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Abstract. The surface segregation energies for a single metal impurity to the (100)
surface of nine fcc metals (Cu, Ag, Au, Ni, Pd, Pt, Rh, Al and Ir) have been calculated
using the MAEAM and molecular dynamics (MD) simulation. The results show that the
effect of the surface is down to the fourth-layer and an oscillatory or monotonic damping
(|E1| > |E2| > |Es| > |E4|) phenomenon in segregation energy has been obtained. The
absolute value of the segregation energy FEi for a single impurity in the first atomic layer
is much higher than that in the nether layers. Thus, whether the surface segregation will
work or not is mainly determined by E; which is in good relation to the differences in
surface energy between the impurity and host crystals AQ = Qimp — Qnos. S0 we conclude
that an impurity with lower surface energy will segregate to the surface of the host with
higher surface energy.
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1. Introduction

The equilibrium compositions of the first few surface atom layers which differ from
the bulk ones in alloys is known as surface segregation phenomena. It plays a very
important role in many surface-related applications, such as corrosion, oxidation,
catalysis, tribology, epitaxial growth, morphology [1,2] and so on. With the fast
development of modern science and technology, many surface analytic techniques,
low-energy electron diffraction (LEED) [3], low-energy ion scattering (LEIS) [4],
Auger electron spectroscopy (AES) [5], atom-probe field ion microscopy (AP-FIM)
[6] etc., have been used to measure the surface chemical compositions of alloys
and compounds. In addition, many theoretical approaches, the first-principles [7],
density functional theory [8], Miedema theory [9,10], tight-binding approximation
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[11-13], pair-potential theory [14,15], quasi-atom theory [16] and effective-medium
theory [17] etc., have also been used to investigate the surface compositions and
structures.

In this paper, the surface segregation energy for a single metal impurity to the
(100) surface of nine fcc metals (Cu, Ag, Au, Ni, Pd, Pt, Rh, Al and Ir) has
been calculated using the modified analytic embedded-atom method (MAEAM).
The lattice relaxation is treated with the molecular dynamics (MD) simulation at
a temperature of absolute zero and constant volume. The results show that the
effect of the surface is down to the fourth-layer and an oscillatory or monotonic
damping (|E1| > |E2| > |E3| > |E4|) phenomenon in segregation energy has been
obtained. The absolute value of the segregation energy E; for a single impurity in
the first atomic layer is much higher than that in the nether layers. Thus, whether
the surface segregation will work or not is mainly determined by E; which is in
good relation to the differences in surface energy between the impurity and host
crystals AQ = Qimp — @hos- S0 we conclude that an impurity with lower surface
energy will segregate to the surface of the host with higher surface energy.

The MAEAM was chosen because it is reasonably good in constructing the inter-
atomic potentials for doped solid solution or alloy systems. In the embedded-atom
method (EAM) originally proposed by Daw and Baskes [18,19], the embedded en-
ergy and pair potential are not given in analytical forms and do not consider the
directional bonding of the atoms in a crystal. Thus EAM have no universality and
they are very difficult to be applied systematically to doped solid solutions or al-
loys [20], and hence only very limited properties of alloys are available in the alloy
systems. Thus, in order to construct one potential for doped solid solutions or alloy
systems, Johnson provided an analytic EAM (AEAM) for fce, bee and hep metals
[21-23]. Following AEAM, Zhang et al [24] developed MAEAM by adding an energy
modification term corresponding to a linear superposition of spherically averaged
atomic electron density. This method seemed advisable to employ rather than the
EAM for the calculations of doped solid solution and alloy, e.g. the elastic constants
Cy1, C12 and Cyy of NizAl calculated are 1197, 792 and 604 [25] by MAEAM, and
1572, 855 and 786 [26] by EAM. However, their experimental values are 1260, 790
and 736 eV-nm~2 [27]. In our previous papers [28-32], the MAEAM was employed
successfully to investigate the interface, grain boundary, surface adsorption and
point defects.

2. Methodology
2.1 MAEAM

In MAEAM, the total energy of a system E; is expressed as [24]

Bo= S Fp) +5 30 Y o) + Y M(P), (1)

i () i

pi= Y f(ry), (2)
3(#4)
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P = Z F2(rij)s (3)
)

j(#i

where F(p;) is the energy to embed an atom in site ¢ with electron density p;,
which is given by a linear superposition of the spherical averaged atomic electron
density of other atoms f(r;;), 7; is the separation distance of atom j from atom
i, ¢(ri;) is the pair potential between atoms i and j, and M (P;) is the modified
term, which describes the energy change due to the non-spherical distribution of
atomic electronic density and deviation from the linear superposition. Embedding
function F(p;), pair potential ¢(r;;), modified term M (P;), and atomic electron
density f(r;;) take the following forms [33,34]:

ro-nr-on(3)](2)

2 4 12
d(ri5) = ko + k1 <TU> + ko <%> + ks (ﬁe) , Tij < T2, (D)

Tle Tle Tij

5-9)

f(rij) = fe (Tle>6 (7)

Tij

where the subscript e denotes equilibrium state and r is the first nearest neighbor
distance at equilibrium. In this paper, the atomic electron density at equilibrium
state f. is chosen as [34]

_ 3/5
= (B ®

where Q = a®/4 is the atomic volume in a metal with fcc structure.

The seven parameters n, a, Fy, ko, k1, k2 and k3 in eqs (4)—(6) can be determined
by fitting the cohesion energy FE., the mono-vacancy formation energy Fir given
by Eif = EY — (Ey — E.), where EY and F; are the total energies of the lattices
with and without a vacancy and E. is the cohesion energy and compensates for
the missing atom, the lattice constant a, and elastic constants C11, C12 and Cyy.
According to the principle that the energy versus separation distance curve fits the
Rose equation [35], we get

" \/Q(Cu +2C12)(Ch1 — Ch2) )

(216 E1:Cyyq)

o = Q(Clg — 044) _ n2F0
32 8 ’

(10)
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Fy = E. — Ey;. (11)

The parameters of the potential energy kg, k1, ko and k3 can be calculated with
the following formulae [34]:

Eir Q(—2989C11 + 2989C12 4 5481C44)

Fo=——9~ 42840 ’ (12)
Q(— 1311

. (—939C1; + 939C15 + 13 Ch4)’ 13

9520

(320, — 3205 —

k2 _ (3 011 3 012 33044)’ (14)

1020

Q _

ey = 8Q(—C11 + Cra + 9044). (15)

5355

According to the analysis of Zhang et al, the pair-potential ¢(r;;) represented by eq.
(5) is available only for the separated distance between atoms, is shorter than the
second neighbor distance ro, and should be substituted by following cubic spline
function (termed as a cut-off potential) while the separated distance between atoms
varies in the range 79, to 7. [33]:

2
.y .y
) =lo+ 1 [ 2L — L | 2L —
B(rij) oth (T2€ ) + U (me )

3

[

+l3 (” — ) y  T2e < Tij <re. (16)
T2e

Four parameters Iy, Iy, I, I3 and cut-off radius r. are taken as

lo = ko + k15% 4 kos® + kgs ™12, (17)

1 = 2]6182 =+ 4k1284 — 12](535_12, (18)
214 3lp

I = — _ 19

- (- 1
l 21

13 == ! + 0 (20)

(v=12 (y=1¥

Te = T2 + 0‘75(T38 - TQe)a (21)

where 75, and r3. are the second and third neighbor distance at equilibrium, s =
T9¢/T1e and v = r¢/Tae, respectively.
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Table 1. The input physical parameters for nine fcc metals [36-39].

a E. FEis Ci1 Ci2 Caa
Metal (A) (eV) (eV) (eV-nm™?) (eV-nm™?) (eV-nm™?)
Cu 3.6147  3.49 1.17 1050 760 470
Ag 4.0857  2.95 1.10 770 570 280
Au 4.0788  3.81 0.90 1190 1010 260
Ni 3.5236  4.44 1.45 1540 960 760
Pd 3.8907  3.89 1.30 1400 1080 450
Pt 3.9239 5.84 1.20 2120 1720 520
Rh 3.8401 5.75 2.90 2470 1450 1380
Al 4.0496  3.39 0.64 650 460 270
Ir 3.8389  6.94 3.50 3550 1940 2060

The input physical parameters are listed in table 1, and the calculated model
parameters fe, n, a, Fo, k; and [; (i =0, 1,2, 3) for nine fcc metals Cu, Ag, Au, Ni,
Pd, Pt, Rh, Al and Ir are listed in table 2 for convenience.

In the present paper, the alloy interaction potential between different atomic
species is that of Johnson with some modification, as follows [40]:

1 [QPf5(r) QA fA(r)

AB

I 22
¢ (T') 2 QAfA(T) (T)+QBfB(T)¢ (T) I ( )
here the superscripts A and B in the atomic volume 2, electron density function
f(r) and interactive potential ¢(r) represent atoms A and B respectively.

2.2 Computational procedure

The total number of atoms is 1445 and that of the atoms on each layer is 85, a
surface super-cell containing 17 layers of (100) atomic plane from the bottom of
the cell along the z-axis are used for each fcc metal, which is large enough to model
the surface interaction and effects between the host and impurity atoms. A mantle
of the atoms fixed at their perfect lattice positions around the super-cell is used as
boundary to ensure that each atom in the super-cell has a complete set of neighbors
within the range of interatomic potential except for introduction of the surface. The
lattice relaxation that resulted from the existence of the interaction between the
host and impurity atoms are treated with the MD simulation [33,34]. The force
applied to the ith atom from the other atoms is calculated by

aE 1, l

£ e S ¥ een

ij méz) "
+2M'(P) N f(rij) £ (ry) p” } (23)

(1) Y

where the superscript o (denoted by z, y or z) in f* and r7; represents the ath
component of the force (f;) and the separation distance (r;;) of atom j from
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atom i. E; = F(p;)+ % > (i) @(rij) + M(F;) is the energy contribution from atom
1 and eq. (1) becomes

B, =) E. (24)

3. Results and discussion

The simulation is done for some time under zero temperature and zero pressure for
equilibration purposes, because the computation simulation technique we employ
does not explicitly account for the effect of temperature, and the corresponding
results are strictly consistent with 0 K data. In order to assess the stability of the
impurity in different sites of the crystallite, we simulate the energy for an impu-
rity atom in different non-equivalent impurity positions of nine fcc metal (100)
surfaces based on the energy minimization principle. The resulting equilibrated
configuration is mapped onto its corresponding local minimum-energy configura-
tion by simulation. In all calculations a sufficient number of atoms around the
mobile impurity are treated as movable discrete particles. The calculation treats
the distortion of the lattice far from impurity as the superposition of displacement
fields of point forces in the elastic continuum. The electronic contributions to the
relaxation of the lattice due to the redistribution of the electrons are neglected.
The lattice distortion in the vicinity of the impurity is determined by an iteration
process minimizing the energy: at each step one calculates the displacements of
the atoms from the ‘equilibrium positions’ given in the previous step; in this way
rapid convergence is attained. In all cases the impurity produces a displacement
of the host atoms surrounding it, and during relaxation of the lattice the impu-
rity migrates from an arbitrarily chosen position into an equilibrium configuration.
The stability of the various configurations versus different impurity sites is beyond
the scope of this work, and we have just observed the most stable and relatively
immobile surface segregation configurations.

For the extreme dilute limits of the alloy, a single impurity in a lattice point
can be assumed to be created by substituting a host atom from the corresponding
position. The surface segregation energy F, which is defined as the difference in
energy for placing a substitutional impurity or solute atom at different surface
atomic layers of an otherwise pure material relative to placing the substitutional
impurity in the bulk, is calculated for a single impurity placed in each atomic plane
of the nine fcc metal (100) surfaces.

The results show that the effect of the surface to the segregation energy is only
down to the fourth-layer. So they are listed in table 3 (top lines) together with
other available theoretical and experimental values for comparing, and the more
accurate first principle values [67,68] are listed in the last lines of table 3. From en-
ergy minimization and definition of the surface segregation energy above, we know
that a negative value of a surface segregation energy E on an atomic layer implies
that the impurity or solute will exist in that layer. On the contrary, a positive
value of a surface segregation energy E on an atomic layer implies that the impu-
rity or solute cannot exist in that layer. Excepting Ni in Pt host, our calculated
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Figure 1. Relation between the segregation energy of the first layer E; (eV)
and the differences in the (1 00) surface energy of the impurity to host crystals
AQ = Qimp — Qnos (mJ-m™2) for nine fcc metals Cu, Ag, Au, Ni, Pd, Pt, Rh,
Al and Ir.

results are in good agreement with the available experimental results (table 3)
with Y’ representing the detected impurity in the surface and ‘N’ representing the
undetected impurity in the surface. In spite of our calculated values of segregation
energy not completely the same as other available theoretical results, the signs of the
segregation energy are identical. In this article, the surface segregation energies of
Rh and Ir are also calculated, which are not calculated in previous EAM calculation
[41]. Most of our calculated values, for example, Pd and Pt in Cu, Cu, Au and Ni
in Ag, Pd in Au, Rh in Ni, Ni and Ir in Pd and Ir in Rh, are closer to the first
principle values [67,68] than that calculated by EAM. Unfortunately, there are no
theoretical values that can be compared with Al.

An oscillatory damping phenomenon appears for a single impurity in each of the
first four layers other than a monotonic damping for Ag, Au or Pt in Cu, Au or
Pd in Ag, Ag or Pd in Au, Ag or Au in Ni, Ag, Au, Pt or Al in Pd, Cu, Ag or
Ni in Pt, and eight impurities in Ir host. An oscillation in the segregation energy
corresponds to an oscillation in the composition profile and a monotonic damping
means a composition convergence to the bulk value monotonically. Furthermore,
the absolute values of E; for a single impurity in the first layer is much higher than
the absolute values of Ey, E3 and E, for a single impurity in the second, third
and fourth layer. The results show that the effect of the surface is down to the
fourth-layer and an oscillatory or monotonic damping (|E1| > |E2| > |Es| > |E4|)
phenomenon in segregation energy has been obtained. Such a damping phenomenon
has also been observed in other calculations for £ and Fy excepting Cu or Ni in
Pd or Pt host, the segregation energies being larger for the second layer than for
the first layer [41].
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The absolute values of E; for a single impurity in the first layer is much higher
than that in the nether layers. Thus, the surface segregation will work or not is
mainly determined by the segregation energy of the first layer F;. In order to
explain the surface segregation phenomena, the relation between the segregation
energy of the first layer E; and the differences in the (100) surface energy [69]
of the impurity to host crystals AQ = Qimp — @hos is illustrated in figure 1. It is
interesting to note that 66 among 72 data points (excepting Au in Ag, Ag in Au, Cu
or Pt in Pd, Ni in Pt and Ir in Rh host) drop to the first and third quadrants. That
is, a positive (negative) segregation energy E; corresponds to a positive (negative)
difference in the (100) surface energy between the impurity and host crystals AQ.
Thus, we conclude that an impurity with lower surface energy will segregate to the
surface of the host with higher surface energy. On the other hand, an impurity with
higher surface energy cannot segregate to the surface of the host with higher surface
energy. For example, the eight impurities (except Ir in Rh host) can segregate to
the first layer of Rh or Ir host (100) surface since the surface energy of 2896 and
2895 mJ-m~2 for Rh and Ir respectively is higher than that of the other impurity
metals. On the contrary, all eight impurities cannot segregate to the first layer of
the Al host (100) surface since Al has the lowest surface energy (900 mJ-m~2).

4. Conclusions

Segregation of the impurity or solute to the surface, interface, grain or phase bound-
ary relates directly to many surface or interface phenomena. The surface segrega-
tion energies for a single impurity to the (100) surface have been calculated using
the MAEAM for nine fcc metals (Cu, Ag, Au, Ni, Pd, Pt, Rh, Al and Ir). The
lattice relaxation is treated with the molecular dynamics (MD) simulation at a
temperature of absolute zero at constant volume. The simulation configurations
have been iteratively computed based on the energy minimization principle. The
effect of the surface is only down to the fourth-layer and an oscillatory or monotonic
damping phenomenon in segregation energy has been observed. Examining the re-
lation between the segregation energy FEj for a single impurity in the first atomic
layer and the differences in surface energy between the impurity and host crystals
AQ = Qimp — @nos, We conclude that an impurity with lower surface energy will
segregate to the surface of the host with higher surface energy.
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