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Links are established between the standard states and variables of thermodynamics and those ofab initio
methods. This is a potentially powerful connection, not only improving the link between thermodynamics and
atomic-level computations, but also increasing the predictability ofab initio techniques. The free energies
connectingab initio and thermodynamic standard states are called connection energies. Standard state connec-
tion energies for solids are written in terms of specific heats and entropies of the solids. Gaseous state
connection energies can be written in terms of either gaseous properties or in terms of properties of the solids
that are in thermodynamic equilibrium with the gases. Having two different references for these energies
improves the robustness of the method. Equating these two gaseous connection energy expressions yields a
simple relationship that must be obeyed by solid formation entropies. Finally, anab initio structural phase
diagram of ultrathin AlxOy films on Al-doped Cu(111) is obtained.
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I. INTRODUCTION

In recent years,1–12 ab initio calculations combined with
thermodynamic concepts have become an important strategy
in structure stability analyses of complex materials that can
involve intrinsic nonstoichiometries of the chemical compo-
sitions.Ab initio computations yield first-principles solutions
of the Schrödinger equation without depending on empirical
input. These computations cover a wide range of problems in
surface structures,1 defect stability,2,3 doping4 of semicon-
ductors, oxide surfaces,5–9 metal/oxide interfaces,9–11 and
even spintronics.12 The ab initio strategy is to seek the state
with the lowest Gibbs energyGs depending on the free en-
ergy of an ensembleGo as well as on chemical potentialsmi
of constituents,13,14 i.e.,

GS= Go − N1m1 − N2m2 − N3m3 − ¯ . s1d

HereGo is the free energy of the ensemble that may contain
a nonstoichiometric structure such as a defect complex, sur-
face, or interface.mi si =1,2,3, . . .d are the chemical poten-
tials of the constituentsi andNi are the corresponding atom
numbers in the ensemble.

In this ab initio approach,1–12 Eq. (1) is rewritten as

GS= Go − SiNimi
0s0 K,pd − SiNiDmi s2d

where theab initio standard solid state chemical potential
mi

0s0 K ,pd is the zero-temperature chemical potential of the
pure material i (containing single or multiple elements), at
pressurep. For solids, the pressure dependence is normally
weak enough to be ignored,13,15andmi

0s0 Kd can be obtained
by ab initio computation. For a gas species, theab initio
standard state chemical potentialmi

0s0 K,pd is determined
via quantum chemistry computations for an isolated mol-
ecule, but it remains to determine the thermodynamic coun-
terpart to the isolated molecule. For clarity, themi

0(0 K, iso-
lated) are employed to represent the chemical potentials of
such theoretical standard states. Therefore theab initio effec-

tive chemical potential differencesDmi are defined as

Solids:Dmi = mi − mi
0s0 Kd, s3ad

Gases:Dmi = mi − mi
0s0 K,isolatedd. s3bd

Here the ab initio standard states are defined such that
mi

0s0 Kd are the total energies per atom of corresponding
crystalline solids and themi

0(0 K, isolated) are the total en-
ergies per molecule of corresponding isolated gas
molecules.15 The Dmi can be used as effective variables to
describe the environmental dependences of gases and solids.

Thermodynamic variables employed for
metallurgical13,14,16–22 and gas-solid interaction
systems13,23–26are typically activitiesai or partial pressures
p, while ab initio approaches are more likely based on
chemical potentialsm as discussed above. These variables
can be related as13

Solids:misTd − mi
0sTd = kT ln ai , s4ad

Gases:misTd − mi
0sT,pi

0 = 1 atmd = kT ln pi , s4bd

where k is Boltzmann’s constant. Here the thermodynamic
standard state for a solid is for a crystalline solid at tempera-
ture T (not limited to T=0 K as is theab initio standard
state). In Eq. (4a), mi

0sTd corresponds to the chemical poten-
tial of a thermodynamic standard state solid. For a gas, the
thermodynamic standard state is found at a pressurePi

0

=1 atm and temperatureT. In Eq. (4b), mi
0sT,pi

0=1 atmd is
the chemical potential of the thermodynamic standard state
gas.13 Here the chemical potentialmi of the constituenti
depends on the temperature and its activityai for solids (re-
ferring to the corresponding crystalline solid)10,11,13,14or its
partial pressurepi for gases(referring to the corresponding
molecular gas).13 In metallurgical systems, the activityai is
related to the solute concentration of the constituent,Xi,
(units are mole fraction), through the activity coefficient,gi
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;ai /Xi.
13,16 For an ideal solid solution, the activity coeffi-

cient is unity andai becomes the concentration in the solid
solution.

Note theab initio standard state for a gas(0 K, isolated)
is rather artificial. In one’s typical experience, as the tem-
perature of a gas is lowered, it will first condense into a
liquid state and subsequently into a solid state. Nevertheless,
it will be shown in the following that there is a consistent
procedure to connect between theab initio standard state for
gases and real gases at higher temperatures.

The connection betweenab initio computations and ther-
modynamics also involves certain assumptions regarding
thermodynamic equilibrium in actual applications. Thermo-
dynamic equilibrium implies that the thermodynamic state
variables are time independent and that the chemical poten-
tials mi of each species are position independent. This may
not be true for an entire system in practice, and one often
finds in the literature(see, e.g., Refs. 1–12, 27) that a local
equilibrium is assumed. For example, it is assumed that there
is a local thermodynamic equilibrium between the interface
region and a region of the bulk materials in the vicinity of
the interface.10 This assumed equilibrium region might be
broadened to include the ambient gas so that the ambient gas
partial pressurespi, as well as the activitiesai of material
components are included as metallurgical variables in Eq.
(4). For this to be a valid assumption, the temperature must
be high enough so that kinetic rates are sufficiently fast that
the atomic rearrangements necessary to maintain equilibrium
can occur during the experiment.27 For example, if the sur-
face were flashed annealed and then low temperature mea-
surements(below room temperature) were carried out as the
sample cools, one would need to be concerned about the
assumption of thermodynamic equilibrium. Also, equilibrium
between an ambient gas species and a solid surface implies
that the chemical potentials of the species in the gas and the
corresponding species chemisorbed on the surface were the
same. This implies thatDH=TDS, whereDH is the differ-
ence in enthalpy of the species between the gas phase and the
surface phase andDS is the corresponding difference in en-
tropy. SinceDH can be substantial in this case, asT de-
creases the entropy differenceDS must be sufficiently large
enough to maintain equilibrium. Alternatively,T must be suf-
ficiently high enough for the assumption of thermodynamic
equilibrium to be valid in this case. While the assumption of
thermodynamic equilibrium is often made in the field, one
must bear the above in mind as we proceed.

In summary, one must be aware of the need for thermo-
dynamic equilibrium, on a global or at least on a local scale,
in the application of thermodynamics to solids and gases.
Equations(3) and (4) indicate that the differences between
the metallurgical andab initio standard states are as follows.
First, theab initio solid standard state is limited toT=0 K,
while the metallurgical standard state is defined for whatever
temperatureT is of interest. Second, theab initio treatment
of a gaseous molecule is typically done for an isolated mol-
ecule, while the thermodynamic standard state pressure is
defined at 1 atm. Third, theab initio variables are the chemi-
cal potential differencesDmi, referring to theoretical standard
states, while the metallurgical variables are the activitiesai
and gas pressurespi, referring to the thermodynamic stan-
dard state.

Bridging the gap between theab initio variables and met-
allurgical variables requires the following two relations:

Solids:mi
0sTd = mi

0s0 Kd + Di
osTd, s5ad

Gases:mi
0sT,pi

0 = 1 atmd = mi
0s0 K,isolatedd

+ Di
osT,pi

0 = 1 atmd. s5bd

By combining Eqs.(3)–(5), the chemical potentialmi of a
constituent in a thermodynamical or metallurgical system
can be linked directly tomi

0s0 Kd [or mi
0 s0 K, isolatedd], and

to the measured activityai (or the partial pressurepi),
through the quantitiesDi

o, which actually provide a key part
of the bridge between thermodynamics and the results ofab
initio calculations. We will call theseDi

osTd and Di
osT,pi

0d
connection energies. Note that the above relationships are
expressed in a general form, independent of any specific sys-
tem.

An expression for the solid state connection energyDi
osTd

has been obtained10 for Eqs. (4a) and (5a). Some progress
has also been made toward the gaseous state connection en-
ergy Di

osT,pi
0=1 atmd. Consider a localized binary system,

such as AlxOy e.g., in the form of a thin film. When that
binary system is at equilibrium with a bulk solid(thermody-
namic reservoir) of the same constituents(e.g., Al2O3), link-
ing the partial pressure of one constituent(e.g., oxygen),
with a gaseous reference state and the other constituent to a
solid reference state(e.g., Al), has been solved.10

More generally, for certain systems like semiconductor
surfaces, oxide surfaces, metal/oxide interfaces, or other lo-
calized systems of interest, one may usually assume that the
localized region is in equilibrium with a substrate or other
solid reservoir that is a specific metal, ceramic, or semicon-
ductor. However, for systems that do not have a simple solid
reservoir of the same material, such as an ultrathin film on a
heterogeneous substrate28–30 or a structure at nanoscale, lo-
calized nonstoichiometric surface or interfacial phenomena
may exist, but linking the chemical potential of the constitu-
ent with a gaseous reference state to the partial pressure of
the reference state is not straightforward. Another complex-
ity arises for systems that contain multiple constituents, some
of which having only gaseous reference states, such as hy-
drogen in an oxide surface in the presence of an ambient
containing oxygen and water vapor.6,7,23,24,31,32

In the following we will address the problem of connect-
ing theoretical chemical potentials of those constituents with
measured partial pressures, as is necessary for those constitu-
ents that have only gaseous reference states. We will also
formulate the relationships appropriate for a constituent that
has a solid state reference. This is essential for connectingab
initio thermodynamics with experimental observables.

II. CONNECTING CHEMICAL POTENTIALS TO
ACTIVITIES AND AMBIENT PARTIAL PRESSURES

A. Constituent having a solid state reference

For a solid, the connection energyDi
osTd can be

derived10,13,14from its specific heatsCP as
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Di
osTd = fHi

0sTd − Hi
0s0 Kdg − TSi

0sTd

=E
0

T

CPdT− TE
0

T

sCP
i /TddT. s6d

HereHi
0sTd is the enthalpy andsi

0sTd the entropy of a solid
elementi at temperatureT. Because most material data sets
of these quantities are based on a room temperature reference
state,13,14 Tr =298.15 K Eq.(6) is rewritten as

Di
osTd = Di

osTrd + FE
Tr

T

CP
i dT,− sT − TrdSi

0sTrd

− TE
Tr

T

sCP
i /TddTG , s7ad

with

Di
osTrd = fHi

0sTrd − Hi
0s0 Kdg − TrSi

0sTrd. s7bd

Based on the connection energiesDi
osTd now being deter-

mined, the theoreticalDmi can be related to a measured ac-
tivity ai via Eqs.(3a), (4a), and(5a):

Dmi = kT ln ai + Di
0sTd. s8d

B. Constituent having a gaseous state reference

1. Equilibrium with a binary bulk substrate

Many problems relate to the equilibrium of a system un-
der investigation with a binary compound substrate. Con-
sider the case where one constituent,A, in the system has a
solid state reference, and the other constituent,B, has a gas-
eous reference state. The relationship between the activity of
A, aA, and the partial pressurepB can be determined by em-
ploying the reaction energy of the solidAxBy as a bridge. For
example, in the study of Al2O3 surfaces or metal/Al2O3 in-
terfaces, linking to the partial pressure of O2 can be bridged
via the activity of Al.10 More generally, when a system is in
thermodynamic equilibrium with the solid(reservoir) AxBy,
the activitiesaA andaB are coupled by

aB = aA
−x/yexpFS1

y
DDGAxBy

0 /kTG , s9d

or

kT ln aA = S1

x
DDGAxBy

0 − Sy

x
DkT ln aB, s10d

where DGAxBy

0 is the standard reaction energy of the solid
AxBy, in accordance with the reaction,

xAsSolidd + yBsgasd = AxByssolidd. s11d

When thermodynamic equilibrium exists with a solid state
reference and when, in addition, the system is in equilibrium
with an environment containing the gas phase ofB, the rela-
tionship to the partial pressurepB can be obtained from its
activity in the solidaB. Taking gaseous oxygen as an ex-
ample sB=O2d, a relationpO2

=aO2
exists in the ideal gas

approximation.33 Therefore, the reference to an isolated mol-
ecule (the standardab initio reference state), is avoided by
using the activityaA as a bridge, i.e.,

kT ln aA = S1

x
DDGAxOy

0 − Sy

x
D kT ln PO2

. s12d

2. A more general relationship

In Sec. II B 1, the link to the gas partial pressure[Eq.
(12)] was established based on the assumption that there is
thermodynamic equilibrium with a solid bulk reservoir. One
might inquire how to elucidate the relationship between the
measured gas partial pressure and the chemical potential in
the absence of a solid bulk reservoir. This is a central issue of
this paper, and we show how to determine a general
Di

osT,pi
0d for that purpose via solid state compound forma-

tion energies.
Let us begin from the definition of the Gibbs reaction

energy of an arbitrarily chosen solid compoundAxBy,
13 i.e.,

DGAxBy

0 sTd = GAxBy

0 sTd − x mA
0sTd − ymB

0sT,pB
0 = 1 atmd,

s13d

which corresponds to the standard chemical reaction of Eq.
(11). By Eqs.(5a) and (5b), we obtain

DB
0sT,pB

0 = 1 atmd = S1

y
DfDHAxBy

theos0 Kd − DGAxBy

0 sTd

+ DAxBy

0 sTd − xDA
0sTdg, s14d

with

DHAxBy

theos0 Kd = mAxBy

0 s0 Kd − xmA
0s0 Kd − ymB

0s0 K,isolatedd.

s15d

DHAxBy

theos0 Kd is theoretical heat of formation of the com-
poundAxBy that can be obtained byab initio quantum chem-
istry calculations.34 For the connection energy, a gas partial
pressure ofpB

0 =1 atm has been taken for convenience of
comparison with standard state experimental data later. Note
that Eq.(14) does not require that an equilibrium exists be-
tween the localized system of interest(e.g., a surface or in-
terface) and a corresponding bulk substrate as a reservoir.
The Gibbs reaction energyDGAxBy

0 sTd has been measured and
tabulated in a handbook14 for many compounds. BothDA

0sTd
and DAxBy

0 sTd can be determined by Eq.(6). Equation(14)
combines experimental data onsolidsand a theoretical heat
of formation to determineDB

0sT,pB
0 =1 atmd. With the

DB
0sT,pB

0 =1 atmd so determined, the problem of linking the
theoretical chemical potential of a constituent to its partial
pressure is solved in terms of solid compound formation en-
ergies. Taking water vapor as an example, Eq.(14) becomes
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DH2O
0 sT,pH2O

0 = 1 atmd = S1

z
DfDHAxBy

theos0 Kd − DGAxBy·zH2O
0 sTd

+ DAxBy·zH2O
0 sTd − DAxBy

0 sTdg. s16d

HereDHAxBy·zH2O
theo andDGAxBy·zH2O

0 correspond to the follow-
ing reaction:

AxByssolidd+ zH2Osgasd = AxBy·zH2Ossolidd. s17d

III. DISCUSSION OF THE GASEOUS
CONNECTION ENERGY

A. Comparison with a more direct approach

A more direct but approximate approach8 to determining
the gas connection energyDB

0sT,pB
0 =1 atmd would be to

carry out fundamental computations of the Gibbs energy of a
molecular gas as a function of pressure and temperature. In
fact this has already been done for a number of gases, and
the results can be found in the JANAF tables.35 Results of
this procedure for O2 are shown in Fig. 1. For comparison,
results for the connection energy obtained from Eq.(14) are
also plotted in Fig. 1. For this, solids Al2O3 and fcc Al are
used as reference states, and data forDGAl2O3

0 sTd and the
relevant specific heats are taken from Refs. 13 and 14. The
ab initio heat of formation of Al2O3 was computed, and the
value of 17.37 eV we obtained is consistent with earlier
results.7,9 One can see from Fig. 1 that results for the gas
connection energy obtained via these quite different ap-
proaches are in good agreement. This is both satisfying and
illuminating, revealing the connections between properties of
gases and solids in thermodynamic equilibrium.

B. Approximate expression for empirical gaseous
connection energies

One can rewrite Eq.(14) as

DB
0sTr,pB

0 = 1 atmd = S1

y
DTrDSAxBy

0 sTrd + S1

y
DfDHAxBy

theos0 Kd

− DHAxBy

0 sTrd+ DAxBy

0 sTrd − xDA
0sTrdg.

s18d

Note the evaluation is done at room temperatureTr for pur-
poses of this discussion. Because of the relatively small val-
ues of the termsDi

osTrd, and the relatively weak dependence
of DHAxBy

0 on temperature for solids,13 the terms in square
brackets on the right-hand side of Eq.(18) can be neglected
relative to the first term. This is exemplified for solid Al and
Al2O3, where Di

osTrd is −0.040 eV/atom for Al and
−0.055 eV/formula unit for Al2O3.

14,35The change of heat of
formation from 0 K to room temperature is estimated to be
0.05 eV for Al and 0.1 eV for Al2O3.

35 Within this approxi-
mation the gaseous connection energy becomes

DB
0sTr,pB

0 = 1 atmd > S1

y
DTrDSAxBy

0 sTrd. s19d

This is a particularly interesting relationship, because the
gaseous connection energy is a property of the pure gasB,
while it is taken to be approximately equal to the entropy of
formation of the solidAxBy from the solidA and gasB.

One can test the accuracy of Eq.(19) via thermodynamic
data14 for the entropy of formation of a variety of solids,
shown in Table I. The data for solids formed from a given
gas are grouped together. We did this because, if Eq.(19)
were accurate, one would expect that data for the entropy of
the formation of a variety of solids formed from a given gas
would be approximately the same. One can see from Table I
that this is approximately true. By Fig. 1 and Sec. III A, one
might also wish to test Eq.(19) by a comparison of empirical
entropies of formation with results of the direct computation
of gaseous Gibbs energies as given by the JANAF tables.
This is a direct comparison of the results of computations on
a pure gas with empirical entropies of formation of solids.
These computational results are listed in Table I as
“JANAF,” and one can see that they agree well with the
entropies of formation. This is a particularly clear example of
the interrelationship of gaseous and solid state properties un-
der conditions of thermodynamic equilibrium.

IV. STRUCTURE OF ULTRATHIN Al xOy FILMS
ON Al-DOPED Cu„111…

Next, the formalism developed here to connectab initio
results with thermodynamics is applied to the problem of
examining possible structures of ultrathin aluminum oxide
films on Al-doped Cus111d. The structure of such ultrathin
Al xOy films on metal surfaces has been the subject of con-
siderable research over the last few years.9,24,25,28–30Experi-
mentally, it was found that the AlxOy structure is not the
same as that ofa-Al2O3 when the film thickness is about
5 Å or less on a Ni-Al alloy surface,28,29,37 and aluminum
atoms could occupy octahedral as well as tetrahedral inter-
stitial sites within the oxygen sublattice. For 5–7 Å AlxOy
films on Als111d, Mos110d, and Rus001d, Jennison,36 Ver-

FIG. 1. Comparison of the oxygen-ambient connection energy
DO2

0 sT,pO2

0 =1 atmd from the present model[Eq. (14)] with that
from the direct gas approach(JANAF tables, Refs. 8 and 35).
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dozzi, Schultz, and Sears predicted a “t ” -Al 2O3 structure
with two Al atoms occupying tetrahedral interstitial sites be-
tween two O layers within an fccs111d sÎ33Î3d unit cell.

Well-ordered Al2O3 films were grown on Al-doped
Cus111d surfaces recently.30 The thickness of the Al2O3 films
was estimated30 to be 35 Å. In view of the aforementioned
different ultrathin film AlxOy structures observed on
NiAl s110d surfaces, it would be interesting to employ the
methods to connect thermodynamics andab initio computa-

tions to help sort through such potential structures on Al-
doped Cus111d surfaces. This may precipitate experimental
investigations of ultrathins&10 Åd Al xOy films on Al-doped
Cus111d surfaces. Ultrathin AlxOy layers on Cus111d sur-
faces of two different AlxOy thin film thicknesses were con-
sidered, one containing two oxygen layers and the other con-
taining three, both films adhered to Cus111d surfaces. Both
hcp and hex stackings of the oxygen layers were studied for
the three oxygen-layer-thick films. Different numbers of Al

TABLE I. Empirical values ofs1/ydTrDSAxBy

0 sTrd (eV/formula) for the formation of the solidAxBy from
the solidA and gasB as described by Eq.(11). DSAxBy

0 sTrd is the room temperature entropy change associated
with the formation of the solid. Nine representative gases are chosen and listed at the top of each column of
data. The corresponding solid formed is listed to the left of each data value. The results are computed from
thermodynamic data(Ref. 14). The average is the mean value ofs1/ydTrDSAxBy

0 sTrd for the solids listed in the
table. The results designated as JANAF are the values of connection energies based on the direct gas
approach(Sec. III A) to the fundamental computation of the Gibbs energies of gases. The results for this are
taken from the JANAF tables(Ref. 35).

Solid 1
2O2 Solid 1

2H2 Solid H2O

Al2O3 −0.32 AlH3 −0.20 AlOOH(diasp) −0.52

As2O3 −0.26 BaH2 −0.20 AlOOH(boch) −0.44

Au2O3 −0.28 BeH2 −0.19 Al2O3·3H2O −0.49

BaO −0.29 CaH2 −0.20 BesOHd2 −0.47

Fe2O3 −0.28 MgH2 −0.21 CusOHd2 −0.45

RuO2 −0.27 NdH2 −0.22 NaSO4·7H2O −0.47

SiO2 −0.28 SrH2 −0.21 NaSO4·10H2O −0.45

ZnSO4·H2O −0.47

ZnSO4·2H2O −0.46

Average −0.28 −0.20 −0.47

JANAF −0.27 −0.16 −0.47

Solid CO2 Solid CO Solid 1/2S2

Ag2CO3 −0.52 MosCOd6 −0.46 AsS −0.27

BaCO3 −0.55 Na2CO3 −0.49 As2S3 −0.26

MgCO3 −0.54 SrCO3 −0.49 B2S3 −0.27

MnCO3 −0.51 WsCOd6 −0.46 BeS −0.28

Na2CO3 −0.48 Bi2S3 −0.26

NiCO3 −0.51 CoS −0.29

CuS −0.25

FeS −0.25

Average −0.52 −0.48 −0.27

JANAF −0.56 −0.52 −0.31

Solid 1
2N2 Solid NO2 Solid NO

AlN −0.32 BasNO3d2 −0.55 CsNO3 −0.62

BN −0.27 KNO3 −0.51 KNO3 −0.62

Be3N2 −0.29 NaNO3 −0.53 NaNO3 −0.65

Ca3N2 −0.31

GaN −0.33

InN −0.34

Si3N4 −0.27

Average −0.30 −0.53 −0.63

JANAF −0.25 −0.64 −0.56
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atoms were inserted at the octahedral and/or tetrahedral in-
terstitial sites within the oxygen sublattice to simulate the
many possible structures. The O layer closest to the Cus111d
surface is placed at an fcc site of a Cus111d surface. All
computations are performed viaVASP, a plane wave elec-
tronic structure computational package,38 employing ultra-
soft pseudopotentials.39 For a discussion of approximations
made in this computation, see Ref. 10.

For the films with two oxygen layers and asÎ33Î3d fcc
unit cell, which is the same unit cell as that of Cus111d,
inserting two Al atoms(per unit cell) at tetrahedral interstitial
sites leads to the so-called “t ” -Al 2O3 structure[labeled by
atomic layer here and in Fig. 2 as Cu-O-2A1stetrad-O], and
placing three Al atoms(per cell) at octahedral interstitial
sites gives the structure labeled here and in Fig. 2 as
Cu-O-3A1soctad-O. Note that for both of these two oxygen
layer cases, the AlxOy thin films are all O-terminated at their
free surfaces. Again, these choices were motivated by struc-
tures observed28,29,37for ultathin AlxOy films grown on Ni-Al
alloy surfaces.

By the structure labeled as Cu-Al-O-2Al-O-2Al-O-Al in
Fig. 2, we mean that the three oxygen layers are in a hcp
structure, and all Al atoms are at octahedral interstitial sites
as in thea-Al2O3 structure.40,41 In addition, in this case both
the film surface and the Cu/AlxOy-film interface are Al ter-
minated. By the designation Cu-O-2A1-O-2A1-O-Al in Fig.
2, we mean that the structure is similar to the Cu-Al-
O-2A1-O-2A1-O-Al but with an O-terminated
Cu/AlxOy-film interface.

For all of these Cus111d /Al xOy interfaces, commensura-
tion is assumed, but two different interfacial lattice constants
(with different interfacial strain) are considered. The first in-
terfacial lattice constant is that of bulk Cus111d, and another
one is that of bulka-Al2O3s0001d. It turns out that the inter-

facial phase diagram(Fig. 2) is not sensitive to these two
different interfacial strains. The results presented there are
for the lattice constant of bulka-Al2O3. A temperature of
1200 K is assumed. Readers may refer to our earlier
publications10 for details of our computational methods.

Because there is no bulk Al2O3 reservoir to come to equi-
librium with in this case, unlike the cases considered in Sec.
II B 1, the activity of aluminum and the partial pressure of
oxygen are two independent variables controlling the film
formation. From a practical standpoint, the oxygen partial
pressure could be varied by controlling the ambient gas com-
position, while the aluminum activity is most easily varied
by varying the doping of the bulk Cu with a few atomic
percent of Al (see, e.g., Ref. 30). Consider the following
equilibrium reaction:

Cu/AlxOy + mAl + Sn

2
DO2� Cu/Alx+mOy+n. s20d

The Gibb’s energy is conserved because of the assumed ther-
modynamic equilibrium[see also Eqs.(4) and (5)]:

m kT ln aAl + Sn

2
DkT ln pO2

= DGRe, s21d

with

DGRe= fGCu/Alx+mOy+n
− GCu/AlxOy

− mmAl
0 s0 Kdg

− Sn

2
DmO2

0 s0 K,isolatedd − mDAl
0 sTd

− Sn

2
DDO2

0 sT,1 atmd. s22d

The resulting phase diagram for the AlxOy thin film on a
Cus111d surface as shown in Fig. 2. Results are plotted there
for a representative temperatureT=1200 K and for oxygen
partial pressures up to 10−5 atm. For this temperature, at
higher oxygen partial pressures on would expect42 the for-
mation of CuAlO2, and CuO at still higher oxygen partial
pressures. Considering first the two-oxygen-layer AlxOy thin
films, it is noticed that the so-called “t ” -Al 2O3 structure
[labeled in Fig. 2 as Cu-O-2Alstetrad-O], is the dominant
phase when the Al activity is relatively low. In particular, as
the Al impurity percentage in the bulk Cu decreases, the Al
activity also decreases. As the Al impurity percentage ap-
proaches zero(to pure Cu), the Cu-O-2A1stetrad-O phase
becomes the only phase. As the Al impurity percentage in the
Cu increases from zero, one can see from Fig. 2 that at a very
low Al activity aAl (and a correspondingly very low Al dop-
ing), the structure of the thin film with two oxygen layers
changes from the Cu-O-2A1stetrad-O phase to the Cu-
O-3Alsoctad-O phase, i.e., having a monolayer of Al atoms
occupy all octahedral sites between the two oxygen layers. In
the case of a relatively low oxygen pressure and a substan-
tially higher Al activity, the Cu-Al-O-3Alsoctad-O structure
is also possible, again as shown in Fig. 2. Many other con-
figurations with different combinations of Al occupancies of
the two oxygen layers were investigated, but none were

FIG. 2. Phase diagram(as a function of the Al activity and
ambient oxygen partial pressure) for ultrathin AlxOys0001d films on
Al-doped Cus111d. A temperature of 1200 K is assumed and loga-
rithms are to the base 10.
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found to have lower energies than any of the three structures
discussed here and included in Fig. 2.

With the thickness of the film increased to three oxygen
layers, the stable structures becomea-Al2O3-like. Cu/AlxOy
films that have next to the outermost Cu atomic layer either
an Al atomic layersCu-Al-O-2A1-O-2Al-O-Ald or an O
atomic layer sCu-O-2A1-O-2A1-O-Ald may be obtained,
and the free surfaces of all these AlxOy films stabilize at Al
termination. One can compare the AlxOy film structure with
that of the pure Al2O3s0001d surface at equilibrium with an
Al2O3 bulk. The inward relaxation of the outermost Al layer
of the AlxOy film (−92% relative to the bulk spacing between
the outermost Al layer and the O layer next to it), is a little
larger than that40 of the pure Al2O3s0001d surfaces−86%d,
and the separation between the two Al layers below the out-
ermost O layer becomes essentially zero within our numeri-
cal accuracy instead of the 0.29Å spacing obtained7,9,40 for
the pure Al2O3s0001d surface. The portions of the phase dia-
gram allocated to the two structures are shown in Fig. 2. As
expected, the Cu-Al-O-2A1-O-2A1-O-Al structure occurs at
higher Al activitiesaAl and lower oxygen partial pressures
pO2

than the Cu-O-2A1-O-2A1-O-Al structure. These struc-
tures are similar to what we found10,41 for thick Al2O3 and
Cu slabs. The former structure is similar to what we called
the Al-terminated interface and as denoted by Cu/sAl2O3dAl

for the thick slabs, while the latter is similar to the
O-terminated interface denoted as Cu/sAl2O3dO. These re-
sults imply that the AlxOy film should contain at least three O
layers if one wishes to simulate thicka-Al2O3/metal inter-
faces.

This analysis of ultrathin AlxOy films on Cu-Al alloy sur-
faces is not meant to be exhaustive, as there are many more
possible structures than were examined here. Rather, it is
meant to be illustrative of how one might connect metallur-

gical or thermodynamic analyses withab initio computa-
tions.

V. SUMMARY

In this manuscript a bridge has been established between
the variables and standard states ofab initio computations
and the variables and standard states of thermodynamics.
This is a potentially powerful link, expanding the predictabil-
ity of the ab initio methods and the fundamental understand-
ing of thermodynamics. Theab initio and thermodynamic or
metallurgical standard states are linked by connection ener-
gies. Connection energies for solids are obtained via tem-
perature integrations over empirical specific heats and entro-
pies. Connection energies for gases can be obtained either
from properties of the solids, which are in thermodynamic
equilibrium with the gases or directly from gaseous proper-
ties, and there is good agreement between the two ap-
proaches. This led to the discovery that the formation en-
tropy of compounds formed at a given temperature from a
given gas and a variety of solids should be approximately
constant. Relations are derived between theab initio vari-
ables, which are the chemical potentials, and the thermody-
namic or metallurgical variables, which are the activities and
partial pressures. Finally, a phase diagram is computed for
ultrathin AlxOy films on Al-doped Cus111d, two or three oxy-
gen layers thick and with a variety of Al atom layer loca-
tions.
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