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Effect of surface stress on Ni segregation in„110… NiAl thin films

J. A. Brown and Y. Mishin
School of Computational Sciences, George Mason University, Fairfax, Virginia 22030, USA

~Received 1 December 2003; published 11 May 2004!

Molecular statics and Monte Carlo simulations in conjunction with an embedded-atom potential are applied
to study surface stresses and surface segregation in~110! NiAl free-standing thin films with different thick-
nesses. Ni always segregates to the surface for both stoichiometric and Ni-rich bulk compositions. The amount
of segregation and the lateral deformation of the film both vary in inverse proportion to the film thickness. The
size effect of segregation is explained by the elastic deformation of the film in response to the surface stress.
It is predicted that the surface free energy decreases and the surface stress increases as the film becomes
thinner. These effects are not specific to free-standing films but are also relevant to films on substrates,
multilayers, new phase nuclei, and similar situations.
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I. INTRODUCTION

Segregation at surfaces and interfaces in alloys and c
pounds plays a significant role in many processes.1,2 In thin
films, segregation characteristics may depend on the
thickness for a variety of reasons. One of them is an ove
of opposing near-surface regions affected by the segrega
Another one is the limited amount of the segregating ato
in the film, which leads to a decrease in the bulk concen
tion as the segregation proceeds.3,4 In this paper, we point to
yet another possible source of the size effect of segrega
Namely, in a free-standing film, the surfaces produce a
mogeneous mechanical stress inside the film.5–10 This stress
shifts the chemical potentials of atoms in the film and alt
the segregation level. The same effect should take place
film attached to a substrate, except that it is the film/subst
interface stress that gives rise to the bulk stresses.

This effect can only be significant if the film thicknessL
is small enough to produce a high level of stresses
strains in its interior~bulk!. The surfaces of a solid film ar
always subject to a surface stresst i j , which is represented
by a symmetric tensor with principal valuest11 and t22.
Usually botht11 andt22 are positive, meaning that the su
faces are under tension. In an attempt to reduce interato
distances in the surface layer, the surfaces shrink slightl
an elastic manner and compress the film in lateral directio
thus producing a bulk stresss i j . For a free-standing film, its
dimension normal to the surfaces may increase slightly
to the Poisson effect. Since the surfaces are free, the no
component,s33, of the bulk stress must be zero. Furthe
more, in many cases the principal axes ofs i j in the lateral
directions are parallel to the principal axes oft i j by symme-
try. Then, the mechanical equilibrium condition of th
film reduces to the simple relationss11522t11/L, s22
522t22/L, and s3350. Introducing the average surfac
stresst5(t111t22)/2 and the hydrostatic bulk pressurep
52(s111s221s33)/3, we have

p5
4t

3L
. ~1!
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This equation is a particular case of the more general rela
(3/2)pV5tA, whereV andA are the volume and area of th
solid.11 It also holds for liquids, except thatt should be
replaced by the surface free energyg. The surface layer of a
liquid can contract plastically by burying some of the surfa
atoms into the bulk, a process in whichg remains constant
In contrast, a solid surface contracts elastically, i.e., with
changing the number of atoms exposed to vacuum.

Thus, in a solid film it is important that Eq.~1! includes
the surface stress and not the surface free energy. The
quantities are related to one another by5,6,10

t i j 5d i j g1
]g

]« i j
, ~2!

« i j being a 232 elastic strain tensor of the surface. For t
average surface stress we have

t5g1A
]g

]A
. ~3!

Due to the second term on the right-hand side of this eq
tion, t can be larger thang, smaller, or even negative~which
g can never be!.

The bulk pressure induced by the surfaces shifts
chemical potentialm i of each chemical componenti by the
amount pv i , where v i is the partial molar volume of the
component. Such shifts generally destroy the exist
surface-bulk equilibrium and modify the segregations of
components. Furthermore, the accompanying contractio
the film reduces interatomic spacings at the surface and
affect its segregation characteristics as well. The surface
energy may also change as it depends, through the G
adsorption equation, on the chemical potentials, temperat
and the film deformation.5 Equation~1! shows that all cor-
rections to thermodynamic quantities arising from the s
face stress should decrease with the film thickness as 1/L.

We will demonstrate this effect by employing a (110
NiAl thin film as a model system. NiAl has a B2~CsCl-type!
structure that accommodates up to 10 at. % deviations f
the exact stoichiometry. The choice of NiAl as a model s
tem is dictated by two considerations. First, this compou
©2004 The American Physical Society07-1
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has a significant technological importance that motivate
pursuit of fundamental understanding of its physic
properties.12 The surface structure and composition of Ni
are of interest in connection with its oxidation resistan
fracture crack propagation, and other properties.

Secondly, in a previous paper13 we have reported atomis
tic Monte Carlo simulations of the~110!, ~100!, and ~111!
NiAl surfaces for the stoichiometric and two Ni-rich bu
compositions. The goal of that work was to examine
effect of surface orientation and termination on the surf
structure, and in particular to understand the mechanism
which a NiAl surface can accommodate or eliminate an
favorable termination. Since we have a well-establish
methodology for that system, it was advantageous to cho
it also for the present work. However, the focus of t
present work is essentially different. We now wish to exa
ine the effect of the film thickness on surface segregation
establish the origin of this effect. Thus, in this work we fir
examine in detail the stress distribution across a~110! NiAl
thin film. We then perform accurate Monte Carlo calculatio
of Ni segregation profiles for several thicknesses of the fi
and several bulk compositions at a fixed temperature.
results reveal that the segregation isotherm depends on
film thickness. Furthermore, this dependence follows theL
rule, which proves that the size effect of segregation
served in this work originates from surface stresses.

II. CALCULATION OF SURFACE STRESSES

Atomic interactions in NiAl are modeled by a
embedded-atom method~EAM! potential constructed by fit
ting to experimental and first-principles data.14 The potential
accurately reproduces lattice properties of NiAl, includi
elastic constants, thermal expansion, and phonon freq
cies. It also predicts reasonable values of point-defect e
gies, planar fault energies, and surface energies, inclu
the reproduction of the rippled relaxation of the (11
surface.14 This potential was employed in our previous wo
on NiAl surfaces.13

The EAM gives direct access to the mechanical str
tensor on individual atoms. The latter is given by15,16

s i j
a 5

1

Va
(

bÞa
F1

2
Vab8 ~Rab!

1Fa8 ~ r̄a!rb8 ~Rab!GRab iRab j

Rab
, ~4!

where the symbolsa and b enumerate atoms,i and j are
Cartesian components of vectors and tensors,Rab is the in-
teratomic distance,Vab(R) is the pair interaction function
rb(R) is the electron density induced by atomb, Fa( r̄) is
the embedding energy of atoma, r̄a is the background elec
tron density on the location of atoma, andVa is the atomic
volume assigned to atoma. While the way the total volume
is partitioned between atoms is somewhat arbitrary, the
erage stress in the solid,
19540
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V (
a

s i j
a Va , ~5!

does not depend on the choice of individual atomic volum
In this work, we chooseVa5V0 ~equilibrium atomic vol-
ume in the perfect lattice!.

Figure 1 displays the calculated stress distribution acr
a 2.6-nm-thick~110! NiAl film. Periodic boundary condi-
tions are applied in directions parallel to the surface. We p
the normal stresss33 and the average lateral stresss l
5(s111s22)/2 in individual ~110! layers. Each layer con
tains an equal number of Ni and Al atoms, whose relax
positions are slightly offset in opposite directions relative
an ideal lattice plane. This so-called rippled relaxation17–20is
strongest in the top surface layer and decays rapidly w
depth. It should be mentioned that Ni and Al atoms are s
ject to very different stresses. In the perfect lattice, su
stresses are isotropic and equal to26.38 GPa~compression!
for Ni and 6.38 GPa~expansion! for Al, so that the average
stress is zero. Near the surface, these stresses become
tropic and deviate from their bulk values. The stresses p
ted in Fig. 1 are averaged over Ni and Al atoms in each~110!
layer.

In Fig. 1~a!, the film is only relaxed with respect to loca
atomic displacement while its lateral dimensions are k
fixed at the bulk values. We observe that boths33 ands l are
zero in the bulk and become positive on the surfaces, refl

FIG. 1. Calculated lateral (s) and normal (h) mechanical
stresses across a~110! NiAl thin film. ~a! Unrelaxed state;~b! re-
laxed state. The vertical dashed lines mark the film surfaces.
7-2
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EFFECT OF SURFACE STRESS ON Ni SEGREGATION . . . PHYSICAL REVIEW B69, 195407 ~2004!
ing the fact that the surfaces are under tension. One or
under-surface layers, however, are under some compres
For the normal stresss33, the tension and compression com
pensate for each other, resulting in the expected rela
s̄3350. In contrast, there is a nonzero net lateral stress in
film, s̄ l , that allows us to determine the average surfa
stresst,

t5
L

2
s̄ l . ~6!

Calculations from this relation givet52.40 J/m2 practically
independent of the film thickness. Notice that this surfa
stress is significantly larger than the surface free energg
51.25 J/m2 computed with the same EAM potential,14 sug-
gesting that the termA]g/]A in Eq. ~3! is positive and has
the same order of magnitude asg. A more general form of
Eq. ~6!, t i j 5Ls̄ i j /2, allows us to calculate the surface-stre
components in the@11̄0# and @001# directions, t [11̄0]
52.90 J/m2 and t [001]51.89 J/m2. In this work, however,
we are only interested in the average stresst.

In Fig. 1~b!, the film is additionally relaxed with respec
to isotropic deformation in lateral directions. Whiles33 re-
mains zero, a negative lateral stress appears in the bulk
to a homogeneous elastic deformation of the film under
effect of the surface stress. To test our methodology, Eq.~1!
was verified by repeating the calculations for several fi
thicknesses. In each case, the bulk pressure was comput
p522s̄ lb/3, wheres̄ lb is the lateral stress averaged ove
bulk region undisturbed by the surfaces. In agreement w
Eq. ~1!, a plot ofp against 1/L was found to follow a straigh
line whose slope accurately reproduced the resultt
52.40 J/m2 obtained from Eq.~6!.

Alternatively, we can examine the lateral deformation«
,0 resulting from the film relaxation, which should als
follow a linear dependence on 1/L. Indeed, this deformation
is related tos̄ lb by s̄ lb5Y«, and therefore«52(3/2)p/Y,
whereY is the biaxial elastic modulus. In the isotropic a
proximation,Y5E/(12n), E being the Young modulus an
n Poisson’s ratio. Using Eq.~1! we also obtain

«52
2t

YL
. ~7!

Figure 2 verifies that« obtained by static relaxation is indee
an accurate straight line against 1/L provided that L
.1 nm. It should be mentioned that the normal dimens
of the film also experiences deformation by an amount«33
.0. The latter is proportional to2« and, in the isotropic
approximation, equals«33522n«/(12n). In computations,
however, it is easier to measure« rather than«33.

As a preparation for the segregation calculations~Sec.
III !, the effect of thermal expansion was evaluated byNPT
Monte Carlo simulations. In such simulations, atoms are
lowed to move around their lattice positions and the volu
can fluctuate by isotropic deformation.21,22 The quantity de-
livered by the simulations is the average lateral deforma
« at a chosen temperatureT. Figure 2 shows the deformatio
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computed atT51200 K for several film thicknesses. As ex
pected, it follows a straight line against 1/L(L.1 nm). This
deformation represents a balance between thermal expan
and elastic contraction in response to the surface str
WhenL is small enough,« becomes negative. On the oth
hand, as 1/L→0 it extrapolates to the linear thermal expa
sion factor of bulk NiAl at this temperature.14 To a first ap-
proximation, thermal expansion simply shifts the line o
tained atT50 K uniformly by the bulk thermal expansio
factor. A closer inspection reveals, however, that the Mo
Carlo line has a slightly larger slope. According to Eq.~7!,
this can be caused by either a softening of the material~re-
duction inY) or an increase in the surface stress with te
perature.

III. MONTE CARLO SIMULATIONS OF SEGREGATION

The surface segregation was studied by Monte Ca
simulations employing the modified grand canonical e
semble in which the temperature, the total number of ato
in the system (N), and the chemical potential differencem
between Ni and Al (m[mNi2mAl) are kept fixed whereas
the number of atoms of each species can vary.21–24The vol-
ume of the system is also allowed to fluctuate to simul
zero external pressure conditions. Thus, the system tha
simulate contains a constant number of substitutional lat
sites and is connected to an infinite reservoir of heat and
and Al atoms. Furthermore, the total number of surface
oms remains fixed, so that the thermal expansion and ela
deformation of the film alter its physical surface area andg
but do so without exposing new atoms to vacuum. In Cah
terminology,5,6 the Lagrangian areaA and volumeV of the
film are fixed while the respective physical quantities c
vary. Under such conditions, it is the surface stresst and not
the surface free energyg that affects the stress state an
chemical potentials in the bulk.

At each step of the simulation, an atom is randomly
lected and displaced by a relatively small random amoun

FIG. 2. Lateral deformation of~110! NiAl thin films relative to
the bulk state at 0 K as afunction of the inverse thickness.x, static
calculations at 0 K;!, NPT Monte Carlo calculations for stoichio
metric composition at 1200 K; all other points, grand-canoni
Monte Carlo simulation at 1200 K for nominal bulk compositio
indicated in the legend.
7-3
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J. A. BROWN AND Y. MISHIN PHYSICAL REVIEW B69, 195407 ~2004!
an arbitrary direction. Simultaneously, its chemical sort
randomly chosen to either remain unchanged or switch to
alternate species. This trial move is accepted uncondition
if

DH[DE6m6
3

2
kBT ln

mNi

mAl
2NkBT ln

V8

V
,0 ~8!

and with the probability of exp(2DH/kBT) if DH.0. Here
DE is the potential energy change in the trial move,V8 and
V are the new and old volumes, respectively,mNi andmAl are
the atomic masses, andkB is the Boltzmann constant. Th
sign in Eq.~8! depends on whether a Ni atom is replaced
Al ( 1) or vice versa (2). This method allows both compo
sitional rearrangements of atoms and relaxation of their
sitions to occur simultaneously.

All simulations were implemented at the temperature
1200 K. Fourm values were chosen, each corresponding t
different equilibrium bulk composition as given in Table
This correspondence was established by separate simula
performed on a 1024-atom supercell. Throughout this pa
the chemical composition is measured by the atomic frac
of Ni atoms. The bulk compositions include a nearly s
ichiometric composition 0.504, two moderately Ni-enrich
compositions of 0.528 and 0.559, and a highly Ni-rich co
position of 0.597.

The simulation block was brought to equilibrium by 1
3105 Monte Carlo steps per atom followed by 1.53105

more steps for computing the equilibrium distribution of t
species. The simulations deliver the average deformation
tor ~relative to a perfect lattice at 0 K! and the average oc
cupation of every lattice cite. Using such occupations, the
concentration profile across the film was calculated by av
aging over individual~110! layers each containing 80 atom
The thickness of the film ranged from four laye
(;0.6 nm) to 14 layers (;2.6 nm).

Figure 3 shows typical concentration profiles obtained
different film thicknesses and bulk compositions. In agr
ment with our previous work,13 the top surface layer is al
ways enriched in Ni while two to three underlayers are
pleted in Ni relative to the bulk. The amplitudes of th
enrichment and depletion tend to increase as the film th
ness decreases. Compositions of deeper layers remain
close to the nominal bulk composition~Table I!, except in
four- and six-layered films (L&1 nm) where the surface re
gions overlap.

The Gibbsian surface adsorptionG is an important ther-
modynamic quantity characterizing the total amount of s

TABLE I. Calculated bulk compositions~atomic fraction of Ni!
for selected values of the chemical potential differencem.

m ~eV! Composition

21.0 0.504
20.8 0.528
20.7 0.559
20.6 0.597
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regation. It is defined as the number of excess~relative to the
bulk! Ni atoms per unit surface area. It was evaluated fr
the relation

G5
~ c̄2cb!N

A
, ~9!

wherec̄ is the average composition of the simulation bloc
cb is the nominal bulk composition~Table I!, and A is the
total surface area of the film. It is convenient to meas
segregation by the effective number of monolayers~ML !.
This number is found by dividingG obtained from Eq.~9! by
the number of atoms per unit area of a~110! plane. It should
be pointed out that the use of the nominal bulk composit
instead of the actual one is only justified when the film
sufficiently thick ~six layers or more, orL.1 nm).

In Fig. 4, the Gibbsian adsorption is plotted against 1L
for different bulk compositions. The important observation
that G is approximately a linear function of 1/L. The scatter
of the points for the Ni-rich bulk~0.597! is due to the for-

FIG. 3. Calculated composition profiles across the~110! NiAl
thin films with selected thicknesses. Obtained by grand canon
Monte Carlo simulations at 1200 K for the nominal bulk compo
tions of 0.504~lower plot! and 0.559~upper plot!. The points rep-
resent Ni concentrations in individual~110! layers.

FIG. 4. Calculated Gibbsian adsorption in~110! NiAl thin films
as a function of the inverse film thickness for nominal bulk comp
sitions indicated in the legend. Obtained by grand canonical Mo
Carlo simulations at 1200 K.
7-4
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EFFECT OF SURFACE STRESS ON Ni SEGREGATION . . . PHYSICAL REVIEW B69, 195407 ~2004!
mation of isolated Ni Frenkel pairs~Ni vacancy plus Ni ada-
tom! on the surface during the simulations. Such pairs, wh
were only observed for this bulk composition, distort t
concentration profile and have a significant effect onG.

Finally, Fig. 5 displays isotherms of Ni segregation (G
versus bulk composition! for selected film thicknesses. Fo
bulk compositions exceeding 0.56, the isotherm becomes
sentially nonlinear, with downward deviations indicative o
saturation effect. Although the segregation itself is relativ
small in this material, it can be enhanced by the size ef
up to a factor of 2.

IV. DISCUSSION AND CONCLUSIONS

Returning to Fig. 2, the Monte Carlo simulations reve
that the lateral deformation« of the film varies in inverse
proportion to its thickness and that the bulk off-stoichiome
towards Ni gradually shifts the« versus 1/L line towards
smaller deformations. The latter is understandable since
has a considerably smaller atomic size than Al and redu
the equilibrium lattice parameter of the alloy. Perhaps m
interestingly, the slope of the line tends to increase sligh
with Ni bulk concentration, the likely reasons being eithe
softening of the material~decrease of the biaxial modulus! or
an increase in the surface stress@cf. Eq. ~7!#.

In a closed system, the bulk pressurep would shift the
chemical potential differencem by the amount ofpv, where
v5vNi2vAl,0 is the difference between the molar volum
of Ni and Al.26 Since our Monte Carlo simulations keptm
fixed ~open system!, the bulk composition was expected
alter by an amountdc that would balance the pressur
related shift inm. The balance condition reads

S ]m

]c D
p,T

dc1pv50. ~10!

We notice from Table I that (]m/]c)p,T.0. Given thatp
.0 andv,0, dc must be positive. We could not detect an
changes in the bulk composition withL within the accuracy
of our simulations. Although longer Monte Carlo runs cou
have revealed such changes, they are clearly very small.
is not surprising considering that NiAl is a highly ordere
compound with a strong tendency to maintain its stoichio

FIG. 5. Isotherms of Ni segregation in~110! NiAl thin films at
1200 K. The film thicknesses~in nm! are indicated in the legend.
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etry. Noticeable changes in the bulk composition wou
probably require greater pressures than those develope
our films.

For the same reason, Ni segregation remains quite s
regardless of the film thickness. Yet it does show a cl
trend to increase asL decreases~Fig. 4!. This increase could
not be caused by an overlap of the surface regions~films
with L.1 nm are too thick for that! or changes in the bulk
composition~as stated above, it did not practically chang!.
At the same time, both the segregation and the accomp
ing lateral deformation of the film show a linear dependen
on 1/L characteristic of surface-induced stresses~Figs. 2 and
4!. This observation firmly validates that the size effect
surface segregation observed in our films is caused by
face stresses. On the atomic level, the dominant factor
sponsible for this effect is likely to be the contraction
interatomic distances in the surface region due to the lat
deformation of the film. This contraction is accommodat
by an adsorption of an additional amount of relatively sm
Ni atoms.

Some further trends can be predicted from thermo
namic considerations. If we fix the temperature and the fi
dimensions, the Gibbs adsorption equation reduces todg
52Gdm.5,25 SinceG.0 ~Fig. 4!, it follows that the surface
free energy should decrease withm. Remembering that the
bulk concentration increases withm ~Table I!, we conclude
that deviations from stoichiometry towards Ni should low
g.

Now supposeT and m are fixed ~grand-canonical en-
semble! while the lateral deformation« varies in response to
variations inL. The relevant change ing is represented by
the second term in Eq.~3!, which can be rewritten as
(1/2)]g/]«. The factor 1/2 comes from the relationdA
52Ad« that reflects the 2D nature of the surface. As w
established by static calculations at 0 K, this term is posit
and relatively large (1.16 J/m2, see Sec. II!. Assuming that it
remains positive at elevated temperatures and recalling th«
and L are related through Eq.~7!, we use the chain rule to
obtain

]g

]«
5

]g

]L

]L

]«
5

YL2

2t

]g

]L
.0.

BecauseY.0 andt.0, we can conclude thatg increases
with L. In other words, the surface free energy decrease
the film becomes thinner.

Since Ni atoms are relatively small, Ni segregation can
expected to decrease the equilibrium lattice spacing at
surface and thus increase the surface stress~recall that the
surface region is under tension relative to the equilibriu
lattice spacing at the surface!. As the film becomes thinne
and the segregation level increases, so does the su
stress. Figure 4 suggests that this effect can be further
plified by deviations from bulk stoichiometry towards N
since such deviations favor Ni segregation. This can exp
the increase in the slopes of the« versus 1/L lines with
off-stoichiometry observed in Fig. 2. Overall, the surfa
7-5
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free energy in~110! NiAl thin films is lower while the sur-
face stress is higher than in thick samples with the sa
surface orientation.

Although we believe that the EAM potential used in th
work is accurate, some of the numbers reported here ca
specific to this potential. However, the general trends d
cussed here must be the same, as they reflect basic the
dynamics and should not depend on specific details of ato
interactions.

It should be emphasized that we have analyzed a f
standing thin film only as a simple model suitable for de
onstrating the physical effect~impact of surface stress o
segregation!. Experimental measurements on free-stand
thin films are highly problematic.7,9 However, this effect is
equally relevant to a film on a substrate, multilayers~super-
lattices!, early stages of depositions, epitaxy, and many ot
situations involving interface stresses. It can also influe
the nucleation of a second phase precipitating in a matrix
-

ly

in
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at interfaces. It should also be mentioned that grain bound
segregation in nanostructured materials can be subject to
size effect caused by grain boundary stresses.

Likewise, NiAl was only used here as a model materi
In fact, due to its strong ordering tendency and low segre
tion level, this material probably underestimates the stren
of the effect. In the future, it would be interesting to exami
the size dependence of surface and interface segregatio
disordered alloys.
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