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Effect of surface stress on Ni segregation i110) NiAl thin films
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Molecular statics and Monte Carlo simulations in conjunction with an embedded-atom potential are applied
to study surface stresses and surface segregati¢hli) 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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[. INTRODUCTION This equation is a particular case of the more general relation
(3/2)pV=7A, whereV andA are the volume and area of the
Segregation at surfaces and interfaces in alloys and consolid! It also holds for liquids, except that should be
pounds plays a significant role in many processeln thin  replaced by the surface free energyThe surface layer of a
films, segregation characteristics may depend on the filnfiquid can contract plastically by burying some of the surface
thickness for a variety of reasons. One of them is an overlagtoms into the bulk, a process in whighremains constant.
of Opposing near-surface regions affected by the segrega’[ioh’] contrast, a solid surface contracts elastica”y, i.e., without
Another one is the limited amount of the segregating atom§hanging the number of atoms exposed to vacuum.
in the film, which leads to a decrease in the bulk concentra- Thus, in a solid film it is important that Eq1) includes
tion as the segregation proceéddn this paper, we point to the sqr_face stress and not the surface free energy. The two
yet another possible source of the size effect of segregatioffuantities are related to one anothe? b
Namely, in a free-standing film, the surfaces produce a ho-
mogeneous mechanical stress inside the TilfThis stress =8yt (7_7 2)
shifts the chemical potentials of atoms in the film and alters J : dejj
the segregation level. The same effect ;hpuld tqke place mgj being a 2<2 elastic strain tensor of the surface. For the
fllm attached to a subs'trate,.except that it is the fllm/substratgverage surface stress we have
interface stress that gives rise to the bulk stresses.
This effect can only be significant if the film thicknelss dy

is small enough to produce a high level of stresses and T=y+A—. 3
strains in its interionbulk). The surfaces of a solid film are IA

Eﬂways subject to a surfageh stresp, V\I’hiCT is reprzsented Due to the second term on the right-hand side of this equa-
y a symmetric tensor with principal values, and 7. tion, 7 can be larger thary, smaller, or even negatighich
Usually bothry; and 7,, are positive, meaning that the sur- y can never be
faces are under tension. In an attempt to reduce interatomic The bulk pressure induced by the surfaces shifts the
distances in the surface layer, the surfaces shrink slightly ing, o ical potentiak; of each chemical componenby the
an elastic manner and compress the film in lateral direCtionsamountpv- Wherelv- is the partial molar volume of the

) . . . [l |
thus pr(_)ducmg a bulk stress; . For afreg-standmg f_|Im, Its component. Such shifts generally destroy the existing
dimension normal to the surfaces may increase slightly dug,, e 1k equilibrium and modify the segregations of the
to the Poisson effect. Since the surfaces are free, the norm mponents. Furthermore, the accompanying contraction of
compo_nent,agg, of thehbulk_str_essl must t;g zehro.l Furtk:er- the film reduces interatomic spacings at the surface and can
more, In many cases the principal axesogf in the lateral 4ot jts segregation characteristics as well. The surface free
directions are parallel to _the prlnc_lpal_ axesmfby_symme- energy may also change as it depends, through the Gibbs
try. Then, the mechanical eqU|I.|br|um_ condition of the 54sorption equation, on the chemical potentials, temperature,
film reduces to the simple relations,;=—271;/L, 022 gand the film deformatiof.Equation(1) shows that all cor-

=—27p/L, and 033=0. Introducing the average surface rgctions to thermodynamic quantities arising from the sur-
stress7=(711+ 722)/2 and the hydrostatic bulk pressupe  t5ce stress should decrease with the film thicknesslas 1/
=~ (o1t 02t 0359)/3, we have We will demonstrate this effect by employing a (110)
NiAl thin film as a model system. NiAl has a BEsCl-type
structure that accommodates up to 10 at. % deviations from
p= ﬂ (1) the exact stoichiometry. The choice of NiAl as a model sys-
3L° tem is dictated by two considerations. First, this compound
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has a significant technological importance that motivates a ' ' ' ' '
pursuit of fundamental understanding of its physical 10 F 4
properties? The surface structure and composition of NiAl
are of interest in connection with its oxidation resistance,
fracture crack propagation, and other properties.

Secondly, in a previous pagémwe have reported atomis-
tic Monte Carlo simulations of th€110), (100), and (111)
NiAl surfaces for the stoichiometric and two Ni-rich bulk
compositions. The goal of that work was to examine the

)

Stress (GPa)
o [&)]

T

/E

N

effect of surface orientation and termination on the surface -10 - T
structure, and in particular to understand the mechanisms by ! ! ! ! !

which a NiAl surface can accommodate or eliminate an un- 25 -20 15 10 05 00
favorable termination. Since we have a well-established (a) Distance across film (nm)

methodology for that system, it was advantageous to choose
it also for the present work. However, the focus of the
present work is essentially different. We now wish to exam- 10 + 1 .
ine the effect of the film thickness on surface segregation and
establish the origin of this effect. Thus, in this work we first
examine in detail the stress distribution acrogd 20 NiAl

thin film. We then perform accurate Monte Carlo calculations
of Ni segregation profiles for several thicknesses of the film
and several bulk compositions at a fixed temperature. The -5
results reveal that the segregation isotherm depends on the

Stress (GPa)
(=]

film thickness. Furthermore, this dependence follows the 1/ -0 - i
rule, which proves that the size effect of segregation ob- ! ! ! ! !
served in this work originates from surface stresses. 25 20 -5 10 05 00
(b) Distance across film (nm)
Il CALCULATION OF SURFACE STRESSES FIG. 1. Calculated lateral@) and normal [d) mechanical

stresses across(@10 NiAl thin film. (a) Unrelaxed state(b) re-
Atomic interactions in NiAl are modeled by an laxed state. The vertical dashed lines mark the film surfaces.

embedded-atom methg@&AM) potential constructed by fit-
ting to experimental and first-principles dafaThe potential _ 1
accurately reproduces lattice properties of NiAl, including Tij =y E aijQ,, (5)
elastic constants, thermal expansion, and phonon frequen- “«
cies. It also predicts reasonable values of point-defect ener-
gies, planar fault energies, and surface energies, includingoes not depend on the choice of individual atomic volumes.
the reproduction of the rippled relaxation of the (110)In this work, we choose),= () (equilibrium atomic vol-
surface'* This potential was employed in our previous work Ume in the perfect lattioe

on NiAl surfaces?® Figure 1 displays the calculated stress distribution across
The EAM gives direct access to the mechanical stresg 2.6-nm-thick(110) NiAl film. Periodic boundary condi-
tensor on individual atoms. The latter is givenbif tions are applied in directions parallel to the surface. We plot

the normal stressrz; and the average lateral stress
=(011+0,9)/2 in individual (110 layers. Each layer con-
V' (R, tains an equal number of Ni and Al atoms, whose relaxed
Vap(Rag positions are slightly offset in opposite directions relative to
an ideal lattice plane. This so-called rippled relaxatioffis
=y (p )ph(R )} apiRapi @ strongest in the top surface layer and decays rapidly with
P\ ap Ry depth. It should be mentioned that Ni and Al atoms are sub-
ject to very different stresses. In the perfect lattice, such
stresses are isotropic and equakt6.38 GPacompression
. ; . for Ni and 6.38 GPdexpansion for Al, so that the average
Cartesw}n components of vectors a_nd. tenslag,_%, Is the IN" " stress is zero. Near the surface, these stresses become aniso-
teratomic distanceV,4(R) is the pair interaction fun_ct|0n, tropic and deviate from their bulk values. The stresses plot-
pp(R) is the electron density induced by atg8n F,(p) is  ted in Fig. 1 are averaged over Ni and Al atoms in e@dt0)
the embedding energy of atom p,, is the background elec- layer.
tron density on the location of atom, and(}, is the atomic In Fig. 1(a), the film is only relaxed with respect to local
volume assigned to atow. While the way the total volume atomic displacement while its lateral dimensions are kept
is partitioned between atoms is somewhat arbitrary, the avixed at the bulk values. We observe that botly ando, are
erage stress in the solid, zero in the bulk and become positive on the surfaces, reflect-

1
O'UZQ— 2#:

where the symbolsr and 8 enumerate atoms,and| are
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ing the fact that the surfaces are under tension. One or two 2
under-surface layers, however, are under some compression.
For the normal stressss, the tension and compression com- 4t
pensate for each other, resulting in the expected relation -
033=0. In contrast, there is a nonzero net lateral stress in the E ol
film, o, that allows us to determine the average surface §
stressr, 8

8"

L—
=501 (6) 2
-5 0.597

Calculations from this relation give=2.40 J/n? practically 02*} S‘a“coe . - J

independent of the film thickness. Notice that this surface
stress is significantly larger than the surface free energy
=1.25 J/n% computed with the same EAM potentidisug- FIG. 2. Lateral deformation ofL10) NiAl thin films relative to
gesting that the term\dy/JA in Eq. (3) is positive and has the bulk state &0 K as afunction of the inverse thickness:, static
the same order of magnitude &s A more general form of calculations at 0 Kx, NPT Monte Carlo calculations for stoichio-

Eq. (6), Tij:L;ijlzy allows us to calculate the surface-stressmetric compogition at 1200 K; all other points, grand-can.o.nical
components in the[110] and [001] directions, Tt Monte Carlo simulation at 1200 K for nominal bulk compositions

=2.90 J/m and Tr001;= 1.89 J/m. In this work, however, indicated in the legend.
we are only interested in the average stress

UL (nm™")

. o o . computed aff =1200 K for several film thicknesses. As ex-
In Fig. A(b), the film is additionally relaxed with respect pected, it follows a straight line againsLIL>1 nm). This

to isotropic deformation in lateral directions. Whiles; re- . .
; : . deformation represents a balance between thermal expansion
mains zero, a negative lateral stress appears in the bulk dye

to a homogeneous elastic deformation of the film under th and elastic contraction in response to the surface stress.

effect of the surface stress. To test our methodology,(Eq. hazedn I‘;S"Sl?ﬂ%” itegiﬁrghilgfecso{?)etigiazg\:eihgrr;;r:e(a;tgir-
was verified by repeating the calculations for several film : P P

thicknesses. In each case, the bulk pressure was computedségn _factpr of bulk NiAl at th|§ tem_peratur"é.j’o a f|rst_ ap-
= - proximation, thermal expansion simply shifts the line ob-
p=—20,/3, whereay, is the lateral stress averaged over aigined atT=0 K uniformly by the bulk thermal expansion

bulk region undisturbed by the surfaces. In agreement With,ctor A closer inspection reveals, however, that the Monte
Eq. (1), a plot ofp against 1L was found to follow a straight - c4riq line has a slightly larger slope. According to Eg),
line whose slope accurately reproduced the restilt ihis can be caused by either a softening of the matémal

=2.40 J/ﬁ obtained from Eq@- ) duction inY) or an increase in the surface stress with tem-
Alternatively, we can examine the lateral deformation perature.

<0 resulting from the film relaxation, which should also
follow a linear dependence onll/Indeed, this deformation
is related too, by o,=VYe, and thereforee=—(3/2)p/Y,
whereY is the biaxial elastic modulus. In the isotropic ap- The surface segregation was studied by Monte Carlo
proximation,Y=E/(1—v), E being the Young modulus and simulations employing the modified grand canonical en-

[lI. MONTE CARLO SIMULATIONS OF SEGREGATION

v Poisson’s ratio. Using Eq1) we also obtain semble in which the temperature, the total number of atoms
in the system ), and the chemical potential differenge
27 between Ni and Al ft=pwni—pa) are kept fixed whereas
e TV (7)) the number of atoms of each species can ¢4r3f The vol-

ume of the system is also allowed to fluctuate to simulate

Figure 2 verifies that obtained by static relaxation is indeed zero external pressure conditions. Thus, the system that we
an accurate straight line againstL1/provided that L simulate contains a constant number of substitutional lattice
>1 nm. It should be mentioned that the normal dimensiorsites and is connected to an infinite reservoir of heat and Ni
of the film also experiences deformation by an amatgat  and Al atoms. Furthermore, the total number of surface at-
>0. The latter is proportional te-& and, in the isotropic oms remains fixed, so that the thermal expansion and elastic
approximation, equals;;= —2ve/(1—v). In computations, deformation of the film alter its physical surface area and
however, it is easier to measuserather tharez;. but do so without exposing new atoms to vacuum. In Cahn’s

As a preparation for the segregation calculatigec.  terminology>® the Lagrangian areA and volumeV of the
1), the effect of thermal expansion was evaluated\®T  film are fixed while the respective physical quantities can
Monte Carlo simulations. In such simulations, atoms are alvary. Under such conditions, it is the surface stressd not
lowed to move around their lattice positions and the volumehe surface free energy that affects the stress state and
can fluctuate by isotropic deformatiéh?? The quantity de- chemical potentials in the bulk.
livered by the simulations is the average lateral deformation At each step of the simulation, an atom is randomly se-
¢ at a chosen temperatufe Figure 2 shows the deformation lected and displaced by a relatively small random amount in
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TABLE I. Calculated bulk composition@tomic fraction of Nj
for selected values of the chemical potential differepce
0.60f
u (eV) Composition
~1.0 0.504 £
-08 0.528 8§ o550
-0.7 0.559 g
—0.6 0.597 z
0.50f
an arbitrary direction. Simultaneously, its chemical sort is
randomly chosen to either remain unchanged or switch to the 25 20 15 10 05 00
alternate species. This trial move is accepted unconditionally Film Depth (nm)

if FIG. 3. Calculated composition profiles across ¢h&0 NiAl
thin films with selected thicknesses. Obtained by grand canonical
3 My Monte Carlo simulations at 1200 K for the nominal bulk composi-
AHEAEiMiEkBT Inm— —NkgT Inv<0 8 tions of 0.504(lower ploy and 0.55%upper ploj. The points rep-
Al resent Ni concentrations in individuél10) layers.

!

and with the probability of exp{AH/kgT) if AH>0. Here
AE is the potential energy change in the trial moveé,and
V are the new and old volumes, respectivety; andm,, are
the atomic masses, arg; is the Boltzmann constant. The
sign in Eq.(8) depends on whether a Ni atom is replaced by _
Al (+) or vice versa {). This method allows both compo- r— (c—cp)N

L ) ; =— 9)
sitional rearrangements of atoms and relaxation of their po- A
sitions to occur simultaneously. .

All simulations were implemented at the temperature ofwherec is the average composition of the simulation block,
1200 K. Fouru values were chosen, each corresponding to &;, is the nominal bulk compositiofiTable ), andA is the
different equilibrium bulk composition as given in Table I. total surface area of the film. It is convenient to measure
This correspondence was established by separate simulatiossgregation by the effective number of monolayévi. ).
performed on a 1024-atom supercell. Throughout this papefhis number is found by dividin§ obtained from Eq(9) by
the chemical composition is measured by the atomic fractiothe number of atoms per unit area of1d.0) plane. It should
of Ni atoms. The bulk compositions include a nearly sto-be pointed out that the use of the nominal bulk composition
ichiometric composition 0.504, two moderately Ni-enrichedinstead of the actual one is only justified when the film is
compositions of 0.528 and 0.559, and a highly Ni-rich com-sulfficiently thick (six layers or more, ob.>1 nm).
position of 0.597. In Fig. 4, the Gibbsian adsorption is plotted againdt 1/

The simulation block was brought to equilibrium by 1.5 for different bulk compositions. The important observation is
X 10° Monte Carlo steps per atom followed by X30°  thatl is approximately a linear function of 1/ The scatter
more steps for computing the equilibrium distribution of the of the points for the Ni-rich bulk0.597 is due to the for-
species. The simulations deliver the average deformation fac-
tor (relative to a perfect lattice at 0)kand the average oc- 0.06

. . . . . . —-= 0.504
cupation of every lattice cite. Using such occupations, the Ni o 0528
concentration profile across the film was calculated by aver- - 0.559
aging over individual110 layers each containing 80 atoms. - 0597
The thickness of the film ranged from four layers
(~0.6 nm) to 14 layers+{2.6 nm).

Figure 3 shows typical concentration profiles obtained for
different film thicknesses and bulk compositions. In agree-
ment with our previous work® the top surface layer is al-
ways enriched in Ni while two to three underlayers are de-
pleted in Ni relative to the bulk. The amplitudes of the
enrichment and depletion tend to increase as the film thick- 0.0 . . .
ness decreases. Compositions of deeper layers remain very 2 0.6 oo 14 18
close to the nominal bulk compositioffable ), except in VL (nm)
four- and six-layered filmsl(=1 nm) where the surface re-  F|G. 4. Calculated Gibbsian adsorption(itL0) NiAl thin films
gions overlap. as a function of the inverse film thickness for nominal bulk compo-

The Gibbsian surface adsorptidhis an important ther- sitions indicated in the legend. Obtained by grand canonical Monte
modynamic quantity characterizing the total amount of seg€arlo simulations at 1200 K.

regation. It is defined as the number of exc@gsfative to the
bulk) Ni atoms per unit surface area. It was evaluated from
the relation

0.02f

Gibbsian Adsorption (ML)
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0.07 ; ; 0606 etry. Noticeaple changes in the bulk composition would.
0.06 -o- 1.01 probably require greater pressures than those developed in
- Ry our films.
2 0.05; -5 2628 For the same reason, Ni segregation remains quite small
S regardless of the film thickness. Yet it does show a clear
go04 trend to increase ds decrease€Fig. 4). This increase could
< g03l not be caused by an overlap of the surface regidiss
8 with L>1 nm are too thick for thator changes in the bulk
§0-02' composition(as stated above, it did not practically change
001k At the same time, both the segregation and the accompany-
' ing lateral deformation of the film show a linear dependence
000 - S : 60 on 1L characteristic of surface-induced stresgggs. 2 and

Ni concentration 4). This observation firmly validates that the size effect of
surface segregation observed in our films is caused by sur-
face stresses. On the atomic level, the dominant factor re-
sponsible for this effect is likely to be the contraction of

. fisolated Ni kel paifdi | i ad interatomic distances in the surface region due to the lateral
mation of isolated Ni Frenkel paifdi vacancy plus Ni ada- - yeformation of the film. This contraction is accommodated

tom) on the surface during the simulations. Such pairs, whiclh, 5, adsorption of an additional amount of relatively small
were only observed for this bulk composition, distort the\i atoms
concentration profile and have a significant effectlon Some further trends can be predicted from thermody-

Finally, Fig. 5 displays isotherms of Ni segregatioh ( namic considerations. If we fix the temperature and the film
versus bulk compositionfor selected film thicknesses. For dimensions, the Gibbs adsorption equation reducesjto
bulk compositions exceeding 0.56, the isotherm becomes es- —Fd,u.5’2’5 Sincel'>0 (Fig. 4), it follows that the surface

sentially nonlinear, with downward deviations indicative of a ..o energy should decrease wjth Remembering that the
saturation effect. Although the segregation itself is relativelybu|k concentration increases wigh (Table ), we conclude

small in this material, it can be enhanced by the size eﬁe%at deviations from stoichiometry towards Ni should lower
up to a factor of 2. y

FIG. 5. Isotherms of Ni segregation {&10) NiAl thin films at
1200 K. The film thicknesse@n nm) are indicated in the legend.

Now supposeT and u are fixed (grand-canonical en-
IV. DISCUSSION AND CONCLUSIONS sembl@ while the lateral deformation varies in response to

Returning to Fig. 2, the Monte Carlo simulations revealVariations inL. The relevant change iy is represented by
that the lateral deformation of the film varies in inverse the second term in Eq(3), which can be rewritten as
proportion to its thickness and that the bulk off-stoichiometry(1/2)dy/de. The factor 1/2 comes from the relatiahA
towards Ni gradually shifts the versus 1L line towards = 2Ade that reflects the 2D nature of the surface. As we
smaller deformations. The latter is understandable since NgStablished by static calculations at 0 K, this term is positive
has a considerably smaller atomic size than Al and reduce®nd relatively large (1.16 Jfmsee Sec. )l Assuming that it
the equilibrium lattice parameter of the alloy. Perhaps morde€mains positive at elevated temperatures and repallmgythat
interestingly, the slope of the line tends to increase slighty2nd L are related through Eq7), we use the chain rule to
with Ni bulk concentration, the likely reasons being either acbtain
softening of the materigdecrease of the biaxial modu)usr
an increase in the surface stréss Eq. (7)].

In a closed system, the bulk pressyravould shift the dy dydL YL*dy
chemical potential differencg by the amount opv, where de oL ge 27 JL
v=vyi— v <0 is the difference between the molar volumes
of Ni and Al?® Since our Monte Carlo simulations kept
fixed (open system the bulk composition was expected to BecauseY>0 and7>0, we can conclude tha increases
alter by an amountsc that would balance the pressure- With L. In other words, the surface free energy decreases as

related shift inw. The balance condition reads the film becomes thinner. _ _
Since Ni atoms are relatively small, Ni segregation can be

>0.

p B expected to decrease the equilibrium lattice spacing at the
ac oc+pv=0. (10 surface and thus increase the surface sttessall that the
p,T

surface region is under tension relative to the equilibrium
We notice from Table | thatdu/dc), +>0. Given thatp  lattice spacing at the surfaceAs the film becomes thinner
>0 andv <0, §c must be positive. We could not detect any and the segregation level increases, so does the surface
changes in the bulk composition withwithin the accuracy stress. Figure 4 suggests that this effect can be further am-
of our simulations. Although longer Monte Carlo runs could plified by deviations from bulk stoichiometry towards Ni,
have revealed such changes, they are clearly very small. Th&@nce such deviations favor Ni segregation. This can explain
is not surprising considering that NiAl is a highly ordered the increase in the slopes of tlkeversus 1L lines with
compound with a strong tendency to maintain its stoichiom-off-stoichiometry observed in Fig. 2. Overall, the surface
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free energy in(110) NiAl thin films is lower while the sur-  at interfaces. It should also be mentioned that grain boundary
face stress is higher than in thick samples with the sameegregation in nanostructured materials can be subject to the
surface orientation. size effect caused by grain boundary stresses.

Although we believe that the EAM potential used in this  Likewise, NiAl was only used here as a model material.
work is accurate, some of the numbers reported here can b fact, due to its strong ordering tendency and low segrega-
specific to this potential. However, the general trends distjon level, this material probably underestimates the strength
cussed here must be the same, as they reflect basic thermgrthe effect. In the future, it would be interesting to examine
dynamics and should not depend on specific details of atomighe sjze dependence of surface and interface segregation in

interactions. _ disordered alloys.
It should be emphasized that we have analyzed a free-

standing thin film only as a simple model suitable for dem-
onstrating the physical effedimpact of surface stress on
segregation Experimental measurements on free-standing
thin films are highly problemati€® However, this effect is We are grateful to A. Suzuki for help with some of the
equally relevant to a film on a substrate, multilayéssper-  calculations and to A. Y. Lozovoi for carefully reading the
lattice9, early stages of depositions, epitaxy, and many othemanuscript and making useful points. This work was sup-
situations involving interface stresses. It can also influencgorted by the U.S. Department of Ener¢@ffice of Basic
the nucleation of a second phase precipitating in a matrix oEnergy Sciencesunder Grant No. DE-FG02-01ER4545871.
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