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Effects of anharmonic strain on the phase stability of epitaxial films and superlattices:
Applications to noble metals

V. Ozoliņš, C. Wolverton, and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 18 September 1997!

Epitaxial strain energies of epitaxial films and bulk superlattices are studied via first-principles total-energy
calculations using the local-density approximation. Anharmonic effects due to large lattice mismatch, beyond
the reach of the harmonic elasticity theory, are found to be very important in Cu/Au~lattice mismatch 12%!,
Cu/Ag ~12%!, and Ni/Au~15%!. We find that̂ 001& is the elastically soft direction for biaxial expansion of Cu
and Ni, but it is ^201& for large biaxial compression of Cu, Ag, and Au. The stability of superlattices is
discussed in terms of the coherency strain and interfacial energies. We find that in phase separating systems
such as Cu-Ag the superlattice formation energiesdecreasewith superlattice period, and the interfacial energy
is positive. Superlattices are formed easiest on~001! and hardest on~111! substrates. For ordering systems,
such as Cu-Au and Ag-Au, the formation energy of superlatticesincreaseswith period, and interfacial energies
are negative.These superlattices are formed easiest on~001! or ~110! and hardest on~111! substrates. For
Ni-Au we find a hybrid behavior: superlattices along^111& and ^001& behave like phase separating systems,
while for ^110& they behave like ordering systems. Finally, recent experimental results on epitaxial stabiliza-
tion of disordered Ni-Au and Cu-Ag alloys, immiscible in the bulk form, are explained in terms of destabili-
zation of the phase separated state due to lattice mismatch between the substrate and constituents.
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I. INTRODUCTION

Recently, there has been much interest1–14 in growth of
epitaxial metal films and superlattices due to their unus
physical properties. The quality and structure of these s
tems is of paramount importance for applications. Epitax
monolayer and multilayer~up to 10 layers! formation has
been observed for many metal/semiconductor and me
metal combinations. Most metal/metal superlattices h
been grown for elements in different crystal structures~e.g.,
fcc/bcc! and with considerable size mismatch@e.g., 10% for
Cu/Nb ~Refs. 15–17!#. Furthermore, elemental metals an
alloys have been found to form epitaxially in structures t
are unstable in bulk form.18–22Recently, the topic of surface
alloy formation in bulk immiscible systems has attract
considerable attention.23–42 These systems are usual
strained due to film/substrate lattice mismatch. One wo
like to understand and predict the stability of these types
strained materials. In order to do so, one requires knowle
of two types of energies. The stability of epitaxialA12xBx
alloy films and strainedApBq superlattices depends on~i! the
energies of coherently strainedconstituents AandB, and~ii !
the formation energy ofA12xBx or ApBq itself. Regarding
~i!, previous theoretical studies18,43–56have described thes
energies using harmonic models, but we are interested
in large strains for which the harmonic theory could bre
down. Thus, we develop a generalization of previous me
ods to treat the anharmonic epitaxial strain energies of
constituents. Regarding~ii !, these energies depend on t
configuration degrees of freedom of the epitaxial film,
their calculation requires statistical methods.56,57 In the
present paper we investigate items~i! and ~ii ! above using
accurate first-principles local-density approximation~LDA !
calculations.
570163-1829/98/57~8!/4816~13!/$15.00
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As for ~i!, the constituent strain energy, we find that t
harmonic strain theory,18,46 predicting a single, universal re
lation for elastically soft directions, breaks down for suf
ciently large substrate/film lattice mismatch. We find th
under biaxialexpansion,noble metals are soft alonĝ001&,
but that undercompressionthe soft direction changes t
^201&. It is shown that the softness of^001& is a consequence
of low bcc/fcc energy differences in noble metals, while t
softness of̂ 201& under compressive strain can be explain
by loose packing of atoms in the$201% planes. Furthermore
the elastic strain energy as a function of direction exhib
qualitative shifts in the hard and soft strain directions, wh
cannot be guessed from the harmonic elasticity theory.
instance, we find that̂110& becomes the hardest directio
under biaxial expansion, and̂201& becomes the softest di
rection under biaxial compression, while the harmon
theory always predicts either^111& as the hardest and̂001&
as the softest direction, or vice versa.

Regarding~ii !, the formation energy, we find that th
anomalous elastic softness of the constituents along^001&
and^201& leads to low constituent strain energy in superl
tices along these directions, which makes them more st
than superlattices along otherĜ. For instance, in the size
mismatched systems Cu-Au, Cu-Ag, and Ni-Au,AnBn su-
perlattices alonĝ001& are the most stable for all periodsn.
Interfacial energies are found to be negative in Ag-Au a
Cu-Au ~reflecting their bulk miscibility!, and positive in the
phase separating systems Cu-Ag and Ni-Au. However,
traction between~110! interfaces in Ni-Au is very strong and
favors short-period (n}2) superlattices over long-period su
perlattices with few interfaces.

In the case of epitaxially grown disordered alloys, we fi
that the biaxial constraint on the phase separated constitu
4816 © 1998 The American Physical Society
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57 4817EFFECTS OF ANHARMONIC STRAIN ON THE PHASE . . .
may stabilize the alloy with respect to phase separation.
stabilization effect is always greater on substrates orien
along elastically hard directions~i.e., with high constituent
strain energy! like ^111& than along soft directions like
^001&. For instance, on lattice-matched substrates, epita
Ni 0.5Au 0.5 alloys are stable at all temperatures, a
Cu0.5Ag 0.5 alloys are stable forT.150 K if grown on a
~111! substrate, although both of these systems phase s
rate in bulk form or if grown on a~001! substrate. These
predictions agree very well with recent experimen
observations.31,36

II. BULK AND EPITAXIAL STABILITY CRITERIA

The stability of either free-standing or coherently strain
alloys and superlattices requires specification of~i! epitaxial
strain energies of pure constituents due to film/substrate
tice mismatch,~ii ! formation enthalpies of disordered alloy
~with respect to either strained or unstrained bulk const
ents! and superlattices. In this section, we define these qu
tities and discuss the physical situations where they sho
be used.

A. Epitaxial strain energies of elemental constituents

We start by considering~i! above, which is a common
element to alloys and superlattices. Consider a film of p
elementA coherently strained on a substrate oriented alo
directionĜ with surface unit-cell vectorsa1 anda2, orthogo-
nal to Ĝ. We assume that the film, being much thinner th
the substrate, maintains coherency with the substrate
plastically deforms to accommodate the lattice mismatch
the interface. This assumption is valid for films thinner th
the critical thickness for the nucleation of misfit dislocation
Furthermore, we consider films that are thick enough so
the chemical interaction energy at the film/substrate interf
and film/vacuum surface is negligibly small in comparis
with the elastic deformation energy of the film. Under the
assumptions, theepitaxial strain energyDEA

epi(a1 ,a2 ,Ĝ) of
film A is the strain energy of elementA deformed in the
growth plane to the unit-cell vectors$a1 ,a2% of the substrate,
and relaxed with respect to the out-of-plane vectorc:

DEA
epi~a1 ,a2 ,Ĝ!5min

c
@EA

tot~a1 ,a2 ,c!#2EA
tot~aA!. ~1!

In what follows, we are interested in the case where both
substrate and the unstrained bulk elementA have the fcc
crystal lattice. Thena1 and a2 are proportional to the equi
librium unstrained lattice vectors of fccA, ai

0(A):

ai5S as

aA
Dai

0~A!, i 51,2, ~2!

whereas and aA are fcc lattice parameters of the substra
andA, correspondingly. The epitaxial strain energy becom
a function of the substrate lattice constant and directionĜ
only:

DEA
epi@~as /aA!a1 ,~as /aA!a2 ,Ĝ#[DEA

epi~as ,Ĝ!. ~3!

LDA calculations ofDEA
epi(as ,Ĝ) are described in Sec. III.
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B. Formation enthalpies of alloys and superlattices

Like the formation enthalpy of any ordered bulk com
pound, theformation enthalpyDHSL

bulk(pq,Ĝ) of an ApBq

unstrained~bulk! superlattice is defined as the energy gain
loss with respect tounstrainedbulk constituents:

DHSL
bulk~pq,Ĝ!5Etot~ApBq ,Ĝ!2F p

p1q
EA

tot~aA!

1
q

p1q
EB

tot~aB!G , ~4!

whereaA is the equilibrium lattice constant of the unstrain
bulk elementA and EA

tot(aA) is the total energy ofA. This
enthalpy characterizes the propensity to form superlatt
with respect to the phase separated bulk constituents
DHSL

bulk(pq,Ĝ),0, the unstrained superlattices are energ
cally favored over the phase separation, while the ph
separated state is favored ifDHSL

bulk(pq,Ĝ).0. To be stable,
free-standing bulk superlattices must satisfy stability crite
with respect to at least~i! phase separation into unstraine
bulk constituents and~ii ! formation of a configurationally
disordered bulk alloy. The bulk mixing enthalpy,
DHmix

bulk(A12xBx), of the alloy is given by

DHmix
bulk~A12xBx!5Etot~A12xBx!2@~12x!EA

tot~aA!

1xEB
tot~aB!#, ~5!

wherex5q/(p1q) is the composition andEtot(A12xBx) is
the total energy per atom of the configurationally rando
alloy.

If DHmix
bulk(A12xBx),DHSL

bulk(ApBq),0, then both
the superlattice and disordered alloy are stable w
respect to phase separation, but the superlattice is uns
with respect to disordering. However, ifDHSL

bulk(ApBq)
,DHmix

bulk(A12xBx),0, then the superlattices are stable w
respect to both phase separation and disordering, and it
be possible to grow them.

The bulk formation enthalpy of a superlattic
DHSL

bulk(pq,Ĝ), can be separated into two components.
identify them, it is useful to first consider the infinite perio
superlattice limitp,q→`, whereA/B interfacial interactions
contribute a negligible amount of orderO(1/p). In this case,
the bulk formation enthalpy of theA`B` superlattice is
given by

DHSL
bulk~pq→`,Ĝ![DECS

eq~x,Ĝ!

5 min
a1 ,a2

@~12x!DEA
epi~a1 ,a2 ,Ĝ!

1xDEB
epi~a1 ,a2 ,Ĝ!#, ~6!

whereDEA
epi is the epitaxial deformation energy ofA, given

by Eq.~1!. We define this energy as the ‘‘constituent strain
~CS! to emphasize that in this limit the superlattice formati
enthalpy depends only on its strained constituents. Thi
also the energy required to keepA andB coherent.

For finite-period superlattices, the formation energy is d
termined not only by the elastic strain energy, but also
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4818 57V. OZOLIŅŠ, C. WOLVERTON, AND ALEX ZUNGER
interactions between unlike atoms atA/B interfaces. We de-
fine this interfacial energy I(pq,Ĝ) as

DHSL
bulk~pq,Ĝ!2DHSL

bulk~pq→`,Ĝ![
4

p1q
I ~pq,Ĝ!.

~7!

It is the total energy per layer of a single interface betwe
infinite slabs ofA andB oriented alongĜ. I (`),0 signals
that the interface is energetically favored, whileI (`).0 in-
dicates that an isolated interface is not preferred, and lo
period superlattices with fewer interfaces are usually m
stable than the short-period ones~however, this simple argu
ment is not always true, see the following discussion!.

For equiatomic (A)n /(B)n superlattices Eq.~7! becomes

DHSL
bulk~n,Ĝ!5

2I ~n,Ĝ!

n
1DECS

eq~x50.5,Ĝ!. ~8!

For smalln interfaces will interact with each other. We d
scribe this process by the interface interaction ene
dI (n,Ĝ):

dI ~n,Ĝ!5I ~n,Ĝ!2I ~n→`,Ĝ!. ~9!

NegativedI (n,Ĝ) may favor short-period superlattices ov
long-period superlattices even if the interfacial energyI (n
→`,Ĝ) is positive. For this to happen it is necessary tha

dI ~n,Ĝ!,2uI ~n→`,Ĝ!u. ~10!

In Sec. IV C we show that this unusual phenomenon occ
in Ni-Au.

If a disordered alloy is grown epitaxially on alattice-
matchedfcc substrate, its stability with respect to phase se
ration is given by theepitaxial mixing enthalpy:

dHmix
epi ~A12xBx!5DHmix

bulk~A12xBx!2~12x!DEA
epi~as ,Ĝ!

2xDEB
epi~as ,Ĝ!, ~11!

whereDEA
epi(as ,Ĝ) is the epitaxial strain energy of Eq.~3!,

accounting for the fact that the phase separated consitu
must also be lattice matched with the substrate. Due to
presence of these terms, disordered alloys may form epit
ally @dHmix

epi (A12xBx),0# even if the corresponding bulk a
loys phase separate@DHmix

bulk(A12xBx).0#. This situation is

especially likely to occur for elastically hard directionsĜ

with large values ofDEA,B
epi (as ,Ĝ), for instance^111& and

^110& ~see Sec. III B!.
The objective of this work is to calculateDHSL

bulk(ApBq)
@Eq. ~4!#, DHmix

bulk(A12xBx) @Eq. ~5!#, and dHmix
epi (A12xBx)

@Eq. ~11!# from first principles for Ag-Au, Cu-Ag, Cu-Au,
and Ni-Au. This requires the following:

~a! Epitaxial strain energies of pure constituen
DEA

epi(as ,Ĝ) @Eq. ~3!#, for Ag, Au, Cu, and Ni. This is de-
scribed in Sec. III.

~b! Equilibrium constituent strain energyDECS
eq @Eq. ~6!#

for Ag-Au, Cu-Ag, Cu-Au, and Ni-Au. This is described i
Sec. IV A.
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~c! The interfacial energyI (pq,Ĝ) of Eq. ~8! requires
DH form

bulk(ApBq ,Ĝ) for arbitrary pq and Ĝ. DHmix
bulk(A12xBx)

anddHmix
epi (A12xBx) require the total energy of a configura

tionally disordered solid solution. All these quantities a
obtained from the mixed-space cluster expansion as
scribed in Sec. IV B.

III. ELEMENTAL EPITAXIAL FILMS

A. Anharmonic epitaxial strain in thin films of pure elements:
Analytic forms

The epitaxial strain energy@Eq. ~3!# of a film of element
A ~with an equilibrium fcc lattice constantaA) on a fcc sub-
strate with lattice constantas , oriented along directionĜ, is
conveniently obtained in a two-step process considered
Hornstra and Bartels.43 First, the fcc crystal of bulkA is
uniformly stretched~or compressed! to the lattice constant o
the substrateas . The energy change relative to freeA is
given by the hydrostatic bulk deformation energ
DEA

bulk(as). In the second step, out-of-plane unit-cell vectoc
of the film relaxes to satisfy Eq.~1!. The change
Dc5c2(as /aA)c0 ~wherec0 is the fcc lattice vector of un-
strainedA), has components parallel@Dci# and perpendicular

@Dc'# to the growth directionĜ. The parallel componentDci
changes the volume of the unit cell and thus has a la
effect on the total energy. In contrast, the so-called sh
strainDc' shifts planes orthogonal toĜ and does not chang
the volume of the unit cell. Consequently, it has a mu
smaller effect on the total energy. Furthermore, this str
vanishes by symmetry for directionŝ001&, ^111&, and
^110&, and the shear strain energy must have zero ang
derivatives at these points. Therefore, we neglect the s
strainDc' also for low-symmetry directions. Bottomley an
Fons46 have shown that this approximation introduces rat
small errors in theharmonicepitaxial strain energies.

Neglecting the shear strainDc' , the strain energy of el-
ementA is then a function of the directionĜ and two scalar
variables,as and e i5uDciu/as21. The epitaxial strain en-
ergy DEA

epi(as ,Ĝ) of Eq. ~3! is the minimum of the strain
energy with respect toe i at a fixed substrate lattice consta
as :

DEA
epi~as ,Ĝ!5min

e i
@EA

tot~as ,e i ,Ĝ!#2EA
tot~aA!. ~12!

The epitaxial strain energyDEA
epi(as ,Ĝ) is related to the

epitaxial softening function53,18 q(as ,Ĝ) by the relation

q~as ,Ĝ!5
DEA

epi~as ,Ĝ!

DEA
bulk~as!

, ~13!

where DEA
bulk(as) is the hydrostatic deformation energy o

fcc A to the substrate lattice constantas . The function Eq.
~13! quantifies energy lowering due to the relaxation ofc(A)
in the second step of the deformation process conside
above.

The harmonic elasticity theory without the shear stra
gives18,56,46qharm(Ĝ), which depends on the growth directio
Ĝ but not on the substrate lattice constantas :
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57 4819EFFECTS OF ANHARMONIC STRAIN ON THE PHASE . . .
qharm~Ĝ!512
B

C111Dgharm~Ĝ!
, ~14!

where B5 1
3 (C1112C12) is the bulk modulus,

D5C442
1
2 (C112C12) is the elastic anisotropy paramete

andgharm(Ĝ) is a geometric function of the spherical angl
formed byĜ:

gharm~f,u!5sin2~2u!1sin4~u!sin2~2f!

5 4
5 A4pFK0~f,u!2

2

A21
K4~f,u!G . ~15!

Kl is the Kubic harmonic of angular momentuml . The equi-
librium value of theci /a ratio of the film is given by

FIG. 1. Expansion coefficientsbl(as) of Eq. ~18! for Ag, Au,
Cu, and Ni.
ci
eq~as ,Ĝ!5as~11e i!5aA2@223qharm~Ĝ!#~as2aA!.

~16!

For the principle high-symmetry directions we have

gharm~@001# !50, gharm~@110# !51, gharm~@111# !5 4
3 .
~17!

A parametric plot ofg is presented in Ref. 56, which show
that the minimum ofg(Ĝ) is along^001& and the maximum
along^111&. Therefore, depending on the sign of the elas
anisotropyD, qharm(Ĝ) is either lowest for thê001& direc-
tion, and thenqharm(@111#) is the highest, or vice versa
Other directions always have intermediate values
qharm(Ĝ).

If anharmonic effects are important,q becomes a function
of the substrate lattice parameteras . As we will show in Sec.
III B, for deformations 2(as2aA)/(as1aA) of approxi-
mately 4%, the ‘‘exact’’ LDAq(as ,Ĝ) exhibits appreciable
dependence on the substrate lattice parameteras and certain
qualitative features cannot be reproduced by the harmo
functional form of Eqs.~14! and ~15!. Furthermore, suffi-
ciently large epitaxial strains may take the lattice from t
fcc structure into other low-energy structures~e.g., bcc and
bct!, causing anomalous softening ofq(as ,Ĝ) for these di-
rections. Section III B shows that this indeed happens
^001& epitaxial strain whenas.aA . Therefore, Eqs.~14! and
~15! must be generalized to account for nonlinear effe
beyond the reach of the harmonic theory. This is achieved
replacing in Eq.~14! gharm(Ĝ) by g(as ,Ĝ), where

g~as ,Ĝ!5gharm~Ĝ!1(
l 50

l max

bl~as! Kl~Ĝ! ~18!

includes higher Kubic harmonics. For cubic system
l 50,4,6,8, . . . . Thegeneral expression forq is

q~as ,Ĝ!512
B

C111Dg~as ,Ĝ!
. ~19!

We have chosen this particular form forg since it guarantees
that all expansion coefficients tend to zero in the harmo
limit:

lim
as→aA

bl~as!50. ~20!

In summary, to calculateDEepi(as ,Ĝ) of Eq. ~3! we will use
Eq. ~12! to obtain it from LDA for a few substrate lattice
parametersas and along selected symmetry directionsĜ. We
will also need to obtain the harmonic elastic constantsC11,
C12, andC44. The calculatedDEepi(as ,Ĝ) results are then
fitted by the general Eqs.~13!, ~18!, and~19!.

B. Anharmonic epitaxial strain of thin films of pure elements:
LDA results

We have calculated the epitaxial strain ener
DEepi(as ,Ĝ) for Cu, Ni, Ag, and Au along six principle
directions^001&, ^111&, ^110&, ^113&, ^201&, and^221&. The
local-density approximation,58 as implemented by the linear
ized augmented plane-wave~LAPW! method,59 was used to
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4820 57V. OZOLIŅŠ, C. WOLVERTON, AND ALEX ZUNGER
obtain the total energies in Eqs.~12! and~13!. q(as ,Ĝ) was
calculated from Eq.~13! and fitted with the functional form
of Eqs.~18! and ~19!. The angular momentum cutoff in Eq
~18! was set tol max510, leaving five independent coeffi
cients for each value of the substrate lattice parameteras .
This choice allows reproduction of the LDA values with
maximum error of 0.04. The calculations have been done
biaxial compression (as,aeq) of Au and Ag, for biaxial ex-
pansion (as.aeq) of Ni, and for both biaxial expansion an
compression of Cu. The expansion coefficietsbl(as), enter-
ing Eqs.~18!, are shown in Fig. 1. At the equilibrium lattic
constantaeq ~vertical arrows in Fig. 1!, where the harmonic
formula Eq. ~15! is exact, allbl are exactly zero. Asas

deviates fromaeq, they change rapidly, indicating the impo
tance of anharmonic effects. In Cu and Ni foras.aeq, the
l 56 term is as important as thel 50 and l 54 terms, con-
tributions froml>8 being an order of magnitude smaller.
Au for as,aeq, b0(as) andb8(as) are the dominating terms
while the behavior of Ag is mainly determined byb0(as)
andb6(as). Thus, in spite of broad similarities between t
studied elements, they exhibit some interesting differenc

Figure 2 shows the calculated LDA epitaxial softeni

functionsq(as ,Ĝ) of Eq. ~13! for Cu, Ni, Ag, and Au. There
are important qualitative and quantitative differences

tweenqharm(Ĝ) given by the harmonic elasticity, Eq.~14!,

and the anharmonicq(as ,Ĝ) calculated from the LDA. First,

all q(as ,Ĝ) depend on the substrate lattice constantas ,

while the harmonicqharm(Ĝ) are independent ofas . Figure 3

shows the directional dependence ofq(as ,Ĝ) for Cu and Au
at a few values ofas : the equilibrium lattice parameter of C
~3.56 Å!, the equilibrium lattice parameter of Au~4.04 Å!,
and halfway between them~3.83 Å!. By construction,q at
as5aeq is given by the harmonic form of Eqs.~14! and~15!,
shown for fcc Au in Fig. 3~c! and fcc Cu in Fig. 3~d!. Epi-
taxial deformation of Au withas,aeq makes the lobes alon
^111& much more pronounced than in the harmonic ca
Furthermore,q for Au develops additional lobes alon
^001&, which in the harmonic approximation is the softe
direction. In contrast,q of Cu under biaxial expansion ex
hibits pronounced deepening of the^001& minima, but devel-
ops maxima alonĝ110&.

Second, in the harmonic elasticity theory of Eq.~14! if
^001& is the softest direction~smallestqharm), then ^111&
mustbe the hardest direction, and vice versa. Figure 2 sh
that this order does not hold for large deformations: the ha
est direction in Ni and Cu foras@aeq is ^110&, while the
hardest directions in Ag and Au foras!aeq are ^111& and
^001&, with both^110& and^201& being much softer than th
former.

Third, Fig. 2 shows thatq(as ,Ĝ) of different directions
cross for substrate/film lattice mismatc
2uas2aequ/uas1aequ,4%. For example, while^001& is
the softest direction nearaeq and stays such upon biaxia
expansion~Cu,Ni!, it is one of the hardest in biaxially com
pressed metals~Ag,Au,Cu! where^201& is the softest direc-
tion. Similarly, ^111& is the hardest direction near the equ
librium and for as!aeq, but it becomes softer than̂110&
and^201& in biaxially expanded Cu and Ni. Thus, there is
r

.

-

e.

t

s
d-

qualitative breakdown of the harmonic theory for strains
4%, and presumably quantitative errors for even sma
strains.

We also note similarities in the elastic behavior of the
materials. Under expansion, both Cu and Ni exhibit stro
softening ofq(as ,@001#) and somewhat weaker softening
q(as ,@111#), while q(as ,@110#) becomes the elastically
hardest direction. This order is reversed under biaxial co
pression of Ag, Au, and Cu:q’s for ^001& and^111& harden,
but the^110& and ^201& directions soften.

FIG. 2. The calculated epitaxial softening functionsq(as ,Ĝ) for
Cu, Ni, Ag, and Au. Points represent the directly calculated LD
values and lines show the fit using Eqs.~18! and ~19!.
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FIG. 3. Epitaxial softening functionq(as ,Ĝ) for ~a!–~c! Au and ~d!–~e! Cu, at different values of the substrate lattice constantas .
s
s

g

g

g

tate.
de-

le
t

n
is

n

ic

t

y

n-

xial

ce
er

s
th
C. Discussion of anomalous softening of q„as ,Ĝ…

in terms of fcc/bcc energy differences

The anomalous softening ofq(as ,@001#) in Ni and Cu for
as.aeq reflects a small fcc/bcc energy difference for the
materials. This can be seen by considering three energy
faces that deform fcc into bcc:

~i! E(g,V): The most general surface is the total ener
as a function of the tetragonal shearg and volumeV, shown
as contour in Fig. 4~a! for Cu. The tetragonal shear alon
^001& is defined by

« i j 5S g 0 0

0 g2 1/2 0

0 0 g2 1/2
D , ~21!

where c/a5A2g3/2. E(g,V) has ~at least! three extremal
points, denoted in Fig. 4~a! as solid dots: one correspondin

FIG. 4. Contour plot of the two-dimensional energy surfa
E(g,V) for Cu. The continuous line shows the epitaxial path det
mined by Eq.~23!, while the dashed line is the relationV5V(g)
obtained by minimizingE(g,V) with respect to the volumeV at a
constantg. The right panel shows the epitaxial strain energy a
function of the substrate lattice constant in comparison with
~much larger! bulk deformation energyDEbulk(as).
e
ur-

y

to the fcc state, one to the bcc state, and one to the bct s
These states obey the extremal conditions of vanishing
rivatives:

]

]g
E~g,V!5

]

]V
E~g,V!50. ~22!

Figure 4~a! shows that for Cu fcc and bct are locally stab
minima with respect tog andV, while bcc is a saddle poin
~maximum with respect tog and minimum with respect to
V).64,65

~ii ! Bain path E(g): A more specific function
E(g)[E(g,V)uV5const is defined by the tetragonal Bai
path,63 connecting fcc and bcc structures. The Bain path
obtained by changing thec/a ratio while keepingV}ca2

constant. Whenc/a51 the lattice type is bcc and whe
c/a5A2 it is fcc. The energy as a function ofg must have
extremal points at bothg values corresponding to the cub
symmetry fcc (g fcc51) and bcc (gbcc5221/3) states, as well
as at least another bct pointgbct with a zero derivative
E8(g)50.66,67 Usually,64–66,68–70for fcc stable elements the
bcc lattice is unstable@i.e., E(g) has a local maximum a
gbcc# and the bct state~a local minimum! occurs for
gbct,gbcc.

~iii ! Epitaxial Bain pathE@ceq(as)#: This deformation
path is obtained by scanningc while as is kept fixed, which
corresponds to epitaxial growth on a~001! substrate with
lattice parameteras . c is determined from the total-energ
minimization at a fixedas :

d

dc
Etot~g,V!5S 2

3
g2 1/3

]

]g
1

as
2

4

]

]VDE~g,V!50. ~23!

Equation~23! definesthe epitaxial path V(g), shown as a
continuous line in Fig. 4~a!. Since c/as5A2g3/2 and
V5cas

2/4, this path implicitly relates the out-of-plane dime
sionc to the substrate lattice constantas , much like Eq.~16!
does in the harmonic case. As noted in Ref. 65, the epita
path crosses all extremal points ofE(g,V) because Eq.~23!

-

a
e



s
to

ll
ne
al
u

tio

e,
c

e

o
g

ni

e
th
f
e

i
ce

e
re

, s

u

e
n

eal

in

i-
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is satisfied where conditions Eq.~22! hold. Therefore, if we
parametrize the epitaxial strain energy along this path a
function of as , it has a global minimum corresponding
fcc, a locally stable minimum corresponding to bct, and
maximum at the bcc state, see Fig. 4~b!. We see that asas
increases from the equilibrium fcc value, Cu sequentia
passes through the bcc and bct states where the strain e
DEepi(as ,@001#) is equal to the fcc/bcc and fcc/bct structur
energy differences. When these energy differences are m
smaller than the characteristic values of the bulk deforma
energiesDEbulk(as) @see Fig. 4~b!#, then q(as ,@001#) is
anomalously soft@since q(as ,@001#)5DEbcc/fcc/DEfcc

bulk(as)
for as5(2Vbcc)

1/3#.
In summary, the softness ofq(as ,@001#) for as.aeq is a

reflection of the geometric properties of the^001& epitaxial
deformation path~connection betweencubic symmetryfcc
and bcc structures!, and a small fcc/bcc energy differenc
DEfcc/bcc!DEbulk(as). It is important that the fcc and bc
points correspond to lattices with cubic symmetry, since
ensures that the energy surface has extremal points ther
zinc-blende GaP and InP,71 the epitaxial̂ 001& path has only
one point of cubic symmetry (c/a5A2, corresponding to
undistorted fcc!, and therefore the energy surfaceE(g,V) is
not required to possess additional extremal points. As a c
sequence,DEepi(as ,@001#) is a monotonously increasin
function of as , and q(as ,@001#) does not soften with in-
creasingas .

The described mechanism also accounts for the softe
of q(as ,@111#) for as.aeq in Cu and Ni under biaxial̂111&
expansion, since this deformation takes fcc (c/a5A6) into
bcc (c/a5A6/4), albeit at a much larger strain. However, w
have not found any simple structure corresponding to
compressivê201& strain that could explain the softening o
q(as,aeq,@201#) in Ag, Au, and Cu. The latter seems to b
caused by relatively loose packing of atoms within the~201!
planes, imposing small energy penalty on decreasing the
teratomic distances. Indeed, the nearest-neighbor distan
the ~201! plane isas , compared toas /A2 in the ~111! or
~001! planes with high values ofq(as ,Ĝ) for as,aeq.

IV. STABILITY OF SUPERLATTICES AND ALLOYS

A. Constituent strain of superlattices

The bulk formation enthalpy of superlattices@Eq. ~8!# is
expressed as a sum of the interfacial energyI (n,Ĝ) and
constituent strain energyDECS

eq(x,Ĝ). As given by Eq.~6!,
the latter is a weighted average of the epitaxial strain en
gies of coherently strained constituents, minimized with
spect to the common in-plane lattice vectorsa1 anda2. For
the high-symmetry directionŝ001& and^111&, these vectors
are related by symmetry operations of the superlattice
thata1 anda2 are proportional to the ideal fcc unit vectorsa1

0

and a2
0 via Eq. ~2!. Then DECS

eq(x,Ĝ) can be calculated by
minimizing the following expression with respect to the s
perlattice parameteraSL :

DECS
eq~x,Ĝ!5min

aSL
@~12x!DEA

epi~aSL ,Ĝ!1xDEB
epi~aSL ,Ĝ!#.

~24!
a

a
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rgy
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For lower-symmetry directionsĜ, the in-plane unit vectors
a1 and a2 may relax differently, and the angl
cosg5a1•a2 /ua1uua2u is also free to vary. For instance, i
^110& superlattices, the vectorsa1 anda2 are not related by
symmetry, and therefore may scale differently, i.e., in id
fcc ua1

0u/ua2
0u5A2 but in the superlattice generallyua1u/ua2u

ÞA2. Equation~24! is much simpler than the general Eq.~6!
requiring minimization with respect tothreedegrees of free-
dom: lengthsua1u, ua2u, and the anglea5(a1 ,a2)ˆ . In the
present work we adopt Eq.~24! even for low-symmetry di-
rections, using the calculatedDEA

epi(as ,Ĝ) from Sec. III B.
DECS

eq . Figure 5 shows the equilibrium constituent stra

FIG. 5. Equilibrium constituent strain energies for Cu-Au, N
Au, and Cu-Ag.



,

-

th
.
ia

n
n-
-

e-
nt.

at-

e
.
ite

of
-
eter

er of
ptly
osi-

-

ce
se

t
ge
the
ially
s

-
ll
all.

w

c-

be
ss.
and
nt
r-

ic

s

,
iz
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energiesDECS
eq(x,Ĝ) for the size-mismatched Cu-Ag, Ni-Au

and Cu-Au systems. They are determined from Eq.~24!, us-
ing only the epitaxial strain energiesDEA,B

epi of the constitu-

ents. There are obvious similarities inDECS
eq(x,Ĝ) for the

three noble metal systems.^201& superlattices have the low
est constituent strain energy belowx'0.2, after that̂ 001&
becomes the softest direction.^111& is the hardest direction
over a wide composition range, except for close tox51
where^110& is slightly harder.

This behavior can be explained by the properties of
epitaxial softening functionq(as ,Ĝ), discussed in Sec. III B
For example, consider Cu-Au from Fig. 5. Upon biax

FIG. 6. Equilibrium lattice parameter of infinite Cu-Au, Cu-Ag
and Ni-Au superlattices vs composition. The Ag-Au system is s
matched and thereforeaSL does not vary with the composition.
e

l

compression of Au~corresponding tox,0.5), q(as ,@111#)
increases rapidly~see Fig. 2!, increasing the elastic strai
energy and making this an elastically hard direction. In co
trast, q(as ,@201#) for Au decreases with biaxial compres
sion, and atx,0.2 there is small energetic penalty for d
forming Cu and Au to a common in-plane lattice consta
Increase ofq(as ,@110#) for Cu with as eventually causes
this to be the hardest direction in Au-rich Cu-Au superl
tices.

aSL(x). Figure 6 shows the equilibrium in-plane lattic
constant aSL(x,Ĝ) that minimizes the constituent strain
These are also the equilibrium lattice parameters for infin
period superlattices. The lattice parametersaSL(x,Ĝ) show
large deviations from Vegard’s law, with the behavior
aSL(x,@001#) being particularly anomalous. The very un
usual composition dependence of the superlattice param
for ^001& deserves closer scrutiny: Atx'0.2 the superlattice
parameter changes discontinuously to the lattice paramet
the larger constituent. The constituent strain energy abru
changes slope and settles down to a strictly linear comp
tion dependence. Furthermore,DECS

eq(x,@001#) is very small
in comparison withDECS

eq for other directions. These anoma
lies are direct consequences of the softq(as ,@001#) for bi-
axially expanded Cu and Ni, which in turn is a consequen
of the small fcc/bcc and fcc/bct energy differences for the
metals~Sec. III B!. Indeed, for a sufficiently Au-rich system
DECu

epi is smaller thanDEAu
epi favoring a superlattice constan

close to the equilibrium lattice parameter of Au. This lar
lattice parameter happens to fall on the flat region of
strain energy curve around the bcc and bct states of biax
expanded Cu~see Fig. 4!, where a local bct minimum exist
in the function on the right-hand side of Eq.~24!, shifting
downward in energy with increasingx. At some critical
value of the composition, the minimum aroundaAu becomes
deeper than the minimum close toaCu, which causes a dis
continuous jump inaSL . Loosely speaking, Cu deforms a
the way into the bct structure and Au does not deform at
That also explains the linear decrease ofDECS(x,@001#) af-
ter the discontinuity, sinceDEAu

epi50 andDECu
epi5const in Eq.

~24!.
In conclusion, we summarize the prerequisites for lo

elastic strain energy of infinite superlattices:~i! One of the
components should exhibit a particularly soft elastic dire
tion under biaxial strain, e.g.,̂001& in Cu upon epitaxial
expansion and̂201& in Au upon biaxial compression.~ii !
The lattice mismatch between the constituents should
large enough to explore the regions of anomalous softne

We stress that the unusual behavior shown in Figs. 5
6 @crossing of different directions, discontinuities, differe
skewnesses ofDECS

eq(x,Ĝ) curves# are caused by the anha

monicq(as ,Ĝ), and cannot be obtained within the harmon
theory with lattice parameter independentqharm(Ĝ).56

B. Describing chemical interactions via the mixed-space
cluster expansion

The energy of a bulk alloyDHmix
bulk(x) of Eq. ~5!, and of an

epitaxial alloy DHmix
epi (x) of Eq. ~11! cannot be computed

directly from LDA since configurationally random structure

e
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are involved. The approximate approach is either large
percells or a first-principles mixed-space clus
expansion.56,57 In the latter approach, a spin variableSi is
assigned to each lattice siteRi which takes a value11 if the
site is occupied by an atom of typeA, or 21 if the site is
occupied by an atom of typeB. The formation enthalpy of an
arbitrary structures is expressed in the following form:

DHCE~s!5(
k

Jpair~k! uS~k,s!u21(
f

MB

D fJfP̄ f~s!

1DECS~s!, ~25!

whereJ(k) is the Fourier transform of real-space pair inte
actions andS(k,s) is the structure factor,

Jpair~k!5(
j

Jpair~Ri2Rj !e
2 ikR j , ~26!

S~k,s!5(
j

Sje
2 ikR j . ~27!

The second sum in Eq.~25! runs over symmetry inequivalen
clusters constituted by three or more lattice sites.D f is the
number of equivalent clusters per lattice site, andP̄ f(s) are
structure-dependent geometrical coefficients~simple lattice
averages of the cluster spin products!. The last term in Eq.
~25! is the constituent strain energyDECS(s) of the structure
s. It is designed to reproduce the elastic strain energy
coherent long-period superlattices56 that are calculated di
rectly from the LDA ~see Sec. IV A!:

DECS~s!5(
k

JCS~x,k̂!uS~k,s!u2, ~28!

JCS~x,k̂!5
DECS

eq~x,k̂!

4x~12x!
. ~29!

The equilibrium constituent strain energiesDECS
eq(x,k̂) have

been deduced from the directly calculatedDEepi(aSL ,Ĝ)
minimizing Eq. ~24! with respect to the common in-plan
lattice constantaSL . They are fitted by a series of Kubi
harmonics with composition-dependent coefficientscl(x):

DECS~x,Ĝ!5(
l 50

l max

cl~x! Kl~Ĝ!, ~30!

which are used to evaluateDECS(x,Ĝ) for any directionĜ.
Structure factorsS(k,s) in the long-period superlattice limi
are nonzero only fork→0, whereJCS(x,k̂) is a nonanalytic
function of k, reflecting the directional dependence of t
constituent strain energy.

Theeffective cluster interactions Jf andJpair(k) are deter-
mined by fitting Eq.~25! to a large number~30 to 40! fully
relaxed first-principles LDA formation enthalpies of simp
ordered structures. Most of these ordered structures
short-period superlattices along^001&, ^111&, ^110&, ^201&,
and^113&.60 The calculations ofT50 total energies employ
the FLAPW ~Ref. 62! and LDA for the electronic exchang
and correlation. The total energy is minimized with resp
to all structural degress of freedom, i.e., both the atom
u-
r

f

re

t
c

positions and cell-external coordinates are fully relax
Complete discussion of the LDA calculations and cluster
pansions for Ag-Au, Cu-Ag, Cu-Au, and Ni-Au can be foun
in Ref. 60.

C. Stability of finite-period metal superlattices

Having obtained all ingredients ofDHCE(s) @Eq. ~25!#
from LDA calculations on small unit-cell structures, we ca
use this equation to predict the energy ofany configuration
s, in particular, superlattices. Figure 7 shows the bulk f
mation energies of (A)n /(B)n superlattices for the studie

FIG. 7. Superlattice energies for Cu-Au, Cu-Ag, Ni-Au, an
Ag-Au.
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57 4825EFFECTS OF ANHARMONIC STRAIN ON THE PHASE . . .
noble metal systems. The interfacial energiesI (n,Ĝ), ex-
tracted fromDHSL(n,Ĝ) according to Eq.~8!, are shown in
Fig. 8. Several interesting observations can be made f
these figures.

~i! I (n,Ĝ) are approximately constant aftern.5.
~ii ! For ordering systems~Cu-Au and Ag-Au!, the inter-

facial energies are negative~see Fig. 8!. Negative interfacial
energies are the cause for the upward slope ofDHSL(n,Ĝ)
curves in Fig. 7. This indicates a chemical preference
having unlike atoms at the interface and a tendency to fo
ordered structures atT50. For instance,L10, the observed
ground state of CuAu, is a monolayer~Cu!/~Au! superlattice
along ^001&. The order ofDHSL(n,Ĝ) is lowest^001& and
highest ^111& for Cu-Au, and lowest^110& and highest
^111& for Ag-Au superlattices.

FIG. 8. Interfacial energies of Cu-Au, Cu-Ag, Ni-Au, and Ag
Au.
m

r
m

~iii ! For the phase separating Cu-Ag, all interfacial en
gies are positive.DHSL(n,Ĝ) decreases withn for all direc-
tions and reflect the tendency to coherent phase separ
over ordered superlattice formation. Interfaces between
and Ag are energetically very costly. The order
DHSL(n,Ĝ) is again lowest̂ 001& and highest̂ 111&.

~iv! Ni-Au has the most interesting behavior o
DHSL(n,Ĝ) and I (n,Ĝ). It exibits phase separating typ
DHSL(n,@001#) ~decreasing with n), ordering type
DHSL(n,@110#) ~increasing withn), and a nearly constan
DHSL(n,@111#). Does this mean that interfaces in some
rections are energetically favorable, while in other directio
they are energetically costly? The answer is: no. In Ni-A
just as in Cu-Ag, all isolated interfaces have positive form
tion energies. However,the interaction between the inter
faces alonĝ 110& is strongly attractive in Ni-Au, and leads
to a net chemical energy gain for some short-period sup
lattices. Indeed, Fig. 8 shows that all interfacial energies
Ni-Au are positive in the limitn→` ~when there is no in-
teraction between the interfaces!, but decrease for short pe
riods and are negative for^110& n<3 superlattices. As we
show in Ref. 61 the competition between the constitu
strain energy, interfacial energyI (n→`,Ĝ) and ordering-
type interaction between the interfaces leads to unus
short-range order in Ni-Au solid solutions.

~v! It is interesting that in the phase separating Ni-Au a
Cu-Ag the lowest interfacial energyI (n→`,Ĝ) occurs for
the close-packed$111% interfaces, and the highest for$001%
interfaces. This situation is completely different in the ord
ing systems Cu-Au and Ag-Au, which have$110% as the
lowest and either$111% or $001% as the highestI (n→`,Ĝ).

~vi! Figure 7 shows the energies of the random alloys
the equiatomic composition. We see that in Cu-Au a
Ag-Au all long-periodsuperlattices are unstable with respe
to the formation of a random alloy. In Ni-Au the rando
alloy is less favorable than coherent phase separation in
^001& direction, but slightly more favorable than infinite co
herent superlattices along^110& and^111&. However,short-
period ^110& superlattices are lower in energy than the ra
dom alloy. All ^111& superlattices of NiAu have highe
formation enthalpies than the random alloy. In Cu-Ag on
the long-period̂ 001& superlattices have lower bulk forma
tion enthalpies than the random alloy. The epitaxial grow
of CuAg and NiAu alloys is discussed more thoroughly
Sec. IV E.

~vii ! In size-mismatched systems~Cu-Ag, Cu-Au, and Ni-
Au! DHSL(n,Ĝ) exhibit the same order as the constitue
strain DECS

eq(x,Ĝ), i.e., DHSL(n,@001#) is lowest and
DHSL(n,@111#) is highest. It suggests that low constitue
strain stabilizes even short-period superlattices.

D. Comparison of the trends in stability of metal
and semiconductor superlattices

Growth of semiconductor superlattices is a more mat
area than growth of metal superlattices, and much more
are available at present. Thus, a comparison of our resul
Figs. 7 and 8 for metals with analogous results for semic
ductors is of interest.72,73

Lattice-mismatched semiconductors generally ha
DHmix

bulk(x)>0 and DHSL
bulk>0. Thus, they resemble Ni-Au
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FIG. 9. Mixing enthalpiesDHmix ~in meV/atom! for bulk and epitaxial equiatomic Cu-Ag and Ni-Au alloys. All epitaxial calculatio
assume that the substrate is lattice matched to the random alloy.DECS is the sum of epitaxial strain energies of pure elements@see Eq.~11!#.
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and Cu-Ag rather than the compound-forming system C

Au. LDA calculations reveal thatDHSL
bulk(n,Ĝ) for G5^111&

andG5^001& look exactly like in Cu-Ag or Ni-Au: the en-
ergy decreasesas the periodn increases, and the interfacia
energies are mostly positive. However, in the^110& and
^201& directions, the interfacial energies arenegative,and

DHSL
bulk(n,Ĝ) increaseswith n, as in Ni-Au and Cu-Au.

Hence, semiconductor superlattices behave generically
Ni-Au superlattices. However, short-period^201& semicon-
ductor superlattices~e.g., the chalcopyrite structure, corr
sponding ton52) have alower energy than the random
alloy, while in Ni-Au it is the ^001& short-period superlat
tices that have lower energies than the random alloy. He
while the Ni-Au random alloy can lower its energy by d
veloping ^001& ordering, semiconductor random alloys c
lower their energy by developinĝ201& ordering. Both in
Ni-Au and semiconductor alloys, the ultimate ground state
incoherent phase separation.

E. Epitaxial growth and surface intermixing

Recent experimental studies31,36 have grown epitaxial
films of noble metal alloys that are immiscible in the bu
form. For instance, Stevens and Hwang36 have grown Cu-Ag
alloys on a Ru~0001! substrate, demonstrating that Cu a
Ag are miscible atT5823 K, despite the fact that in bulk, C
and Ag are strongly immiscible at this temperature and co
position. It has also been observed that Au deposited o
Ni~110! surface replaces it in the first surface layer forming
surface Ni-Au alloy,31 although Au is completely insoluble
in bulk Ni. In what follows we show that the stabilization o
epitaxial solid solutions from bulk-immiscible constituen
can be explained by the additionaldestabilizationof the con-
stituents due to the epitaxial constraint. Indeed, Eq.~11!
shows that the epitaxial mixing enthalpydHmix

epi may be con-
siderably lower than the bulk mixing enthalpyDHmix

bulk if the
sum of the constituent strain energies on the right-hand
is large.

Figure 9 shows the results for the epitaxial stabilization
equiatomic NiAu and CuAg alloys, assuming that the su
strate is lattice matched to the disordered alloy.

~i! Disordered CuAg and NiAu alloys have large positi
bulk mixing enthalpiesDHmix

bulk , in agreement with the ob
served bulk immiscibility.
-

as

e,

is

-
a

e

f
-

~ii ! Epitaxy destabilizes the constituents, and hence st
lizes the epitaxial alloy in all cases. This effect is mu
larger for the elastically hard direction^111& than for the soft
^001& direction.

~iii ! The epitaxial mixing enthalpydHmix
epi for ^111& be-

comesnegativein Ni-Au, showing that the solid solution is
energetically favored over the epitaxially phase separa
state. In CuAg,dHmix

epi is still positive and these alloys ar
unstable under epitaxial conditions atT50 K.

~iv! Epitaxial conditions lead to a significantly enhanc
miscibility sincedHmix

epi <dHmix
bulk . A simple mean-field esti-

mate of the miscibility gap temperature for CuAg grown
a nearly lattice-matched Ru~0001! substrate@equivalent to a
fcc~111! substrate# gives TMG52DHmix

epi 5150 K. Thus, for
~111! epitaxy at the temperature~823 K! of Steven’s and
Hwang’s experiment, our calculations predict complete so
bility of Cu-Ag, as observed.

~v! The epitaxial stabilization is strongly dependent on t
substrate orientation. A bigger effect can be observed
elastically hard directions, e.g.,^111& and ^110& for noble
metal alloys.

V. SUMMARY

We have investigated the effects of anharmonic strain
the stability of epitaxial films, superlattices, and epitaxia
grown disordered alloys. We find that anharmonic epitax
strain produces certain qualitative and quantitative featu
absent in the harmonic theory, in particular, the following

~i! Epitaxial softening functionsq(as ,Ĝ) are strongly de-
pendent on the substrate lattice constantas , while they are
constants in the harmonic theory. For instance, as a co
quence of the small fcc/bcc and fcc/bct energy differen
biaxially expanded Cu and Ni show drastic softening
q(as ,@001#). Furthermore, biaxially compressed Cu, A
and Au have low values ofq(as ,Ĝ) along directionŝ 201&
and^110& with relatively loose packing of atoms in the ep
taxial planes.

~ii ! The dependence ofq(as ,Ĝ) on the directionĜ can
differ from harmonic predictions. For instance,^110& is the
hardest direction in biaxially expanded Cu and Ni, and^201&
is the softest in biaxially compressed Cu, Ag, and Au. T
harmonic formula always predicts either^111& as the hardes
and ^001& as the softest direction, or vice versa.

~iii ! The strain energy of infinite coherent superlattic
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57 4827EFFECTS OF ANHARMONIC STRAIN ON THE PHASE . . .
exhibits marked anomalies associated with the anharm
behavior of constituentq(as ,Ĝ). The size-mismatched sys
tems Cu-Ag, Cu-Au, and Ni-Au exhibit very low constitue
strain for Ag- and Au-ricĥ 001& superlattices, sincê001& is
the easy direction for biaxial expansion of Cu and Ni. Sim
larly, ^201& superlattices with small Ag or Au content hav
low coherency strain energies because this is the easy d
mation direction for biaxially compressed Ag and Au. T
in-plane lattice parameteraSL of long-period^001& superlat-
tices suffers a discontinuous jump aroundx'0.2, and other
directions show considerable deviations from linear beh
ior.

~iv! These elastic anomalies are less pronounced in sh
period superlattices, although they contribute to the str
tural stability of^001& superlattices. Short-period bulk supe
lattices are stable in Ag-Au and Cu-Au due to negat
interfacial energies. Ag-Au and Ni-Au have positive interf
cial energies, leading to superlattice formation being en
getically unfavorable with respect to phase separation.
interaction energy between interfaces in Ni-Au is so stro
that short-period (n}2) superlattices alonĝ110& are more
stable than the long-period superlattices with fewer int
faces.
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~v! Epitaxially grown disordered alloys can be stabiliz
even if the system phase separates in bulk form. This ef
is caused by additional destabilization of the phase separ
state due to the epitaxial constraint on the constituents,
quiring them to be coherent with the substrate. The stab
zation is more pronounced for elastically hard directio
with high values ofq(as ,Ĝ), e.g.,^111&. For instance, we
find that even though Ni-Au and Cu-Ag phase separate in
bulk @DHmix

bulk(x).0#, equiatomic Ni0.5Au 0.5 alloys are mis-
cible when grown on a lattice-matched~111! substrate, while
Cu0.5Ag 0.5 on a~111! substrate is immiscible atT50 K but
miscible atT.150 K. Neither Ni0.5Au 0.5 nor Cu0.5Ag 0.5 are
miscible when grown on a lattice-matched~001! substrate,
corresponding to a low-energy penalty on the phase se
rated constituents.
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