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Semiempirical pair potentials, obtained by applying the Chen-inversion technique to a cohesion
equation of Roset al.[Phys. Rev. B9, 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 microscog¥IM). Based on this model, a successful interpretation of
FIM image contrasts for R@l, PtCo, PtCo, Niy;Mo, NizAl, and NisFe is given. ©1999 American
Institute of Physicg.S0021-897@09)07306-3

I. INTRODUCTION This article is organized as follows. In Sec. Il the inver-
sion technique to derive pair potentials is outlined. In the
There are perfect ring structures in the field-ion micros-beginning of Sec. Ill, we perform a direct simulation of a
copy (FIM) images of pure metals. The prominent poles inspecimen tip by calculating the bonding energies of various
these images correspond to the crystallographic planes d&ink site (KS) atoms. Then it is shown that the problem can
high atomic density. For ordered alloys similar ring struc-be simplified and the relative stability can be evaluated by
tures are also observed. In the FIM image of an orderethe bonding energies of surface atoms. The calculated results
binary alloy, usually one atomic species is bright whereas théor six kinds of ordered alloys are given in Sec. IV. Finally,
other is dim, or even invisibl&:? It is found that the invis- Sec. V includes discussion and conclusion.
ible species are Co in Pt—Co allo$® Ni in D1,—
Ni;Mo,"*°and Fe in D@-FegAl. 1114
This phenomenon can be related to the stability of thgl, DERIVATION OF PAIR POTENTIALS
respective atomic species towards field evapordfiaithen o ) )
voltage pulses are applied during tip preparation, one species 1h€ method of obtaining parameter-free pair potentials
will evaporate preferentially with respect to the otfieelec- from ab initio total energy calculations was first used by

: 16 17-19
tive field evaporatio)) thereby being removed from its pos- Carlsson, Gelatt, and Ehrenrei¢8GE).™ Chenet al.
sible imaging sites. The conventional viewpoint is that thelmProved the method based on the bilgs inversion formula

species with the smaller sublimation energy in the purein number theon?® Chen’s inversion technique has a faster
metal state evaporates more easfly! This can explain the convergence than the CGE method.

image contrast in some alloys including Pt—Co anghhg, According to pair potential approximation, the cohesive
but gives wrong predictions for EAl and NisFe. Due to the  €nergy of a metal can be expressed as

change in bonding during the formation of an alloy, the field- 17

evaporation stability of atoms in the alloy can barely be E(x)=§ n}_:l ro(n)d[bo(n)x], D

evaluated by the sublimation energies of the pure metals.
In this article, interatomic potentials are obtained via in-wherex is the nearest neighbor distanes,by(n)x] the pair
version fromab initio or semiempirical cohesive energy potential between two atoms separated by a disthg@e) x,
curves. Bonding energies of surface atoms of intermetalli@and ry(n) the number ofnth nearest neighbor atoms. To
compounds are calculated in order to predict the selectiveolve the pair potentiab(x) from Eq.(1), we first extend the
field evaporation behavior. A qualitative interpretation of im- series{by(n)} to {b(n)} to achieve multiplicative closeness.

age contrast for several alloys is presented. The closeness ensures that for any positive integeaadn,
there exists an integdsr satisfying the relation,
3E|ectronic mail: xge@race.u-tokyo.ac.jp b(k)=b(m)b(n). 2)
Ypresent address: Division of Applied Sciences, Harvard University, Cam- ) . )
bridge, MA 02138. Then, Eq.(1) is equivalent to the following:
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TABLE |. Import parameters of the Rose equation for metals and alloys. 02
Units are A for lattice constants, ON/m? for bulk modulus, and eV for

cohesive energy.

Lattice Bulk Cohesive
Structure  constantga/o modulus energy
Fe bcc 2.87 1.683 4.28
Al fcc 4.05 0.722 3.39
FesAl DO; 5.792 1.44T 422
Pt fcc 3.92 2.783 5.84
Co fce 3.43 2.91¢ 6.89
PtCo L1, 3.84 2.6 557
PtCo Ll 3.812/3.708
Ni fcc 3.52 1.860 4.44
Mo bce 3.15 2.725 6.82
NisMo L1, 3.58 257 5.67
Ni,Mo D1, 5.720/3.562
NigAl L1, 3.567 1.86° 457
NisFe L1, 3.552 2.68 450
aReference 22.
PLAPW calculation in this work.
‘Reference 23; other data from Ref. 24.
1 e
E(X)=5 2, r(n)¢[b(n)x], (3
n=1
where
ro(bg '[b(m1), if b(n)e{be(n)};
r(n)= 4

0, if  b(n)&{bo(n)}.

The lattice point is said to be virtual whar{n)=0. The
solution to Eq.(3) is given by

$(x)=22 |(ME[b(n)x], (5)
where the inversion coefficiem{n) is determined by
b(k)
—q[ B |
o [(nr|b (b(n)) Ot - (6)

Hence, if E(x) is known, the pair potentialb(x) can be

obtained from Eq(5). For E(x), we use the universal cohe-

sion equation of Roset al,?! namely,

E(X)=Eq(1+x*)e X", (7
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FIG. 1. Pair potentialgbre_rdX), da_a(X), and dee_a(X).
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FIG. 2. Pair potentialyi_ni(X), da_a(X), and dyi_a(X).

with

. /9BQ ( X 1)

= Eo %o '
where() andx, are the equilibrium atomic volume and near-
est neighbor distanc&, the sublimation energy, ard the
bulk modulus. The parameterxy, E,, and B) for the
present work are given in Table |, where experimental data
are used if available. The unavailable data of some alloys are
calculated from first principles through the following steps.
First, the cohesive energies of an alloy with different lattice
constants are calculated using the linearized augmented
plane-wave(LAPW) method?>?® These data are then fitted
to the Rose equation to obtain the parametgrsE,, andB.

It is found that the calculated data can be well fitted to the
Rose equation.

From the cohesion equations of metals, the pair poten-
tials between identical atom$&e—Fe, Al-Al, etd. can be
directly obtained by using Eq5). For the pair potentials
between unlike atomgFe—Al, Ni—Al, etc) we usepartial
cohesive energy curvesf intermetallic compounds For
example, in the case of E&l, a partial cohesive energy
curve Ep._p(X) is calculated by subtracting the Fe—Fe and
Al-Al interactions from the cohesion equation of 30
Fe;Al. BecauseEg._a(X) can be written as the summation
of ¢re_a(X) in the form of Eq.(1), the formal solution to Eq.

(1) given by Eg.(5) is applicable to computebg._a(X)
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FIG. 3. Pair potentialgy;_ni(X), Pre_rdX), and ¢ni_gdX).
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FIG. 4. Pair potential®yi_ni(X), Pmo-mo(X), and dpi_mo(X)-
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FIG. 5. Pair potential$p;_p(X), ¢co_cdX), and ¢pi_cdX).

O Al atoms of the second layer
:Fe atoms of the second layer
@ Fe atoms of the top layer
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TABLE Il. Calculated bonding energigs eV) of surface and bulk atoms
in DO;—FegAl. The coordinates of atoms in the unit cell in the second
column should be repeated by addin@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

from Ere_a(X). That is to say, pair potentials between unlike
atoms can be derived from cohesive energy curves of alloys.
Figure 1 shows the pair potentials for the simulation of
Fe;Al, namely, ¢re_rdX), Pre-alX), and ¢a_ai(x). Simi-
larly, Figs. 2 and 3 are potential functions for;Ml and
NiszFe. Since it is difficult to perform LAPW calculations for
D1,—Ni;Mo, we calculate the cohesive energy curve of
NizMo with L1, structure and derivéby;_yo(X) from it (Fig.
4). It is assumed that the potential is transferable tgMdi.
As the hcp structure of Co witt/a=1.6215 is inconvenient
for inversion, ¢pco_cd X) is derived from the calculated co-
hesive energy curve of fcc Co. The pair potentigl_c{X)
(Fig. 5 is obtained from the partial cohesive energy curve of
L1,—PtCo.

Ill. CALCULATION OF BONDING ENERGIES

The tip of a FIM specimen is nearly hemispherical with
a radius of curvature of about 500—1000 A. As an example,
Fig. 6 shows one possible atomistic configuration of the two
top layers of &001) pole of DG;—Fe&Al. The radius of cur-
vature is assumed to be 500 A. The first layer contains only
Fe atoms and the second layer contains both Fe and Al at-
oms. Since field evaporation occurs exclusively from kink
sites (KSs), the relative stability of atomic species can be
determined by the bonding energies of different atoms at the
KSs. The bonding energy of tlith KS atom is defined as the
sum of pair potentials between tlith atom and the other
atoms on the tip, namely

El= > ?ij(rij)- 8
j#i,j etip
The calculated bonding energies of some KS atoms are also
provided in Fig. 6. The bonding energy of an Fe KS atom is
about 4.10 eV in the pure layer and 4.20 eV in the mixed
layer, while Al KS atoms have higher bonding energies of
about 4.50 eV. Therefore, Fe atoms tend to evaporate pref-

TABLE lll. Calculated bonding energig@ eV) of surface and bulk atoms
in D1,—NizsMo. The coordinates of atoms in the unit cell in the second
column should be repeated by additig2,1/2,1/2.

Coordinates (100 (001 (110 (111 Bulk

Ni (0.2,0.4,0 5.014 6.560 5.200 4.791 9.900
FIG. 6. A top view of the atomic arrangement of the first and second layer Ni (0.602,0 5211 6560 4.008 4914  9.900
of a(001) pole of a D@-FeAl FIM tip. The radius of curvature is 500 A. Ni (04080 5199 6560 5666 4.987 9.900
The number next to a kink site atom denotes the bonding endigie¥) of Ni (0.8,0.6,0 5396 6.560 5474 5.110 9.900
the atom. Note that one fourth of the second layer is not shown in order to Mo (0,0,0 7.856 9.517 8.164 7.276 14.553

make the top layer clear.
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TABLE IV. Calculated bonding energigi eV) of surface and bulk atoms in L PtCo and L}—PtCo.

PtCdL1,) Coordinates (100 (110 (111 (210 bulk
Co (0,0,0,(1/2,1/2,9 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 4974 9.694
PtCo(L1,) Coordinates (100 (1120 (111 (210 bulk
Co 0,0,0 4.365 3.921 4517 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

erentially and hence are invisible in the FIM image of;00 in an alloy have differenE®, whose composition-weighted

FeAl This is in agreement with experimenits:** average gives twice the cohesive energy of the alloy. A
Figure 6 is only one possible atomic arrangement of thdargerE® means a stronger bonding between the atom and its

two top layers. There are numerous KS atoms on the loweeighbors. Generally speaking, atoms with larg€r also

layers, which are impossible to describe explicitly. More-have largerE® on surfaces. In the following section, we

over, the detailed shape of a specimen tip is complicated arresent the calculated results of b&handE".

is not fully taken into account by our simple model. There-

fore it is necessary to introduce a parameter to depict the/. RESULTS

bonding-energy difference between two species of KS at—A Fe.Al

oms. As a(hkl) pole is formed by a series ¢hkl) planes s

intercepted by the tip envelope, it is reasonable to assess the The results for D§-FgAl are given in Table Il. Al-

difference by calculating the bonding energies of atoms orthough the sublimation energy of aluminum is smaller than

an ideal(hkl) surface. For example, in order to depict thethat of iron, the bonding energg® of Al atoms in DQ—

bonding-energy difference between Fe and Al KS atoms aFeAl is larger than that of Fe atoms. We find that this is

Fe;Al (001) pole, we can calculate the bonding energies ofcaused by the interaction with the third nearest neighbors.

Fe and Al on an ideal001) surface. An ideal surface means All of the third nearest neighbors of an Al atom inA¢ are

a plane cut along a perfect crystal lattice. The bonding enAl atoms, while at the corresponding distangg_,, is Sig-

ergy of theith atom on the surface is defined by nificantly larger thanpge_gecand dpe_a)-
On all the surfaces considered, the bonding energfes
Ej= > &ii(ri)), 9) of Al atoms are approximately 0.1-0.5 eV higher than those
j#i,jesurf of Fe atoms. Consequently, Fe atoms will be removed selec-

where the summation is over all the other atoms. If the atom#vely from the tip surface and become invisible. This agrees
of one species have larg&® than those of the other, these With the experimental observatidf.**
atoms will evaporate less easily from the tip surface.

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

According to the results for DENiyMo in Table IlI, the

EP of a Mo atom(14.55 eV} is much larger than that of a Ni

atom(9.90 eVj. On all the surfaces considered, the bonding

Eb_ E bi(r) (10 er_lergies of Mo atoms are also 2 to 3 eV larger than those of
Vi Ni atoms. As a result, Ni atoms will evaporate at a much

L . . . lower electric field, which is consistent with experimeft¥’
where the summation is over all neighboring atoms in the

crystal bulk. The value dE® can be considered as the energy
required to remove an atom from its interior site to infinity. C. Pt-Co
In a metal, all atoms have the sar&®&, which is twice the The results for L3—PtCo and Li-PtCo are given in

cohesive energy of the metal. However, nonequivalent atonsable 1V. The bonding energies of Pt atoms are larger than

TABLE V. Calculated bonding energiés eV) of surface and bulk atoms TABLE VI. Calculated bonding energigs eV) of surface and bulk atoms

in L1,—NizAl. in L1,—NizFe.
Coordinates (100 (110 (112 (210 Bulk Coordinates (100 (110 (111 (210 Bulk
Al (0,0,0 6.608 6.007 6.666 5.516 10.042 Fe (0,0,0 6.470 5.603 6.504 4.980 9.307
Ni (0,1/2,1/2 5.754 5.259 5.945 4.816 8.837 Ni (0,1/2,1/2 6.223 5.302 5.978 4.940 8.905
Ni (1/2,1/2,0 5.818 5.248 5.459 4.816 8.837 Ni (1/2,1/2,0 5.791 5.347 5.978 4.940 8.905
Ni (1/2,0,1/2 5.818 5.259 5.945  4.843 8.837 Ni (1/2,0,1/2 5.791 5.302 5.978 4.975 8.905
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TABLE VII. Imaging species obtained by selective field evaporation based on the bonding energies derived by
the present work. The table also includes experimental results and predictions from conventional selective field
evaporation(based on cohesive energies of metalsd charge transfdbased on the electronegativity

DO;—FeAl  D1,~NigMo L1,~PtCo/LLPCo  L1,—NisAl  L1,-NisFe

Experiment AR MoP Pt Ald Fef
Conventional

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

%References 11-14.
bReferences 7—-10.
‘References 4-6.
YReference 30.
®Reference 29.

those of Co atoms on all the surfaces considered. According factor because it forms the surface structure on the apex
ingly, Co atoms tend to evaporate more easily in both alloyof a FIM tip before the occurrence of the selective
and will be invisible in the FIM image, which agrees with ionization?

experiment$® In the present work, the bonding energies of surface at-
oms of intermetallic compounds are calculated in order to
D. NizAl predict qualitatively a selective field evaporation of one

atomic species under typical conditions for FIM. It is as-

. sumed that atoms with smaller bonding energies will be re-
Iasrger than that of Ni atoms by 1.20 évee Table Yand the 1,46 selectively during field evaporation. In Table VII, our
E> of Al surface atoms are also larger than those of Ni SUryegictions are compared with experimental results and pre-
faqe atoms. Thus Al will be the Imaging Species. This resuIHictions made by other models. The table shows that neither
is in agreement with the experiments by MilférBrenner conventional selective field evaporati@mased on cohesive

The bonding energy of Al bulk atoms in L-NizAl is

; 028
and Ming-Jiand. energies of the metalsor the charge transfébased on the
_ electronegativity can explain all the observations. The selec-
E. NisFe tive field evaporation based on bonding energies derived by

The sublimation energy of nickel is 4.44 eV, which is the present computational method correctly predicts the se-

larger than that of iroit4.28 eVj.24 According to the conven- |€ctive evaporation of Fe, Ni, and Co in FIM tips of 474,
tional viewpoint of selective field evaporatiditt Ni will ~ NisMo, and Pt—Co, respectively. Al atoms are found more
be the imaging species in L2NisFe. Nevertheless, our cal- stable than Ni atoms on FIM tips of M\, which coincides

culation shows that on all the low-index surfaces the bonding!ith most experiments. _ _
energies of Ni atoms are smaller than those of Fe ate@es The good agreement with experiments can be attributed
Table VI), which leads to the conclusion that Fe atoms will to the fact that the present calculational model has taken into

be the bright ones in the FIM image of {ffee. Indeed, there account the bonding in alloys during the derivation of pair
is indirect experimental evidence supporting our result. In otentials and the calculation of bonding energies of surface
FIM image for a(100) antiphase boundary of NFe2® the atoms. On the other hand, our results indicate that the subli-

clear semi-ring structure indicates that Fe is the imaging spdlation energies of metals cannot be used to estimate the
cies since there are Fe atoms on every other layer and Npond strength and the field-evaporation stabilities of the cor-

atoms on every layer. If the imaging species is Ni, both semif€SPonding atoms in alloys. _ o
parts of each ring would be bright. For further study, we might consider some predictions

for FIM image contrast for ternary compounds by using this
model. A relatively simple model of pair potential has been
used in the present work. The many-body effect in the inter-
The mechanism of FIM image formation for ordered al- atomic potentials might have to be taken into account.
loys has been a well-known experimental puzzle for almost
30 years. In the past, two explanations were proposedA,‘CKNOWLEDGMENTS
namely the selective field evaporatfoand the selective The authors are greatly indebted to Y. Wu, Z. G. Liu, S.
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V. DISCUSSION AND CONCLUSION
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