which is likely to yield
the resolution of a net nlnne of the lattice, since other plane centres

are either dark, implying some gross deflection of the ions‘ trajectories,
or contain structure due to the f.c.c. desorption imege, which is
only indirectly due to the lattice.

It is seen that the hsrd—sphere surface diffusion model

is reasonably successful in the case of tungsten. However, the

behaviour of tungsten is more complicated than that of the f.c.c.
transition metals. The very different helium and desorption images

:3
Q

Y-"5
O

(D
Q4

of tantalum and molybdenum suggest that the model some

modification, to take into account directionality of bonding and

differences in polarization energy, which seem to play some part in
determining the different endforms of the refractory b.c.c. metals

(Nakamura and Kuroda 191%).

8.5.3 Grain Eoundaries.

Ho detailed analysis of the appearance of grain—boundaries

rt D.
<1)

rt-

will be given here. However, it should be noted . the arguments

which have been discussed above may be relevant to the desorption

images of grain-boundaries. Suppose that there is s well-defined

surface channelling direction in a specimen area adjacent to a
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grain~boundory, so that ions are deflected towards the boundary.

The lost few atoms to evaporate from this side of the boundary will
do so from a misoriented lattice. If there are not easy channelling
directions presented by the lattice on the other side of the boundary

the last few atoms may be retained, and evaporate at a somewhat

Q4
‘.1.

H:

higher field with a ferent trajectory, probably leading to a

bright line in the desorption imrge at the boundary. There will
be an adjacent dark line if the ions from the other side of the

boundary have been channelled away from it by their local surface

geometry.

8.5.4 Plane Centres.

c The dark centres to major planes are very pronounced at
high evaporation-rates (and hence high fields). The possible explanations

for this ere:— V

a) At some fields the balance between the binding energy of the

net plane and the polarization energy of its constituent atoms

may be such that the plane breaks up, with atoms diffusing away

before evaporation. As mentioned above, this type of behaviour

has been seen at normal imaging fields and low temperatures for
go1d{1ll}w1anes (Boyes and Southon l972). It is also knownthat

the interatowic bindinp energy may be reduced for small clusters of
atoms (Bessett l97D).

b) If the last few atoms on e plane evaporate simultaneously,

there will be strong coulomb rerulsions between then (even after
allowing for their image potentials in the metal surface). This

J
-4

*1

Q3

revulsion will lead to deflection of the ions e'oy from the centre
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of the ulane in the desorption image. For this process to occur

the ions would have to evaporate within a very short time of one

another, as they are rapidly removed by the field. This time
. . n n -15is estimated as Ol the order oi l0 / seconds; unless the removal

¢

of one ion is directly resjonsible for the ionizotion of the others,

this mechanism seems to be less likely than the mechanism given in
(a) above.

8.5.5 Ring Structures.
One of the most puzzling features of the desorrtion

images is the appearance of dark rings around major poles; as

exylained above, these are obtained even after

ol- :3.

(B

evaporation of

hundreds of net planes to form the desorption image. Since they

pv-

13
Q4

(D

exist pendently in two crystals separated

O’
1-<1

a grain boundary,

they must be a property of the lattice. They imply that there is
a periodic fluctuation in the magnitude, or direction, of the

aiming error near the pole. breadth of the dark rings, or polygons,

§
o

_ 0, . .for tungsten {llO} at 20 R was given above as some 5 A, corresponding

to a change in tangential energy of at least 1,5 eV; this implies

that the rings are due to an electronic or field effect, rather than,
say, a lattice effect, as phonon energies are generally much smaller

than

c+
P31

.1»

U1
0

A possible explanation may be the following. Consider a

circle radius R drawn round a well-developed hkl pole on the

From Gauss’ Theorem, the charge“

Suppose that the mean re

Q;
|,_:.

C
U2

soecimen surface. Let the mean field inside this region be F0.

|_.l-
:5

U}
1.4.

Q4

(D

ha
O

/"\

O
0

Q ' "-' 2tne circle :7T d

of curvature of the specimen is S;

. 1. ththen if the spacing of the {hkl} planes is d, the rulus Of thc n
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{hkl} net plane will be given by
1~§= (2s - (n + <5)d)((n .,. a)@,) 2s(n +J)d

where CLQY;<d gives the diameter of the innermost (n = O) plane.
We know that the

H;
|..1.

(D
I>—\-'

{L

CF
.:..

(D

at the edge of each net plane is
same eveporntion field Fe; the field decreases away from the edge
of each plane:-X)? '4-‘V ___/g ‘X -Z\_ }-\——; F 0/Z////

-[7/7 ’// //»//7 ZZ
Suppose

ti-
D-I

{D
H“

to a first approximation the field decreases
linerrly from the edge of each net plane in towards its centre:—

f"“‘*@F0 ~v~“ 6 
K f l‘ Z}

or F(r) = Fe — k(rn — r) where rn> r§ rn_l.
. . th . ._The total charge inside the n ring Ulll therefore be

‘ f\ "rs
given by G1 =5£o1" dS = 2TV{O€ J (Fe — }:(rn - r)r dr

H“? "5’:

c+ D.

and, after adding any charge for an incomplete n+1 ring, this
must equal the value obtained from the ‘average " obtained

‘*0
}_l-

(D
}-_1

Q1

above. It seems clear that if k f O, then k cannot be a constant, since,
for example, the total perimeter of the net nlene edges inside our

,3,

Jo

O
J’

radius R, on vi_ - a large pert of the charge. resides, and

O
Z3

=1D.
)-_|¢

O
$3"

the field is fixed at Fe, fluctuates periodically as the parameter
$ changes between O and l;

5'—>

|- O

8
€11< kn)
H

‘\’0'v~¢v\»<J-"'§‘>\p

O
1

Now if k varies periodically, as the central net plane evaporetes,
then it seems likely that the aiming error, ‘ .

:i‘
J‘

}Jc

O
>3”

must depend on
the spatial variation of the field at the edges of the net planes,
will also fluctuate periodically. Until a full three-dimensional
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calculation of the field and its variation with net plane diameter
becomes available, this theory must be considered speculative. The

fact that the diametenaof the desorptien—image rings obey the same

In relationship as the field~ion images of the net—nlanes lends
some support to this simple theory, as does the fact that the rings
are seen on more-or-less any W ll~developed plane of a Hide

(I)

variety of metals. It is also supported by the observation of
sequential evaporation of planes, from the central plane outwards
(Chapter 7) which implies thft the local field at the edge of a

net plane is a sensitive function of the field at the edges of
the adjacent ylanes.

3.6 Summerv.

In this chajter we have seen a summary of the essential
features of the desorption images described in Chapters 5-7.

;.:.
Q;

(D
Q.)

The dimensions of particular features were estimated, so that an

of the useful spatial resolution of an atom—probe could be obtained.
It was found that this varied considerably from plane to plane in
tungsten, and was slightly dependent on evaporation rate and the
presence of image gas; the useful resolution lies between one or

two Angstroms to some fifteen Angstroms (O,2-1,5 nm.). The tangential
energy required to deflect ions of various charges over comparable

distances was calculated. An account followed of previously—known

interactions of the electric
produce atoms shifted from normal latttice sites and zone-decorations.

K

H:
}_J~

O
_l

Q1

with the surf ce atoms, to
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This introduced a brief discussion of the way in which the binding-
energy of a kink—site atom would be effected by the field; this
suggested that field—eveporstion might occur, not directly from

the kink~sites, but rether,via thermal activation or tunnelling
through a reduced barrier along a surface channel, bounded by

neighbouring atoms. This very simple model predicts the desorption
patterns from the refractory f.c.c. {lll} end{§OO3 planes with some

success; it was suggested that aluminium behaves differently es

a result of its very different type of interatomio potential. The

model also had some limited suoces with the b.c.c. (tungsten)
desorption image. A brief discussion was given of the origin of
dark centres to planes in the desorption im~ge, and a tentative
explanation for the frequent observation of rin5~struotures surrounding

such planes was advanced.

IN
1 8.7 suggestions for Future Hork.

The experimental evidence on the field-evaporation process

which has been described in this dissertation, both the wor? on the.
energy of field-evaporated ions described in Chapter 4, and the

work on fie1d—desortion su marized in this chapter, has perhaps

raised as many questions as have been answered. The use of energy-
anelgsis as a tool for investigating fie1d—eveportion has been established:

the results obtained so far suggest the further investigation will
be useful. The work presented here on field—desorption has served

to show that the field—evaporetion process is sensitive to the local
environment of the evanor ting atom; the previous treatment of
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field—evaporntion es the removal of an ad—atom from an infinite
nlune is no loneer &CC€Utvb1G as a description of the evanorction—»- L» ...

behaviour of kink~sitc atoms on a crystal with a sharnly-curved
surface. The hypothesis outlined above, the channelling of atoms

r

during evaporation into high—field sites by the interaction of
electrostatic and interatomic forces, may perhaps be fairly"compared
with the role of dislocations in determining the deformation of
metals; the channelling irocess anrarently offers an easier path

to field evapornt on, as the dislocation provides as easier indirect
way of deforming a metal. It is to be hoped that it will become

the trajectories of the resultant ions , so tht the validity _

the conclusions reached above may be tested.

As to the use of
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nossible to calculate the polarizebilities of surface atoms and

O ch

etom—probc as an instrument for
chemical analysis, it is now clear that, in general, it is not

rossible to chenicallv enalvse a metal atom—bv-atom at nresent- unless.-. ‘ u —' “J u - 7

and until it becomes possible to deconvolute the effects of the

evnpor ticn process from the desorption image
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must be considered

impractieal.Eowever, although the desorption images from single
crystals of pure elements have been shown to be complex, the

ragged nature of the specimen surface of many alloys may actually
prove to be advantageous, in limiting the possibility of surface

diffusion over lonv distances nrior to evrnoratien. Eouall the. , _ _ & 1

little work which has been done so far in the presence of imaging

gas suggests that aiming errors may be less in some instances than

in vacuum; there is no re son at present to believe that they are

' worse. Further work to establish the accuracy of these conclusions

is essential.
The desorption etom—probe, of _

D‘
}-Jo

O
>3‘
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i described in Chapter 7, hes been clearly established as e useful

instrument, both for the investigation of field-evaporation, and

for use as a metallurgical tool. Since i:agin3—gus is not an essential

requirement for field—desoretion microscopy, it seems possible that

this instrument could be used to investigate materials (e.g. magnesium
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alloys, iasses) and processes (catalytic reactions) which are

adversely uffecteu by tne oi h electric fielo necessary for
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field-ion ima " The onlx rec irenent no" is that it should be
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possible to field-iesorb the specimen for analysis, thus allowing

the apnlicntion ot the fie1d—ion technique to a wider range of

problems than ever before.
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