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Contributions of vibrational dynamics to the local and excess thermodynamic properties
of Cu3Au surfaces

Weibin Fei, Abdelkader Kara, and Talat S. Rahman
Cardwell Hall, Department of Physics, Kansas State University, Manhattan, Kansas 66502

~Received 3 November 1999!

In a comparative study of the local and excess thermodynamic properties of ordered~100!, ~110!, and~111!
surfaces of Cu3Au using interaction potentials from the embedded atom method, and a real space Green’s
function method for the calculation of the local vibrational density of states, we find surface effects to be most
pronounced on~110!. The enhancement of the low frequency modes resulting from the softening of intralayer
force constants causes a remarkable lowering of the vibrational free energy on~110!. On Cu3Au(100) the
stiffening of interlayer force constants leads to the appearance of modes above the bulk band that reduce the
effect of the enhancement of low frequency modes. Atoms on all three surfaces display characteristics that are
distinct from those in the bulk.
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I. INTRODUCTION

The surfaces of single-crystal bimetallics have been
subject of intense experimental and theoretical investiga
in the last two decades because of the interesting possibi
they provide for examining the impact of reduced coordin
tion and symmetry on the nature of the bonding betwe
dissimilar atoms in an alloy. While atomic relaxations, sp
tial rearrangements~reconstruction!, presence of localized
vibrational modes, and characteristic local thermodynam
have been the traits of surfaces of monoatomic metals,
presence of two types of entity makes surfaces of bimeta
additionally susceptible to temperature dependent comp
tional disorder and differential relaxation~rippling!. There is
also a technological demand for a deeper comprehensio
the characteristics of bimetallic surfaces stemming from th
importance in heterogeneous catalysis, in high tempera
hard materials, in their resistance to corrosion, and in
preparation of ultrathin films. The surfaces of intermetall
like Ni3Al, Ti 3Al, Pt3Al, and Cu3Au have thus been the
target of a number of experimental and theoreti
investigations.1,2 In particular, a series of striking experimen
tal observations have made Cu3Au and its surfaces mode
systems for theoretical and experimental studies of bime
lics.

In the ordered phase of bulk Cu3Au, atoms arrange them
selves on a face-centered cubic structure such that the
atoms occupy the corners of an elementary unit cell and
Cu atoms sit at the face-centered sites. At a transition t
peratureTc 5 663 K, which is well below its melting tem
perature of 1226 K, the bulk system undergoes a first or
phase transition3 in which each site may be occupied ra
domly by Cu or Au atoms with probabilities of 3/4 and 1/
respectively, while maintaining the fcc structure. Several
periments and theoretical calculations have found t
Cu3Au surfaces also undergo an order-disorder transit
however, unlike the bulk transition, this is second order4–7

with the disorder initiating at temperatures well below t
bulk transition temperature. The driving force for this surfa
transition is not well understood, particularly because
PRB 610163-1829/2000/61~23!/16105~12!/$15.00
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system retains its short range order, as revealed in the se
gation profiles of the surface compositions in which the
concentration may be enhanced or remain unchanged du
the phase transition.8

The issue of the mechanisms underlying the ord
disorder transition in bulk Cu3Au and other bimetallics also
remains, as yet, unresolved. Experimental and theoretica
vestigations aimed at understanding the processes that
the transition have rightly examined the contributions to
free energy differences between the ordered and disord
states. Although the contribution of the vibrational entropy
the free energy difference has long been considered to
important, earlier calculations focused mainly on the role
the configurational entropy difference in causing this tran
tion. The subject has received renewed attention since re
experimental data on several bimetallics9–11 indicate that the
vibrational entropy may indeed play a significant role in t
bulk order-disorder transition. Related calculations us
many-body interaction potentials have disagreed as
whether this vibrational entropy contribution results from t
change in volume due to disordering12 or from the presence
of grain boundaries.13 Using results from first principles cal
culations, Ozolin¸s̆ et al.14 have calculated the effect of vibra
tional free energy on the order-disorder transition tempe
ture in bulk Cu-Au alloys. With regard to surfaces, th
situation is even more complicated as a result of lower sy
metry and the more complex nature of the bonding. Vib
tional free energy may in fact play an even stronger role
surface structural phase transitions because of the pres
of localized vibrational modes whose characteristics dep
on the local atomic environment. In this regard, the surfa
of Cu3Au provide an interesting variety of regions of lo
coordinations. The stacking of planes for Cu3Au(111), for
example, have the repeat patternABC of fcc ~111! planes
with each plane containing 75% Cu and 25% Au and
in-plane coordination of the surface atoms is 6~see Fig. 1!.
On the other hand, Cu3Au(100) and Cu3Au(110) consist of
AB stacking planes alternately containing 50% Cu and 5
Au, and 100% Cu. The surface termination in case of a~100!
or ~110! surface may thus be either mixed~1:1!, or the so-
16 105 ©2000 The American Physical Society
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16 106 PRB 61WEIBIN FEI, ABDELKADER KARA, AND TALAT S. RAHMAN
called ‘‘Au poor’’~1:0!. For the mixed termination, the in
plane coordination of the surface atoms on~100! and~110! is
4 and 2, respectively.

The ~100! surface of the ordered phase has been sho
from a number of experiments to possess bulk termina
plane A with 50% Cu and 50% Au ordered in ac(232)
arrangement.15–17 Theoretical calculations also support th
mixed composition and predict a small amount of surfa

FIG. 1. Structural arrangement in the top layer of ordered~a!
Cu3Au(100), ~b! Cu3Au(110), and~c! Cu3Au(111).
n
n

e

rippling. Early Monte Carlo calculations18 using interaction
potentials from the embedded atom method19 ~EAM! predict
a rippling of 0.18 Å, in agreement with results reported
Wallace and Ackland20 using a different many-body interac
tion potential. Using yet another type of semiempirical p
tential suitable particularly for alloys, Kobisteket al.21 found
a rippling of 0.15 Å for the~100! surface. Recent low energ
ion scattering experiments have confirmed that indeed
atoms in the surface layer are about 0.12 Å above the
atoms in the same layer.22

The ~110! and ~111! surfaces of Cu3Au have not been
studied as extensively as the~100!. For Cu3Au(110), while
the surface layer has been recognized to be of mixed c
position, the exact structure is still not clear.23 Theoretical
calculations suggest a buckling of the surface and an a
tional in-plane contraction.20,21 For Cu3Au(111), reflection
high energy electron diffraction experiments confirm that e
ery layer has bulk stoichiometry, i.e., 25% Au and 75% Cu24

In addition, theoretical calculations predict a surface rippli
of 0.17 Å.21

Motivated by the above findings, we present here a s
tematic, comparative study of the vibrational dynamics a
thermodynamics of the low Miller index, ordered surfaces
Cu3Au, as a first step in developing a framework by whi
we can evaluate the contribution of vibrational entropy to
temperature dependent surface order. We examine first
structural properties of Cu3Au ~100!, ~110!, and ~111! sur-
faces and establish the validity of our model calculations
comparing results with previous work. We then calculate
local vibrational density of states of the ordered phases
these three surfaces of Cu3Au and use them to examine th
local and surface excess thermodynamic properties. The
of the paper is organized as follows. In Sec. II we present
model system and some details of the calculations. In S
III, we present the results with discussion. Finally, in Sec.
we summarize our conclusions.

II. THEORETICAL DETAILS

For calculations of the structural and dynamical propert
we construct Cu3Au surface systems consisting of abo
1000 to 2500 atoms distributed over 17 or 18 layers. For
~100! and ~110! surfaces we use 17 layers, while for th
~111! surface 18 layers are needed to obtain equivalent
faces on the two sides. The number of atoms in each la
ranges from 100 for Cu3Au(100), 64 for Cu3Au(110), and
144 for Cu3Au(111) surfaces. These model system siz
were chosen after a series of tests established that the re
of the calculations were devoid of finite size effects. In th
work we have assumed that the top layer of Cu3Au(100) and
Cu3Au(110) has a mixed composition of 50% Cu and 50
Au, while the~111! surface has the bulk stoichiometry, fo
lowing the general consensus from previous experime
and theoretical studies.15 Figure 1 shows a top view of the
three surfaces.

We use EAM potentials to describe the interaction b
tween the atoms in the model systems. As is well known,
method provides empirical many-body interaction potenti
for the fcc metals Ag, Au, Cu, Ni, Pd, Pt, and their allo
that successfully depict a variety of bulk and surface prop
ties of these systems. Our calculations of the bulk proper
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PRB 61 16 107CONTRIBUTIONS OF VIBRATIONAL DYNAMICS TO . . .
of Cu3Au using the EAM potentials give relatively reliabl
results. However, as we shall see, there is a problem w
regard to the calculated surface energies for the two poss
terminations of Cu3Au(100) and Cu3Au(110). The details of
the EAM and its applications to surface and bulk syste
can be found in the review article by Dawet al.19

In the calculation, the surface systems are first constru
in their bulk terminated positions and then relaxed, usin
conjugated gradient scheme, to yield the equilibrium c
figuration at 0 K. The force constant matrix is next calcula
from analytical expressions for the partial second derivati
of the EAM potentials.19 We then use a real space Green
function method, as developed by Wu and co-workers,25 to
obtain the local vibrational density of states. The basic c
culation involved in this technique is the solution of the
genvalue problem

Hc5zc, ~1!

whereH is the Hamiltonian, which in our case is the forc
constant matrix. Equivalently, one can use the Green’s fu
tion operator:

G5~zI2H !21, ~2!

the trace of which is related to the normalized vibration
density of states as represented by the function

g~v2!52
1

3np
lim
e→0

Im Tr@G~v21 i e!#. ~3!

The frequency dependent vibrational density of statesN(v)
follows directly from

N~v!52vg~v2!. ~4!

This real-space method has the advantage that it make
use of the concepts of wave vectors and Brillouin zon
Since it does not require the systems to be periodic, it is v
appropriate for studying complex systems with low symm
try. The only prerequisite to this method is that the int
atomic potential between the atoms in the system be of fi
range, so that the force constant matrix can be written
block tridiagonal form. For the system of interest here,
force constant matrix is constructed in a layer-by-layer fo
in which the locality for~100! and~110! surfaces consists o
two layers~corresponding toAB stacking!, while that for the
~111! surface consists of three layers (ABC stacking!.

Once the local vibrational density of states is calculat
we can easily determine the thermodynamic functions of
system which, in the harmonic approximation, are given

Fv ib5kBTE
0

`

lnF2 sinhS \v

2kBTD GN~v!dv, ~5!

Sv ib5kBTE
0

`F \v

2kBT
cothS \v

2kBTD
2 lnS 2 sinh

\v

2kBTD GN~v!dv, ~6!
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Cv5kBTE
0

`S \v

2kBTD 2 1

sinh2~\v/2kBT!
N~v!dv, ~7!

^uia
2 &5

\

2Mi
E

0

` 1

v
cothS \v

2kBTDNia~v!dv, ~8!

whereFv ib , Sv ib , Cv ib , and ^ua
2& are, respectively, the vi-

brational free energy, the vibrational entropy, the lattice h
capacity, and the mean square atomic displacements a
the Cartesian directiona, and N(v) is the calculated tota
vibrational density of states.Nia(v) is the local vibrational
density of states of atomi, with massMi , along the direction
a.

III. RESULTS AND DISCUSSION

In Table I we present our calculated surface energies
the three surfaces. For both Cu3Au(100) and Cu3Au(110)
we find the pure Cu terminated surface~1:0! to have lower
energy than the mixed terminated one~1:1!. The EAM po-
tentials thus favor a surface termination which is inconsist
with the results of previous experimental and theoreti
studies.15,21 This inconsistency may be traced to the ina
equacy of the EAM potentials in predicting surfac
energies.19 As we shall see, despite this limitation, EAM
potentials give reasonable results for the structural prope
of the mixed terminated surfaces of Cu3Au(100) and
Cu3Au(110).

A. Surface relaxation and force constants

Our calculated surface relaxations at 0 K, as a percen
of the bulk interlayer spacing, for the mixed terminated~100!
and~110! surfaces as well as the stoichiometric~111! termi-
nation are presented in Table II. Note that the interla
spacings for~100!, ~110!, and ~111! planes of bulk Cu3Au
are 1.8738 Å, 1.3250 Å, and 2.165 Å, respectively. The
results are in qualitative agreement with the calculations
Kobisteket al.,21 which gave the first layer contraction of C

TABLE I. Unrelaxed and relaxed Cu3Au surface energies~in
erg/cm2).

Surface Unrelaxed Relaxed

~100! 1:1 1309 1260
~100! 1:0 997 970
~110! 1:1 1441 1395
~110! 1:0 1124 1043
~111! 3:1 1022 993

TABLE II. Relaxations of low Miller index Cu3Au surfaces~in
percentage of bulk interlayer distance!.

Atom type ~100! ~110! ~111!

Cu1 27.90 28.45 22.67
Au1 20.52 25.30 4.45
Cu2 1.20 0.76 1.80
Au2 0.38
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TABLE III. Force constant matricesKab @ in eV Å 21 ~unit mass)21] for the interaction between the
nearest neighbor atoms on Cu3Au(100) and in the bulk. In all tables subscripts label the layer of the a
considered.

Atoms Surface Bulk

Au1-Cu1 x 0.0947 0.0000 0.0000 0.3389 0.0000 0.0000
y 0.0000 23.2942 21.1794 0.0000 24.5356 0.0000
z 0.0000 0.2253 0.0125 0.0000 0.0000 0.3515

Cu1-Cu2 x 21.6790 2.4463 23.1334 20.8965 1.2833 21.7707
y 2.4463 21.6789 3.1334 1.2833 20.8965 1.7707
z 23.1734 3.1733 23.7416 21.5757 1.5757 22.1898

Au1-Cu2 x 20.8431 21.1131 21.5436 20.8618 21.2082 21.7035
y 21.1131 20.8431 21.5436 21.2082 20.8618 21.7035
z 21.9912 21.9912 22.6297 21.7032 21.7032 22.0810
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atoms on the~100! surface as29.10%, and the correspond
ing values for~110! and ~111! surfaces as29.21% and
24.47%, respectively. The differential relaxation of the A
and the Cu atoms in the first layer gives rise to the expec
phenomenon of rippling on a binary alloy surface. Our
sults in Table II, which predict a rippling of 0.14 Å for Au
atoms, are in close agreement with experimental data22 and
other theoretical results.20,21 The calculated rippling value
of 0.04 Å for Cu3Au(110) and 0.15 Å for Cu3Au(111) from
Table II are also comparable to those found in previo
calculations.21

From the comparison between our calculated surface
laxations, related experimental data, and other theoretica
sults, we conclude that the EAM potentials provide a relia
representation of the characteristics of the mixed termina
~100! and~110! surfaces, as well as the stoichiometric stru
ture for the~111! surface of Cu3Au. For the relaxed configu
ration of mixed terminated surfaces, we proceed next w
the analysis of our calculated force constant matrix eleme
Kab between the nearest neighbor surface atoms, whea
and b stand for Cartesian components, as presented
Tables III–V. For each case, the values of the force const
between corresponding bulk atoms are also included. In
tables and in the rest of the paper we label the atoms in la
i as Mi , whereM stands for Au or Cu. From Table III we
find that the force constantKyy , or by symmetryKxx @since
the Au1 atom has nearest neighbor Cu1 atoms along thex
andy axes!, between the Au and Cu atoms in the top layer
Cu3Au(100)] is reduced by 27% from the bulk value. Mea
d
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while, the force constantsKzz, for the interactions Cu1-Cu2

and Au1-Cu2 along the direction perpendicular to the~100!
surface, have stiffened by 70.9% and 26.4%, respectiv
There are several other noticeable differences in the rel
surface and bulk force constants. Similarly, for the~110!
surface, in Table IV, the force constantKxx , representing the
interaction Cu1-Au1, has softened by 40.6% compared to t
bulk. Since on this surface the coupling in thez direction is
actually the strongest among nearest neighbors in plani
and (i 22), we compareKzz for Cu1-Au3 and Au1-Cu3 with
their bulk counterparts. From Table IV, we find 51% a
45% stiffening for Cu1-Au3 and Au1-Cu3, respectively. Note
that the stiffening is slightly larger for Cu1-Au3 owing to a
small rippling. For the~111! surface, Cu atoms in the firs
layer also have nearest neighbor Cu atoms, in addition to
atoms in the layer. In addition, there are Au atoms in
second layer which are nearest neighbors of both Cu and
atoms in the surface layer. Thus five sets of surface fo
constants need to be examined and compared to the valu
the bulk. Table V show that the force constantKxx for the
intralayer Cu1-Cu1 interaction has softened by 36.5% an
that for Cu1-Au1 by 22.8%. In contrast, the force consta
Kzz has stiffened by 55.9%, 14.6%, and 15.6% for t
Cu1-Cu2 , Au1-Cu2, and Cu1-Au2, interactions, respectively
In summary, for all surfaces there is a softening of the int
planar force field that scales inversely with the coordinati
22.8%, 27.0%, and 40.6% for Au1-Cu1 interactions on~111!,
~100!, and~110! surfaces, respectively~with coordination 9,
TABLE IV. Force-constant matricesKab @in eV Å 21 ~unit mass)21] for the interaction between the
nearest neighbor atoms on Cu3Au ~110! and in the bulk.

Atoms Surface Bulk

Cu1-Au1 x 22.6599 0.0000 20.2339 24.4652 0.0000 20.0005
y 0.0000 20.0411 0.0000 0.0000 0.3349 0.0000
z 1.4628 0.0000 20.1490 20.0005 0.0000 0.3223

Cu1-Au3 x 0.3038 0.0000 0.0000 0.3270 0.0000 0.0000
y 0.0000 0.3198 0.0000 0.0000 0.3398 0.0000
z 0.0000 0.0000 26.4482 0.0000 0.0000 24.4205

Au1-Cu3 x 0.5184 0.0000 0.0000 0.3340 0.0000 0.0000
y 0.0000 0.5130 0.0000 0.0000 0.3468 0.0000
z 0.0000 0.0000 26.7661 0.0000 0.0000 24.4844
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TABLE V. Force constant matricesKab @ in eV Å 21 ~unit mass)21] for the interaction between the
nearest neighbor atoms on Cu3Au ~111! and in the bulk.

Atoms Surface Bulk

Cu1-Cu1 x 22.9324 20.1050 20.5824 24.6170 20.0805 20.1120
y 0.1050 0.2238 20.1058 0.0805 0.3248 20.0965
z 0.5824 20.1058 0.0109 0.1120 20.0965 0.2536

Cu1-Au1 x 23.5020 20.0155 20.2359 24.5391 20.0004 20.0016
y 20.0533 0.1852 20.0067 20.0004 0.3484 20.0059
z 0.9979 0.0055 0.0556 20.0017 20.0059 0.343

Cu1-Cu2 x 21.4149 1.0405 23.1599 20.8942 0.7002 22.0678
y 0.8849 20.1662 1.5999 0.5412 20.1775 1.0639
z 23.1959 1.8588 24.5244 21.9552 1.2591 22.9042

Au1-Cu2 x 20.7773 20.5821 1.7578 20.8627 20.6911 1.9728
y 20.5821 20.1051 1.0149 20.6911 20.0647 1.1390
z 2.1068 1.2164 23.2990 1.9726 1.1389 22.8788

Cu1-Au2 x 20.9937 20.8025 2.2205 20.8639 20.6922 1.9757
y 20.8025 20.0671 1.2820 20.6922 20.0646 1.1406
z 2.3646 1.3652 23.3225 1.9758 1.1407 22.8826
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8, and 7!. On the other hand, there is a stiffening of the for
field perpendicular to the surface with the effect being lar
for those involving Cu1 than Au1, as a consequence of th
nature of the surface rippling.

B. Vibrational density of states

In Figs. 2–4, we present the local density of sta
~LDOS! for atoms down to the fourth layer on Cu3Au(100),
Cu3Au(110), and Cu3Au(111), together with the density o
states for the atoms in bulk Cu3Au. Note that the maximum
phonon frequency in the bulk is smaller than that of bulk
(.8 THz), partly because of the larger lattice constant
Cu3Au ~3.75 Å vs 3.61 Å! and partly because of the presen
of Au atoms. Atoms in the first layer for all three surfac
have significantly different local density of states as co
pared to that in the bulk. On each surface there is an
hancement of modes in the lower frequency range@up to 4
r

s

f

-
n-

THz on ~100!, 2 THz on ~110!, and 3 THz on~111!#. The
local densities of states of the second layer atoms on
~100! and~110! surfaces also show some variations from t
bulk value: on~100! there is the presence of modes above
bulk phonon frequencies, while on~110! there is continued
enhancement of the low frequency modes. Since the lo
densities of states of the third and the fourth layer atoms
similar to those of the atoms in the bulk for all three surfac
it is reasonable to focus our discussion only on the first a
second layer atoms, in this comparative study of the dyna
ics of the three surfaces.

To gain further insights we have plotted thex, y, and z
resolved local densities of states for the Cu and Au atom
the top layer of the the~100!, ~110!, and ~111! surfaces, in
Fig. 5. These figures show that for all three surfaces all co
ponents of the LDOS of Au and Cu atoms in the first lay
have some enhancement in the low frequency range. N
however, the differences in the LDOS’s in the 0–2 TH
s
f

FIG. 2. Local vibrational densities of state
for Cu and Au atoms in top four layers o
Cu3Au(100).
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FIG. 3. Local vibrational densities of state
for Cu and Au atoms in top four layers o
Cu3Au(110).
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range for the three surfaces, particularly the contribution
the modes with atomic displacements along the surface
mal.

The comparison of the LDOS’s for the Au atoms on t
three surfaces is also very interesting. Despite the comp
tional similarity between the~100! and ~110! surfaces, the
LDOS’s of the Au atoms on the~100! and ~111! surfaces
have similar features~concentration in the 2–4 THz range
depletion in the higher frequency range!, while on the~110!
surface Au atoms have their LDOS’s distributed over
larger frequency range. It is remarkable that the LDOS
Cu3Au(110) exhibits distribution above 5 THz, the max
mum bulk phonon frequency for pure Au. These higher f
quency modes in Fig. 5~e! indicate the extent of the couplin
between the Au and Cu atoms on these surfaces. On tur
to the LDOS’s for the Cu atoms in Fig. 5, we find the cha
acteristics on Cu3Au(100) to be quite distinct as the mode
spread over the entire frequency range, extending well
f
r-

si-

f

-

ng
-

e-

yond the maximum bulk phonon modes. Here the~110! sur-
face again distinguishes itself with the striking similarity b
tween the LDOS’s of the Au and the Cu atoms. As we sh
see, these comparative features in the LDOS’s control
differences in the local thermodynamics on the three s
faces. Although we have not calculated the dispersion
specific surface phonon modes, the LDOS’s in Figs. 5~a! and
5~d! exhibit features that may be compared with experim
tal data. In the He-atom surface scattering experiments
Ganset al.26 modes were found at 3.12 THz and 1.80 THz
the zone boundaries of Cu3Au(100), which they ascribed to
the vertical motion of the Au and Cu surface atoms, resp
tively. In our calculations we find peaks in the LDOS’s of C
and Au in Figs. 5~a! and 5~d! corresponding to these frequen
cies.

To get some qualitative ideas about the red- or bluesh
of the LDOS’s, we present in Table VI the weighted freque
cies~one-half the number of modes lie above it and the ot
s
f

FIG. 4. Local vibrational densities of state
for Cu and Au atoms in top four layers o
Cu3Au(111).
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FIG. 5. Thex, y, andz resolved local vibra-
tional densities of states for the Cu~a!–~c! and
Au ~d!–~f! atoms in first layer of the~100!, ~110!,
and ~111! surfaces of Cu3Au.
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below! of the LDOS’s. In each case we find the weights to
shifted to frequencies lower than that of the bulk. This ph
nomenon is related to the softening of the intraplanar fo
constants in the top layer, on all three surfaces, as descr
earlier. The table shows the Au atoms to be more redshi
than their Cu counterparts. Also, for both Au and Cu ato
the shift to lower frequencies is most prominent on the~110!
surface. This is not only because~110! has the largest per
centage of force constant softening in the direction of int
est, but also because of the smaller in-plane coordina
number@2, compared to 4 and 6 for~100! and~111!, respec-
tively#. In the case of the densities of states of modes w
atomic displacements perpendicular to the surface, the o
all shifts in weight result from a combination of stiffening o
force constants and loss of nearest neigbors above the
face. The tendency of the latter to soften the mode freque
thus competes with that of the former to push it to high
frequencies.

TABLE VI. The weighted frequency in THz of the LDOS’s
Note that the corresponding value for the bulk LDOS is 3.79 TH

Atom Component Cu3Au surfaces

~100! ~110! ~111!

Au x 2.98 2.86 3.22
y 2.98 2.53 3.22
z 3.19 3.34 2.89

Cu x 3.55 3.28 3.58
y 3.55 2.86 3.70
z 3.64 3.28 3.28
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C. Surface thermodynamic functions

With the calculated local vibrational density of states
Figs. 2 –5 we are in a position to determine both the lo
contribution from each type of atom in a layer, and the to
excess contribution from the surface, to the thermodyna
properties of Cu3Au. The former is a useful measure of ho
the local vibrational density of states of each type of surfa
atom impacts the overall temperature dependent charact
tics of the surface. Local quantities like the mean squ
vibrational amplitudes of individual surface atoms, or t
average values of those in a layer, provide indications of
propensity of a surface to disorder or premelt. They are a
important for proper analysis of structural experimental da
Comparative examination of the atomic or layer-by-lay
contributions to the vibrational entropy is necessary me
while for consideration of relative surface stability. The
local contributions to the vibrational thermodynamic fun
tions are obtained by using the corresponding local vib
tional densities of states in Eqs.~5!–~8!. The surface exces
thermodynamic functions, on the other hand, provide
overall measure of the amount by which a particular therm
dynamic function for a surface system differs from that
the bulk. It is the excess over the value in the bulk. T
excess quantities are calculated by using in Eqs.~5!–~8! the
difference in the LDOS for localityl from the bulk LDOS
and summing over alll. Hence, for a vibrational thermody
namic quantityX, the excess, local, and bulk values are
lated by

Xv ib
excess5(

l
~Xv ib

l 2Xv ib
bulk!. ~9!

.
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In the subsections below we first examine the mean sq
vibrational amplitudes of the constituent atoms in the fi
two layers of Cu3Au(100), ~110!, and ~111!. This is fol-
lowed by a comparative study of the local vibrational ent
pies and the free energies of the same sets of local reg
At the end of the section, we present our results for
surface excess thermodynamic functions.

1. Mean square vibrational amplitudes

A comparison in Fig. 6 of the mean square vibration
amplitudes~MSVA’s! of the Au atoms in the top layers o
Cu3Au ~100!, ~110!, and ~111! shows those for~100! and
~110! surfaces to be almost equal, and larger than that of
Au atoms on the~111! surface, reflecting the similarity in th

FIG. 6. Calculated mean square vibrational amplitudes for
atoms in the top three layers of the~100!, ~110!, and~111! surfaces
of Cu3Au.
re
t

-
ns.
e

l

e

composition of the ~100! and ~110! surfaces. Only
Cu3Au(111) has Au atoms in the second layer, and it
interesting that its MSVA is larger than that of the Au atom
in its first layer. For all three surfaces, the MSVA in the thi
layer shows only small differences from that of the atoms
the bulk.

A similar comparison in Fig. 7 for Cu atoms shows th
the amplitudes for the first layer are largest on~110!, fol-
lowed by those on~100! and ~111!. Note that for all three
surfaces the mean square vibrational amplitude of the
atoms is about three times larger than that of Au. This m
be ascribed to the difference in mass between Au and
atoms. The linear dependence of the MSVA in these figu
is a consequence of the harmonic approximation, which

u
FIG. 7. Calculated mean square vibrational amplitudes for

atoms in the top three layers of the~100!, ~110!, and~111! surfaces
of Cu3Au.
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expect to be valid for the temperature range in Figs. 6–
The three components of the MSVA for the Au atoms in t
top layers in Fig. 8 show the most pronounced anisotrop
be on the~110! surface, for which they component is the
largest. This is not surprising because of the pronoun
softening of the force constants in this direction and lar
space between atoms. Similar plots of thex, y, andz compo-
nents of the MSVA of the Cu atoms in the top layers of t
three surfaces, in Fig. 9, show pronounced anisotropy
tween the in-plane and out-of-plane directions on all th
surfaces.

2. Local contributions to vibrational entropy

The contributions of the Au and Cu atoms in the top tw
layers of the three surfaces to the vibrational entropy in

FIG. 8. Thex, y, andz components of the mean square vibr
tional amplitudes of the top layer Au atoms on the three surfac
2.

to

d
r

e-
e

e

temperature range 0–300 K are summarized in Fig. 10.
all three surfaces and for the entire temperature range
contribution is largest for the Au atoms in the top laye
followed by that of Cu atoms in the same layer. It is inte
esting that at 300 K~for example! Au atoms contribute abou
0.47 meV/K to the entropy of the~100! and ~110! surfaces,
and about 0.45 meV/K to the~111! surface. On Cu3Au(110),
Cu atoms in the top layer make a contribution only sligh
less than that of the Au atoms (.0.455 meV/K), while on
Cu3Au(100) and Cu3Au(111) the Cu atoms contribut
.0.43 meV/K. The second layer atoms on all three surfa
add about 0.4 meV/K to the vibrational entropy. The sim
larities and differences in these curves in the relative con
butions of the Au and Cu atoms on the three surfaces are

.
FIG. 9. Thex, y, andz components of the mean square vibr

tional amplitudes of the top layer Cu atoms on the three surfac
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traceable to the characteristics of the LDOS’s, as discus
earlier.

3. Local contributions to vibrational free energy

The temperature variation of the local vibrational free e
ergies of the constituent atoms in the top two layers of
three surfaces follows directly from the discussion above
the local vibrational entropy. Nevertheless, as this is a
property, we present our findings in Fig. 11 and also tabu
the results for selected temperatures in Table VII. The si
larities and differences in the relative contributions from t
Au and Cu atoms are as expected from previous discuss
The vibrational contribution acts as a stabilizing factor for
these surfaces above 150 K~or so! by lowering the total free
energy. Of course, at increasing temperatures anharmoni

FIG. 10. Local vibrational entropy of Au and Cu atoms in t
top two layers of Cu3Au ~a! ~100!, ~b! ~110!, and~c! ~111!.
ed

-
e
f
y
te
i-

ns.
l

ef-

fects and changes in the potential energy surfaces are g
to compete with any stabilizing feature seen here and
faces will respond accordingly. The numbers presented in
table illustrate clearly that the vibrational contributions a
their comparative differences on the three surfaces canno
ignored in any consideration of surface disorder or dynam

4. Surface excess thermodynamic quantities

Finally, in Fig. 12, we display the calculated excess vib
tional free energy, excess entropy, and the excess lattice
capacity for Cu3Au ~100!, ~110!, and~111! surfaces, for the
temperature range 0–300 K. These curves illustrate un
biguously the net result of the discussion so far about
similarities and differences in the vibrational characterist
of the three surfaces: vibrational effects make the most st
ing contribution on Cu3Au(110). At 300 K, for example, the

FIG. 11. Local vibrational free energy of Au and Cu atoms
the top two layers of Cu3Au ~a! ~100!, ~b! ~110!, and~c! ~111!.
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excess vibrational free energy causes a lowering of the t
free energy of about 16 meV/atom, as compared to on
few meV/atom for the other two surfaces. Similarily, for th
excess lattice heat capacity the most measurable devia
from the bulk value occurs for Cu3Au(110).

IV. SUMMARY AND CONCLUSION

In this comparative study of the structure, vibrational d
namics, and local and excess thermodynamic propertie
the ~100!, ~110!, and~111! surfaces of Cu3Au, we find sur-
face effects to be most pronounced on~110!, followed by
~100! and~111!. The most convincing measures of these d

FIG. 12. A comparison of the excess surface thermodyna
functions~a! vibrational free energy (Fv ib), ~b! vibrational entropy
(Sv ib) and ~c! lattice heat capacity (Cv ib), for Cu3Au ~100!, ~110!,
and ~111!.
tal
a

on

-
of
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ferences are the local vibrational densities of states in F
2–4, which show that, while for the~111! surface only the
atoms in the top layer display deviation from bulklike beha
ior, for the ~110! and ~100! surfaces there are pronounce
surface characteristics even for the atoms in the second la
Interestingly, for the first and second layer atoms
Cu3Au(110) there is an overall enhancement of low fr
quency modes, while for Cu3Au(100) there is also the ap
pearance of modes above the top of the bulk band. The
face related modes at both the low and high frequency ran
on Cu3Au(100) play a balancing role in the surface therm
dynamic properties and lead eventually to lesser deviati
of these characteristics from those of the bulk atoms, as c
pared to the effects on Cu3Au(110). On the latter surface th
pronounced enhancement of the low frequency modes in
first and the second layer, and the near absence of mod
the higher frequency regime, cause a relatively larger
crease in the vibrational free energy with increasing tempe
tures. Thus vibrational free energy would tend to stabil
Cu3Au(110) preferentially over the other two surfaces. Sin
these surfaces are also prone to segregation and eventua
disordering, which may initiate much below the bulk diso
dering temperature, we would like to leave the discussion
the temperature dependent, relative stability of these surfa
for the future when we already have on hand the calculati
of the dynamics and thermodynamics of disordered str
tures of these surface systems. The results presented he
as reference points with which the contribution of vibration
free energy to surface disorder may be evaluated. In
meantime, the local thermodynamic quantities calcula
here, like mean square vibrational amplitudes of surface
oms and the local contribution to entropy and vibrational fr
energy, provide useful information to experimentalists a
theorists working on these intriguing sets of bimetallic s
face systems. We welcome, of course, any experimental
on the surface phonons or the surface vibrational densit
states of these systems. It would be particularly exciting
determine whether modes exist above the bulk band
some, and not other, surfaces of Cu3Au, using techniques
like electron energy loss spectroscopy.

During the preparation of the manuscript we beca
aware of related work by Lekkaet al.27 on Cu3Au surfaces.
These authors use molecular dynamic simulations and a
of interaction potentials obtained within a tight-bindin
scheme to calculate the layer-by-layer structural and dyna

ic

TABLE VII. Local vibrational free energy in meV/atom.

Atom 0 K 100 K 200 K 300 K

~100! Au1 19 10 219 261
~100! Cu1 22 15 212 251
~100! Cu2 26 20 23 238
~110! Au1 19 10 220 262
~110! Cu1 20 12 216 257
~110! Cu2 24 18 26 241
~111! Au1 20 12 216 257
~111! Cu1 22 15 211 250
~111! Au2 24 18 26 242
~111! Cu2 25 19 24 239
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cal properties of Cu3Au ~100!, ~110!, and ~111!. There are
some interesting differences in the results because of the
age of two types of interaction potentials. The general tre
in the vibrational density of states are similar to those
tained by us, though not the comparative details. Perhaps
work will motivate these authors to calculate surface therm
dynamic quantities and hence compare the dependence o
results on the nature of the interaction potential.
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