SOVIET PHYSICS USPEKHI

637.58

VOLUME 15, NUMBER 4

JANUARY-FEBRUARY, 1973

MASS ANALYSIS AND FIELD-ION MICROSCOPY

A. L. SUVOROV and V. V. TREBUKHOVSKII

Institute of Theoretical and Experimental Physics
Usp. Fiz. Nauk 107, 657—683 (August, 1972)

The review discusses methods of mass-spectrometric analysis of particles extracted from a field-ion
microscope, for the purpose of developing the theory and practice of field-ion microscopy research.
The theoretical and experimental aspects of the probe-analysis procedure are discussed. The results
of the principal work done in this field are used for the purpose of extending the existing ideas con-
cerning the autoionization, field-evaporation, and formation of field-ion images.
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1. INTRODUCTION

A reasonable unification of several procedures of
physical (or other) research, or a partial transfer of
some fundamental features of one procedure to another,
can greatly extend the capabilities of any particular
method and make it applicable to new prospective re-
search fields. This fact is obvious and can be confirmed
by many examples. One of the examples of such a fruit-
ful cooperation, the combination of mass spectrome-
try-') and field-ion microscopy®»*?} is the subject of
the present review. Whereas the use of autoionization,
on which the operation of the field-ion microscope is
based, for purposes of ion production in mass spectro-
metry has greatly extended the capabilities of the mass-
spectrometric analysis of particles artificially extrac-
ted from the field-ion microscope gives an inestimable
contribution both to the development of field-ion micro-
scopy procedures and to the understanding of the proc-
esses that take place in strong electric fields. Both ap-
proaches are presently undergoing vigorous develop-
ment. The first is the subject of the basic research of
Beckey'*J, Robertson(®, and Gol’denfel’d and co-
workers[aj; the second has been most successfully de-
veloped in the laboratory of Miiller(3¢,d;7] , the inventor
of field-ion microscopy, and also by Brenner and
McKinney“a] . It should also be noted that it is very
difficult and not always possible to draw a distinct
boundary between them, i.e., to say definitely which
work in this field is more useful for the development of
field-ion microscopic or mass-spectrometric proced-
ures. Nonetheless, since field-ionization mass spec-
trometry is a rather extensively and sufficiently inde-
pendent branch of physico-chemical research, its con-
sideration together with problems of field-ion micro-
scopy is apparently desirable. This problem loses its
significance also in connection with the recently pub-
lished monograph by Beckey'*P?, devoted entirely to
numerous aspects of field-ionization mass spectrome-
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try. The authors therefore wish to stipulate immed-
iately that the present review, written from the point of
view of the field-ion microscopy expert, intends prim-
arily to describe the progress made in field-ion miecro-
scopy through the use of mass-spectrometry techniques.
Certain theoretical problems are also considered from
similar points of view.

2. AUTOIONIZATION

At the present time autoionization, or ionization of
an atom in a strong electric field by the tunnel effect,
is recognized to be the basis of the mechanism of image
production in the field-ion microscope'?*®'?#J The
tunnel mechanism of passage of an electron through a
potential barrier was first proposed by Gamow to ex-
plain radioactive alpha decay in his work on the quan-
tum theory of atomic nucleil'®}. At the same time,
Oppenheimer ) has drawn the conclusion that a val-
ence electron of an atom in an electric field has a prob-
ability of tunnelling through a potential barrier that is
lowered by the field. The electric field intensities
necessary to attain a realistic autoionization probabil-
ity, calculated by Oppenheimer, turned out to be in good
agreement with the experimental value corresponding
to the start of ion production in the ion field micro-
scope. The first rigorous analysis of autoionization
from the point of view of quantum mechanics was made
by Lanczos'**J, who obtained for the case of hydrogen
data that are in good agreement with experiments on the
study of the decrease of the intensity of spectral lines
in strong electric fields (the Stark effect). This ques-
tion is discussed in detail in a review by Bethe and
Salpeter( ™) devoted to the quantum-mechanical analy-
sis of single- and two-electron systems. The first to
examine the autoionization process as applied to the
field-ion microscope, within the framework of a one-
dimensional model of the potential barrier, were Good
and Miiller**}, who used the WKB expression for the
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transparency of the barrier!®J, The probability B of
tunneling of an electron from an atom located at a me-
tallic surface into a field of intensity F is given in this
case by

(1

where E is the total electron energy, mg is the elec-
tron mass, h is Planck’s constant divided by 27, and the
electron’s potential P, at a distance x from the metallic
surface can be approximately written in the form

D=exp [ — (8me/h2)V? if (Vo— EJVV? dz] ,
xg

V(@) = —e |2y — x| ' + Fex — (e%4z) + & (z; + )7}

where e is the electron charge. The first term in this
expression corresponds to the Coulomb attraction of an
ion at a distance 9] from the surface of a metal, and the
last two terms are the potentials corresponding to the
images of the electron and ion in the metal. The proba-
bility dPi for an ion to be ionized in a layer dx is

dapP; = (dz/v,)v; (),

where v is the atom velocity in a direction perpendicu-
lar to the surface of the tip, and 7; is the ionization
time of the atom at a distance x from the surface:

13 = 1/~vD..

In the last expression, v is the frequency with which the
electron of the atom collides with the potential barrier.
The autoionization probability inereases when the atom
approaches the metallic surface, reaching a maximum
at a critical distance x, determined by the Pauli princi-
ple and corresponding to equality of the energy level of
the valence electron of the atom to the Fermi level of the
metal. This case is illustrated in Fig. 1b. If we con-
sider the atom in free space (Fig. 1a) in the form of a
potential well of depth equal to the ionization potential,
on the bottom of which there is located a valence elec-
tron, then Fig. 1b represents its distortion in a strong
electric field in free space, and Figs. 1c and 1d show
the distortion at the surface of the metal. The increase
of the transparency of the barrier near the metallic
surface, due to the action of the image forces, makes
the probability of autoionization near the metallic sur-
face appreciable, whereas in free space, at the same
field- intensity value F, the probability is negligible.
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FIG. 1. Potential curves of electron in free space without a field (a),
in the presence of a field (b), and in a strong electric field at the surface
of a metal (¢, d).
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Quantum mechanical theories of autoionization of an
atom (hydrogen) near a metallic surface, within the
framework of the three-dimensional model of the poten-
tial barrier, were proposed by Boudreaux and Cutler‘-
(they are also given in the paper of Sharma et al.t'"d,
who consider the probability of electron tunneling as a
function of the structure of the Fermi surface for dif-
ferent crystallographic planes). To this end, they inves-
tigated in succession a variational method[“a], time-
dependent perturbation theory'®P! and a particular
case of the theory of atomic collisions**¢, In the sec-
ond case, the probability Py of tunneling of an electron
through a potential barrier (ionization) is proportional
to the square of the M* matrix element of the perturba-
tion:

[ M* [ = [ (D |V | Uy )
where ®, and U, are the wave functions of the electron
in the metal and in the atom (at large distances from
the metallic surface), respectively, and V' is a perturb-
ing potential that can be represented approximately in
the form of a sum

VaV.+ VI + Vp

here Vg is the potential energy of the interaction of the
electron with the metal, without account of the effects
due to the presence of the ion core, but including quan-
tum mechanical forces, Vyy is the potential energy of
the interaction of electron with the image of the ion in
the metal, while V_ is the potential energy of the elec-
tron in the field F and is equal to F at x = 0 and to zero
at x <0.

Another theoretical analysis was carried out by
Boudreaux and Culter under the assumption that in auto-
ionization the atom collides with an infinitely heavy me-
tallic tip (having a perfectly smooth surface), in which
the particle redistribution causes the electron of the
atom to remain in the metal. The autoionization process
was expressed briefly in the form

A+B—C+4D,

where A is the atom, B the metal, C the metal receiving
the electron, and D the ion. In the cited paper **®3,
using the case of general collision theory with redistri-
bution of the particles"*®’, they employed the first Born
approximation. All these theories confirm qualitatively
the presently assumed picture of formation of ion im-
ages'*“. In addition, numerical calculations carried out
in accordance with these theories are in satisfactory
agreement with the fundamental experiment of Tsong
and Miiller[“a], who revealed the existence of so-called
ionization bands, located at a critical distance x, from

the surface of the tip over the most strongly projecting

surface atoms. According tol 1% , these bands are disk-
shaped regions with diameters of several tenths of an
angstrom. Their half-width calculated from experiment
was 0.2 A. In addition, it turned out that it is not con-
stant, but increases with increasing field intensity (see
Fig. 2, where the arrow indicates the voltage corre-
sponding to the best-image conditions). The one-dimen-
sional model of Good and Miiller yields for the ioniza-
tion-band half-width a value 0.4 A, whereas the values
given by the three-dimensional theories of Boudreaux
and Cutler lie in the range 0.11—0.12 A. Figure 3 shows
by way of example the peak of the field-ion distribution,
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I FIG. 2. Dependence of the half-width
of the ionization band on the electric
field intensity (voltage at the tip) [*?].
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FIG. 3. Theoretical distribution of field ions
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corresponding to the aforementioned theories and to the
experimental data obtained inf**3}. The critical distance
corresponding to this case is x, = 3.52 A (the probability
of autoionization becomes equaf to zero for distances
shorter than x;).

The following, however, must be noted concerning
these investigations. As is well known, neither the
variation method nor perturbation theory is sensitive to
the asymptotic behavior, i.e., while adequate for the de-
termination of the energies, they can result in an ap-
preciable error when it comes to determining the elec-
tron tunneling probability. Therefore even an increase
in the parameters, which undoubtedly is useful, will not
make it possible to estimate the possible errors, which
may turn out to be quite high. In addition, the realiza-
tion of the results of three-dimensional quantum-mech-
anical autoionization theories'**7 encounters great
computational difficulties. On the other hand, the analy-
tic expression presented here (see Eq. (1)) is based on
a one-dimensional model that does not take into account
the spherical symmetry of the particle and the planar
symmetry of the metal. Nor does the one-dimensional
approach make it possible to estimate correctly the ab-
solute value of the amplitude of the tunneling probability
distribution peak. It is therefore necessary to stop and
discuss in greater detail the three-dimensional auto-
ionization theory proposed (for the hydrogen atom) by
Gol’denfel’d et al.'*°} Unlike Boudreaux and Cutler,
Gol’denfel’d et al."?° succeeded in obtaining an analytic
expression for the autoionization probability.

The employed differential equation for the ionization
probability was an expression for the difference be-
tween the electron fluxes into and from the metal. If 8
is the probability of filling the electron vacancies in the
atom and 1 — 8 is the probability of the ionic state,
while y is the analogous quantity for the metal, then the
indicated difference is equal to the increment —dg of the
ionic state, i.e.,

—dp = (p— ) Edt*). 2)

The quantity &, which the authors of'*°? called the
ionization rate constant (IRC), is equal to the total
probability flux of the passage of the electron through
the potential barrier. In its sense, it is equal to the re-
ciprocal mean lifetime of the particle arriving at the

b Equation (2) and all the following expressions in this section are
given in atomic units.

[
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metallic surface in the neutral state. It should depend
only on the field intensity F and on the distance x to the
surface of the metal.

The energy distribution of the ions (the ion current
produced at a distance x from the surface of the metal)
is written in the form

j (&) = dBldz = (v — B) n (&) EIv (2), 3)

where v(x) is the particle velocity and n(x) is the parti-
cle flux, equal to

n () =2rinyQ2nkTm)\2{1 +[uF(x) 4 0.5ctpar F? (x)] (kT)1}.

in this expression, no is the concentration of the neutral
particles in the absence of the field, ro is the radius of
the needle, m, u, and a ar is the mass, dipole moment,

and polarizability of the particle, respectively, k is
Boltzmann’s constant, and T is the absolute temperature
of the tip.

Since Egs. (2) and (3) can be regarded as equations
for one variable x, we have

x x

f=Poexp (g Ev"dm')+[exp(—5 Ev"d.z'):]

X . “
<] (e § et .
x9 P

As a result, the entire problem reduces to the deter-
mination of the explicit form of the IRC.

If the -function of the electron in the system is
known, then the IRC can be obtained by integrating the
probability flux density (0.5{yvy* — y*vyl) over a
suitably chosen surface. The main difficulty lies here in
the fact that it is impossible to obtain an exact expres-
sion even for the simplest case of the hydrogen atom in
a homogeneous electric field. Approximate analytic
solutions for such a case were obtained by a number of
workers. Rice and Good ** have shown that the best
solutions are those of Lanczos **2J and of Landau and
Lifshitzt?3:

E = (4/Fn®) exp (—2/3F9), (4)

where n is the principal quantum number. Since it
turned out that the solution of the problem in question is
determined mainly by the behavior of the §-functions of
electrons far from the nucleus, and the asymptotic ap-
proximations of the ¢-functions in complex particles
are hydrogen-like, the authors of{2% ysed for them an
expression similar to (4):

B = 4F1 2V} exp [—2 (2V,)/2/3F),
where V; is the ionization potential of the particle.

The influence of the metallic boundary on the ioniza-
tion probability was taken into account by the authors
of-2° by introducing image forces in the Schrodinger
equation for the system ‘‘hydrogen atom + field + me-
tal.”” This equation was solved int?!? by a method des-
cribed by Landau and Lifshitz %7 ;

E=4/F)2V,¥* (1 —a) (1 +a)Texp [b {arctg [(1 —a)(1 +a)
—arctg b-1}] X @ (F', z,) exp {—[2 @QV;)**3F] (1 — a?)},
where

@ (F', z)) = l(a + ¢) (1 — edi{a—cy) (1 + e)l/ze for z, << 172F,
@ (F', zo) = exp lc, arctg c; — ¢ arctg cp-a)] for z, > 1/2F,
@ (F', xp) = exp (F71/* — 1) for z, = 1/2F",
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a= (1 —Fn)'? b=4Fz, 1)1 e = (1 —2F z)',

=@Fzy—1)", =]+ 2(2ro—1) (2V;)~1/2 [2F'n} 4 (c2+ 2)%
() = 2(hzo— )7 i = (1/2F") [(2+ )2 — (ed - 2F V)12,
= F[2V;.

The obtained expressions show that the average life-
time of the particle in the neutral state depends very
strongly on the field intensity F. In fields corresponding
to the conditions where the best image in the field-ion
microscope is produced, the ionization, as already men-
tioned, occurs near the surface of the metal (at a dis-
tance x;) in a very narrow band. For such fields, the
half-width of the ionization band coincides with the half-
width of the IRC, that is, & (xc) = 2E(xc + Ax), Then,
according tol*

Az = 0.893 [(x® -+ F)/2V; V3 [x + (k2 4 Fo)—3hl, (5)

where
% =0.5 {14 @Vi' — [(1 — oV - FoV %17},

F, is the field at the top of the tip and ¢ is the work
function. The value of Ax calculated from (5) is ~ 0.3 A.

In higher-intensity fields the influence of the metallic
surface becomes smaller, and, as shown by experiment,
a new effect comes into play (we have in mind the ap-
pearance of the autoionization structure, observed by
Jason et al.[**/**) and explained by Jason'®*®?; it will be
considered in Sec. 4).

A further increase of the field intensity causes the
ionization to begin to take place entirely—at a consider-
able distance from the surface of the tip, i.e., on the
direct path of the neutral particles towards the tip
(ionization in the ‘‘volume’’).

3. FIELD EVAPORATION

The great possibilities of the field-ion microscope
were discovered after Miiller ¢ observed the phenom-
enon of evaporation of atoms and molecules adsorbed on
the surface of the tip (desorption by the field; see, for
example, (2¢)), and also evaporation of the matrix atoms
under the influence of strong electric fields (evaporation
by the field). The discovery and study of this phenomenon
has made it possible to remove in controlled fashion in
the field -ion microscope layer after layer of specimen
surface atoms, and investigate the specimen structure
throughout its volume. Field evaporation was con31dered
in detail in a number of papers (for example, [¥"*1), in
which various models of this process are described. The
activation energy Q, for evaporation in the presence of
an electric field of intensity F is given by

Qn=A+ D V™ —ng— (w3e3F) 2, (6)
where n is the charge of the evaporated ion, A is the
heat of sublimation of the metal atom (for the case of
evaporation of the specimen itself), and V{ is the n-th

ionization potential of the metal atom. Expression (6)
corresponds to the so-called image potential model,
which is illustrated by the potential curves on Fig. 4
(the atomic curve is shown solid and the ionic one
dashed). In this case, the atomic state is stable and the
atomic and ionic curves intersect on the left of the bar-
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FIG. 4. Schematic representation of
the potential energy curves, corres-
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ponding to the transition of an atom \ N
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ation through the barrier of the \ A

image potential {27b]. N 7
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rier of the image potential. Without a field we have

iQo=A+§ VM — ng,, (N

The evaporating field is defined in accordance with[32]
Foo =ne3 [A+ V(" — 19 +0,5 (ape—a;) Fav — kT In (v/15)], (8)

where 7 is the time required for evaporation, 7, is the
period of the oscillation of the free surface atom, o ar
and a; are the polarizabilities of the atom and ion,
respectively. Consequently, if we start from (7), the
condition of field evaporation can be written in the form

Qo < (nPePF)12,

The rate k of field %vaporation is determined by the
Arrhenius equatlon At high temperatures, when
the tunnel effect can be neglected, kv

key = v exp (—Qu/kT);

is given by

here v is the oscillation frequency of the surface atoms.
When the temperature is lowered, an increasing role is
assumed by electron tunneling. For the case of low
temperatures, Tsong-?%-, using the WKB approximation
and replacing the potential barrier at the-surface of the
metal by a triangle with height Qn and with lateral sides
s and s’, obtained

ko =vexp[—4/3 (2M/h2)/2 (S1— | 8’| 1) Q¥2Sec 1= v exp (—aQ3/2);
here a = (4/3) 2M/K°) 8™ — 8’I™) determines the tun-
neling probability, and M is the mass of the evaporated
atom or complex. According tol? , With certain as-
sumptions, the most acceptable for k.y is the expres-
sion

key =vp exp {Qu/kT + [4/27a* (kT)%1},

where p is a function that depends little on T and F. For
practical purposes, p can be regarded as constant.

As a result, the field dependence of the rate of evap-
oration at constant temperature takes the form

aM \ 1/2 A2
)T ;I?;’ + ( ) neF *

In this expression b = [1~ 2 (%par — ;) F*1/Qo, Ao
= 4/9a% (kT)%.
When speaking of evaporation by the field, mention

should be made of another approach, proposed by
Dobretsov and Ionovi®® , to the solution of the problem,
namely to an analysis of the evaporation and desorption
of the ions in the electric field within the framework of
the surface-ionization theory. According tol®®, the

evaporating fields can be obtained in this case from the
equations

e(eF)!* = 130 [(1—(T/Ty)] for F<F,

(alnkev
dinF

and
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eFz o o[t —(T/T )] — Ay for F>Fe,

where [%; is the heat of desorption of the ions at ¥ = 0,
T, is the temperature at which an ion current i, = i

= const is emitted in the absence of a field, A, is the
work of the polarization forces on the path from x =

to x = x,, and Fc is the electric field intensity at which
the force exerted on the ion by the field in the entire
path from x  to « exceeds the forces directed towards
the surface. We note that, unlike in the previously con-
sidered autoionization theories, x¢ stands here for the
critical charge-exchange distancel®®d,

In addition to the fact that the field evaporation makes
it possible to investigate the structure of the sample
inside its volume, it is an indispensible tool for final
polishing of the tip and its purification to obtain atomic
resolution of an atomically pure surface. However, the
dependence of the rate of field evaporation on the elec-
tric field intensity (i.e., on the initial values of the local
curvature of the sample) determines in part the fact that
the final shape of the tip is far from a hemisphere and
that the values of the local radii can differ by several
times, being functions of the evaporation regime. In ad-
dition, as seen from'®®! the crystallographic faces of
samples made from the same material at equal curva-
ture radii have different evaporating fields, owing to the
differences between their work functions. On the other
hand, differences between the average evaporating field
of different sample materials can determine the
preferable field evaporation of atoms of one type in the
case of field-ion microscopy of alloys.

4. MASS-SPECTROMETRIC INVESTIGATIONS OF THE
AUTOIONIZATION PRODUCTS OF NOBLE GASES

Even the very first experiments by Inghram and
Gomer -*'”, aimed at obtaining a mass- spectrometric
analysis of ions produced in strong electric fields at
metal surfaces, have shown that adsorption of the gas
molecules by the metallic surface is not (as previously
assumed) the essential condition for their ionization. It
is precisely these results which have subsequently
made the concept of autoionization mechanism of image
production in a field-ion microscope the principal prem-
ise of the theory of this instrument. The indicated in-
vestigations were performed with an ordinary field-ion
microscope having in its fluorescent screen an opening
through which some of the produced ions entered the
analyzer of an ordinary mass spectrometer. A more
sophisticated variant of such an 1nstrument was con-
structed by Miiller and Bahadur "3 , who introduced into
the system electrostatic lenses to focus the ion beam.
Subsequently, many variants of improved field-ion sour-
ces were developed, and commercial production of sour-
ces for mass spectrometers, in which the ions can be
produced either by autoionization or by electron impact,
became available in 1968.

Figure 5 illustrates the results of Inghram and
Gomer!*3J  which they obtained for the autoionization
of hydrogen near a tungsten tip at a hydrogen pressure
3 x 10™ mm Hg. The numbers next to the experimental
points indicate the half- width of the eak in volts (the
resolution of the instrument used in was ~ 20 V.
The values of the field intensity F are decreased in the
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FIG. 5. Dependence of the
height of the peaks of H* (1) and
H; (2) on the applied voltage for
autoinization of hydrogen [3?].

Height of peak

Relative Electric field
Analyzed Component number intensity F,
gas fons of ions Viem
H, H* 0.5 2.8
Hi 0.5
D, D+ 0.5 2.8
D} 0.5
HD+ 0.025
v
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FIG. 6. Dependence of the total current of the field-emitted ions
H* (a), H; (b), and H; (c) on the excess AE of the electron energy over
the Fermi level [2%].

presented plot by one-half in comparison with the
original, in accordance with Miiller’s correction‘?

We see that formation of H; ions (curve 2 on Fig. 5) is
favored in weaker fields and H* ions prevail in stronger
fields. The latter corresponds precisely to the case of
pure autoionization at short distances from the surface
of the tip. The relative numbers of the d1fferent ions
produced in autoionization of H and D, are listed
in the table"®?®!, The table gives also the values of F
with allowance for Miiller’s corrections %~ (see above).
A very 1nterest1ng experimental result was obtained by
Jason et al.’®?*1in a mass-spectrometric investiga-
tion of the products of autoionization of molecular hy-
drogen on the surface of a tungsten tip. A definite
structure was unexpectedly observed in the energy
spectrum of the hydrogen ions produced in a strong
electric field near a metallic surface (Fig. 6). In other
words, it turned out that in autoionization of hydrogen
the intensity of the ion current reaches a maximum
value—it not only has a peak (see the large peak on

Fig. 6b) for the H: ions produced in the ionization bands
determined by Tsong and Miiller "**? | but in addition
have peaks (the remaining peaks on Fig. 6b) correspond-
ing to ionization at distances larger than X, from the
surface. It was earlier assumed, on the other hand, that
most ions are produced in the ionization band (which in
this case can be called the ‘‘first ionization band’’), and
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then the number of produced ions decreases mono-
tonically with increasing distance from the tip. The
typical example of the energ_}' distribution of the ions
H*, H; and H3, obtained in***’ and shown in Fig. 6,
corresponds to autoionization over the (110) planes.
The first H; peak (Fig. 6b) is observed at an energy
deficit (excess of electron energy over the energy
corresponding to the Fermi level) AE = 11.7 = 0.3 eV,
and agrees_with the peaks obtained by Tsong and
Miillert*%@1, As proof that the observed structure
really exists and is not the Hroduct of the experimental
procedure, the authors oft?%) cite the following argu-
ments: such a structure was clearly observed only for
H:, less clearly for H*, and is completely absent for Hj;
the structure depends on the field and not on the focus-
ing, the finish of the tip, and the residual-gas pressure;
the observed (identical) structure was obtained by two
different analysis methods. In addition, the distribution
of the peaks does not depend on the radius of the tip.

It was also established that the widths of the peaks
and their energy distributions decrease with increasing
energy deficit AE., The existence of such a structure
was observed also for autoionization of neon and carbon
monoxide on Mo and Pt tips.

It was initially assumed'?*/**] that the observed peaks
are due to the existence of so-called virtual surface
states, which are connected with the crystal lattice and
have a special susceptibility to tunneling. Consequently,
the locations of the peaks should vary in a definite man-
ner when the orientation is changed for one and the
same sample. Such an assumption was based on the ex-
perimental fact that the energy distribution among two
neighboring peaks is the same for H, and neon. For the
first two peaks in the energy distribution of H; and Ne,
the corresponding difference between the distances from
the surface was 3.2 + 0.5 A, which is close to the lat-
tice constant of tungsten. However, later more careful
experiments performedby Jasont?*PJ cast definite doubts
on such a qualitative explanation. As a result, Jason de-
veloped a theory that explained well the observed
phenomenon and showed that the resonant peaks in the
autoionization have a pure quantum nature. It must be
specially emphasized that the theory not only explained
the experimentally observed phenomenon, but also a
significant next step in the development of a general
quantum-mechanical theory of autoionization.

The preceding theories, which did not result in a
resonant structure of autoionization, considered the be-
havior of the tunneling electron only until it reached the
metallic surface. Yet its subsequent behavior also
turned out to be important, and it was necessary to take
into account the potential jump on the vacuum-metal
interface. The use of the WKB method, on the other
hand, is not justified in this case (since, among other
things, the interference effects drop out).

The ;[)roblem was solved by Jason in the following
manner 2P, The electron in the initial atomic state
was described by a wave packet'®*? | and the exact po-
tential corresponding to the case of autoionization at
the metallic surface (dashed lines in Fig. 7) was initially
replaced by a simplified potential of rectangular con-
figuration (solid lines in Fig. 7). The rectangular po-
tential barrier (b in Fig. 7) and the potential ‘‘step’’
provide reflecting surfaces analogous to the atomic
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FIG. 7. Simplified diagram of the potential i )
energy (continuous contour) for the case that e 7
yields an exact solution that results in a reso- f,/l' i ‘\&\TA—L
nant structure [25?].

barrier and the image potential; the space to the right
corresponds to the volume of the metal. Further, using
the Landau- Lifshitz solution'?®*J for individual regions
(see Fig. 7), one obtains the wave functions ¢(e, x),
which in this case can be expressed analytically in
terms of the following wave numbers:

= 2mh~2 (E,+€)

K =2mh?(Q—e) for region b,

B=2mut(E'{¢) for region d,

k2=2mn-* (V+E' +¢) for the region inside the metal

to the right of d.
The values of the wave functions on the boundaries are
then equated and ‘‘joined’’ together. The expression
obtained int?**PJ for the lifetime of the atomic state is
v = [ (34 K2) (1 + ka) ks/8RE?] [(1 — k2E;%) (1 — k2H;®) cos? kod
A+ ke2he® - Kt - Ekt (1 — k2 sin 2kyd] €20,

for region a,

The result is illustrated in Fig. 8 (a=b=5 X, E; +Q
=5eV,U=8¢eV, Q=3.94 eV, the solid curve corre-
sponds tod =5 X and the dashed one to d = 0). As seen
from (9), the ionization time is proportional to the time

factor e?kP of the WKB expression for the passage of a
particle through a potential barrier. ‘
Proceeding to autoionization at the surface of a me-
tal, we now turn to the potential corresponding most
closely to the real situation (dashed lines in Fig. 7).
Just as in the former simplified case, the main difficulty
is to find wave functions of the stable state (we are con-
sidering again a hydrogen atom, and the interaction of
the charged particles with the flat metallic surface out-
side the metal is given by the image forces). For the
metal we assume the free electron model, i.e., the po-
tential inside the metal is constant at ¢ — ep (e is the
Fermi energy). The equation obtained for the wave
functions, in spherical coordinates, is(?°P}
[—(/)V2—r1—Frcos 0—(4R)™*— (Y/,) (r* + R* — 2Rr cos6)~1/2
+(r*+4R*—4Rrcos8)-12] ¢ (r,0,e) =(—Vi+ &) p(r, 6, €)

(10)

outside the metal and

[—(/)V:—FR—(4R)*
—9—ex]@(r, 0,8) =(—Vi+te)o(r,6,¢)

inside the metal; here R is the vector distance from the
mass center of the electron-proton system to the sur-
face, r is the vector distance between the electron and
the proton, and ¢ is the angle with the normal to the
metal surface. The wave functions were chosen in ac-
cordance with the methods proposed int?J,

Since it is impossible to separate the variables in
(10), this equation was integrated numerically with a
computer. The results are shown in Fig. 9t2*J, The
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FIG. 8. Ionization probability
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potential-barrier model, for parti-
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FIG. 10. Simplified diagram of potential
energy of an electron near a metallic sur-

distributions (a) and (b) are the results of calculation by
a theory in which the electron is represented by a wave
packet; the distribution (¢) corresponds to calculation
by the WKB expression. The critical value of AE was
chosen to be 11.0 eV. It is now appropriate to mention
here one more theoretical paper %] py Alferieff and
Duke, who considered the autoionization of an atom near
an uneven metallic surface. Replacing the potential
curves by rectangular ones (in analogy with the pro-
cedure used by Jason[zsd]), the presence of an adsorbed
atom on the surface of the metal was approximated by
them by an additional square well (see Fig. 10, where
E,, is the binding energy of the adsorbed particle with
the matrix and t; is the region where the adsorbed atom
is located). Examining different cases, the authors
oft**) found that the adsorbed atoms can either contri-
bute to the autoionization or decrease its probability.
Numerical solutions of the main equation derived by
them for the probability of tunneling of an electron from
the atom to the metal also yielded resonances. The re-
sult corresponding to the case shown in Fig. 10 is
illustrated in Fig. 11 (¢; = 1.0 1&; the continuous curve
corresponds to E,, = 5 eV and the dashed one to Ey, = 0).
We note one other cycle of recent theoretical papers,
some conclusions of which can be verified by probe-
analysis control experiments. We have in mind the
theory of Lucas*) (a second more complete paper by

il
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FIG. 11. Electron tunneling
probability corresponding to
Fig. 10 vs the electron energy
(*41.
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FIG. 12. Distribution of the probability of H; production (a) in au-

toionization of hydrogen and plots of the electron potential energy for

cases of autoionization at two different distances from the metallic sur-

face, the distance x (b) and the distance (c) corresponding to the third
peak in the distribution a) [%3].

A. Lucas will be published in the Physical Review), ac-
cording to which the ions produced at the metallic sur-
face lose part of their energy to excitation of surface
plasmons during the time of their acceleration at a short
distance from the tipt**?. In the case of autoionization,
this theory predicts the formation of from one to several
plasmons (quanta that excite collective oscillations of
valence electrons moving jointly because of their inter-
actiont**®J), This theory is in good agreement with
Jason’s experimental datat?*®3 ‘and thus gives a new
no-less-convincing explanation of the resonant structure
of autoionization. However, the use of the fundamental
premises of plasmon theory to describe evaporation by
a field leads to results that deviate noticeably from
Miiller’s experiments(3fJ,

Taking all the foregoing into consideration, the exist-
ing picture of image formationt™? in a field-ion micro-
scope can be supplemented (with the stipulation that
the described possibilities have different degrees of
probability and depend, in addition, on the experimental
conditions and on the parameters of the investigated
samples) and briefly represented in the following form:

A neutral atom of the image-producing gas ap-
proaches the tip at a velocity determined by its thermal
motion and dipole attraction. As the atom approaches
the surface, the probability of autoionization increases
because of the increasing field and the action of the
image forces. However, as noted in"*™?*1 the character
of the growth has (as confirmed experimentally for
hydrogen and neon) the form shown in Fig. 12a. Figure
12b is a plot of the potential energy of the electron at a
distance x, from the surface, while Fig. 12 shows the
case of autoionization at a distance corresponding to the
third peak in the distribution of Fig. 12a. Therefore, to
the usually discussed cases: (1) autoionization in the
““first’’ ionization band at a critical distance X, from the
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FIG. 13. Scheme of image formation in a field-ion microscope.

surface of the tip (x, in Figs. 13a—13¢c, case A in Fig.
13a) after multiple hops over the surface with gradually
decreasing height, (2) autoionization in the ‘‘first’’
ionization band (case C of Fig. 13b) with a second pass-
age through this band after a single collision with the
surface of the tip, and (3) autoionization in the ‘‘first’’
ionization band (cases D in Fig. 13b) during its first
passage, it is apparently necessary to add also: (4) auto-
ionization in the ‘‘second,”’ ‘‘third’’ (cases E in Fig.
13c) etc. ionization bands after multiple collisions of
the polarized atom with the surface of the sample, and
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also cases (5) and (6), which are analogous to the
already mentioned possibilities (2) and (3) (cases F in
Fig. 13c), but not in the ‘‘first’’ ionization band. The
cases F shown in Fig. 13c are apparently incomparably
more probable than the cases E (here, as indicated in
Chap. 2, much is determined by the value of the applied
electric field). It should also be noted that the resolution
of the ion images formed in the ‘‘second,’’ ‘‘third,”’ etc.
ionization bands becomes successively worse, and quite
sharply at that.

It is possible that the concepts now being developed
in connection with the work of Jason et al. will make it
possible to interpret finally a large number of effects
encountered in practice of field-ion microscopy.

5. PROBE PROCEDURE IN FIELD-ION MICROSCOPY

The most important task of field-ion microscopy is
to obtain an unambiguous answer to the question whether
a particular bright spot or group of spots observed on
the microgram is the image of a single atom of the sam-
ple, a complex of such atoms, an impurity atom (or
atoms), atoms or molecules adsorbed on the surface,
complicated complexes consisting of foreign substances
and atoms, etc. An answer to this question would cast
light on many field-ion microscopy problems, still un-

FIG. 14. Points of increased brightness on
ion images of metal samples: a) decoration of
band lines [001] on the ion image of tungsten
[31; b) alloy W+ 1% Gd,04 [%"]; ¢) tungsten
sample bombarded by « particles [*#]; d) re-
sidual-gas molecules adsorbed on the surface

of a tungsten tip [3°?]; e) dislocation loop
[4°].




solved in one degree or another. Foremost among them
is apparently the question of the nature of the particles
that decorate the band lines (for example, the (001}
band line on the ion image of field-purified tungsten
surface (Fig. 14a)), for in addition to the hypothesis 0’
that field-stabilized low-coordination metastable posi-
tions of atoms exist on the surface, there is also the
hypothesis that these spots are images of adsorbed gas
molecules or complexes of their compounds with the
atoms of the tip. This possibility would be even more
important in the interpretation of ion images of
alloys-*"*12) (Fig, 14b). In addition, knowledge of the
nature of the brighter spots on ion images of irradiated
samples 38,398,410 w6414 permit unambiguous calcu-
lation of the concentrations and yield the crystallo-
graphic distribution of single displaced atoms and their
complexes.

The experimenters have come much closer to the
solution of all these (and a few other) problems by de-
veloping and steadily improving a new field-ion micro-
scopy procedure, the probe procedure. The prototype of
the presently developed perfected instrumentt?:%2,%
was the first so-called field-ion microscope atom
probe, developed by Miiller, Panitz, and
Mc Lane -*8:%%:41] "It schematic diagram is shown in
Fig. 15, and constitutes a combination of a field-ion
microscope with a time- of-flight mass spectrometer
capable of registering individual particles. Its tip is
located in the center of revolution of a spherical ground-
glass junction, so that a chosen spot on the ion image
can be aligned with the probe aperture in the fluorescent
screen 6. A high voltage pulse applied to the tip after
this procedure detaches the chosen particle from the
surface of the sample. This particle, in the form of an
atomic or molecular ion, enters the time-of-flight mass
spectrometer and is analyzed. The time-of-flight tube
with ion detector 4 is located directly under the fluores-
cent screen and is continuously evacuated by an addi-
tional pump 3. The vacuum volume of the instrument is
arbitrarily divided into three parts: the part with the
tip, to which the image gas is fed, the evacuated region
(5) under the fluorescent screen, and the volume of the
time- of-flight tube. The evacuation of the system and
the admission of the image gas (2) are continuous. (The
remaining symbols in Fig. 15 are: 1—manometer,
T—positive high voltage, 8—pulse generator, 9—trigger-
ing pulse, 10—oscilloscope, 11—preamplifier.) Metallic
versions of this instrument developed by nowt#:%3 4o
not differ in principle at all from the one described

FIG. 15. Diagram of field-ion
microscope with atom probe [*4].
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Preamplifier

Oscilloscope

Pulse
generator

FIG. 16. Diagram of metallic
instrument for probe analysis [4?].

above (see, for example, Fig. 16, where 1—quartz
window, 2—steel bellows, 3—cooled post with emitter
tip, 4—time- of-flight tube, 5—ion detector, 6—probe
opening in the fluorescence screen, 7—vacuum line).
The atom or complex chosen on the ion image can be
evaporated in two ways, either by applying an additional
evaporating pulse V'” to the tip, which is at a positive
potential V, (corresponding to the best image conditions),
or else, without changing the tip potential (which is
lower than in the first case), by increasing the field in-
tensity at its surface with a negative pulse V<’ applied
to a nearby ring electrode. The atom (or complex) de-
tached by the pulse V_ traverses in the form of an ion

a distance / (on the order of 1 meter) and produces a
signal when registered with an electron multiplier. This
signal is observed on an oscilloscope, which is triggered
by the evaporating pulse. The distance on the oscillo-
gram from the start of oscilloscope operation to the
pulse on the multiplier is proportional to the time of
flight of the field-evaporated ion. The results of the
first investigations were obtained by simplifying the
calculations of the ratio of the mass m of the evaporated
ion to its charge n. The kinetic energy of the ion, for
the case when the duration of the evaporating pulse ex-
ceeded the time of stay of the ion in the accelerating
field near the tip, was determined from the relation

m?/2 = ne (Vo + Vo ).

It is assumed that the field decreases rapidly with in-
creasing distance from the tip and that the ion acquires
its entire energy in a path section in the immediate
vicinity of the tip, after which it moves with constant
velocity in a field-free region. The time of flight is then
approximately equal to

T v
and

(m/n)y = 2e (V, - Vp )R (11)

This formula, however, does not take into account a

number of factors. Thus, if an ion with energy
ne(Vy + V) is accelerated while still at the input to the

multiplier by a field corresponding to the potential V(x),
then formula (11) is replaced by

min = [2¢ (Vo + Vp ) /B B = (m/n)p,
where

1
p={a* {u+v@ vetv, N ae)’; (12)
]
here x is the distance from the detector. The calcula-
tion of the integral in (4) calls for preliminary experi-
mental determination of the actual distribution of the
field at the detector.
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Another error-producing factor is the strong influ-
ence exerted by the stray fields on the ion energy. In
addition, the ion trajectory can be strongly altered by
the flight components of the field near the tip, and this
results in registration of another (non-analyzed) ion.
The tip of such an instrument must therefore be well
screened. In addition, one should add to formula (11)
two correction factors*? , namely the coefficient
pulsed-voltage coefficient w, which accounts for the
fact that if the evaporating pulse is long enough the re-
flected voltage wave enhances the pulse amplitude (by a
factor w), and the total delay time 8 of the measuring
circuit, accounting for the fact that the inherent delays
cause the electronic circuit to measure not the true
time of flight but

t=14+8.
As a result we have

(m/n)o=2¢ (Vot-0V, ) (¢ & 8)/2. (13)

The method of determining the correction factors w and
¢ is an independent problem. Miiller et al. Le2] proposed
to calibrate the probe instruments against materials
that produce in the case of field evaporation a known
type of ion. Most frequently, a field-ion microscope
with atom probe is calibrated by using tips of rhodium,
a metal having a single isotope.

If evaporating pulses are continuously applied to such
a tip, then two mass peaks corresponding to the same
instants of time are observed on the oscillogram (see,
e.g., Fig. 17); they can represent only rhodium ions
with different charges (the peak shown below the time
scale corresponds to mass 4 (adsorbed helium)). Writ-
ing down Eq. (13) for each of the registered masses
and dividing term by term, we obtain

(mn)y/(miny, =3 [ & (&/)1*/6 [1 = (§/¢91° 14
13 [1 &= (28/t)]/82 11 2= (26/2))]e ( )

Putting in (_]14) 5 =0 as a first approximation, the au-
thors of'*?J found that for a rhodium sample the ratio

m /n for doubly- and triply-charged ions is (m/n); /(m/n),
=1.5. The correction factors w and 6 were determined
from the expressions

© = {[(m/n),]¥2 — [(m/n),J¥2}® B2V A"t — (VolVp) (15)

and
§ =ty — Af {1 — [(m/n)d/(m/ny)112}71,

where At =t, — t, is the time interval between the ;z)eaks
of the two masses. The value of w determined inl%?

was 2.00 + 0.05. It does not depend on the masses
chosen for the calibration, but is determined to a con-
siderable degree by the geometry of the transmission-
line ring. If it is assumed that the errors in the meas-
urement of the quantities Vo and V_ are negligibly small,
then the relative error in m/n, del%rmined from (13), is

A (min)o/(min)e = Vo (Vo + @Vp ) Ao + 2 (t + 871 (At + A8).

According to the data of-*? | the error Aw is usually
equal to £0.05, and A5 = 0.02. On the other hand, the
error At amounts to 0.02, owing to the instability of the
oscilloscope sweep, so that for ions with Vo + oV

=10kVand V

P =1 kV the mass measurement error is
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FIG. 17. Peaks of the ions Rh3* and Rh?* at 21°K and 5 X 108 mm
Hg (V,=14.8kV, Vp =2.0kV) [*¥].

approximately equal to 0.6 a.m.u. at (m/n), = 20 a.m.u.
and £1.6 a.m.u. at (m /n), = 100 a.m.u.

If the same oscillogram shows several peaks with
different masses, one of which can be exactly identified,
then the other masses can be calculated from the Eq.
(15), and the resolution is then greatly improved.

The first results obtained so far with a field-ion
microscope with atom probe did not take into account
the corrections indicated above, i.e., they were obtained
without calibration. Without detracting from their im-
portance, such data are useful more readily for the de-
velopment of the method than for pure reference pur-
poses.

A field-ion microscope with atom probe was used
int*] to observe, by field evaporation of tungsten tips,
the complexes (W**03%°" and (W**03%)*" (the ratios m/n
were 71.3 and 54.0, respectively).

The obtained m /h ratios could also be identified
(taking into account the poor vacuum conditions near the
tip) as (W' N3)* or (W'*N;%)** or else (W'®N;*)*". For
the latter complex we have m /n = 71.2.

An investigation of an Re—Mo alloy has shown that
field evaporation produces the ions (Mo®)** and Re*’,
corresponding to m/n = 48 and 93. ‘

Investigations of pure tungsten (at 21°K) yielded
m/n = 66 and 91. The ratio m/n = 91 is interpreted as
corresponding to (W'**)**, while m/n = 66 corresponds to
(WB0™)*" or (W**N'")**, In certain cases, the obtained
m/n ratios were 60.9 and 64.6. They could be ascribed
to (W23 — (m/n = 62), (W'*N") — (m/n = 65.3) or
(W20")** — (m /n = 66). W*" ions were observed in
rare cases, but the data obtained int**J did not lead to
reliable conclusions concerning the relative effective-
ness of W2* and W*” ion formation.

We mention also Brenner and McKinney’s earlier
investigations of the pr%ducts of field evaporation of
tips of pure W and Ir,[?9%C»%) yging a field-ion micro-
scope with an atomic probe. Intec] they used a metallic
construction, a somewhat simplified variant of the sys-
tem shown in Fig. 16. The instrument made it possible
to observe the ion image of a surface of the investigated
sample and to photograph it. It was established that Ir
is evaporated predominantly in the form of Ir*". Ir*’
ions were also observed, and the ratio of the number of
doubly- and triply-charged ions was independent of the
temperature, something difficult to reconcile with the
existing concepts. The tungsten was evaporated in the
form of triply-charged ions. What is particularly sur-
prising is (as noted by the authors themselves) that no
temperature dependence of the ratio of the ion types
produced in field evaporation was observed (down to
30°K and below).
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The results obtained by Brenner and McKinney!®®
are contradictory in many respects, a fact that can be
apparently attributed to two causes. First, errors can
be caused by the fact that the ratios m /n were calcula-
ted by a very approximate formula of the type (11), and
second, the absence of tip screening also plays a role.
In addition, a shortcoming of the design used in“®*- is
the use of an unscreened ring, to which a negative pulse
is applied, for the evaporation of the surface atoms of
thf t%p. Such a scheme, as indicated by the authors
of -7, makes it very difficult to direct the evaporated
atom into the opening of the analyzer, so that the identity
of the type of atom observed on the ion image becomes
doubtful. The previously observed increase in the
charge of a metal ion when it is evaporated by a field,
was confirmed also by other experimenters-*¢:4:1i1 ang
was the first important (and unexpected) result of the
use of the probe procedure. W, Ta, and Ir were evapor-
ated in the form of triply- and quadruply-charged
ionst®1:*¢) | Evaporation in the form of triply-charged
ions was observed also for Pt, Rh, Au, and F&-*®1J and
in the form of quadruply charged ions for Mo, Re, and
Nbt*%1), I all cases, the relative number of the
evaporated ions with higher charge increased with in-
creasing rate of evaporation, which can be raised’™ to
10° atomic layers per second.

It is of great interest to establish that the image gas
is adsorbed gon the surfaces of metallic needle-shaped
samples*#d;43bT a¢ field intensities corresponding to
the conditions of the best surface image. This result
was particularly unexpected for He, Ne, and Ar, for ac-
cording to the earlier conceptsua’b] the adsorption of
these gases (He most strongly, followed by Ne and Ar,
and H to the least degree) should not take place in this
case. Miiller et al. observed later on that to desorb
noble gases adsorbed on the tip surface it is necessary
to apply fields sufficient for simultaneous evaporation
of the metal atoms situated in the layer in which the ad-
sorbed atom is located. In practice this effect is re-
vealed by the fact that the evaporating fields are weaker
in the presence of noble gases than in vacuum.

The cited studies call for a review of both the proc-
ess of image formation in the field ion microscope and
of the theory of ion production at metal surfaces in gen-
eral. Among these investigations, notice should be taken
first of the latest (known to the authors) paper of Miiller
et al. (seel*®d). It describes an experimental verifica-
tion of a hypothesis advanced somewhat earlier (°K:1%]
that an adsorbed atom of the image gas (‘‘cap’’) covers
each of the atoms that protrude most from the surface
of the tip, and that the maximum ionization probability
occurs when the incoming atom of the image gas touches
the adsorbed atom. The gist of this experiment reduced
to the following: The dimension of the probe opening
was chosen to be somewhat larger than usual, in order
that not one but several image atoms fall in its
‘““shadow.’”’ Further, the usual scheme was used to
register the particles passing through the probing aper-
ture (the oscilloscope sweep, 20 and 100 usec, was
triggered in this case by a pulse from an external
source), Under normal conditions of best surface image
in helium ions, 5—6 particles (peaks on the oscillogram)
from three image atoms on the surface were registered
within 20 pusec on the collector (multiplier) of the time-
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of-flight tube. The measurements were then performed
in a pulsed regime with a sweep time 100 usec. In this
case the oscilloscope was triggered by the evaporating
pulse itself.

The result was a strong decrease in the number of
particles arriving at the collector, which, however, was
restored after ~ 10—20 usec. Calculations performed
by the authors of{**J have shown that this is just the
time necessary for adsorption of new atoms of the im-
age gas and for additional atoms that become ionized
over the newly produced ‘‘caps,’’ to reach the surface
of the tip. The measurements were made for different
(three) pressures of the image gas; the effect was con-
firmed in all cases. The result does not alter signifi-
cantly the qualitative picture of the formation of the
field-ion image: it does not exclude, for example, the
idea of ‘“hops’’ of polarized particles over the surface
of the tip (although the number of such ‘‘hops’’ should
decrease considerably when the accommeodation coeffi-
cient is increased), and does not disaffirm the experi-
mentally observed resonance structure of the ionization.
Nonetheless, the fundamental theories will have to be
reviewed, and this will concern to a greater degree the
theory of desorption and evaporation by a field, for ac-
cording to the present concepts a field-purified tip sur-
face remains atomically pure during the entire time of
application of the field producing the best image of the
surface in helium ions. (Tsong and Miiller “**P1 have
recently shown that the adsorption of inert-gas atoms
is due to dipole-dipole interactions stimulated by a
strong electric field.) It can also be assumed that this
result will make it possible to explain more correctly
many effects observed in field-ion microscopy practice.
The publication of such papers should be expected in the
nearest future.

Miiller, Krishnaswamy, and Mc Lanel™ investigated
the influence of different image gases on the character
of the field evaporation of Ta, Rh, Mb, Au, W, and Ir
and analyzed the formation of molecular ions of the
image gases and metal surface atoms in the case of
evaporation by the field. The most thoroughly investi-
gated was the behavior of Ta. A metallic instrument(!°?
was used for the analysis (see Fig. 16), with a mass
resolution 250. In the analysis with the atom probe (at
the best surface-image voltage), tantalum shows pre-
ferred production of Ta* ions (60.33 a.m.u.), a some-
what smaller number of Te* (45.20 a.m.u.), and some
amount of Te** (90.5 a.m.u.). The presence of hydrogen
decreased the evaporating field for Ta. The main prod-
uct of Ta evaporation in the presence of hydrogen is the
triply- charged hybrid molecule TaH*", which can decay
(dissociate) in accordance with the reaction
TaH3* — Ta2* 4+ H*, (16)
The picture can be visualized in this case as follows:
The molecular ion TaH?' is desorbed by the evaporating
pulse from the surface of the tip and is accelerated
away from the tip to distance d, where it dissociates in
accordance with Eq. (16). The two produced ions
(Ta®* and H") then move under the influence of a lower
voltage V4 (in comparison with the potential at the sur-
face of the tip) at a velocity v,. Far from the tip, in the
region arbitrarily considered to be free of the field, the
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ion velocities are v(T2) and v(H), The final kinetic ener-

gies of these ions are ©
0.5mp (vE)? = 0.5mpuvi - e (v. —v4), 17
0.5m1s (v78)? = 0,5mravd 4 2¢ (Ve — vq)- (18)

The velocity Vg at the instant of dissociation is deter-
mined from the relation

0,5mramsd = 3eva. (19)
The apparent mass M of the dissociation products,
measured in a time- of-flight tube, is
M =2eV,/07, (20

where V, = Vo + V... Substituting (19) and (20) in (17)
and (18), we obtain

My = mumyan V/13mu Vi 4 mpau (V. — Vo),
M gy = mogmeyan Ve/l3mr Ve + 2mpan (V. — Vy)l.

As shown by the authors oft™ , the decay (dissocia-
tion) of the TaH®*" ion occurs in the strong-field region
near the surface of tip. Approximating the distribution
of the potential in the accelerating region by the poten-
tial between two confocal paraboloids of revolution

Ve = V. {1 — In(R/r) [In (Riry)l-1), (21)

where the coordinates of the ion flight are measured
from the focal point, the authors of' ™ calculated the
distance d from the surface of the tip, on which the dis-
sociation takes place, and also the time t’ after which
the TaH®" ion traverses this distance. In (21), R is the
distance from the surface of the tip to the accelerating
electrode (0.1 cm), and r¢ is the radius of the tip. The
distance x from the surface of the tip is equal to

r — 0.5r,. The indicated time t" was obtained by numer-
ical integration

d
t = S va dz,
]

where the ion velocity vy was calculated from the ex-
pression
' vy = (BeV Jmoag)'2,

The results obtained in the described case are shown
in Figs. 18a and b. As seen from these figures, the dis-
sociation probability is maximal at distances from the
surface on the order of the radius of the tip. At large
distances, dissociation does not take place at all, as
confirmed by the remaining small amount of the TaH®*
(60.7 a.m.u.). It should be noted that the total number
of observed particles (238 for Fig. 18a and only 29 for
Fig. 18b) may not be sufficient to overcome the statisti-
cal fluctuations.

Field evaporation of Ta in the presence of He led in
the overwhelming majority of cases to the formation of
the ions TaHe®'. We note that the products of field
evaporation of certain metals in He were investigated
earlior by Miiller *(7 for rhodium and by Miiller et.
al,t®P] for tungsten, iridium, and iron tips.

In the case of helium adsorption, the metal is fre-
quently evaporated in the form of molecular ions such
as WHe**, WHei", IrHe}", IrHeZ', RnHe®" and FeHe®'.

Evaporation of Ta in neon produced Ta ions with
charges from 1 to 4 and singly-charged Ne ions (20 and
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FIG. 18. Distribution of Ta?* (a) and H* (b) ions in the dissociation
of the molecular ions TaH3* produced by field evaporation of a tantalum
tip in the presence of hydrogen, and distribution of the Ta®* ions (c)
obtained by field evaporation of a tantalum tip at 78°K in the presence
of Ne (pNe = 10™* mm Hg) [7].

22 a.m.u.). About 10% of the ions were doubly charged
and 1% of the ions were in the form of Ne; (40 a.m.u.).
The total number of molecular TaNe ions (with charges
from 2 to 4) was ~ 1% of a total number of registered
particles. An appreciable number of particles had ap-
parent masses above 60.33 a.m.u., corresponding to the
Ta®* ion (see Fig. 18b). These ions can be interpreted
as the dissociation products of the unstable molecular
ion TaNe®":

TaNe®** — T3+ + Ne.

The apparent masses Mrpg,3+ and My, and also the dis-
tances over which dissociation takes place and the time
preceding the dissociation (from the instant of evapora-
tion of the molecular ion), were determined by the pro-
cedure described above for hydrogen. The presence of
residual hydrogen delayed the formation of the TaNe®"
ions, owing to adsorption of the hydrogen on the surface
of the metal. In addition, we observed formation of NeH"
ions in the presence of residual hydrogen.

Brenner and McKinney["a] , using a metallic probe
instrument constructed by them, analyzed certain alloys
(Fe + 3.8% Pt + 20% Ni, Fe + 1.55% Cu, and Fe + 4.9%
Mo) and found a surprisingly good agreement between
the alloy composition deduced in this manner and the
real composition. The result obtained for the Fe
+ 4.9% Mo alloy is shown in Fig. 19.

In addition, the same authors analyzed the mass
spectra of alloys containing divalent iron at different
temperatures and vacuum conditions. In the case of the
image of Fe + Mo alloy in Ne (pyg = 2.4 X 107° mm Hg),
the field-evaporation mass spectrum obtained at 30°K

g
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FIG. 20. Spectra obtained in a probe analysis [3?] of an Fe + Mo
alloy in the presence of neon (T = 30°K, pNe = 2.4 X 10" mm Hg) (a),
under conditions of high vacuum at T = 300°K (b), and after soaking
in H, at T = 80°K (c).
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FIG. 21. Diagram of instrument for mass spectrometric analysis of
field-evaporation products [47].

contains mainly peaks corresponding to the ions Fe®*,
Mo"’, and Ne* (Fig. 20a). Almost all 700 registered par-
ticles represented one of the indicated types of ions.
Field evaporation of the same samples at room tem-
perature in a vacuum better than 10" mm Hg gives a
complicated spectrum, in which FeO or FeOH ions pre-
dominate. Contamination of the surface, even at liquid-
nitrogen temperature, leads to the appearance of com-
plicated spectra. This can be seen from an examination
of the spectrum of the indicated alloy (Fig. 20c), ob-
tained after obtaining its image in hydrogen at T = 80°K.
A field ion microscope with atom probe, somewhat
different from that described above and intended for
mass spectrometric analysis of autoionization and field
evaporation products, was designed by Barofsky and
Miiller '?*"3, A schematic diagram of this instrument is
shown in Fig. 21 (1—tip sample, 2—iron sector lens
(solid lines), 3—brass filling, 4—collimator, 5—iron
magnetic screen, 6—electron multiplier, 7—focusing
slit, 8—collimator, 9—focusing plate, 10—slot for sup-
port, 11—heated rod, 12—ring, 13—fluorescent screen).
The high resolution (90 a.m.u.) is obtained here by
maintaining the ion energy constant. The ions emitted
from the tip pass through the slit of the mass spectrom-
eter and are focused in the usual manner by the mag-
netic field. The energy of the ions corresponds to a
constant voltage on the tip and does not depend on the
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FIG. 22. Mass spectrogram of field evaporation of beryllium at dif-
ferent temperatures [472].

potential of the accelerating electrode. At a given mag-
netic field, the detector is reached by ions having a
definite ratio e/M. Among the many conveniences (ad-
vantages) of such an instrument, the authors of**™ list
the absence of activated surfaces (as is the case with an
instrument with a time-of-flight tube). This is very im-
portant from the point of view of the possible harmful
effect of the atmosphere (air) when it is necessary to
open the instrument periodically. The signal received
by the detector is amplified and fed to an oscilloscope.
The vertical deflection of the oscilloscope beam is pro-
duced by a converted accelerating voltage; the horizon-
tal deflection is connected in a definite manner with the
variation of the magnetic field. The series of the mass
spectra obtained on the oscilloscope screen are photo-
graphed. A typical mass spectrum corresponding to
field evaporation at different temperatures is shown in
Fig. 22. The mass scale is usually calibrated with the
aid of autoionization of noble gases (Hz, Ne, Ar, Kr).
The instrument can register ions of the image gas at a
pressure p = 107 mm Hg and at a count of

10 a.m.u./sec, corresponding to an evaporation rate on
the order of 3 atomic layers per second. Under such
conditions, 100 ions of the evaporated metal reach the
detector each second.

The described instrument was used by Barofsky and
Miiller (seet*”**J)) for a mass spectrometric analysis of
the products of low-temperature field evaporation of
Fe, Co, Ni, Be, Cu, and Zn. All these metals yielded at
low temperatures singly- or doubly-charged ions
(Fe*", Be”, Cu’, Cu’*, Zn*, Zn**, Co®*, Ni*"); formation
of different molecular ions was observed at higher tem-
peratures.

6. CONCLUSION

It may be stated at present that the mass-spectrom-
etry procedure plays a tremendous role in the develop-
ment of both theoretical and practical aspects of field-
ion microscopy. Tremendous importance is attached at
the present time to the use of the probe procedure,
which by now has passed the research and development
stage and can provide new information of independent
importance. Many of the results, already known as well
as envisioned in the nearest future, could not be (and
cannot be) obtained by means not connected with mass
spectrometry. Even the observation of molecular ions
of certain types in strong electric fields, is a fact of
independent interest, since the existence of such ions
was not predicted or observed earlier. One of the most
important results is the observation of the adsorption
‘‘layer’’ of the image gas, contributing to autoionization.
We note also that the probe analysis of surfaces of tips
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becomes very important because of the possible influ-
ence of adsorption of the image gas on the character of
the preferred field evaporation of samples in the field

ion microscope, an influence that cannot be neglected[ﬂ.

The probe procedures indicated in the beginning of
Chap. 5 are barely in the initial development stage, and
prolonged and painstaking work is anticipated in this
field.

The authors are deeply grateful to G. M. Kukavadze
for help with writing the article, for useful advice, and
remarks.
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