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Oxygen and vacancies in silver: A density-functional study in the local density and generalized
gradient approximations
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The insertion of oxygen atoms in silver and their interaction with vacancies are studied with density-
functional theory calculations using a plane wave basis set. Oxygen atoms are found to be preferentially
inserted in octahedral interstitial sites and to have strong interactions with monovacancies as well as with
divacancies. An original configuration is evidenced for the oxygen—divacancy complex where the oxygen atom
is located halfway between the two nearest-neighbor vacancies, whereas the oxygen—vacancy pair reduces in
fact to an oxygen atom in the available substitution site. Quantitative estimates of the formation energies of
silver mono- and divacancies, solution energies of oxygen in various sites, and binding energies of oxygen with
one or two vacancies are calculated either with local density or generalized gradient approximations. Both
functionals lead to the same qualitative results but the calculated energies differ significantly. It is not possible
to conclude, from comparison with available experiments, which functional is the most accurate.
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I. INTRODUCTION II. METHODOLOGY

. . . . L A. Technicalities
The diffusion and dissolution of oxygen in silver have

been frequently studiéd® because they are important in ~ The calculations have been performed using riscr
many technological fields. These phenomena may indeeBackagé' based on a plane wave basis and pseudopotentials.
lead to the damage of silver intrinsic properties. They ardn the LDA calculations we used the common
also relevant when silver is considered as a cathode materiGerdew—Zungéf functional. For the GGA calculations, we
for solid oxide fuel cell or as a substrate for electrodepositiorf10S€ the functional proposed by Perdew, Burke, and

: L - Ernzerhof'® The LDA and GGA pseudopotentials for oxy-
of high temperature superconducting ribbdrRecently, it .fth It ft typkd:th tak tivel
has been discovered that a silver film deposited onto a nickx%en are of the uitrasott type,n€y are laken, respectively,
substrate dewets at high temperature under oxyge om Ref. 15 and from thewscrpseudopotential librar¥t

9 . . he latter is generated following the recipes of Rappe, Rabe,

pressuré:® The latter effect is believed to be related to the Kaxiras, and Joannopould®RKJ).2® The LDA and GGA
transport of silver vacancies during the diffusion of oxygen ' b '

. . - X seudopotentials for silver are of the norm-conserving type;
through the silver film. There is indeed some experlmentafhey ha?/e been generated with theiesppcodé”’ using tgheyp

evidence for a gtrong binding between vacancies and oxygefiqyjlier—Martins schem& The generation parameters
atoms in silver! _ (core radii and reference energiemre kept to the values
The purpose of the present paper is to study from a theosggested in theHiossPPcode except for the reference energy
retical point of view the insertion of oxygen atoms in silver of the 5p states which has been fixed 11 eV above their
and their interactions with vacancies. We focused on th%igen_energy in order to improve the matching of the loga-
atomic scale calculation of the associated energetics. Wigthmic derivatives of their real and pseudo wave functions.
used the framework of density-functional thediFT) in  With this set of pseudopotentials, the energy cutoff was fixed
the plane wave pseudopotential approach. All calculationso 40 Ry.
have been carried out using either the local density approxi- The validity of the pseudopotentials was checked on the
mation (LDA) or the generalized gradient approximation silver and silver oxide structures. Silver crystallizes in the fcc
(GGA), which enables a detailed comparison of the results oftructure. The experimental value of the lattice parameter is
the two types of functionals. Thermodynamical energies rel4.09 A and its bulk modulus is 100 GPAWe determined
evant to the insertion of oxygen atoms in silver and theirthe cell size and bulk modulus. For LD#espectively,
interaction with vacancies have been calculated: formatiolSGA) calculations we found a value of 4.03(Bespectively,
energies of silver mono- and divacancies, solution energie4.17 A) for the lattice parameter and of 134 GRaspec-
of oxygen in various sites of silver, and binding energies oftively, 90 GPa for the bulk modulus. Silver oxide (A®)
oxygen with one or two vacancies. crystallizes in the cuprite (GO) structure with an experi-
The first part presents the technical details of the calculamental lattice parameter of 4.742R Lattice parameters ob-
tions and introduces the notations. Results are presented fained within LDA and GGA are 4.65 and 4.87 A, respec-
the following part: for each defect, the formulas used to ob-ively. Thus, no functional appears to lead to more accurate
tain the thermodynamical energies from the calculations areesults for the bulk properties. Our calculations exhibit the
specified. The discussion focuses on the comparison witbommonly observed trends: cell parameters are slightly un-
available experiments and on the differences between LDAlerestimated within LDA whereas they are slightly overesti-
and GGA results. mated within GGA and conversely for the bulk modulus.
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TABLE I. Values of the vacancy formation energy in silver in a b c
the unrelaxed configuratiofin electron volt. Present resultéw- )
UR) are compared with previous calculations. The experimental ¢
value is 1.10 eV.

pw-UR Other calc(UR)

LDA 1.15 1.087 1.24°

GGA 0.86 0.8¢%

o ¢ FIG. 1. Insertion sites of oxygen in silvet@ octahedral inter-

b P-KKR-GF, Ref. 22. stitial, (b) tetrahedral interstitial, andc) substitution sites. The

FP-LMTO, Ref. 23. spheres correspond to the positions of the atoms in the simulation

cell after relaxation: oxygen atoms in gray and silver atoms in
B. Simulation cell black.
The periodically repeated cell, in which point defects are . RESULTS

introduced, is built from the duplication, in three directions,
of the simple cubic cell of silver. In the perfect crystal it ) ) ) ) o
contains 32 atoms. The irreducible Brillouin zone is sampled The formation energies of vacancies and divacancies in
by a set of 10 speciak points generated following the silver and t'he binding energy of the dlvaca}ncy made of twp
Monkhorst and Pack scherfe.An Hermite—Gaussian Nn€arest-neighbor vacancies versus two isolated vacancies
smearing with a width of 0.02 Ry is applied. The introduc- Ve calculated as follows:

tion of point defect§oxygen atoms, silver vacancies, o

A. Vacancies in silver

the box sometimes decreases its symmetries and results in a ey=EyA9— HEY, (1)
larger number ok points especially for complex oxygen—

vacancy clusters. All defect calculations are carried out at ef_=E3NI— gAY 2)
constant volume. Atomic relaxations are taken into account

thanks to the calculated forces acting on the atoms. Due to B _ 3%, E32Ag HE3AG_ F o F 3
computer limitations only atomic displacements that pre- V=ViYE V=Y v V-V EEve

serve the symmetries present before relaxation are allowed in , i
the calculations. This limitation may cause a small overesti- 1 he values we obtain for the formation energy of a mono-
vacancy in silver before structural relaxations are compared

mate of the energies of the high symmetry configurations. in Table | with previous unrelaxed values from the
literature®>23 It can be seen that our results compare fairly
well with the previous ones. The effect of structural relax-
ation is rather small, as expected for a compact strucage

The total energies directly resulting from the electronicthe first column of Table )l In the following all figures are
structure calculations are denoted with a cagiitalhe num- 9“’_?;: for lrelaxe;j conﬂgura(;n()jns. formati .
ber of silver and oxygen atoms in the cell are indicated in the € values ot mono- and divacancy formation energies as

: : : ell as the binding energy of the latter are given in Table II.
superscript. In the SUb.SC”pt t_h_e nature Of. the defect is spec The experimentalgvaluegc?:c the formation er?ergy of a mono-
fied (vacancy, oxygen interstitial, ejcFor instance the en-

ergy of the box containing 32 silver atoms and an c)Xygenvacancy in silver is 1.10 eV. The LDA formation energy is

) T o 2Ag+0 very close to the experiment, whereas the GGA result devi-
interstitial in (?ctahedrgl position s denot(ﬁf)om - The ates notably from it. Both functionals predict that no energy
thermodynamic energies deduced from these calculated efs gained upon association of two vacancies, i.e., the forma-

ergieS are_ denoted-With an In the Superscript the nat-ure of tion energy of a divacancy is S|mp|y twice that of a mono-
the quantity(formation energyF, solution energysol, bind- vacancy.

ing energyB, etc) is indicated. In the subscript the nature of
the defect is specified. For instane§ is the formation en-
ergy of a vacancy in silver.

C. Notations

B. Oxygen insertion in silver

Three sites were considered for the insertion of oxygen in
TABLE Il. Formation energies of mono- and divacancies in sil- silver: the octahedraD,, and tetrahedraDye, interstitial

ver, e& andsf_,,, and divacancy binding energyt_, (in elec- positions and the substitution for a silver at@uy,;, (see Fig.

tron volts. 1). The solution energies of oxygen in silver were calculated
using the di-oxygen molecule as a reference state for oxygen

Functional b efy By outside silver. For the interstitial sites the solution energy is
given by

LDA 1.09 2.18 —0.01

GGA 0.82 1.59 0.05 Ssozlmz E%z;t?Jro_ E32A0_ %Eoz- (4)
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TABLE IIl. Solution energies of atomic oxygen in silver for the g b
octahedral interstitial, tetrahedral interstitial, and substitutional sites
(in electron volts.

sol sol

Functional eon eg G
LDA 0.34 0.74 0.62
GGA 0.65 0.93 1.09

where Eo, is energy of the di-oxygen moIecuIEo2 has

been calculated including spin-polarization and using an 8-A
side simple cubic box.

For the substitution case the decrease in the number of FIG. 2. Oxygen—divacancy clusterga) V—O,,, and (b)
silver atoms upon introduction of an oxygen atom must bev—O-V. Oxygen and silver atoms are indicated in gray and black,

taken into account. This leads to respectively. Vacancies are shown as light gray spheres.
sol _ 31Ag+0O_ 31p32Ag_ 1
8Osub Eosub nE 2 EOZ ’ (5)

The LDA and GGA resuilts, reported in Table Iil, show tween two nearest-neighbor vacancies. Sta_rting from a diva-
some discrepancies but both functionals predict that the oc2ncy one can see_that the oxygen atom I Io<_:ated on one
tahedral interstitial site is the most stable site for the inser—Slde of a divacancy in the flrst_case andin thg m|dd.I(_a of it in
tion of oxygen in silver the second case. Afte_r relaxation of the atomic positions, the

' second configuration is found to have the lowest energy. The
binding energies of these defect clusters can be defined rela-
tive to either(i) the three separated defedis) the substitu-

Due to computer limitations, only two configurations tional oxygen and vacancy defects,(ir) the divacancy and
were considered for the oxygen—vacancy pair. In the first on@xygen interstitial defects. From one binding energy one can
the oxygen atom occupies an octahedral interstitial site witteasily deduce the other ones. The values of ¢Bsare re-
one vacant apex. The second one is simply the substitutionported in Table IV. Approximately the same amount of en-
insertion configuration; it can be viewed as a configuratiorergy is gained upon the oxygen—vacancy pairing and by the
where an oxygen atom occupies an empty silver site, thusubsequent binding of a second vacancy.
filling a vacancy. These geometries are dendted,.; and LDA and GGA energies are once again very different.
O, respectively. The binding energy of a paif, is de- LDA seems to lead to systematically higher binding energies
fined as the reaction energy of the pair formation, startinghan GGA.
from isolated defects:

C. Oxygen interactions with vacancies

B
V-Oyct=E

Osub

31Ag+0O
e V=Opci + E3%A0_ E3IAT_ E%i/:gm_ 6) IV. DISCUSSION

Osub A. Oxygen in silver

Based on the ratio between their respective atomic radii,

The calculated values, reported in Table IV, show that thq g 1y predicts that oxygen lies in octahedral intersti-
substitution—insertion configuration is the most stable one. tial position in silver. Our calculation confirms this predic-

For defect clusters made by an oxygen atom and two Vag, - the octahedral site has the lowest solution energy. This
cancies the calculations were restricted to two sets of poSkag it s quite robust in view of the rather large energy dif-
tions, denoted, respectively,—~Os,p andV-O-V (see Fig. = forence with the solution energies of the other si8 eV
2). In the first configuration the second vacancy is placed O more, see Table Il Our values can be compared to the

a nearest-neighbor site of an oxygen substitutional atom. 18q,ion energy deduced from experiments on the solubility
the second configuration the oxygen is placed halfway beg; oxygen in silver25 It can be described by

TABLE IV. Binding energies of the oxygen—monovacancy pairs
and of the oxygen—divacancy clusters relative to isolated point de-
fects(in electron volt. For a description of the atomic configura-
tions see the text and Fig. 1.

[Oagl=/Po,X0.072exp—0.50 eVkgT).  (7)

Oxygen—vacancy Oxygen—divacancy In this expression,O,,] is the oxygen concentration and
Po, is the oxygen partial pressure in the outer gas. The varia-

B B B B
€0.,  EV-0,, EV-0-VIO,+2V  EV-0,/0y.+2V tion of oxygen concentration as the square root of pressure
LDA ~0.81 -—0.10 —-1.15 -0.86 proves that oxygen atoms are dissolved as opposed to dioxy-
GGA -039 -0.11 ~0.69 ~0.10 gen molecules. Our calculated values of the solution energy

are in overall agreement with the experimental valdé0
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eV): it is underestimated in the LDA cad®.34 e\) and silver vacancies. GGA calculations highly underestimate this
overestimated in the GGA cage.65 e\). Both functionals energy. For what concerns oxygen insertion in silver, the two
lead to similar deviations from the measured value. functionals equally deviate from the experimental value with
Concerning the interactions between oxygen atoms angn overestimation for LDA and underestimation for GGA.
vacancies, we found that the oxygen—vacancy pair of lowestinally, GGA results are much closer to the available experi-
energy is simply the oxygen in substitution for silver. The ments on the binding energy of the oxygen—vacancy pairs.
fact that the energy decreases when an oxygen atom goes | view of our results, no clear conclusion can be drawn
from an interstitial to a vacant site is not in contradiction 4, \which functional is the most accurate for such defect stud-
with the fact that the interstitial configuration has the small-jeq Resylts available in the literature are of little help on this
est solution energy. The solution energy of the Sub*'““’t'tuuo;boint. Indeed, even for first-principles simulations, the values
\?J:}eicénd:(?cdorg:glucjtes the forrlnatlpnl energyh of 5:1 vacantys yefect energies depend on many aspects of the calcula-
L Ing to our results, Is larger than the EN€1%ions (type of program, size of the basis set, type of pseudo-
gained by putting an interstitial oxygen in a vacant site. opotential, supercell size, elclf LDA and GGA approxima-

From resistivity measurements on silver submitted t " inel d for bulk ” f verfect
various thermal treatments, Qeevidences interactions be- lons are routinely compared for bulk properties of pertec
materials, we found very few papers comparing LDA and

tween dissolved oxygen and vacancigsle deduces a value i 2
of —0.35 eV for the binding energy of the pair. Mathieu GGA calculations on defect energetics in bulk materitds

et al. also cite an unpublished value 6f0.45 eV obtained vacancies in metals see Refs. 25 and 26; for vacancies in

by Moya from calorimetric measuremeftEhe calculated ~SiO; polymorphs” and for Si self-intersiitialé In these pa-

GGA value of the binding energy of the substitution oxygenPers, the differences between LDA and GGA defect forma-

(—0.39 eV) is very close to these experimental estimategion energies range from 0.1 to 0.9 eV, which is the order of

On the contrary the LDA value{0.81 eV) seems to be Magnitude of the differences observed in our calculations.

significantly too large. The underestimation of GGA formation energies in metals
The formation of an oxygen—divacancy cluster startinghas already been report&® Carling et al?® suggest that

from a substitutional oxygen and a monovacancy decreasdbis discrepancy of GGA can be analyzed as a surface effect.

the energy by 0.3 eVffor both functionals There is there-

fore an important interaction of oxygen with vacancies be-

yond the first pairing that creates the substitutional oxygen.

At the opposite, the silver divacancy binding energy came V. CONCLUSION

out to be negligible or even slightly positiieee Sec. I\ . . . L

The presence of oxygen therefore greatly favors the forma- We have studied the insertion of oxygen atoms in silver

tion of divacancies and increases the number of such defecfd!d their interactions with vacancies with DFT plane wave
by creating divacancies bonded to oxygen atoms. calculations. Our results confirm that oxygen atoms are pref-
erentially inserted in octahedral interstitial sites and that they

have strong interactions with vacancies. We predict that the

B. LDA —GGA comparison geometry of the oxygen—vacancy pair is the oxygen on a

L ) substitution site. Interactions of the same order of magnitude

The qualitative trepds predicted by LDA and GGA calcu- 4re found for the subsequent binding energy of the pair with

lations are the saméi) oxygen is predicted to insert prefer- 5 gocong vacancy. For this cluster an original configuration is

entially in the octahedral interstitial sitéi) its binding with obtained, the oxygen atom being located in the middle of the

a vacancy results in a substitution oxygen; &nid upon divacancy.

further association with a second vacancy the oxygen atom \yg have systematically calculated all quantities with LDA
goes in the middle of the created divacancy. _and GGA approximations. The results are qualitatively the
_ However LDA and GGA calculations lead to quantita- game py differ significantly quantitatively. The LDA value is
tively very different results. When comparing GGA to LD'% in better agreement with experiment than the GGA value for
results, the vacancy formation energy in silver is 25%ne yacancy formation energy in silver. For oxygen solubility
smaller, the oxygen solution energy is 50% larger, and th¢ pa and GGA have similar deviations from the measured
various binding energies of the oxygen—vacancy pairs ando|ytion energy. Finally for interactions with vacancies, the

clusters are about twice smaller. Quantities .such as the teng A result is much closer to experiment. From our results as

perature dependence of the amount of dissolved oxygemyom the literature, it does not seem possible, in the context

oxygen vacancy pairs or clusters will differ by orders of of point defect studies, to ensure that one approximation
magnitude depending on which figures they are deducegq ks petter than the other.

from. The differences between the two functionals are on the
whole larger when complex defects are considefsee
Tables 1I-1V). We suggest that this comes from the fact that
more simulation cells are involved in the definition of the ACKNOWLEDGMENT
energy of the more complex defects.
Unfortunately the values that are closest to experiments P. Regnier is thankfully acknowledged for initially sug-
are not always the same. Indeed, the LDA value is clearly irgesting the present calculations and for many subsequent dis-
better agreement with experiment for the formation energy otussions.
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