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Atom-by-atom chemistry of internal interfaces:
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Abstract

The length scales accessible to experimental techniques for analysis of the three-dimensional chemistry of solids and feasible for
atomistic simulation have converged. The three-dimensional atom probe is capable of reconstructing the chemistry of solids atom-by-atom
with subnanometer resolution, while atomistic simulation techniques can calculate similar quantities for ensembles of hundreds of
thousands of particles. We present recent progress in the calculation of the interfacial excess of a segregating species by both simulation
and experiment. q 2001 Elsevier Science B.V. All rights reserved.
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1. Three-dimensional atom probe

While atomic resolution microscopy techniques have
existed since the 1950s, only recently has three-dimen-

Ž .sional atom probe 3DAP microscopy been able to pro-
duce an accurate three-dimensional atom-by-atom recon-

w xstruction of a solid 1,2 . 3DAP microscopy combines the
time-of-flight mass spectrometry of a one-dimensional atom
probe with position sensitive detection used to add the
two-dimensional lateral positions of detected ions. This
position measurement has subnanometer resolution due to
the point-projection magnification of ions evaporated from
a sharp tip, while the layer-by-layer mode of evaporation
implies atomic scale resolution in the direction perpendicu-
lar to the surface. The result of a 3DAP analysis is a
three-dimensional reconstruction of positions and chemical
identities of all the detected atoms, which can exceed
60–65% of the total in the analyzed volume.

We apply 3DAP to the study of interfacial excess, the
thermodynamic quantity of segregation at an interface. The
experimental system studied is an alloy of Cu, 2.5 at.%,
Mg 0.8 at.% Ag, that has been internally oxidized to
produce MgO precipitates. Oxidation is performed at 9508C
for 2 h with an O partial pressure of 10y2 Pa established2

by a Rhines pack. Subsequent annealing is performed for
72 h at 5008C to increase the segregation of Ag at segrega-
tion sites in the solid, including the MgOrCu interfaces.
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Results from the 3DAP analysis of this sample are
partially shown in Fig. 1. One MgO precipitate appears on
the left side of the reconstruction. The complete analysis
includes a second precipitate. Previous TEM observations

w xindicate that the MgO particles are octahedral 3,4 , while
the precipitate in this 3DAP analysis appears elongated.
We believe that this is due to the uneven field evaporation
of the precipitate, both due to differences in the ionization
potentials of Mg and O, as well as changes in the local
electric field at the tip owing to the presence of a dielec-
tric. These effects also manifest themselves in an appar-
ently high concentration of Cu positioned inside the MgO

w xparticle in the 3DAP reconstruction 5 . TEM results do
not corroborate this measurement, and we thus, conclude
that it is an artifact of the field evaporation process.

Interfacial excess of a segregating species is a strict
thermodynamic quantity with units of number of segregat-
ing atoms per unit area of interface. It is given by

G s N yX PN rA. 1Ž . Ž .i i i v

N is the number of atoms of species i in a regioni

containing the interface. X is the bulk fraction of speciesi

i and N is the total number of atoms in the region: thusv

X PN is the number of species i expected in a region ofi v

the sample that does contain the interface. A is the area of
the interface. There is a correction factor for nondilute
solutions, which is not included here.

However, the interface is not at all planar, the exact
location of the MgOrCu interface is in question and there
is no guarantee that its location is or should be the same as
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Fig. 1. 3DAP reconstruction of an MgO precipitate in Cu. Mg atoms are open circles. O atoms are small filled circles. Ag atoms are large gray circles. Cu
atoms, the majority component, are not shown. This volume contains approximately 200,000 atoms detected and identified by 3DAP.

the position of a peak, due to segregation in the Ag
concentration. Thus, the area of the interface cannot be
calculated directly. These issues can be dealt with using

w xthe proxigram method 6 , which minimizes the error of a
calculation of interface excess while implicitly calculating
the appropriate area with the only assumption being the
absolute atomic density.

The proxigram for Ag with respect to the 11 at.% Mg
isoconcentration surface is presented in Fig. 2. In this
figure, 0 on the x-axis represents the precipitatermatrix
boundary. Negative values are the distance from the inter-
face on the matrix side. Positive values are inside the
precipitate. Each point is a concentration of Ag calculated
among all the detected atoms with a similar distance from
the interface. As such, the area under a peak in the
proxigram is proportional to the interfacial excess: the
conversion factor is the atomic density.

Fig. 2 shows a level Ag concentration in the bulk of
about 0.5 at.%. There is a small Ag peak consisting of two
points at the MgOrCu interface on the outside of the
precipitate. There is also a less significant peak at 12 nm

Fig. 2. Proxigram of Ag with respect to the 11 at.% Mg isoconcentration
surface. Essentially, this is a concentration profile defined as perpendicu-
lar to the irregular precipitatermatrix interface. Negative values are the
distance from the interface away from the precipitate.

from the interface, which might be caused by a precipitate
outside the field of view. The small peak at the interface
represents 46 extra Ag atoms in addition to the 250 Ag
atoms expected among the approximately 50,000 detected
atoms within a distance of 4 nm from the interface on the
Cu matrix side, and results in a calculated Gibbsian inter-
facial excess of 3.8=1017 atomsrm2 or 0.38 atomsrnm2.

2. Monte Carlo simulation

Simulation can also be used to calculate the interfacial
excess. In addition, information about how the excess
varies with other parameters is straightforward to imple-
ment. We give examples showing the spatial variation of
segregation at a grain boundary of a specific geometry.
That is, whereas the excess of segregation is strictly asso-
ciated with a two-dimensional interface, this does not
mean that the segregation is uniform in the plane of the
interface, which will differ depending on the structure of

Ž .the interface. The example here is a Ss33r 441 r
² :159.958C 110 symmetric tilt boundary. The simulation

cell is 2.89=1.51=6 nm and contains 2172 atoms.
Simulations are performed by constructing the desired

grain boundary in a cell with translational symmetry. The
Ž .embedded atom method EAM interatomic potential for
w xthe NiPd system is used 7 . The size of the cell in the

plane of the interface is constrained to the bulk lattice
constants. An initial structure for the boundary is con-
structed by placing the crystals from either side of the
boundary in contact with each other at different transla-
tions in the plane of the boundary, finding a minimum
energy structure for each, then selecting the lowest energy

w xstructure from them 8 .
The Metropolis algorithm with transmutation is em-

ployed. In this scheme, atomic positions and chemical
identities are altered, resulting in a change in energy for
the whole system. The alteration is accepted or rejected
based on a random number and the expected thermal
distribution, which is common in the Metropolis algorithm.
When changing the chemical identity of a particle, we
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Ž . Ž .² :Fig. 3. a Segregation map at a Ss33r 441 110 symmetric tilt
Ž .boundary. Darker sites represent higher Pd occupation probabilities. b

The same data in quantitative form. The y-axis shows the occupation
probability for Pd at each site.

assume a fixed chemical potential difference between the
species, and this difference is incorporated into the calcula-
tion of the energy change.

After minimizing the structure, the cell size is scaled by
a factor of 1.0075 to account for the thermal expansion to
600 K and the incorporation of 1 at.% Pd. The simulation
is run for 5000 Monte Carlo stepsratom for equilibration
before collecting data from the simulation, using a temper-
ature of 600 K and a chemical potential difference of 0.3
eVratom for the transition of Pd to Ni, which produces a
bulk concentration of about 1 at.% Pd. The chemical
identity of each atomic site is then recorded after each
iteration, thus an occupation probability is accumulated for
each atomic site for each species. This data is collected for
10,000–50,000 Monte Carlo stepsratom, depending on the
structure.

A result from such a simulation is shown in Fig. 3. This
simulation was run for 50,000 Monte Carlo stepsratom
after equilibration. There are a number of sites at the
boundary showing very pronounced segregation, with a
greater than 50% probability of being Pd at any one time,
and there are other sites at the boundary which show little

increase in Pd occupation probability. There is a pro-
nounced asymmetry in the distribution, although the mini-
mum energy structure for this boundary is symmetric. The
scatter in the data is due to the imperfect statistics of the
Monte Carlo method; there are small changes in the grain
boundary reconstructions that accompany the segregation,
making it difficult to sample the states for each configura-
tion evenly.

The magnitude of the Gibbsian segregation excess cal-
culated for this boundary at 600 K and bulk concentration
1 at.% Pd is 1.7=1019 atomsrm2 or 17 atomsrnm2. This
is a typical value for the different grain boundaries we

w xhave studied 4,5,8,9 . It is much higher than the detection
limit for 3DAP, as evidenced in this paper.

3. Conclusions

Experimental and computational techniques have con-
verged to give a detailed understanding of interfacial
chemistry on an atom-by-atom basis. 3DAP microscopy
provides sufficient experimental information to calculate
the interfacial excess of segregation, while simulation can
be used to calculate this same parameter and provide
additional information about the expected spatial distribu-
tion of the segregant, as well as other structural informa-
tion. We look to the near future to be able to use 3DAP
microscopy to measure interfacial excesses at grain bound-
aries or heterophase interfaces of known geometrical orien-
tations, in order to validate these simulation models.
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