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Strain-induced change in the elastically soft direction of epitaxially grown
face-centered-cubic metals
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The theory of epitaxial strain energy is extended beyond the harmonic approximation to account for
large film/substrate lattice mismatch. We find that for fcc noble metaldirections(001) and

(111) soften undetensilebiaxial strain(unlike zincblende semiconductorehile (ii) (110 and

(201) soften undecompressivéiaxial strain. Consequentlyiji ) upon sufficient compressid201)

becomes the softest directidowest elastic energybut (iv) (110 is the hardest direction for large

tensile strain(v) The dramatic softening df001) in fcc noble metals upon biaxial tensile strain is
caused by small fcc/bee energy differences for these materials. These results can be used in selecting
the substrate orientation for effective epitaxial growth of pure element#\gBd superlattices, as

well as to explain the shapes of coherent precipitates in phase separating allo898@ merican

Institute of Physicg.S0003-695(98)00204-§

When a material is comprességdrostatically,its en-  whereB=3(C,;+2C;,) is the bulk modulus and/harm(é)
ergy rises steeply because all three crystal axes are deformgga purely geometric function of the spherical angles formed
(dashed line in Fig. 1 When the same material is confined py G:

coherently onto a substratécoherentepitaxy’ ) with lattice

constant,, the energy rises less steegbplid line in Fig. 1 Yharnl @, 0) = SIM?(26) + sint( 6)siré( ¢)
since it is deformed only along the crystal axes in the sub-
strate plane and allowed to reléand thus, lower its energy 4 2

= 5VAT Kol 4.6) = =Ka(@0) . @)

Ki(¢,6) are Kubic harmonid® (linear combinations of
spherical harmonics forming irreducible representations of
, (1) the cubic group and the spherical angles and 6 are mea-
AEPM(ay) sured with respect to Cartesian axes oriented along the edges
of the conventional fcc cubic cell. Figuregb? and Zc)
giving the ratio between the epitaxial increase in energy du8hoWdham{G) of Au and Cu, demonstrating th@01) and
to biaxial deformation ta@g, and the hydrostatic increase in (111) are, respectively, the softest and hardest directions.
energy due to triaxial deformation to the samge Because One expects to find corrections to the harmonic behavior
the biaxial strain energp E®P(a,G) depends on the strain Predicted by Eq(2) due to the fact that strong deformations
directioné, S0 doesq(as,é). In growing coherent epitaxial  M&Y alter the electronlc.c.harge densﬂmd thus, the glastlc
films 2 it is desirable to minimize&Eepi(as,é) [or, equiva- r_e_spons)abeyond the validity of conventlongl h_armonlc elas-
. o - . ticity theory. However, the theory of elasticity itself does not
lently, for a fixedags minimize g(as,G) ], so as to avoid or

reduce dislocations and other strain-induced film/substrate

in the third directionG. This “epitaxial softening” can be
qguantified by the dimensionless parameter

. AE®(a,,G)
q(as,G)=——1——

defects. It is hence important to select substratgsand 80 ' '
growth directionsG that entail minimal strain energy. Har- 700 ! iAaBPK G ) ]
monic continuum elasticity theofy® makes definitive pre- _ ; :
.. J L . g 60f

dictions for theas andG dependence of epitaxial strain en- 3 -: ;
ergy: (i) q(as,G) does not depend omg, and (ii) the S S0 AEePi(as,[OOI])
“softest direction” is{001) if A=[C,y—3(C11;—C12)]>0, 2 4of : R
while if A<O then the softest direction i&111). For most g b bee bet
fcc metals and semiconductors>0, whereasA<0 for 5 0F\ i bec/fcc.
ionic salts(PbS, AgBr, NaCl, KCl and several bcc metals S o0b \ et [ AE ]
(Nb, V, Mo, Cn. The selection of substrate orientation for I S

. C . 10F '-.AE (a )
many years has been guided by these predictions of har- s
monic elasticity, summarized compactly by the expre<sion 0 ‘ '

34 36 38 40 42 44
Qnarnl é) —1— ’ 2) Substrate lattice constant (A)
C11t AYham{ G) o i A - . bulk
FIG. 1. Epitaxial[AE®P(as,G), solid line] and hydrostatid AE""(ay),
dashed Iin}deformation energies for fcc Cu. The dotted line shows a fit to

3E|ectronic mail: vozolins@sst.nrel.gov AEepi(as,G) using third-order polynomial ims.
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Epitaxial softening q(ag,G)

\\{\\‘{\\\‘
Nl

(¢) Cu, ag=3.56A (eq) (d) Cu, ag=4.09A

FIG. 2. Paramet[ic plot of the epitaxial softening functipfas,G) vs sub-
strate orientatiorG for (a)—(b) Au and (c)—(d) Cu, at a few values of the
substrate lattice constaat,. The equilibrium(eg) lattice constants of fcc
Au and fcc Cu are shown itb) and(c), respectively.

TABLE I. The calculated and experimeritalastic constants of fcc Ag, fcc
Au, fcc Cu and fcc Ni(in Mbar).

Ag Au Cu Ni
Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
Cy 152 124 214 186 230 168 330 247
Cyp 109 093 173 157 158 121 220 147
Cy 061 046 037 042 099 075 136 125
2See Ref. 17.

strain while q(as,[110]) andq(as,[201]) soften asag con-
tracts (compressive stra)n Consequently, upon sufficient
compression{001) is no longer the softest direction, but
rather(201) is (e.g., Ag, Ay. Also, upon sufficient expan-
sion,(111) is no longer the hardest direction, which is now
(110 (e.g., Cu, N). Finally, the dramatic softening of
d(as,[001]) upon biaxial expansion reflects the existence of
low-energy “excited” bcc and bct crystal forms. These re-
sults can better guide the selection of substrate orientation
for effective epitaxial growth.

We have performed LDA calculations for biaxial com-
pression @s<a.y of Au and Ag, for biaxial expansiona
>agg of Ni, while for Cu we considered both expansion and
compression. Table | gives the calculated LDA elastic con-
stants, which are typically 10%—20% higher than the experi-
mental values for Cu, Ag and Au. Larger discrepancy in the

case of fcc Ni is due to the neglect of spin-polarization ef-
indicate when and how expressi¢®) will fail for a given fects in our LAPW calculations. Figure 3 shows a line plot of
system. Figure 1 shows that at least a fourth-order polynog(a,,G) vs a for a few directionsG, while Fig. 2 shows a
mial in a5 is needed to reproduce the qualitative structure inparametric plot Oh(as,é) vs G for a few substrate lattice
AE®P(as,[001]) for Cu, as obtained directly from accurate constantsa,. We find several surprising predictions relative
electronic structure calculatiorsee below. The three ex- o the expectations of harmonic elasticity. Although the har-

tremal points inAE®P(ag,[001]) suggest that a simple ex- monic expressiorqham(é) [Eq. (2)] is exactly satisfied at
tension of the harmonic elasticity to include third-order elasypq equilibrium  lattice  constant a;=a,, [where

tic constants is not sufficierithe dotted line in Fig. 1 shows lim, . by(a)=0 in Eq. (4)], this ceases to be so as
the behavior of the strain energy predicted by a third-order ™5 ™4

polynomial fit to a few data points arourad,= 3.56 A). The
goal of the present work is to propose a simple analytic for-
mula forq(as,G) [and therefore\ E®P{(a ,G)] which works

| Epitaxial parameters |

: : ) A vl 06
for arbitrary strain magnitude and directi@ 03 . e
We have calculated E®P(a,,G) andq(as,G) for Ag, L
Au, Cu and Ni along six principal direction®01), (111), 03 110>
(110), (113, (202 and(221) using the local density ap- 5 oal o]
proximation (LDA),** as implemented by the linear aug- = -
mented plane wave_ APW) method'? This approach gives 5 o S f“
the total energy as a function of biaxial distortion, including & g, .
all anharmonic effects. We find that our results can be fittecg
accurately to a generalization of the Kubic harmonic expan- & ,, 06} '
. = %41 fecA a, fee Ni
sion of Eq.(3): K| lq <110>
£ o3l <111, 1 oul <> <201>
R R I max " é. \\ilb ’ 2})(1)2 <1l1>
7(@5,G)=Yharl G) + 2, bi(@)K((G), @ 02} <001> B
=0 22015 02} <001> :
. . 0.1} <110>» o <001>] L
whereb,(ag) is now a function ofag, and the angular mo- <0155 ° l o>
ic limi in- 0.0 . . . ) . . . .
menta extended beyond the harmonic linlit=Q,4) to in T T T T T YT s s e

cludel=6,8,1Q ... . Theanalytic representation of E)
allows us to explore the elastically soft and elastically hard
directions forany strain, even outside the regime of har-
monic elasticity. We find that forfcc noble metals
g(as,[001]) andqg(as,[111]) soften asas expands(tensile

Substrate lattice parameter a, " (A)

FIG. 3. The calculated epitaxial softening functiaq(sas,é) vs substrate
lattice parameteng for Ag, Au, Cu and Ni. Points represent the directly
calculated LDA values and lines show the fit using E4.
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deviates froma.,. This is apparent from the dependence ofd(as.,[111]), since the epitaxia{111) Bain path also con-
q on a, (absent in the harmonic thednrom the crossing of nects cubic fcc¢/a= 6) and bee ¢/a= \6/4) structures?

q for different G values, and from the development of new This property of th€001) and(111) Bain paths is caused by
lobes and minima in Fig. 2 with the change @&. Such the cubic symmetry of the crystal at the bcc paa=1,
effects occur at\a/a<4%, suggesting a rather small range requiring it to be a local extremum of the total energy. It is
of validity of the harmonic approximation. Furthermore, in interesting that in zincblende solidtsvo interpenetrating fcc
the harmonic elasticity theory, #f001) is the softest direc- lattices, tetragonak001) expansion does not lead to an ex-
tion then(111) must be the hardest direction, and vice versatremal point inAE®(as,[001]) since the crystal at the “bcc
Figure 3 shows that this does not hold for sufficiently de-Point” c/a=1 does not possess higher symmetry than at
formed films: the hardest direction in Ni and Cu far ~ c/a#1. As a consequenc&E(as,[001]) is a monotoni-

> 8,15 (201), while the hardest directions for Ag and Au at cally increasing function o, and(001) tensile strain does

ag<agqare(111) and(001). not lead to a softening crﬂ(as,[O().1])'.
The new results for fcc noble metals, apparent from our ~ The consequences of our findings are as folloes:
Se|f-consistent LDA Ca'cu'ationS, are: F|Im5 Of fCC noble metalS Undeens”ebiaxial Stl’ain pOSSGSS

) the lowest strain energy for strain directigf01), while
(i) q(as,[001) and, to a lesser exteng(as,[111])  |arge compressivebiaxial strains will have lower strain en-

_ soften asa, expandstensile biaxial strain ergy for(201). (b) When growing arS,L, superlattice with
(i) a(as,[110]) and q(as,[201]) soften asas is com-  components having smalsf and large L) lattice constants
pressed. (e.g.,S=Cu, L=Au), the system rich it (q>p) will have

(iit)  As a result of(i) and (i) above, we find that upon 4 |ow(001) elastic strain energy due to easy expansios,of
sufficient compressionf001) is no longer the elasti- - \yile a system rich i (q<p) will have a low(201) elastic
cally softest direction bu201) and to a lesser extent energy due to easy compressionLof
(110 are. The hardest direction upon compression is
still (111). This work has been supported by the Office of Energy

(iv)  Upon sufficient expansion(111) is no longer the Research, Basic Energy Sciences, Materials Science Divi-
hardest direction, but110) is (Cu, Ni). The softest Sion, U.S. Department of Energy under Contract No. DE-

direction upon expansion is st{D01). AC36-83CH10093.
We find that resulti) is a reflection of the existence of a
low-energybcc and bct “excited” structures. |ndeed)01> For recent advances in heteroepitaxy see M. H. Francombe, J. Vac. Sci.
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