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ON THE THERMALLY ACTIVATED FIELD EVAPORATION OF SURFACE ATOMS

M. Wada

Department of Materials Secience and Engineering,
The Graduated School at Nagatsuta, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama 227, Japan

Résumé - La dépendance thermique des champs d'évaporation des

métaux dans une gamme de 20 K 3 150 K a &té examinée en termes
de processus d'activation thermigue.

Abstract - Temperature dependence of the evaporation fields of
metals ina range from 20 K to 150 X was examined in terms of the
thermally activated process.

Surface atoms of metals are desorbed by a high positive electric field.
This is known as the field evaporation and it can be directly observed
by a field ion microscope. In a previous study /1/, the temperature
dependence of the evaporation field was examined in a range from 20 K
to 150 K for Fe, Ni, Cu and Pd by directly observing the evaporation
of atomic planes. However, when the obtained dependence was incorpo-
rated with the charge-exchange model of the field evaporation /2/,
unrealistically large activation energies were resulted. In this
study, this problem was examined further and a possibility of a
short-range surface migration of atoms prior to the evaporation as a
rate-controlling process was discussed. A full account of this study
will be published in Surface Science.

Fig. 1 shows the temperature dependence of the evaporation field nor-
malized to the extrapolated value at 0 K. In the experiment, the
corresponding applied voltage was determined by observing the evapora-
tion of atomic planes at a constant rate of 0.1 layer/s in the FIM.
Imaging gases were about 10-2Pa of He for W and Ir and about 10-2Pa of
Ne for Fe, Ni, Cu and Al.

When a thermal activation is considered for the evaporation process,
activation energy of an n-fold-charged ion, Q,, can be given by

Qn = k-ln(yo/v) T, (1)
where k is the Boltsmann's constant, y, the pre-exponential, y the
evaporation rate-constant and T temperature. The evaporation rate, J
(layers/s), on a specified plane is related to Y by J = np,.-Y, where
ny, is the amount of materials at high risk of evaporation which is
assumed to be of the order of 0.0l layers /3/. Since J = 0.1 layer/s,
Y in:the present case will be about 10/s. In the charge-exchange model,
Qn can be expressed by

On = A+ 2T, -n¢ +(1/2) (ay - ozi)F2 - neFxc - n2e2/16me ,x¢ (2)
where A is the binding energy of a surface atom, LI, the total ioniza-
tion energy, ¢ the work function, F the applied field, xo the position
at which the ionic potential curve intersects the atomic curve under
F, ag and aj the effective polarizabilities for the atomic and ionic
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Fig. 1 - Temperature dependence of the applied field for the evapora-
tion of atomic planes at 0.1 layer/s.

states, respectively and €, the electric constant. In the model, one
expects that xo depends on F and we first examine the F.dependence of
Xc and discuss the atomic potential curve deduced from the dependence.

From the linear temperature dependence of F in Fig. 1, we assume

F =F, - 87, where F, is the evaporation field for Q, = 0, and

6 = —(3F/aT)J which is constant. If vy, is constant, x_, is expressed
as, 1/2

R, = (2neF)‘l[[Kn -~ s(F, - F)] + {[K, -s(F, - F)12 - n3e3/4me,} ]l (3)

C

where s = k-In(y./v)/6, Ky = A + ZI,-n¢ + l/2(a - ai)F2 and F, is a

smaller value of the solutions of an equation (Kj )2 = n3e3r /41e,. We
take Ni for an example and consider the relatxon between x. and Qp 12
which is s(F, - F), using the experimental value of s where vy, =~ 10
/8 is assumed and 6 is estimated by the experimental value of F at
78 K /4/. Values of A, I, and ¢ are those listed by Tsong /5/. In
Fig. 2, on( = s(F, - F)) 1s plotted against X, for n = 2 and for .
various values of o ( = (az - ai)/47me,). In the figure, each curve
has been slightly shifted horizontally assuming that the potential
minimum of the atomic curve is at a,, the atomic radius. Fig. 2
should directly reflect the atomic potential curve. Since F(78K) =

32 V/nm /4/, the expected value of F, should be about 40 V/nm from
Fig. 1. If eg. (2) is solved for Q, = 0, _one_can show that o should
be somewhere between 1 x 10-3 and 2 x 10~3 nm3 for F, = 40 V/nm.
Therefore the expected atomic potential curve deduced from the obtain-
ed temperature dependence of the field in Fig. 1 should lie between
curves B and C. The dashed curve M is an atomic potential of a Ni
atom on the Ni(002) plane calculated by Morse potential /6/. It is
clear that curves based on eq. (3) with the experimental value of s

do not agree with the expected potential curve M. BAlthough the case
for n = 1 was also calculated, no satisfactory agreement was obtained.

The disagreement shown above is mainly due to the observed large value
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Fig. 2 - Relation between Q, and % for Ni with n = 2 calculated by
eq. (3). The dashed curve M is an atomic potential curve of a Ni atom
on the Ni(002) plane calculated by assuming Morse potential. The
potential minimum is placed at a, for comparison.

of 6 which gives a large and quite unrealistic value of Q,, when @ is
estimated by

Qn = (dQn/dF) (-8)T. (4)
Since Qp is proportional to T, (dQ,/dF) should be constant. According
to Forbes /7/, Xg = a,F,/F. Using this and from eq. (2), we have,

40, /dF = —n2e2/167reoa°Fo + (ay - ay)F. (5)

Since this is supposed be constant, we neglect the last term. It can
be shown that this does not affect the following argument. Another
possibility for the constant (dQ,/dF) is to assume a constant xo as,
dQ,/dF = -nex, (5)
where the polarization term is again neglected. The activation
energies at 78 K estimated by eq. (4) using eq. (5) and eg. (6) are
2.2 eV and 1.9 eV, respectively, for Ni with n = 2.. For n = 1, they
are 0.6 eV and 1.0 eV at 78 K. In eq. (6), it is assumed that x,=a, .
These values are too large and quite unrealistic, since the expected
On at 78 K would be about 0.17 eV by eq. (1) for 1ln(y,/y) = 25. When
Q, is estimated similarly by eq. (4) for other metals shown in Fig. 1,
large values are also obtained. Thus it is demonstrated here that the
temperature dependence shown in Fig. 1 can not be described adequately
by eq. (2) which is based on the charge-exchange model.

The obtained large Qp is the result of a large value of (dQ,/dF)«(-8) in
eqg. (4). Therefore we look for a process which gives a smaller value
of -(dQ,/dF). It has been known that under applied field atoms move
on the surface/8-11/. It was shown that the evaporation probability
is higher at low-cordination sites /12/. We consider now that the
short-range migration of atoms from a high to low coordination site
is. the rate-controlling. The controlling process would be the migra-
tion of about one atomic distance just before the evaporation. Since
the evaporation of atomic planes, as in the present experiment, takes
place at the edge of the plane, the possible rate-controlling migra-
tion paths would be those schematically shown in Fig. 3. Among the
considered paths, there should be a predominant path from A to B site
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which determine the evaporation field. Consider the evaporations
directly from the A site and from the B site. Field necessary to
remove the atom from A, labelled FA, would be higher than FB from B
site for the same evaporation rate. If the applied field on A site is
between FB and FA and if it gives a sufficient rate of migration from
A to B, the field-induced migration from A to B occurs and then the
atom evaporates from B. Under applied field F, surface atoms experi-
ence a force (e,/2)F2 per unit area along the field direction. Be-
cause of a variation of local field, an atom at A may be moved towards
B relative to more strongly bound surrounding atoms, and the work done
by the agplied field on the atom can be approximated by

Ble,/2)F -ﬂa%-s where B(sl) is a geometrical factor and § is the dis-
placement of the atom. Therefore the activation energy will be given

24
oM = (Ay - Ag) - B(eo/2)F2mals, (7)

where Ap and Ag are the zero-field binding energies at A and the
saddle point on the reaction path between A and B sites, respectively.
Among various paths in Pig. 3, the rate-controlling path should have a
value of (Ay - Ag) which results in a reasonably value of QM in eq. (7).
Considering that oM = 0 at F = F,, (Ap - Ag) for the rate-controlling
migration would be B(e,/2)F2ma2é. This is about 1.8 eV for W(0ll) and
0.5 eV for Ni(002) if 8 = 1 and § = 2a, are assumed. We estimate QM by
(agM/dr) and by observed 6, using eq. (4). The distance from the A
site to the saddle position, &, may decrease with field because the
saddle position approaches the site A when the applied field is in-
creased. BAs it has been discussed earlier, the observed constant 6
indicates a linear relation between QM and F. Therefore we assume

in eq. (7) that § = 8,f,/F in the present field range where §, and f,
can be regarded as the typical values of § and the corresponding field
For a rough estimate of (dQM/dF), we also assume 8, = 2d, and this
gives, ’

agt/aF = -gme.a3f,. (8)
The values of -(dAQM/8F) estimated by eg. (8) are much smaller than
those obtained by eg. (5) or eqg. (6) as we have expected. The activa-
tion energies estimated from eq. (8) and by the observed 6 at 78 K are
about 0.1 eV for all the metals examined except Ir for which it is
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about 0.2 eV. Here we assumed B = 1, Thus the observed temperature
dependence of the evaporation field can be explained more favorably by
considering the migration-controlled field evaporation.

In Fig. 4, hypothetical temperature dependences of the applied fields
for three processes are compared schematically. Below T., the short-
range migration is the rate controlling and above T, FB is higher
than F* and the evaporation d&rectly from B becomes the rate-control-
ling. Thus as long as FA > F', migration of atoms is always involved
in the evaporation process in the whole temperature range regardless

of the rate-controlling process. If FA and FM cross at a very low
temperature, or if FM > F&, we expect a smaller temperature depend-
ence due to the direct field evaporation from A site below

this temperature. At a very low temperature, however, a thermal
activation may not be effective and it is not certain at present if
the observed smaller temperature dependence below about 30 K shown in
Fig. 1 is due to this crossing of FA and M curves.

It must be pointed out here that recently Forbes et al./13/ analyzed
the field evaporation of Rh and indicated that the charge-exchange
model can describe the evaporation behavior. Further studies seem

necessary to clarify the discrepancy and to obtain a true picture of
the field evaporation behavior.

The author would like to express his sincere thanks to professor
0. Nishikawa for encouragiment and discussions and to Mr. R. Uemori
and Mr. H. Kita for experimental assistance. He is particularly

grateful to Dr. R. G. Forbes for the critical and valuable comments
and useful suggestions on this subject.

References
1] Wada,M., Uemori,R. and Nishikawa,0O., Surface Sci. 134(1983)17.
2] Gomer,R. and Swanson,L.W., J. Chem. Phys. 38(1963)1613.

Sakurai,T. and Miller,E.W., Phys. Rev. Letters 30(1973)532.

1

]

] Forbes,R.G., Surface Sci. 46(1974)577.
1

1 Tsong,T.T., Surface Sci. 70(1978)211.



C9-94

[6]
[7]
[8]
[91]
{10]
[11]
[12]
[13]

JOURNAL DE PHYSIQUE

Garifalco,L.A.-and Weizer,V.G., Phys. Rev. 114(1959)687.
Forbes,R.G., Surface Sci. 116(1982)L195.

Nakamura,S. and Kuroda,T., Surface Sci. 17(1969)346.

Waugh,A.R., Boyes,E.D. and Southon,M.J., Surface Sci.61(1976)109.
Plummer,E.W. and Rhodin,T.N., J. Chem. Phys. 49(1968)3479.
Nishigaki,S. and Nakamura,S., Japan J. Appl. Phys. 15(1976)1647.
Moore,A.J.W. and Spink,J.A., Surface Sci. 44(1974)198.
Forbes,R.G., Chibane,K. and Ernst,N., Surface Sci. 142(1934)



