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Selective field evaporation in field-ion microscopy for ordered alloys
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Semiempirical pair potentials, obtained by applying the Chen-inversion technique to a cohesion
equation of Roseet al. @Phys. Rev. B29, 2963~1984!#, are employed to assess the bonding energies
of surface atoms of intermetallic compounds. This provides a new calculational model of selective
field evaporation in field-ion microscopy~FIM!. Based on this model, a successful interpretation of
FIM image contrasts for Fe3Al, PtCo, Pt3Co, Ni4Mo, Ni3Al, and Ni3Fe is given. ©1999 American
Institute of Physics.@S0021-8979~99!07306-5#
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I. INTRODUCTION

There are perfect ring structures in the field-ion micro
copy ~FIM! images of pure metals. The prominent poles
these images correspond to the crystallographic plane
high atomic density. For ordered alloys similar ring stru
tures are also observed. In the FIM image of an orde
binary alloy, usually one atomic species is bright whereas
other is dim, or even invisible.1–3 It is found that the invis-
ible species are Co in Pt–Co alloys,4–6 Ni in D1a–
Ni4Mo,7–10 and Fe in D03–Fe3Al.11–14

This phenomenon can be related to the stability of
respective atomic species towards field evaporation.15 When
voltage pulses are applied during tip preparation, one spe
will evaporate preferentially with respect to the other~selec-
tive field evaporation!, thereby being removed from its pos
sible imaging sites. The conventional viewpoint is that t
species with the smaller sublimation energy in the pu
metal state evaporates more easily.1,3,11 This can explain the
image contrast in some alloys including Pt–Co and Ni4Mo,
but gives wrong predictions for Fe3Al and Ni3Fe. Due to the
change in bonding during the formation of an alloy, the fie
evaporation stability of atoms in the alloy can barely
evaluated by the sublimation energies of the pure metals

In this article, interatomic potentials are obtained via
version from ab initio or semiempirical cohesive energ
curves. Bonding energies of surface atoms of intermeta
compounds are calculated in order to predict the selec
field evaporation behavior. A qualitative interpretation of im
age contrast for several alloys is presented.

a!Electronic mail: xge@race.u-tokyo.ac.jp
b!Present address: Division of Applied Sciences, Harvard University, C

bridge, MA 02138.
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This article is organized as follows. In Sec. II the inve
sion technique to derive pair potentials is outlined. In t
beginning of Sec. III, we perform a direct simulation of
specimen tip by calculating the bonding energies of vario
kink site ~KS! atoms. Then it is shown that the problem c
be simplified and the relative stability can be evaluated
the bonding energies of surface atoms. The calculated re
for six kinds of ordered alloys are given in Sec. IV. Finall
Sec. V includes discussion and conclusion.

II. DERIVATION OF PAIR POTENTIALS

The method of obtaining parameter-free pair potenti
from ab initio total energy calculations was first used b
Carlsson, Gelatt, and Ehrenreich~CGE!.16 Chen et al.17–19

improved the method based on the Mo¨bius inversion formula
in number theory.20 Chen’s inversion technique has a fast
convergence than the CGE method.

According to pair potential approximation, the cohesi
energy of a metal can be expressed as

E~x!5
1

2 (
n51

`

r 0~n!f@b0~n!x#, ~1!

wherex is the nearest neighbor distance,f@b0(n)x# the pair
potential between two atoms separated by a distanceb0(n)x,
and r 0(n) the number ofnth nearest neighbor atoms. T
solve the pair potentialf(x) from Eq.~1!, we first extend the
series$b0(n)% to $b(n)% to achieve multiplicative closeness
The closeness ensures that for any positive integersm andn,
there exists an integerk satisfying the relation,

b~k!5b~m!b~n!. ~2!

Then, Eq.~1! is equivalent to the following:
-

8 © 1999 American Institute of Physics
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E~x!5
1

2 (
n51

`

r ~n!f@b~n!x#, ~3!

where

r ~n!5H r 0~b0
21@b~n!# !, if b~n!P$b0~n!%;

0, if b~n!¹$b0~n!%.
~4!

The lattice point is said to be virtual whenr (n)50. The
solution to Eq.~3! is given by

f~x!52(
n51

`

I ~n!E@b~n!x#, ~5!

where the inversion coefficientI (n) is determined by

(
b~n!ub~k!

I ~n!r Fb21S b~k!

b~n! D G5dk1 . ~6!

Hence, if E(x) is known, the pair potentialf(x) can be
obtained from Eq.~5!. For E(x), we use the universal cohe
sion equation of Roseet al.,21 namely,

E~x!5E0~11x* !e2x* , ~7!

TABLE I. Import parameters of the Rose equation for metals and allo
Units are Å for lattice constants, 1011 N/m2 for bulk modulus, and eV for
cohesive energy.

Structure
Lattice

constants~a/c!
Bulk

modulus
Cohesive
energy

Fe bcc 2.87 1.683 4.28
Al fcc 4.05 0.722 3.39
Fe3Al D03 5.792a 1.441c 4.22b

Pt fcc 3.92 2.783 5.84
Co fcc 3.43b 2.910b 6.89b

Pt3Co L12 3.84a 2.61b 5.51b

PtCo L10 3.812/3.708a

Ni fcc 3.52 1.860 4.44
Mo bcc 3.15 2.725 6.82
Ni3Mo L12 3.58a 2.51b 5.67b

Ni4Mo D1a 5.720/3.564a

Ni3Al L12 3.567a 1.86c 4.57b

Ni3Fe L12 3.552b 2.66b 4.50b

aReference 22.
bLAPW calculation in this work.
cReference 23; other data from Ref. 24.

FIG. 1. Pair potentialsfFe–Fe(x), fAl–Al (x), andfFe–Al(x).
Downloaded 10 Sep 2002 to 159.226.228.5. Redistribution subject to A
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E0
S x

x0
21D ,

whereV andx0 are the equilibrium atomic volume and nea
est neighbor distance,E0 the sublimation energy, andB the
bulk modulus. The parameters (x0 , E0 , and B) for the
present work are given in Table I, where experimental d
are used if available. The unavailable data of some alloys
calculated from first principles through the following step
First, the cohesive energies of an alloy with different latti
constants are calculated using the linearized augme
plane-wave~LAPW! method.25,26 These data are then fitte
to the Rose equation to obtain the parametersx0 , E0 , andB.
It is found that the calculated data can be well fitted to
Rose equation.

From the cohesion equations of metals, the pair pot
tials between identical atoms~Fe–Fe, Al–Al, etc.! can be
directly obtained by using Eq.~5!. For the pair potentials
between unlike atoms~Fe–Al, Ni–Al, etc.! we usepartial
cohesive energy curvesof intermetallic compounds.23 For
example, in the case of Fe3Al, a partial cohesive energy
curve EFe–Al(x) is calculated by subtracting the Fe–Fe a
Al–Al interactions from the cohesion equation of D03–
Fe3Al. BecauseEFe–Al(x) can be written as the summatio
of fFe–Al(x) in the form of Eq.~1!, the formal solution to Eq.
~1! given by Eq. ~5! is applicable to computefFe–Al(x)

.

FIG. 2. Pair potentialsfNi–Ni(x), fAl–Al (x), andfNi–Al(x).

FIG. 3. Pair potentialsfNi–Ni(x), fFe–Fe(x), andfNi–Fe(x).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3490 J. Appl. Phys., Vol. 85, No. 7, 1 April 1999 Ge et al.
FIG. 4. Pair potentialsfNi–Ni(x), fMo–Mo(x), andfNi–Mo(x).

FIG. 5. Pair potentialsfPt–Pt(x), fCo–Co(x), andfPt–Co(x).

FIG. 6. A top view of the atomic arrangement of the first and second la
of a ^001& pole of a D03–Fe3Al FIM tip. The radius of curvature is 500 Å.
The number next to a kink site atom denotes the bonding energies~in eV! of
the atom. Note that one fourth of the second layer is not shown in orde
make the top layer clear.
Downloaded 10 Sep 2002 to 159.226.228.5. Redistribution subject to A
from EFe–Al(x). That is to say, pair potentials between unli
atoms can be derived from cohesive energy curves of allo

Figure 1 shows the pair potentials for the simulation
Fe3Al, namely, fFe–Fe(x), fFe–Al(x), andfAl–Al (x). Simi-
larly, Figs. 2 and 3 are potential functions for Ni3Al and
Ni3Fe. Since it is difficult to perform LAPW calculations fo
D1a–Ni4Mo, we calculate the cohesive energy curve
Ni3Mo with L12 structure and derivefNi–Mo(x) from it ~Fig.
4!. It is assumed that the potential is transferable to Ni4Mo.
As the hcp structure of Co withc/a51.6215 is inconvenient
for inversion,fCo–Co(x) is derived from the calculated co
hesive energy curve of fcc Co. The pair potentialfPt–Co(x)
~Fig. 5! is obtained from the partial cohesive energy curve
L12–Pt3Co.

III. CALCULATION OF BONDING ENERGIES

The tip of a FIM specimen is nearly hemispherical wi
a radius of curvature of about 500–1000 Å. As an examp
Fig. 6 shows one possible atomistic configuration of the t
top layers of â 001& pole of D03–Fe3Al. The radius of cur-
vature is assumed to be 500 Å. The first layer contains o
Fe atoms and the second layer contains both Fe and A
oms. Since field evaporation occurs exclusively from ki
sites ~KSs!, the relative stability of atomic species can b
determined by the bonding energies of different atoms at
KSs. The bonding energy of theith KS atom is defined as th
sum of pair potentials between theith atom and the othe
atoms on the tip, namely

Ei
t5 (

j 5” i , j Ptip
f i j ~r i j !. ~8!

The calculated bonding energies of some KS atoms are
provided in Fig. 6. The bonding energy of an Fe KS atom
about 4.10 eV in the pure layer and 4.20 eV in the mix
layer, while Al KS atoms have higher bonding energies
about 4.50 eV. Therefore, Fe atoms tend to evaporate p

TABLE II. Calculated bonding energies~in eV! of surface and bulk atoms
in D03–Fe3Al. The coordinates of atoms in the unit cell in the seco
column should be repeated by adding~0,1/2,1/2!, ~1/2,0,1/2!, and ~1/2,
1/2,0!, respectively.

Coordinates ~100! ~110! ~111! ~210! Bulk

Fe ~3/4,1/4,1/4! 5.319 5.380 4.316 4.576 8.185
Fe ~1/4,1/4,1/4! 5.319 5.380 4.647 4.576 8.185
Fe ~1/2,0,0! 5.321 5.617 4.594 4.630 8.409
Al ~0,0,0! 5.821 5.722 5.144 5.946 8.971

TABLE III. Calculated bonding energies~in eV! of surface and bulk atoms
in D1a–Ni4Mo. The coordinates of atoms in the unit cell in the seco
column should be repeated by adding~1/2,1/2,1/2!.

Coordinates ~100! ~001! ~110! ~111! Bulk

Ni ~0.2,0.4,0! 5.014 6.560 5.200 4.791 9.900
Ni ~0.6,0.2,0! 5.211 6.560 4.008 4.914 9.900
Ni ~0.4,0.8,0! 5.199 6.560 5.666 4.987 9.900
Ni ~0.8,0.6,0! 5.396 6.560 5.474 5.110 9.900
Mo ~0,0,0! 7.856 9.517 8.164 7.276 14.553

r

to
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TABLE IV. Calculated bonding energies~in eV! of surface and bulk atoms in L12– Pt3Co and L10–PtCo.

PtCo~L10) Coordinates ~100! ~110! ~111! ~210! bulk

Co ~0,0,0!,~1/2,1/2,0! 4.695 4.762 5.138 4.070 7.494
Pt ~0,1/2,1/2!,~1/2,0,1/2! 6.093 6.350 5.329 4.974 9.694

Pt3Co~L12) Coordinates ~100! ~110! ~111! ~210! bulk
Co ~0,0,0! 4.365 3.921 4.517 3.561 6.589
Pt ~0,1/2,1/2! 7.568 7.639 8.730 6.665 12.494
Pt ~1/2,1/2,0! 8.789 6.999 8.730 6.665 12.494
Pt ~1/2,0,1/2! 8.789 7.639 8.730 6.635 12.494
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erentially and hence are invisible in the FIM image of D03–
Fe3Al. This is in agreement with experiments.11–14

Figure 6 is only one possible atomic arrangement of
two top layers. There are numerous KS atoms on the lo
layers, which are impossible to describe explicitly. Mor
over, the detailed shape of a specimen tip is complicated
is not fully taken into account by our simple model. Ther
fore it is necessary to introduce a parameter to depict
bonding-energy difference between two species of KS
oms. As a^hkl& pole is formed by a series of~hkl! planes
intercepted by the tip envelope, it is reasonable to asses
difference by calculating the bonding energies of atoms
an ideal~hkl! surface. For example, in order to depict t
bonding-energy difference between Fe and Al KS atoms
Fe3Al ^001& pole, we can calculate the bonding energies
Fe and Al on an ideal~001! surface. An ideal surface mean
a plane cut along a perfect crystal lattice. The bonding
ergy of theith atom on the surface is defined by

Ei
s5 (

j 5” i , j Psurf
f i j ~r i j !, ~9!

where the summation is over all the other atoms. If the ato
of one species have largerEs than those of the other, thes
atoms will evaporate less easily from the tip surface.

In fact, the bonding-energy difference between atom
species on a surface is a manifestation of the bonding-en
difference within the crystal bulk. The bonding energy o
bulk atom is defined by

Ei
b5 (

j 5” i , j Pbulk
f i j ~r i j !, ~10!

where the summation is over all neighboring atoms in
crystal bulk. The value ofEb can be considered as the ener
required to remove an atom from its interior site to infinit
In a metal, all atoms have the sameEb, which is twice the
cohesive energy of the metal. However, nonequivalent at

TABLE V. Calculated bonding energies~in eV! of surface and bulk atoms
in L12–Ni3Al.

Coordinates ~100! ~110! ~111! ~210! Bulk

Al ~0,0,0! 6.608 6.007 6.666 5.516 10.042
Ni ~0,1/2,1/2! 5.754 5.259 5.945 4.816 8.837
Ni ~1/2,1/2,0! 5.818 5.248 5.459 4.816 8.837
Ni ~1/2,0,1/2! 5.818 5.259 5.945 4.843 8.837
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in an alloy have differentEb, whose composition-weighted
average gives twice the cohesive energy of the alloy.
largerEb means a stronger bonding between the atom and
neighbors. Generally speaking, atoms with largerEb also
have largerEs on surfaces. In the following section, w
present the calculated results of bothEs andEb.

IV. RESULTS

A. Fe3Al

The results for D03–Fe3Al are given in Table II. Al-
though the sublimation energy of aluminum is smaller th
that of iron, the bonding energyEb of Al atoms in D03–
Fe3Al is larger than that of Fe atoms. We find that this
caused by the interaction with the third nearest neighb
All of the third nearest neighbors of an Al atom in Fe3Al are
Al atoms, while at the corresponding distancefAl–Al is sig-
nificantly larger thanfFe–FeandfFe–Al.

On all the surfaces considered, the bonding energiesEs

of Al atoms are approximately 0.1–0.5 eV higher than tho
of Fe atoms. Consequently, Fe atoms will be removed se
tively from the tip surface and become invisible. This agre
with the experimental observation.11–14

B. Ni4Mo

According to the results for D1a–Ni4Mo in Table III, the
Eb of a Mo atom~14.55 eV! is much larger than that of a N
atom ~9.90 eV!. On all the surfaces considered, the bondi
energies of Mo atoms are also 2 to 3 eV larger than thos
Ni atoms. As a result, Ni atoms will evaporate at a mu
lower electric field, which is consistent with experiments.7–10

C. Pt–Co

The results for L10–PtCo and L12–Pt3Co are given in
Table IV. The bonding energies of Pt atoms are larger th

TABLE VI. Calculated bonding energies~in eV! of surface and bulk atoms
in L12–Ni3Fe.

Coordinates ~100! ~110! ~111! ~210! Bulk

Fe ~0,0,0! 6.470 5.603 6.504 4.980 9.307
Ni ~0,1/2,1/2! 6.223 5.302 5.978 4.940 8.905
Ni ~1/2,1/2,0! 5.791 5.347 5.978 4.940 8.905
Ni ~1/2,0,1/2! 5.791 5.302 5.978 4.975 8.905
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE VII. Imaging species obtained by selective field evaporation based on the bonding energies deri
the present work. The table also includes experimental results and predictions from conventional selecti
evaporation~based on cohesive energies of metals! and charge transfer~based on the electronegativity!.

D03–Fe3Al D1a–Ni4Mo L10–PtCo/L12Pt3Co L12–Ni3Al L12–Ni3Fe

Experiment Ala Mob Ptc Ald Fee

Conventional
selective evaporation Fe Mo Pt Ni Ni
Charge transfer Al Mo Co Al Fe
Present work Al Mo Pt Al Fe

aReferences 11–14.
bReferences 7–10.
cReferences 4–6.
dReference 30.
eReference 29.
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those of Co atoms on all the surfaces considered. Acc
ingly, Co atoms tend to evaporate more easily in both all
and will be invisible in the FIM image, which agrees wi
experiments.4–6

D. Ni3Al

The bonding energy of Al bulk atoms in L12-Ni3Al is
larger than that of Ni atoms by 1.20 eV~see Table V! and the
Es of Al surface atoms are also larger than those of Ni s
face atoms. Thus Al will be the imaging species. This res
is in agreement with the experiments by Miller,27 Brenner
and Ming-Jiang.28

E. Ni3Fe

The sublimation energy of nickel is 4.44 eV, which
larger than that of iron~4.28 eV!.24 According to the conven-
tional viewpoint of selective field evaporation,1,3,11 Ni will
be the imaging species in L12–Ni3Fe. Nevertheless, our ca
culation shows that on all the low-index surfaces the bond
energies of Ni atoms are smaller than those of Fe atoms~see
Table VI!, which leads to the conclusion that Fe atoms w
be the bright ones in the FIM image of Ni3Fe. Indeed, there
is indirect experimental evidence supporting our result. I
FIM image for a^100& antiphase boundary of Ni3Fe,29 the
clear semi-ring structure indicates that Fe is the imaging s
cies since there are Fe atoms on every other layer and
atoms on every layer. If the imaging species is Ni, both se
parts of each ring would be bright.

V. DISCUSSION AND CONCLUSION

The mechanism of FIM image formation for ordered
loys has been a well-known experimental puzzle for alm
30 years. In the past, two explanations were propos
namely the selective field evaporation4 and the selective
ionization5~or charge transfer!. According to the selective
ionization mechanism, since the electrons in a binary a
transfer from the atomic species of smaller electronegati
to the other one, the local electric field at the sites of
former species is enhanced. Consequently, imaging ga
oms will be preferentially ionized at these sites, and give r
to bright image. However, the present work is based on
viewpoint that the selective field evaporation is the contr
ep 2002 to 159.226.228.5. Redistribution subject to A
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ling factor because it forms the surface structure on the a
of a FIM tip before the occurrence of the selecti
ionization.4

In the present work, the bonding energies of surface
oms of intermetallic compounds are calculated in order
predict qualitatively a selective field evaporation of o
atomic species under typical conditions for FIM. It is a
sumed that atoms with smaller bonding energies will be
moved selectively during field evaporation. In Table VII, o
predictions are compared with experimental results and
dictions made by other models. The table shows that nei
conventional selective field evaporation~based on cohesive
energies of the metals! nor the charge transfer~based on the
electronegativity! can explain all the observations. The sele
tive field evaporation based on bonding energies derived
the present computational method correctly predicts the
lective evaporation of Fe, Ni, and Co in FIM tips of Fe3Al,
Ni4Mo, and Pt–Co, respectively. Al atoms are found mo
stable than Ni atoms on FIM tips of Ni3Al, which coincides
with most experiments.

The good agreement with experiments can be attribu
to the fact that the present calculational model has taken
account the bonding in alloys during the derivation of p
potentials and the calculation of bonding energies of surf
atoms. On the other hand, our results indicate that the su
mation energies of metals cannot be used to estimate
bond strength and the field-evaporation stabilities of the c
responding atoms in alloys.

For further study, we might consider some predictio
for FIM image contrast for ternary compounds by using t
model. A relatively simple model of pair potential has be
used in the present work. The many-body effect in the int
atomic potentials might have to be taken into account.
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