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Origin of the Modulated Phase in Copper-Gold Alloys
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Statistical modulated phases which occur at high temperature in a number of alloy systems such
as copper-gold cannot be explained either in an axial Ising model or by using arguments based on
Fermi surface—Brillouin zone interactions. Instead we argue that these phases are stabilized by local
disordering at antiphase boundaries. We back up our statements with precise density functional calcu-
lations in the local density approximation. [S0031-9007(96)02099-6]

PACS numbers: 61.72.Nn, 64.70.Kb, 81.30.Hd

It is a curious fact that many compounds and polytypegphases [7]. A more popular, and far older explanation
exist in modulated phases; which periodic arrays of is given in terms of Fermi surface—Brillouin zone inter-
stacking faults or antiphase boundaries (APBs) modulatactions, in which the modulated structure is stabilized by
an otherwise small unit cell. These fall into two classesFermi surface nesting [5]. Although it is hardly likely that
“rational” structures (e.g., polytypes in SiC [1], or g  nesting can be occurring at all stoichiometries above 25%
[2], in which the period M (number of small unit Au;thatthe theory would predict CuAu-Il to be the ground
cells separating the modulating planar defects) is amstate; and that the Fermi surface is smeared out athigh
integer and the defects are perfectly flat; and “statistical'the nesting argument remains popular, and recent calcula-
structures (e.g., in Cu-Au or Cu-Pd alloys), which aretions using first principles band structures show there are
usually high temperature phases, in whighcan be an indeed parallel sheets of Fermi surface in CuAu-I and that
irrational number, oaverageperiod, often depending on the associate#t vector is consistent with measured aver-
stoichiometry. In the latter case, the defects are observeae periods [8]. Further confusion arises from mean field
to be stepped—or wavy on the scale of tens of latticealloy Hamiltonian calculations which reveal a first order
constants [3]. We offer here a new explanation for thetransition from disordered to a modulated phake with
origin of statistical modulated phases after demonstrating/ = 2 (rather than 5 as it should be), although electronic
the difficulties inherent in current theories. We find thatstructure effects such as nesting aeglectedn the semi-
the proper control parameter for determining the stabilityclassical, parameterized Hamiltonian [7].
and period is not the nesting vector or Ising parameter, It is clear that to resolve this conflict one needs
but instead depends on the ordering temperature of thesliable total energy calculations, a problem for which
alloy. As an example, we use the stoichiometric CuAuthe local density approximation in density functional
intermetallic compound. theory is ideally suited [9]. We have now made the first

An equiatomic mixture of Cu and Au is disordered onsystematic calculations and are able to show decisively
a face centered cubic (fcc) lattice at high temperafire that (1) Fermi surface nesting doest lower the internal
At low T the crystal orders into the CuAu-I structure in energy of CuAu-Il relative to CuAu-I, and (2) there is no
which the Cu and Au atoms occupy alternate (002) lay-explanation for the transition within an axial Ising model.
ers of the underlying fcc lattice. In a narrow intermediateThere is a spectacular effect of atomistic and lattice
temperature range there appears the CuAu-Il phase [4jelaxation, which has largely been neglected in previous
Its structure is CuAu-I modulated by an array of APBswork. We offer a new explanation for the appearance
with an average separation of five fcc lattice spacing®f modulated phases at high which is based in a clear
along thebd axis; Fig. 1. Important experimental obser- physical picture.
vations are: (i) CuAu-Il is a higli" phase which is acces- The Kohn-Sham equations are solved using full-
sible by heating or cooling through a first order transitionpotential LMTO [10] as described in Ref. [11]. To
[5]. (ii) The period of the APBs is statistical rather than converge the tiny energy differences, especially for lattice
rational [3]. (iii) M is found to increase both in the Au- and atomistic relaxations, we use modified tetrahedron
rich and Cu-rich non-stoichiometries [3]. (iv) ®#duction integration [12] and a very fine mesh &f points of 20
of M to as low as 1.5 is found upon large additions of im-divisions along the reciprocal lattice directions parallel
purities [5]. (v) HighT modulated phases are observedto the ¢ and ¢ axes and(20 + M)/M divisions along
in all Cu-Au alloys with greater than 25 at. % Au [3]. the b axis, which isM times longer. The calculations

These observations would argue for a statistical meare very demanding and in the cells havikg> 4 we
chanical explanation based on some alloy Hamiltoniardo the relaxations with the Harris-Foulkes approximation
with an order parameter, or an axial Ising model; and thesfl3] and make a self-consistent calculation of the final
indeed form the basis of some recent theories of modulatestructure. We use direct energy minimization [14] rather
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for certain values of the ANNNI parametets, and J,,

one seegx) to (5) to disordered transitions [6]. These
J, are the parameters that appear in the expression for the
total energy per four-atom layer of the structynd) in

the axial Ising model

M [o'e]
EM — Ey — M1 Z ZJnSiSHn, 1)
i n

where the spiry; in layeri is =1 and E, is the nominal
energy of an isolated layer. The energy of the APB
in the structurgM) is Yy = (1/ac) (ME™M — ME®™))
(a and ¢ are lattice parameters). By taking the limit as
M — « and using (1), the energy of the isolated APB
is (1/ac) (2J; + 4J, + 6J3...), which is quite slowly
b converging unless the,,| diminish rapidly withn. One
} expects an ANNNI description of the phase transitions
{/ if (i) only J; and J, are significantly large, (iiy; > 0
: so that the ferromagnetic ground state is stable, and
(i) J, < 0 to ensure “competing interactions” in the
ANNNI phase diagram [6]. A corollary of (iii) is that the
plot of y™) againstM has a negative initial slope (i.e.,
Y > @), sinceacy!" = 2J, andacy® = 2J, + 4J,
in the next nearest neighbor approximation.

To begin with, we look at the APB energy as a function
of M in a fixed lattice calculation, in which the lattice
parameters are taken to e= ¢ = 1 andb = 2M (in
units of ag = 3.86 A) and in which no relaxation of
atomic positions is allowed. The results are shown in
Fig. 2(a). As expected from the axial Ising description,
v converges only slowly withM. Furthermore, since

' —0O— self consistent unrelaxed
(a) —0— s-c from HF relaxed
—&— self consistent relaxed
s—o— pair functional

o
to

FIG. 1. Part of the CuAu-Il unit cell near the APB. The spins
associated with each CuAu-I unit cell are shown to the left and
those atomistic relaxations greater th@ria, are shown by
arrows over the atoms; arrow lengths are roughly proportional
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to the distances moved. Crystal directions are also shown. 0 : : : : : :
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than minimization with forces and stresses. We then L%% 0
take a novel approach which allows us to demonstrate & 10k |

points (1) and (2) simultaneously.

We focus on the APB ener@nd make successively
larger supercells in which the APBs are separated by one, M
two, ... M ... unit cells of the CuAu-| structure. In the
language of the axial Ising model, these are unit cells o
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E,IG. 2. (a) Self-consistent APB energies in supercells in
hich the APBs are separated B¢ units cells of CuAu-l,

the structures denoted),(2),...{M)...or... Tl ..., ...  unrelaxed and relaxed; and from relaxations in the Harris-
1M ..., etc. [6]. The “ferromagnetic” ground state CuAu-I Foulkes (HF) approximation. (The relaxed energies can be
(...1..) is denoted(x). CuAu-Il is ... MU ..., higher than the unrelaxed because the energy of the CuAu-I

or (5). The axial next nearest neighbor Ising (ANNN]) Stucture is also lowered by relaxation.) Also shown are
del miah id o f the f .7 relaxed APB energies using the pair functional. (b) Internal

model might provide a description of the ferromagnetic toene'rgy per atomAl/ = (EM) — E®)/4 and free energy per

modulated to disordered transitions since the mean fieldiomAF = AU — TAS.i, atT = 600 K and taking the order

ANNNI model phase diagram has just that structure; angharameter at the APB to be = 0.7.
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the initial slope is positive, botli; and J, are positive.
Therefore based on static electronic structtine, ANNNI
model cannot predict the occurrence of the CuAu-ll
phase. There is also clearly no special stability associated
with the M = 5 structure that one would expect from 54-3-2-101 2 3 435

the Fermi surface nesting theory. There may, of course, layer number

be parallel flat bands [8], but whether or not these leagtic. 3. Order parametey at T = 600 K at planes on either
to a lowering of energy can be determined only by aside of an APB in thé5) structure.

total energy calculation such as the present one. In other

words special stability requires both nested baadd a but the term in parentheses at a certiilbecomes nega-

large matrix element connecting them, and in this case thﬁve and, coupled with the repulsion, stabilizepariodic

conditions are clearly not met. : :
. L rray of APBs. In our simple treatment we are neglectin
We have then repeated these calculations while S|muﬁ]e¥ dependence of the ir?ternal energy g g

taneously relaxing the lattice parametersh, andc, and Our conclusions are as follows. CuAu-l is the ground

a!IOW|_ng all atoms to move mdependently,_but n th_e state structure and there is no energy lowering by intro-
direction only. As Fig. 1 shows, the atomistic relaxatlonsducing periodic, perfect APBs, either by Fermi surface

amount to a buckling of the atomic planes closest to th%esting or by ANNNI-like competing interactions. How-
APB. These relaxations are only degrees of freedom fo@ver, close tdT, the appearance of APBscally wetted

M > 2, and Fig. 2(a) shows the dramatic lowering pf will lower the free energy and, due to their repulsion, sta-

that accompanies these. We view this asefctronic bilize a structure of periodic APBs. The reason that a

consequence of relaxations driven by the large size dlfhew phase must form, rather than the gradual appearance

fer_ence b.etween Cu a_nd Au atoms, by comparison W'ﬂa)f more APBs as the temperature increases, is that these
pair functional calculz?ltlons. The relaxed lattice CaICUIa'defects arise from shifts in whole blocks of crystal and can
tions ;how a non-uniform convergence pfand hence . be produced only within a crystal by a specific dislocation
the Ising parameters, so a picture based on an axial ISNGechanism. The effect of wetting will be less in non-

model is again not appropriate. stoichiometric compositions since the crystal between the

We have taken care to use the most precise dens't,XPBs will also have an increased entropy and hehte

functional approach in order to be able to settle cIearIXN
X S ould be expected to be larger as observed. We cannot
points (1) and (2) above. However, the bonding in Cu'Auaccount for observations [5] in alloys with large impurity

is not so subtle that an empirical pair functional mOdelconcentrations in which is found to be as low as 1.5,

?aytnog_also ?e;hlnstrgc_tlve.f 'qu ordegtcl) f[:o(;nehto an uUny, ¢ we believe these go beyond the realm of a dilute alloy
erstanding of the origin ot the modulated phases, W"f"heory and do not fall within the purview of our supercell

have used the Same palr functlona! as previously useﬁesults. However, our picture does account for all other
to study order-disorder phenomena in the Cu-Au SySteerperimental facts listed at the outset

[15]. [The F’.aif functional reproduges the isolated APB We express our continuing gratitude to Michael Meth-
energy to within a factor of wo [F|g. 2(a)] as well as ssel, Mark van Schilfgaarde, and Mike Finnis; also
the relaxed APB structure, and describes well the groun NA’TO for a Collaborational ’Research Grant a,md to

state properties of CuAu-l and the order-disorder transi ;
tion [16].] In Ref. [15] it was found that significant pre- EPSRC for funding under Grant No. K74326.

disordering (“wetting”) occurred at a grain boundary and
this is the clue to understanding the modulated struc-
tures. New Monte Carlo simulations shown in Fig. 3 +permanent address: Atomistic Simulation Group, De-
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now show wetting at the APB in CuAu-I &t = 600 K, partment of Physics, The Queen’s University of Belfast,
so that the order parameteris reduced to about 0.7 at Belfast, BT7 1NN, United Kingdom.
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