PHYSICAL REVIEW B VOLUME 57, NUMBER 8 15 FEBRUARY 1998-II

Effects of anharmonic strain on the phase stability of epitaxial films and superlattices:
Applications to noble metals
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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 Qleiice mismatch 12%

Cu/Ag (12%), and Ni/Au(15%). We find that 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 energiesreaseawith superlattice period, and the interfacial energy

is positive. Superlattices are formed easiest@dl) and hardest ori111l) substrates. For ordering systems,

such as Cu-Au and Ag-Au, the formation energy of superlatiiter®aseswith period, and interfacial energies

are negative.These superlattices are formed easiest{@d) or (110 and hardest oril11) substrates. For

Ni-Au we find a hybrid behavior: superlattices alofl1) 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.
[S0163-182¢08)07108-2

[. INTRODUCTION As for (i), the constituent strain energy, we find that the
harmonic strain theor}?*® predicting a single, universal re-
Recently, there has been much intetetin growth of  lation for elastically soft directions, breaks down for suffi-
epitaxial metal films and superlattices due to their unusuatiently large substrate/film lattice mismatch. We find that
physical properties. The quality and structure of these sysaynder biaxialexpansionnoble metals are soft alon@01),
tems is of paramount importance for applications. Epitaxiakyyt that undercompressionthe soft direction changes to
monolayer and multilayefup to 10 Iayers formation has 201). Itis shown that the softness ¢301) is a consequence
been observed for many metal/semiconductor and metali¢ | pecsfee energy differences in noble metals, while the
metal combinations. Mos_t "?eta" metal superlattices haV%oftness 0f201) under compressive strain can be explained
been grown fo_r eleme_nts n d|ffe_rent <_:rysta| structueg., by loose packing of atoms in tH201} planes. Furthermore,
fce/beg and with considerable size mismatahg., 10% for the elastic strai functi f directi hibit
Cu/Nb (Refs. 15-1Y]. Furthermore, elemental metals and € elastic strain energy as a ftunction of direction exhibits
alloys have been found to form epitaxially in structures thatqu""l't"’lt've shifts in the hard and soft ;tram d|_r gctlons, which
cannot be guessed from the harmonic elasticity theory. For

are unstable in bulk fornf-22Recently, the topic of surface : M
alloy formation in bulk immiscible systems has attractedinStance, we find that110) becomes the hardest direction

considerable attenticii*2 These systems are usually Under biaxial expansion, an@01) becomes the softest di-
strained due to film/substrate lattice mismatch. One would®ction under biaxial compression, while the harmonic
like to understand and predict the stability of these types ofheory always predicts eith¢d11) as the hardest an@01)
strained materials. In order to do so, one requires knowledg@s the softest direction, or vice versa. .

of two types of energies. The stability of epitaxial B, Regardlng(n),_the formation energy, we find that the
alloy films and strained B, superlattices depends éinthe ~ anomalous elastic softness of the constituents al@)
energies of coherently strainednstituents AandB, and(ii)  and(201) leads to low constituent strain energy in superlat-
the formation energy oA, ,B, or A,B, itself. Regarding tices along these directions, yvhlch makes them more stable
(i), previous theoretical stud®s**~>¢have described these than superlattices along oth&. For instance, in the size-
energies using harmonic models, but we are interested heraismatched systems Cu-Au, Cu-Ag, and Ni-AALB,, su-

in large strains for which the harmonic theory could breakperlattices along001) are the most stable for all periods
down. Thus, we develop a generalization of previous methinterfacial energies are found to be negative in Ag-Au and
ods to treat the anharmonic epitaxial strain energies of th€u-Au (reflecting their bulk miscibility, and positive in the
constituents. Regardingi), these energies depend on the phase separating systems Cu-Ag and Ni-Au. However, at-
configuration degrees of freedom of the epitaxial film, sotraction betweeit110) interfaces in Ni-Au is very strong and
their calculation requires statistical methcfis’ In the favors short-periodr(=2) superlattices over long-period su-
present paper we investigate iterfis and (ii) above using perlattices with few interfaces.

accurate first-principles local-density approximati@mbA ) In the case of epitaxially grown disordered alloys, we find
calculations. that the biaxial constraint on the phase separated constituents
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57 EFFECTS OF ANHARMONIC STRAIN ON THE PHASE ... 4817
may stabilize the alloy with respect to phase separation. The  B. Formation enthalpies of alloys and superlattices

stabilizatioq effect is alyvays_ greater on s_ubstrates_ oriented | ike the formation enthalpy of any ordered bulk com-
along elastically hard direction@.e., with high constituent d thef i thalovA H2ulk &) of an A-B
strain energy like (111) than along soft directions like pound, theformation enthalpyAHs (pg,G) of an AgBq

(001). For instance, on lattice-matched substrates, epitaxiaffns’tr\;‘\‘l'i?r]ecr{bu'k) fl:pre]”?rttlicr:leclii dliflner(]j i}f thr:at energy gain or
NigsAugs alloys are stable at all temperatures, and 0SS espect tainstrainedbulk constituents.
CugsAgg 5 alloys are stable foif>150 K if grown on a

(111)_substrate, althoygh both of these systems phase sepa- AHglﬂ'k(pq,é):Etot(Aqu G)— %E}St(aA)
rate in bulk form or if grown on &001) substrate. These p+q
predictions agree very well with recent experimental q
H 1,36
observations: +_p+q Exl(ag) |, (4)
Il. BULK AND EPITAXIAL STABILITY CRITERIA wherea, is the equilibrium lattice constant of the unstrained

. . . . bulk elementA and EXY(a,) is the total energy of\. This
The stability of e|Fher free—_standmg or co_he_rently Strame‘jenthalpy characterizes the propensity to form superlattices
alloys and superlattices requires specificatiori pEpitaxial

strain energies of pure constituents due to film/substrate Iav—vIth respect to the phase separated bulk constituents. If

tice mismatch(ii) formation enthalpies of disordered alloys AHE(pg,G)<0, the unstrained superlattices are energeti-
(with respect to either strained or unstrained bulk constitu€@lly favored over the phase separation, while the phase
ent9 and superlattices. In this section, we define these quarseparated state is favoreddH2™(pg,G)>0. To be stable,

tities and discuss the physical situations where they shoulftee-standing bulk superlattices must satisfy stability criteria

be used. with respect to at leadi) phase separation into unstrained
bulk constituents andii) formation of a configurationally
A. Epitaxial strain energies of elemental constituents disordered bulk alloy. The bulk mixing enthalpy

AHM(A,_,B,), of the alloy is given b
We start by consideringi) above, which is a common mix (A1-xB,) yis9 y

element to alloys and superlattices. Consider a film of pure AHPK A, BY=E9(A, B )—[(1—x)E%a,)
elementA coherently strained on a substrate oriented along M e X A

directionG with surface unit-cell vectora, anda,, orthogo- +xEg\(ap)], 5)

nal to G. We assume that the film, being much thinner tha“vvherex=q/(p+q) is the composition an&©°Y(A, ,B,) is

the substrate, maintains coherency with the substrate anfle total energy per atom of the configurationally random
plastically deforms to accommodate the lattice mismatch aélloy.

the interface. This assumption is valid for films thinner than ¢ Awak(Al B )<AHES)LIJ_IK(A B,)<0, then both
—xPx p°q '

i ; H iofit i ; mix
the critical thickness for the nucleation of mlsfltdlslocatlons.the superlattice and disordered alloy are stable with

N ) - . aftespect to phase separation, but the superlattice is unstable
the chemical interaction energy at the film/substrate mterfacsvith respect to disordering. However, &H™KA B,)
: ' sL \"pPq

and film/vacuum surface is negligibly small in comparison bulk . .
with the elastic deformation energy of the film. Under these<AHmiX (A;1—xB,) <0, then the_superlatt!ces are stable \.N'th

. o . epi A respect to both phase separation and disordering, and it may
assumptions, thepitaxial strain energ\AE;"(a,,a,,G) of

. : ; X be possible to grow them.
film A is the strain energy of elemert deformed in the

o o th ool tof L of th bstrat The bulk formation enthalpy of a superlattice,
growth plane to the unit-cell vectofs, ,a,} of the substrate, bulk A ;
and relaxed with respect to the out-of-plane vector AHs_ (pg,G), can be separated into two components. To

identify them, it is useful to first consider the infinite period
superlattice limitp,q— oo, whereA/B interfacial interactions
contribute a negligible amount of ordéX 1/p). In this case,
In what follows, we are interested in the case where both thée bulk formation enthalpy of thé\..B.. superlattice is
substrate and the unstrained bulk eleménhave the fcc  9iven by

crystal lattice. Thera; anda, are proportional to the equi-

AER(@y,8,,6) = min[Ef(ar,8,0)] - EXi(@n). (1)

librium unstrained lattice vectors of fo&, a2(A): AHM(pg—o,G)=AEZX,G)
=min[(1-x)AE(a;,8,,6)
a=|—|a(A), =12, )
an . .
+XAEgpl(al!a2|G)]i (6)

whereas and a, are fcc lattice parameters of the substrate
andA, correspondingly. The epitaxial strain energy becomesvhere AES” is the epitaxial deformation energy 8f given
a function of the substrate lattice constant and direcon by Eq.(1). We define this energy as the “constituent strain”
only: (C9) to emphasize that in this limit the superlattice formation
enthalpy depends only on its strained constituents. This is
AESP[(as/ap)ay,(as/an)ay,G1=AESP(as,G). (3)  also the energy required to kedpandB coherent.
_ For finite-period superlattices, the formation energy is de-
LDA calculations ofAE,'i”'(aS,G) are described in Sec. Ill. termined not only by the elastic strain energy, but also by
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interactions between unlike atoAmsAallB interfaces. We de- (c) The interfacial energyt(pg,G) of Eq. (8) requires
fine thisinterfacial energy (pg,G) as AHPK(A,Bg,G) for arbitrary pg and G. AHZ(A; _B,)
and sH: P (A,_,B,) require the total energy of a configura-
AHglﬂ"‘(pq,é)—AHg‘ﬂ'k(pqew,é)Eil(pq,é). tionally disordered solid solution. All these quantities are
p+q obtained from the mixed-space cluster expansion as de-

(7)  scribed in Sec. IV B.
It is the total energy per layer of a single interface between

infinite slabs ofA andB oriented along5. 1()<0 signals IIl. ELEMENTAL EPITAXIAL FILMS
that the interface is energetically favored, whifee)>0in- A Anharmonic epitaxial strain in thin films of pure elements:
dicates that an isolated interface is not preferred, and long- Analytic forms

period superlattices with fewer interfaces are usually more L , i
stable than the short-period on@wever, this simple argu- 1 he epitaxial strain energiEq. (3)] of a film of element
ment is not always true, see the following discuskion A (with an equilibrium fcc lattice constaiat,) on a fccAsub-
For equiatomic A),/(B), superlattices Eq(7) becomes  strate with lattice constaret;, oriented along directiof, is
conveniently obtained in a two-step process considered by
21(n,G) R Hornstra and Bartel§ First, the fcc crystal of bulkA is
+AEZYx=0.50). (8 uniformly stretchedor compressedo the lattice constant of
the substratea,. The energy change relative to fréeis
For smalln interfaces will interact with each other. We de- given by the hydrostatic bulk deformation energy
scribe this process by the interface interaction energy Ef\u'k(as). In the second step, out-of-plane unit-cell veator
sl(n,G): of the film relaxes to satisfy Eq.1). The change
Ac=c—(as/an)c (wherec® is the fcc lattice vector of un-
sI(n,G)=1(n,6G)—I(n—%,G). (9) strainedA), has componentsAparaI[eLcH] and perpendicular
R [Ac, ] to the growth directiorts. The parallel componentc
Negativesl (n,G) may favor short-period superlattices over changes the volume of the unit cell and thus has a large
long-period superlattices even if the interfacial enet@y  effect on the total energy. In contrast, the so-called shear

—o0,G) is positive. For this to happen it is necessary that strainAc, shifts planes orthogonal © and does not change
the volume of the unit cell. Consequently, it has a much
Sl(n,G)<—|I(n—x,G)]. (100  smaller effect on the total energy. Furthermore, this strain
_ vanishes by symmetry for direction€01), (111), and
!I’l SeC IV C we show that this unusual phenomenon OCCUI’§110>, and the shear strain energy must have zero angu'ar
in Ni-Au. _ o _ derivatives at these points. Therefore, we neglect the shear

If a disordered alloy is grown epitaxially on lattice-  strainAc, also for low-symmetry directions. Bottomley and
matchedcc substrate, its stability with respect to phase sepagond® have shown that this approximation introduces rather
ration is given by theepitaxial mixing enthalpy small errors in théharmonicepitaxial strain energies.

Neglecting the shear straiic, , the strain energy of el-
ementA is then a function of the directio and two scalar
variables,as and ¢)=|Acj|/a;—1. The epitaxial strain en-
ergy AESP(ag,G) of Eq. (3) is the minimum of the strain
whereA E,‘i”i(as,é) is the epitaxial strain energy of E(B), energy with respect tej at a fixed substrate lattice constant
accounting for the fact that the phase separated consituerfis:
must also be lattice matched with the substrate. Due to the _ . —_— . o
presence of these terms, disordered alloys may form epitaxi- AER(as,G)= ”g‘l‘n[ Ex(as,€,G)]—Ex(aa). (12
ally [sH{ R (A;_B,)<0] even if the corresponding bulk al- o _ L
loys phase separafe\ HMK(A;_B,)>0]. This situation is  The epitaxial strain energdEx*(as,G) is related to the
especially likely to occur for elastically hard directiofs ~ epitaxial softening functioh-** q(as,G) by the relation
with large values ofAESy(as,G), for instance(111) and opip. A
(110 (see Sec. Il B. a(a..G)= AE " (as,G)

The objective of this work is to calculamHg‘ﬁ'k(Aqu) s AERay)
[Eq. (4], AHNE(A;,B,) [Eq. (5)], and SHIR(A; ,B,) i , _
[Eq. (11)] from first principles for Ag-Au, Cu-Ag, Cu-Au, WhereAE,™(as) is the hydrostatic deformation energy of
and Ni-Au. This requires the following: fcc A to the substrate lattice constaaf. The function Eq.

(a) Epitaxial strain energies of pure constituents, (13 quantifies energy lowering due to the relaxatiorc(4)
AEZpi(aS,é) [Eq. (3], for Ag, Au, Cu, and Ni. This is de- N the second step of the deformation process considered
scribed in Sec. IL. ab<_)r\;]e. o - olasticity th hout the sh ,

(b) Equilibrium constituent strain energyE&L [Eq. (6)] gSGilgmoncheastlplty theory without the shear strain
for Ag-Au, Cu-Ag, Cu-Au, and Ni-Au. This is described in Q'Vesl > Oharn{ G), which depends on the growth direction
Sec. IV A. G but not on the substrate lattice constagt

AHg(n,G)=

SHER(A; B =AHMNA; ,B)—(1-X)AES(as,6)

—XxAE&(a,,6), (12)

(13
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Expansion of Y(a,G) cfi(as G)=ay(1+€)=aar—[2—30narm( G)1(as— aA)(- |
16
2.0F ' ' ' ' ]
L by For the principle high-symmetry directions we have
T ]
0.0 b: :-:-::-:.:.:_:_—-:._"_"-.__ Yharnd [001) =0,  ¥Yhamf[110))=1, ¥hamf[111])= 25117)
’ b
10
-1.0¢ ? 1 A parametric plot ofy is presented in Ref. 56, which shows
2ok Yeq 3 that the minimum ofy(G) is along(001) and the maximum
Do along(111). Therefore, depending on the sign of the elastic
3.0¢ .

anisotropyA, nam{G) is either lowest for thé001) direc-
tion, and thenq,n{[111]) is the highest, or vice versa.
Other directions always have intermediate values of
qharm(G)-

If anharmonic effects are importamt,becomes a function
of the substrate lattice parametgr. As we will show in Sec.
Il B, for deformations 2&s—an)/(asta,) of approxi-

mately 4%, the “exact” LDAq(as,5) exhibits appreciable
dependence on the substrate lattice paranstand certain
qualitative features cannot be reproduced by the harmonic
functional form of Eqs.(14) and (15). Furthermore, suffi-
ciently large epitaxial strains may take the lattice from the
fcc structure into other low-energy structur@sg., bcc and
bct), causing anomalous softening @(as,é) for these di-
rections. Section Il B shows that this indeed happens for
(001 epitaxial strain whemg>a, . Therefore, Eqg14) and

(15 must be generalized to account for nonlinear effects
beyond the reach of the harmonic theory. This is achieved by

replacing in Eq(14) ynam(G) by y(as,G), where

Expansion coefficients bl(as)

|max

y(as,é>=yham(é>+|:20 bi(as) K(G) (18)

includes higher Kubic harmonics. For cubic systems

y 1=0,4,6,8... . Thegeneral expression fay is
1ol e b
20 ) (as,6)=1 ° (19
=2 L L L | | - q a , = _—— .
32 34 36 38 40 42 ° CuitAy(as,G)

Substrate lattice parameter (A) We have chosen this particular form fersince it guarantees

FIG. 1. Expansion coefficients,(a;) of Eq. (18) for Ag, Au, ;[ir::?itt.all expansion coefficients tend to zero in the harmonic
Cu, and Ni. :

i by(a;)=0. 20

Oharl G)=1— m (149 In summary, to calculata E®(a,, &) of Eq. (3) we will use

u har Eqg. (12) to obtain it from LDA for a few substrate lattice
where B=%(Cy;+2C;;) is the bulk modulus, Parameterssand along selected symmetry directiddsWe
will also need to obtain the harmonic elastic constays,

A=C,,—3(C4;—Cyy) is the elastic anisotropy parameter, ‘ -
P . . . Ci,, andCyy. The calculated E®P(ag,G) results are then
and y,.m{G) is a geometric function of the spherical anglesfitted by the general Eq¢13), (18), and(19).

formed byG:

. . . B. Anharmonic epitaxial strain of thin films of pure elements:
— 4
Yharnd @, 0) = SIr?(26) + sin*( 6)sir?(2¢) LDA results

2 We have calculated the epitaxial strain energy
\/2_1K4(¢'0) ' AE®P(a,,G) for Cu, Ni, Ag, and Au along six principle
directions(001), (111), (110, (113), (201), and(221). The
K, is the Kubic harmonic of angular momentumrhe equi-  local-density approximatiort, as implemented by the linear-
librium value of thec; /a ratio of the film is given by ized augmented plane-wayeAPW) method® was used to

=¢Van| Ko(¢,60)— (15)
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obtain the total energies in Egd.2) and(13). q(as,é) was
calculated from Eq(13) and fitted with the functional form
of Egs.(18) and(19). The angular momentum cutoff in Eq.
(18) was set tol =10, leaving five independent coeffi-
cients for each value of the substrate lattice parameier
This choice allows reproduction of the LDA values with a
maximum error of 0.04. The calculations have been done for
biaxial compressiongs<a.y) of Au and Ag, for biaxial ex-
pansion @s>aey) of Ni, and for both biaxial expansion and
compression of Cu. The expansion coefficiet&,), enter-
ing Egs.(18), are shown in Fig. 1. At the equilibrium lattice
constanta,, (vertical arrows in Fig. I, where the harmonic
formula Eg. (15 is exact, allb, are exactly zero. Asag
deviates froma,, they change rapidly, indicating the impor-
tance of anharmonic effects. In Cu and Ni fy>a.,, the
=6 term is as important as tHe=0 andl=4 terms, con-
tributions froml =8 being an order of magnitude smaller. In
Au for ag<aq, bp(as) andbg(as) are the dominating terms,
while the behavior of Ag is mainly determined H(as)
andbg(as). Thus, in spite of broad similarities between the
studied elements, they exhibit some interesting differences.
Figure 2 shows the calculated LDA epitaxial softening

functionsq(as,G) of Eq. (13) for Cu, Ni, Ag, and Au. There
are important qualitative and quantitative differences be-

tweenqn,{G) given by the harmonic elasticity, Eql4),
and the anharmoniq(as,é) calculated from the LDA. First,
all gq(as,G) depend on the substrate lattice constagt
while the harmoniay,,{G) are independent . Figure 3

shows the directional dependenceq:(ms,é) for Cu and Au
at a few values o the equilibrium lattice parameter of Cu
(3.56 A), the equilibrium lattice parameter of Ai4.04 A),
and halfway between theit8.83 A). By constructionq at
as=2a¢qiS given by the harmonic form of Eqél4) and(15),
shown for fcc Au in Fig. &) and fcc Cu in Fig. &). Epi-
taxial deformation of Au withag<<a., makes the lobes along
(112) much more pronounced than in the harmonic case.
Furthermore,q for Au develops additional lobes along
(002, which in the harmonic approximation is the softest
direction. In contrastg of Cu under biaxial expansion ex-
hibits pronounced deepening of tt@01) minima, but devel-
ops maxima along110).

Second, in the harmonic elasticity theory of Ed4) if
(001) is the softest directiorismallestq,), then (111

mustbe the hardest direction, and vice versa. Figure 2 shows

that this order does not hold for large deformations: the hard-
est direction in Ni and Cu fomg>aeq is (110, while the
hardest directions in Ag and Au fa,<a.q are(111) and
{002y, with both(110) and(201) being much softer than the
former.

Third, Fig. 2 shows thatj(as,G) of different directions
cross for substrate/film lattice mismatch
2lag—aed/|astaed<4%. For example, while(001) is
the softest direction neaa,q and stays such upon biaxial
expansion(Cu,Ni), it is one of the hardest in biaxially com-
pressed metaléAg,Au,Cu) where(201) is the softest direc-
tion. Similarly, (111) is the hardest direction near the equi-
librium and for as<aeq, but it becomes softer thal10)

051 fee Ag
<111+
04F cpp1> —o e ]
<110
03} ]
<001> <2013
02t <001
I <110> Aeq |
0.1 <201> l
0.0
04p fce Au 2q ]
03} <ll11>a l
Q <l11>
e <001>
% 02} <110>,
gn 201
E 0.1} <110> o 2001>1
N o
= <201>n
2 00 -
=2 T
x  06[
i fce Cu
=
= <110>

Epitaxial parameters

04}

0.2}

0.0

0.6}

fCC Ni <110>

o4l <111> <01z
T <110>
<201> <ll>
021 <001> 1
a
leq <001>

0.0 i A ‘ :
32 34 36 38 40 42

Substrate lattice parameter (10&)

FIG. 2. The calculated epitaxial softening functia(ss ,G) for
Cu, Ni, Ag, and Au. Points represent the directly calculated LDA
values and lines show the fit using Eq$8) and (19).

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

We also note similarities in the elastic behavior of these
materials. Under expansion, both Cu and Ni exhibit strong
softening ofq(as,[ 001]) and somewhat weaker softening of
g(as,[111]), while g(as,[110]) becomes the elastically
hardest direction. This order is reversed under biaxial com-
pression of Ag, Au, and Cug’s for (001) and(111) harden,

and(201) in biaxially expanded Cu and Ni. Thus, there is abut the(110 and(201) directions soften.
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Epitaxial softening q(as,G)

(d) Cu, ag=3.56A (eq) (e) Cu, ag=3.83A (f) Cu, ag=4.09A

FIG. 3. Epitaxial softening functioq(as,é) for (a)—(c) Au and(d)—(e) Cu, at different values of the substrate lattice cons#ant

C. Discussion of anomalous softening of q(as,G) to the fcc state, one to the bcc state, and one to the bct state.
in terms of fcc/bce energy differences These states obey the extremal conditions of vanishing de-

The anomalous softening gfag,[001]) in Ni and Cu for rivatives:
as>aeq reflects a small fcc/bee energy difference for these 9 9
materials. This can be seen by considering three energy sur- a—E(y,V)sz(y,V)=O. (22
faces that deform fcc into bec: Y

(i) E(y,V): The most general surface is the total energyFigure 4a) shows that for Cu fcc and bct are locally stable
as a function of the tetragonal sheaand volumeV, shown  minima with respect tay andV, while bcc is a saddle point
as contour in Fig. @) for Cu. The tetragonal shear along (maximum with respect tay and minimum with respect to

(001) is defined by v).646°
(i) Bain path E(y): A more specific function
y 0 0 E(Y)ﬁfE(%VNy:const is defined by the tetragon_al Bain.
path,” connecting fcc and bcc structures. The Bain path is
;=0 v vz o0 |, (21)  obtained by changing the/a ratio while keepingVeca?
0 0 12 constant. Wherc/a=1 the lattice type is bcc and when

c/a=+2 itis fcc. The energy as a function of must have
extremal points at both values corresponding to the cubic
symmetry fcc fc=1) and bee =2 ) states, as well
as at least another bct point, with a zero derivative
E’(y)=0.5567Usually84-%68-"%cr fcc stable elements the

where c/a=2y*2 E(y,V) has (at least three extremal
points, denoted in Fig.(4) as solid dots: one corresponding

11.8

! (b) bcc lattice is unstabléi.e., E(y) has a local maximum at
70 :'AE"“lk(ag) ..
116 i : Yoed @nd the bct state(a local minimum occurs for
© AEPi(a [001]) Yot Ybee-

(i) Epitaxial Bain pathE[ce{as)]: This deformation
path is obtained by scannirgwhile ag is kept fixed, which
corresponds to epitaxial growth on(801) substrate with
agPefie lattice parameteas. ¢ is determined from the total-energy
J minimization at a fixeda,:

Volume (A?’)
=

—
—
[

Energy (meV/atom)
5

\\\

e

07 08 Lo 34 36 38 40 42 44 a?
Tetra A A A . - ' d tot, 2 1/3 9 S _
gonal shear y Substrate lattice constant (A) E O 0% V)= ')/_ E Y V 0. (23
dc (V) 3 dy 4 oV (V) 3

FIG. 4. Contour plot of the two-dimensional energy surface . . o
E(,V) for Cu. The continuous line shows the epitaxial path deter-Equ"_’lt'on(ze’) _deflnesth_e epltaX|a! path ), sh0\3/v/2n as a
mined by Eq.(23), while the dashed line is the relatiof=V(y)  continuous line in Fig. @). Since c/ag=2y¥ and
obtained by minimizingg(y,V) with respect to the volum¥ ata V= caZ/4, this path implicitly relates the out-of-plane dimen-
constanty. The right panel shows the epitaxial strain energy as asionc to the substrate lattice constamt, much like Eq.(16)
function of the substrate lattice constant in comparison with thedoes in the harmonic case. As noted in Ref. 65, the epitaxial
(much largey bulk deformation energh EP(ay). path crosses all extremal points Bfvy,V) because Eq23)
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is satisfied where conditions E(R2) hold. Therefore, if we . . .
. S . . Constituent strain energies
parametrize the epitaxial strain energy along this path as a
function of ag, it has a global minimum corresponding to :
fec, a locally stable minimum cor.responding to bct, and a 100 . CuAg |]
maximum at the bcc state, see Figb¥ We see that as o=
increases from the equilibrium fcc value, Cu sequentially g0l ’:-"’;110> w<221>
passes through the bcc and bct states where the strain energy I,;,-"' s \
AE®P(a,,[001]) is equal to the fcc/bee and fec/bcet structural of 1/ /_::7" """"" N
energy differences. When these energy differences are much A s <31'1;\“_~C*\a\__
smaller than the characteristic values of the bulk deformation sl 7 '7",/."<201> t‘\\
energiesAE™(a,) [see Fig. 4b)], then q(a;,[001]) is 7 "4
anomalously soffsince q(as,[001]) = AEP*IAELYK(a,) T 20} 4 <001> 4
for ag=(2Vped *°. 5 /e
In summary, the softness afas,[001]) for ag>aeqis a Rl 4 , , , ,
. - - °d >
reflection of the geometric properties of th@01) epitaxial © 00 02 04 06 08 10
deformation path(connection betweegubic symmetryfcc £ Cu Ag
and bcc structurgsand a small fcc/bece energy difference, “ 500
AEfceheee AEPUK(@) . It is important that the fcc and bec o AAlls ommn -
points correspond to lattices with cubic symmetry, since it < PN NiAu
ensures that the energy surface has extremal points there. In & 150] ,/ TN
zinc-blende GaP and InP the epitaxiak 001) path has only g Y _,.-’311 11(;"%-..__
one point of cubic symmetryc{a=+2, corresponding to S H f"j <,.—-f->-;_\>\¢:._
undistorted fcg, and therefore the energy surfagéy,V) is .5 100 [/ /7 h \\\\
not required to possess additional extremal points. As a con- £ iiir <201>-""""""-;~_,\(\
sequence AE®P(a,,[001]) is a monotonously increasing ° vl ‘-\‘_‘Q}s
function of a5, and q(as,[001]) does not soften with in- § S0y / < <001>
creasingas. = A
The described mechanism also accounts for the softening 2 0 )
of q(as,.[lll]_) for as.>aeqin Cu gnd Ni under biaxiadl-lj) S 00 02 04 06 08 1.0
expansion, since this deformation takes fcéa= \/6) into § Ni Au
bee (c/a=/6/4), albeit at a much larger strain. However, we =
have not found any simple structure corresponding to the = 120 -
compressive 201) strain that could explain the softening of 2, 100 <111> CuAu
q(as<aeq,[201]) in Ag, Au, and Cu. The latter seems to be = [ 7 Jzz_l}__:\ ]
caused by relatively loose packing of atoms within (B@1) 20 FAr .
planes, _imp_osing small energy penalty on d_ecreasin_g the in_- I z Sl <1105,
teratomic distances. Indeed, the nearest-neighbor distance in 6ol 7 T~ f“*r.\_\"'-%
the (201) plane isas, compared tcag/\2 in the (111) or ,/_,-’,,f" /501}_ -------- RN
(001) planes with high values aj(as,G) for as<aeq. 40 ,'/,{,."/ AN
N <001> “\,§\
20 —ll'l'l - R B
IV. STABILITY OF SUPERLATTICES AND ALLOYS “/
o s s s s
A. Constituent strain of superlattices 00 02 04 06 08 1.0
The bulk formation enthalpy of superlatticE#sg. (8)] is Cu Composition x Au

expre_ssed as a_l sum of the mtAerfaCIal 'enetgy,G) and FIG. 5. Equilibrium constituent strain energies for Cu-Au, Ni-
constituent strain energdEcY(x,G). As given by EQ.(6), Ay, and Cu-Ag.

the latter is a weighted average of the epitaxial strain ener- .

gies of coherently strained constituents, minimized with refor lower-symmetry direction§&, the in-plane unit vectors
spect to the common in-plane lattice vectassanda,. For a; and a, may relax differently, and the angle
the high-symmetry direction®01) and(111), these vectors cosy=a;-a,/|a||a,| is also free to vary. For instance, in
are related by symmetry operations of the superlattice, s¢110) superlattices, the vectoes anda, are not related by
thata, anda, are proportional to the ideal fcc unit vectas symmetry, and therefore may scale differently, i.e., in ideal
and a2 via Eq. (2). Then AEZ(x,5) can be calculated by ¢C |a%]/|ad|= V2 but in the superlattice generallgy|/|ay|

minimizing the following expression with respect to the su- > \/Z..Equa_ti(.)r(_24)t_is mu_(t:rf: simplei m}an tt(]je generalf E‘CQ)
perlattice parameteds, : requiring minimization with respect tihreedegrees of free-

dom: lengths|a|, |a,|, and the anglex=(a;,a,). In the
present work we adopt E@24) even for low-symmetry di-
rections, using the calculateXESP(as,G) from Sec. IIl B.

AE%%(X,G)=rglin[(l—x)AEZpi(aSL,G)—l—xAEgpi(as,_,G)].
- AEZL. Figure 5 shows the equilibrium constituent strain

(29)
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compression of Aucorresponding tx<0.5), q(as,[111])
increases rapidlysee Fig. 2, increasing the elastic strain
. . . . energy and making this an elastically hard direction. In con-
4.1t <001> ] trast, g(as,[201]) for Au decreases with biaxial compres-
sion, and atx<<0.2 there is small energetic penalty for de-
forming Cu and Au to a common in-plane lattice constant.
Increase ofg(ag,[110]) for Cu with ag eventually causes
this to be the hardest direction in Au-rich Cu-Au superlat-
tices.

ag (x). Figure 6 shows the equilibrium in-plane lattice

constantas,_(x,é) that minimizes the constituent strain.
These are also the equilibrium lattice parameters for infinite

period superlattices. The lattice parametagg(x,G) show
large deviations from Vegard’'s law, with the behavior of
ag (x,[001]) being particularly anomalous. The very un-
usual composition dependence of the superlattice parameter
for (001) deserves closer scrutiny: A&0.2 the superlattice
parameter changes discontinuously to the lattice parameter of
the larger constituent. The constituent strain energy abruptly
changes slope and settles down to a strictly linear composi-
tion dependence. FurthermoteEZY(x,[001]) is very small

in comparison withAEZY for other directions. These anoma-
lies are direct consequences of the syfag,[001]) for bi-
axially expanded Cu and Ni, which in turn is a consequence
of the small fcc/bee and fece/bet energy differences for these
metals(Sec. Il B). Indeed, for a sufficiently Au-rich system
AEZ) is smaller thamAERY favoring a superlattice constant
close to the equilibrium lattice parameter of Au. This large
lattice parameter happens to fall on the flat region of the
strain energy curve around the bcc and bct states of biaxially
expanded Cusee Fig. 4, where a local bct minimum exists

in the function on the right-hand side of E(®4), shifting
downward in energy with increasing. At some critical
value of the composition, the minimum arouag|, becomes
deeper than the minimum close &g,,, which causes a dis-
continuous jump imag, . Loosely speaking, Cu deforms all
the way into the bct structure and Au does not deform at all.
That also explains the linear decreaseA@«(x,[001]) af-

ter the discontinuity, sincAE"=0 andAEZ)=const in Eq.

A_B__ superlattices
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(24).
. : : : : In conclusion, we summarize the prerequisites for low
00 02 04 06 08 10 elastic strain energy of infinite superlatticés: One of the
Cu Composition x Au components should exhibit a particularly soft elastic direc-

o . o tion under biaxial strain, e.g¢001) in Cu upon epitaxial
FIG. 6. Equilibrium lattice parameter of infinite Cu-Au, Cu-Ag, expansion and201) in Au upon biaxial compressior{ii)
and Ni-Au superlattices vs composition. The Ag-Au system is sizerpg |attice mismatch between the constituents should be
matched and thereforgs, does not vary with the composition. 506 enough to explore the regions of anomalous softness.
We stress that the unusual behavior shown in Figs. 5 and
6 [crossing of different directions, discontinuities, different

skewnesses akE&Y(x,G) curveq are caused by the anhar-

monicq(as,é), and cannot be obtained within the harmonic
).56

energiesAESY(x,G) for the size-mismatched Cu-Ag, Ni-Au,
and Cu-Au systems. They are determined from @¢), us-

ing only the epitaxial strain energie@sEz’s of the constitu-

ents. There are obvious similarities WEEY(x,G) for the . . _ R
three noble metal system&201) superlattices have the low- theory with lattice parameter independepf(G
est constituent strain energy below-0.2, after that001)
becomes the softest directiofiL1]) is the hardest direction
over a wide composition range, except for closextel
where(110) is slightly harder.
This behavior can be explained by the properties of the The energy of a bulk allop H?Y(x) of Eq. (5), and of an

epitaxial softening function(as,G), discussed in Sec. Il B. epitaxial alloy AHER(x) of Eq. (11) cannot be computed
For example, consider Cu-Au from Fig. 5. Upon biaxial directly from LDA since configurationally random structures

B. Describing chemical interactions via the mixed-space
cluster expansion
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are involved. The approximate approach is either large su-

percells or a first-principles mixed-space cluster
expansiorr®®’ In the latter approach, a spin variatfe is 0
assigned to each lattice si& which takes a value- 1 if the S
site is occupied by an atom of type or —1 if the site is Y
occupied by an atom of typg®. The formation enthalpy of an 20 ¢

Superlattice energies

-

(Ag),/(Aw), |

-

arbitrary structurer is expressed in the following form: <001>
MB o a0t <110>
AHce(0) =2 Jpail k) [S(k,0)[?+ 2 DrdiTli(o)
Random
+AEcd o), (25) 60 [
whereJ(k) is the Fourier transform of real-space pair inter- 150F : ,
actions and5(k, o) is the structure factor, (Cu)_/(Au)
n n
. woor —— - <111>
JpaiK) =2 Jpai Ri—Rj)e™ Ry, @6 B e
] . <110>d
50f 1 emmmmmmmTTTITOOT ]
. e <001>
S(k,o)=2, Sje” . (27) ‘
J

The second sum in E§25) runs over symmetry inequivalent
clusters constituted by three or more lattice si@s.is the
number of equivalent clusters per lattice site, &hdo) are
structure-dependent geometrical coefficie(dignple lattice
averages of the cluster spin prodycthe last term in Eq.
(25) is the constituent strain energyE - o) of the structure

o. It is designed to reproduce the elastic strain energy of

160} | (Cu) I;/(Ag)n |

120} Random

Formation energies AECE (meV/atom)

coherent long-period superlattiCBghat are calculated di- 80
rectly from the LDA(see Sec. IV A&
40 |
AECSw):; Jed%,K)|S(k,0)|?, (28) .
. AESx,k N
Jeg(x.k) = —4X(°15(_ X)) . 29 250F1 (Ni)_/(Au),_
A 000 <111> 1
The equilibrium constituent strain energid&Egy(x,k) have sob ]
been deduced from the directly calculataE®P(ag, ,G) el SLo>
minimizing Eq. (24) with respect to the common in-plane 100} -~ 7 ]
lattice constantag . They are fitted by a series of Kubic '\Random
harmonics with composition-dependent coefficien(): S0t <001>
I max 0 1 . .
0 5 10 15 20

AEce(x,6)=2> ¢(x) K(G), (30)
1=0 Superlattice period n

which are used to evalgamECS(X'G) f9r any direCt_ion('T" . FIG. 7. Superlattice energies for Cu-Au, Cu-Ag, Ni-Au, and
Structure factor$(k, o) in the long-period superlattice limit Ag-Au.

are nonzero only fok—0, whereJcg(x,k) is a nonanalytic

function of k, reflecting the directional dependence of thePositions and cell-external coordinates are fully relaxed.
constituent strain energy. Complete discussion of the LDA calculations and cluster ex-

Theeffective cluster interactions; andJ,;(k) are deter- ~ Pansions for Ag-Au, Cu-Ag, Cu-Au, and Ni-Au can be found
mined by fitting Eq.(25) to a large numbe30 to 40 fully N Ref. 60.
relaxed first-principles LDA formation enthalpies of simple
ordered structures. Most of these ordered structures are
short-period superlattices alogg01), (111), (110, (201), Having obtained all ingredients dfHcg(o) [EQ. (25)]
and<113>.6° The calculations off =0 total energies employ from LDA calculations on small unit-cell structures, we can
the FLAPW (Ref. 62 and LDA for the electronic exchange use this equation to predict the energyanfy configuration
and correlation. The total energy is minimized with respecto, in particular, superlattices. Figure 7 shows the bulk for-
to all structural degress of freedom, i.e., both the atomiamation energies ofA),/(B), superlattices for the studied

C. Stability of finite-period metal superlattices
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(iii) For the phase separating Cu-Ag, all interfacial ener-

Interfacial energies ] - N ] i
gies are positiveAHg (n,G) decreases with for all direc-

Cu-Ag the lowest interfacial energ)(nﬂoo,é) occurs for
the close-packedll11} interfaces, and the highest f{®01}
interfaces. This situation is completely different in the order-

' ' ' ' tions and reflect the tendency to coherent phase separation
‘10t ] over ordered superlattice formation. Interfaces between Cu
and Ag are energetically very costly. The order of
201 <> ] AHg (n,G) is again lowest001) and highes{111).
30b <001> ] (iv) NJ-Au has Athe most interesting behavior of
AHg (n,G) and I(n,G). It exibits phase separating type
40f 1 <110> ] AHg (n,[001]) (decreasing with n), ordering type
L AHg (n,[110]) (increasing withn), and a nearly constant
-50 : : : : AHg (n,[111]). Does this mean that interfaces in some di-
0 - - - - rections are energetically favorable, while in other directions
(Cu) /(Au)_ |1 they are energetically costly? The answer is: no. In Ni-Au,
- 20 n B3 just as in Cu-Ag, all isolated interfaces have positive forma-
£ <>r <001> : tion energies. Howevetthe interaction between the inter-
Z 40 IR faces along(110) is strongly attractive in Ni-Apand leads
> E E to a net chemical energy gain for some short-period super-
E 60 ] lattices. Indeed, Fig. 8 shows that all interfacial energies of
CHE Y <110> ] Ni-Au are positive in the limitn—oo (when there is no in-
© s0p ¥ . . . ] teraction between the interfagesut decrease for short pe-
EB riods and are negative fgl110) n<3 superlattices. As we
5 80F : /A ] show in Ref. 61 the competition between the constituent
E (Cwy/(Ag), ] strain energy, interfacial energ;(nﬂoo,é) and ordering-
g 60t <001> ] type interaction between the interfaces leads to unusual
£ /\ <110> ] short-range order in Ni-Au solid solutions.
g 40t <111-; """" (v) Itis interesting that in the phase separating Ni-Au and

20F

ing systems Cu-Au and Ag-Au, which ha{&10 as the
6ol ' ~ <001> ' lowest and eithef111} or {001} as the highest(n—,G).
L _.<110> (vi) Figure 7 shows the energies of the random alloys at
the equiatomic composition. We see that in Cu-Au and
<lll> ] Ag-Au all long-periodsuperlattices are unstable with respect

to the formation of a random alloy. In Ni-Au the random

- alloy is less favorable than coherent phase separation in the
L (ND) /(Aw), | ] (001) direction, but slightly more favorable than infinite co-
20} ] herent superlattices alofd10) and(111). However,short-

: ' ' period (110 superlattices are lower in energy than the ran-
dom alloy. All (111) superlattices of NiAu have higher
Superlattice period n formation enthalpies than the random alloy. In Cu-Ag only
the long-periol001) superlattices have lower bulk forma-
tion enthalpies than the random alloy. The epitaxial growth

0 5 10 15 20 25

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

Au. . o .
! of CuAg and NiAu alloys is discussed more thoroughly in
. . . Sec. IVE.
noble metal systems. The interfacial energiés,G), ex- (vii) In size-mismatched systertGu-Ag, Cu-Au, and Ni-

tracted fromAHg (n,G) according to Eq(8), are shown in  Au) AH«(n,3) exhibit the same order as the constituent
Fig. 8. Several interesting observations can be made fromg i AEEY(x é) i.e., AHg(n,[001]) is lowest and

these figures. AHg (n,[111]) is highest. It suggests that low constituent
(i) 1(n,G) are approximately constant after5. strain stabilizes even short-period superlattices.
(ii) For ordering system&u-Au and Ag-Ay, the inter-
facial energies are negatiysee Fig. 8 Negative interfacial D. Comparison of the trends in stability of metal
energies are the cause for the upward slopd i (n,G) and semiconductor superlattices

curves in Fig. 7. This indicates a chemical preference for Growth of semiconductor superlattices is a more mature

having unlike atoms at the interface and a tendency to formyrea than growth of metal superlattices, and much more data
ordered structures &t=0. For instancel 1,, the observed are available at present. Thus, a comparison of our results in
ground state of CuAu, is a monolay&@u)/(Au) superlattice  Figs. 7 and 8 for metals with analogous results for semicon-

along(001). The order ofAHg (n,G) is lowest(001) and  ductors is of interest?"

highest(111) for Cu-Au, and lowest(110) and highest Lattice-mismatched semiconductors generally have

(111) for Ag-Au superlattices. AHPY%(x)=0 and AH&™*=0. Thus, they resemble Ni-Au

mix
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Epitaxial Epitaxial Epitaxial Epitaxial
C001> | | Bulk | YT <001> | Bulk | 111>
rd
CuAg CuAg _ CuAg - // AHER<0
epi 7 jiAu A
EHmlx AHmix /AECS AHSD T //— NiAu
T~ ’ N . AEcs
AEcs . S \AECS AHmix )
Cu+Ag R /
Ni+Au
CuAg on (111): Stable, but NiAu on (111): Stable!

not at zero temperature

FIG. 9. Mixing enthalpieAH .« (in meV/atom for bulk and epitaxial equiatomic Cu-Ag and Ni-Au alloys. All epitaxial calculations
assume that the substrate is lattice matched to the random ARy is the sum of epitaxial strain energies of pure elemgsas Eq(11)].

and Cu-Ag rather than the compound-forming system Cu- (ii) Epitaxy destabilizes the constituents, and hence stabi-

Au. LDA calculations reveal thaxH2"(n,&) for G=(111)  lizes the epitaxial alloy in all cases. This effect is much

andG=(001) look exactly like in Cu-Ag or Ni-Au: the en- larger fpr thg elastically hard directigi11) than for the soft
ergy decreasess the perioch increases, and the interfacial (00D direction. p
energies are mostly positive. However, in th&l0) and (iii) The epitaxial mlxmhg e_nthawahmix folr_ <11I1> be-
(201) directions, the interfacial energies amegative,and comesnegativein Ni-Au, showing that the so id solution is
AHPN &) increaseswith n. as in Ni-AU and Cu-Au energetically favored over the epitaxially phase separated
st (.G) r 99 - state. In CuAg,sH:R, is still positive and these alloys are
Hence, semiconductor superlattices behave generically 3hstable under epitaxial conditions B0 K.
Ni-Au superlattices. However, short-peri¢@01) semicon- (iv) Epitaxial conditions lead to a significantly enhanced
ductor superlatticege.g., the chalcopyrite structure, corre- miscibility since sHEPi< sHk A simple mean-field esti-
sponding ton=2) have alower energy than the random mate of the miscibility gap temperature for CuAg grown on
alloy, while in Ni-Au it is the(001) short-period superlat- 5 nearly lattice-matched R2001) substratdequivalent to a
tices that have lower energies than the random alloy. Henc%c(lll) substrat gives TMGZZAH%I?;:%O K. Thus, for
while_the Ni-Au rangom alloy can lower its energy by de- (111 epitaxy at the temperaturg823 K) of Steven’s and
veloping (001) ordering, semiconductor random alloys can Hwang'’s experiment, our calculations predict complete solu-
lower their energy by developing201) ordering. Both in  pijlity of Cu-Ag, as observed.

Ni-Au and semiconductor alloys, the ultimate ground state is  (v) The epitaxial stabilization is strongly dependent on the

incoherent phase separation. substrate orientation. A bigger effect can be observed for
elastically hard directions, e.g(111) and (110 for noble
metal alloys.
E. Epitaxial growth and surface intermixing
Recent experimental studis® have grown epitaxial V. SUMMARY
films of noble metal alloys that are immiscible in the bulk
form. For instance, Stevens and Hwahigave grown Cu-Ag We have investigated the effects of anharmonic strain on

alloys on a R(000) substrate, demonstrating that Cu andthe stability of epitaxial films, superlattices, and epitaxially
Ag are miscible af =823 K, despite the fact that in bulk, Cu 970Wn disordered alloys. We find that anharmonic epitaxial
and Ag are strongly immiscible at this temperature and C0m§train produces certain qualitative and quantitative features

position. It has also been observed that Au deposited on gbsent in the harmonic theory, in particular, the following.
Ni(110) surface replaces it in the first surface layer forming a (1) Epitaxial softening functiong(as,G) are strongly de-
surface Ni-Au alloy?* although Au is completely insoluble Pendent on the substrate lattice conswyt while they are

in bulk Ni. In what follows we show that the stabilization of constants in the harmonic theory. For instance, as a conse-
epitaxial solid solutions from bulk-immiscible constituents quence of the small fce/bec and fee/bet energy difference,
can be explained by the additiordgstabilizatiorof the con- ~ Piaxially expanded Cu and Ni show drastic softening of
stituents due to the epitaxial constraint. Indeed, Bd)  9(as,[001]). Furthermore, biaxially compressed Cu, Ag,

shows that the epitaxial mixing enthal@?. may be con- and Au have low values aj(as,G) along directiong201)

siderably lower than the bulk mixing enthalpyH2ux if the  and(110) with relatively loose packing of atoms in the epi-
sum of the constituent strain energies on the right-hand sidéxial planes. . A
is large. (iil) The dependence ajf(as,G) on the directionG can

Figure 9 shows the results for the epitaxial stabilization ofdiffer from harmonic predictions. For instangg,10) is the
equiatomic NiAu and CuAg alloys, assuming that the sub-hardest direction in biaxially expanded Cu and Ni, 4861
strate is lattice matched to the disordered alloy. is the softest in biaxially compressed Cu, Ag, and Au. The

(i) Disordered CuAg and NiAu alloys have large positive harmonic formula always predicts eithrl1) as the hardest
bulk mixing enthalpiesAH X, in agreement with the ob- and(001) as the softest direction, or vice versa.

served bulk immiscibility. (iii) The strain energy of infinite coherent superlattices
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exhibits marked anomalies associated with the anharmonic (v) Epitaxially grown disordered alloys can be stabilized

behavior of constituerm(as,é). The size-mismatched sys- even if the system phase separates in bulk form. This effect
tems Cu-Ag, Cu-Au, and Ni-Au exhibit very low constituent is caused by additional destabilization of the phase separated
strain for Ag- and Au-rich(001) superlattices, sinc€001) is  state due to the epitaxial constraint on the constituents, re-
the easy direction for biaxial expansion of Cu and Ni. Simi-quiring them to be coherent with the substrate. The stabili-
larly, (201) superlattices with small Ag or Au content have zation is more pronounced for elastically hard directions
low coherency strain energies because this is the easy defagith high values ofq(as,G), e.g.,(111). For instance, we
mation direction for biaxially compressed Ag and Au. Thefind that even though Ni-Au and Cu-Ag phase separate in the
in-plane lattice parameters, of long-period(001) superlat-  pylk [AH2YX(x)>0], equiatomic Nj sAu, s alloys are mis-
tices suffers a discontinuous jump arouxe 0.2, and other  cible when grown on a lattice-matchéttL 1) substrate, while
directions show considerable deviations from linear behavey, Ag, s on a(111) substrate is immiscible &t=0 K but
or. miscible atT>150 K. Neither Nj sAu 5 nor Cuy 5Ag o5 are

(iv) These elastic anomalies are less pronounced in shorfniscible when grown on a lattice-matché@01) substrate,

period superlattices, although they contribute to the strucgorresponding to a low-energy penalty on the phase sepa-
tural stability of(001) superlattices. Short-period bulk super- rated constituents.

lattices are stable in Ag-Au and Cu-Au due to negative

interfacial energies. Ag-Au and Ni-Au have positive interfa-

cial energies, leading to superlattice formation being ener- ACKNOWLEDGMENT
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