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Field evaporation of gold in single- and double-electrode systems
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Field evaporation of gold as positive and negative ions in single- and double-electrode systems is in-

vestigated with the charge-exchange model using atomic potentials from an embedded-atom method
and a method discussed by H. Gollisch [Surf. Sci. 166, 87 (1986); 175, 249 (1986)I. For the single-
electrode geometry of the field-ion microscope, Au+ should be the observable ion species. In the
double-electrode geometry of the scanning tunneling microscope, Au should be the favored ion

species since it requires the lowest evaporation field.

Field evaporation, desorption of surface atoms in the
form of ions by an applied electric field, is a basic physical
process in field-ion microscopy (FIM). ' It is also one of a
few atomic processes now known to be useful for atomic
manipulation with the scanning tunneling microscope
(STM). In the FIM, atoms are removed from the tip
surface by applying a positive electric field of the order of
a few volts per angstrom. The removal of atoms can be
directly observed in the FIM image and the evaporated
ion species can be identified by mass spectrometry. In
atomic manipulation with the STM, positive or negative
voltage pulses of a few volts are applied either to the tip or
to the sample. A transfer of atoms between the probing
tip and the sample surface can be directly observed in the
STM image, but the ion species cannot yet be experimen-
tally identified. The field needed for field evaporation in

the STM appears to be substantially lower by at least a
factor than that in the FIM. For example, field evapora-
tion of gold in the FIM requires a field of about 3.5 V/A
whereas in the STM, the field required appears to be less
than l V/A.

In the FIM, field evaporation of negative ions has not
yet been observed, because in a negative field, field emis-
sion can occur. At the field expected for field evaporation
to occur, the field electron current will be large enough to
melt the slender tips used in the FIM. Such a diSculty is

greatly alleviated in the STM as has been explained ear-
lier in a preliminary discussion of field evaporation in

two-electrode system. Tsong also shows that field eva-
poration of alkali metals and Zn and Au as singly charged
negative ions requires the lowest fields. In this paper we

present a detailed calculation for field evaporation of AU

in the double-electrode system. Our calculation shows
that the favored ion species should be the doubly charged
negative ions; the calculated field required for this ion

species is also much closer to the observed value in the
STM experiment.

We use the charge-exchange model for the present
study. Two methods, an eA ective binding potential
method (EBPM) developed by Gollisch and an embed-
ded-atom method (EAM) developed by Daw and co-
workers, are used to calculate the potential energy curves
of the atom-surface interaction. In the former method,
the effective binding potential takes the form

N tV

U; =b g [Qj(rj)]"' — a g [Q;,(rj))'j—I j—l

For a homonuclear system Q;j. describes the binding be-
tween two atoms located at r; and rJ; b, a, and A, are po-
tential parameters; S is the anharmonicity; and p is a con-
stant. Q;j is identified to be the overlap integral between
two atoms at r; and rJ, or

Q;, (r;, ) =„p;(r)p, (r)dr. (2)

The spherically symmetric atomic charge densities p;(r)
Gollisch used were obtained by solving the relativistic
Kohn-Sham equations with the La approximation for ex-
change and correlation. These results are fitted to the
form for Q;j given by two exponentials,

Q ( ) pirij+ pe~i&

y;, (r) =z; (r)z&(r)/r,

where

(6)

where for Au, ci =59.2, cq=452.00, pi =1.44 a.u.

p~ 2.04 a.u. ', b =1.36157 Ry, a =0.19369 Ry' ',
1=0.69370, p =0.60, and 5 2/p. In Eq. (I), the first
term represents the repulsive part.

In the embedded-atom method, the energy of an atom
in question is a functional of the density of the unper-
turbed host. The total energy of the solid is expressed as

N
1

N
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where P;j is the short-range (doubly screened) pairwise in-

teraction between the cores. If the host density is approxi-
mated by the sum of the atomic densities,

N
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j& I

then the energy is a simple function of the positions of the
atoms. The pair repulsion term is assumed to have the
form
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The functions F; (p) and p;~ are determined empirically by
fitting to the sublimation energy, equilibrium lattice con-
stant, elastic constants, and vacancy formation energies of
pure metals and the heats of solution of binary alloys.
For Au the values are zo 11.0e, a 1.4475
P 0.1269, and v 2. Daw and co-workers used Har-
tree-Fock wave functions and assumed that the density
was given by
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p'(r) n, p, (r), +ndpy(r), (8)

U;"+ g I; nP —neFz—+U;+U;,. (9)

where n is the charge state, I; is the ionization energy, p is
the work function, U; is the image potential, and U;, is the
ion core repulsion term which is taken to be the first term
of Eq. (1) for the EBPM and given by Eq. (6) for the
EAM. For the single-electrode system of the FlM, the
simple image potential term is used. For the double-
electrode system of the STM, the classical multiple image
interaction is approximated by

where n, I.089 and nd 9.911 for the s and d wave func-
tions.

To provide consistency in the comparison between the
potentials obtained from the two methods, the binding en-
ergy of a Au atom in a hollow site on the Au (100) surface
is scaled to a value of 3.5 eV for both of these potentials, a
value consistent with the cohesive energy of 3.93 eV for
Au. For our calculations, the Hartree-Fock charge densi-
ties given by McLean and McLean" for Au are used and
scaled to yield a binding energy of 3.5 eV.

For the ionic potential of positive ions in an applied field
F, we use
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The electrodes are located at z 0 and z d. For the case
of negative ion emission in an applied field F,

U;" nP —E„rr" +U; —neFz+ U;,
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where E.„p" is the electron affinity of the n —ion. We
use the same core repulsive term for the ions.

The potential energy curves of a Au atom interacting
with a Au (100) surface derived from the two methods
agree with each other fairly well. The EBPM gives a po-
tential of slightly longer range [Fig. 1(a)]. Using parame-
ters of Au atoms listed in Table 1 of Ref. 4 and the atomic
and ionic potentials discussed above, one can now calcu-
late the evaporation fields of ions of different charge states
following the methods described in Ref. 4. In this work,
we further reason that although Au may not be stable
in free space, during field evaporation it can "exist" in an
applied field in the spatial region where the ionic curve is
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FIG. I. (a) Atomic curves of a Au atom interacting with a
Au (100) surface, obtained from the EBPM and EAM. (b)
Atomic and ionic curves of Au, Au+, Au', and Au in an ap-
plied iield of 1.17 V/A in a single-electrode system obtained
from the EBPM. (c) Similar curves as in (b) at F 1.40 V/A
obtained from the EAM.
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FIG. 2. (a) Atomic and ionic curves in zero applied field in a double-electrode system of separation 6 A, obtained from the EBPM.
(b) Similar curves as in (a) obtained from the EAM. (c) The barrier height of the double well atomic potential plotted as a function

of the electrode separation. (d) Atomic and ionic curves of Au, Au+, Au', and Au~ in an applied field of 0.903 V/A, obtained

from the EBPM. At this field, Q for Au is reduced to 0.772 eV. (e) Similar curves as in (d) for F 1.13 V/A obtained from the

EAM.
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lower than the atomic curve. The electron a%nity of Au
is 2.31 eV. However, we are not able to find a value for
Au . Because of a screening eff'ect, the repulsive poten-
tial of the two electrons in a Au atom will not exceed
14.4/d-4. 5 eV where d is the atomic diameter in ang-
stroms. Thus E.„g will not be smaller than E„.g —4.5
eV, or ——2 eV. For studying the effect of E„.&, we
take two values of E„.g, 0 and —2 eV. In the single-
electrode system of the FIM, the fields needed for field

evaporating Au at a rate of l s ' at 300 K, or with an ac-
tivation energy of Q 0.772 eV, as Au+, Au, and Au
are found to be 3.2, 2.0, and 1.4 V/A, respectively, when
EAM potentials are used, and to be 2.7, 1.4, and 1.2 V/A,
respectively, when the EBPM potentials are used. When
E„.tt is taken to be —2 eV, the evaporation field of Au
changes to 1.8 and 1.6 V/A for the EAM and EBPM
methods, respectively. This calculation shows that field
evaporation of gold as Au can occur at a field consider-
ably lower than that for either Au' or Au+. But in the
FIM, when the negative field exceeds about 0.6 V/A, the
field emission current will be large enough to melt the tip
by resistive heating; thus even if Au and Au can in

principle be formed, it is difficult to observe; or only field
evaporation of Au+ can be observed. Figures 1(b) and
1(c) show the atomic and ionic curves for field evapora-
tion of these ion species based on the EBPM and EAM.

In the double-electrode system of the STM, due to the
overlap of the two atomic potentials interacting with the
electrodes, a double well structure is formed as shown in

Figs. 2(a) and 2(b). An atom can be thermally activated
from one electrode to the other. The activation barrier
height Q depends on the distance between the electrodes
as shown in Fig. 2(c). At room temperature, a transfer

rate of I s ' can be expected when Q becomes -0.772
eV; this occurs when the electrode separation is -5.5 A.
However, an atom can be transferred from the tip to the
sample and from the sample to the tip at the same rate.
For a unidirectional transfer of atoms field evaporation
may be used. In a double-electrode system, as the applied
field is gradually increased, atoms will start to transfer
from one of the electrodes to the other when the field
reaches that required for an ion species of the lowest eva-
poration field (in magnitude) to start field evaporating. In
Figs. 2(d) and 2(e), ionic curves of Au+, Au, and Au 2

at a field which can reduce Q to 0.772 eV for the ion
species requiring the lowest field are shown. This field is

0.903 V/A from the EBPM and is 1.13 V/A from the
EAM, and the ion species is Au . In comparison, the
fields needed to reduce Q to 0.772 eV for field evaporating
as Au and Au+ are 1.73 and 2.93 V/A for the EBPM
and 1.25 and 2.38 V/A for the EAM. The two methods
agree with each other fairly well in the general trend. In
this calculation, the electrode separation is taken to be 6 A
and E„tr is take. n to be zero. The ionic potential of
Au is the lowest among these three charge states and is
lower than the atomic potential when z & 2.6 A as can be
seen from these figures. When the applied field is gradu-
ally raised in a two-electrode system, Au2 ions will start
to emit from the negative electrode at —1.1 V/A before
other ion species can emit. When E„.ff is taken to be —2
eV, the evaporation field change to 1.55 and 1.30 V/A for
the two methods, but the conclusions are unchanged.
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