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Point defects at low-index surfaces of fcc metals: Formation energies of vacancies
and adatom-vacancy pairs
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In a variety of cases the vacancy-adatom pair is shown to be the most widely spread defect on low-index
surfaces due to its considerable contribution to the entropy of adatom positions. The results of calculations
obtained by the modified embedded-atom and the embedded-atom methods show that the formation energy of
the vacancy-adatom pair is slightly less th@r equal t9 that of the vacancy for the majority of cases
considered.
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The vacancy is usually considered as the most widespreaﬂherea? is the energy of the detached atom andis the
defect on surfaces. This is a generalization of the fact that thenergy of the atom attachment to the kink sii,is the
vacancy concentration in the bulk of a metal in thermody-number of atoms in the topmost layer, ahds the tempera-
namical equilibrium is greater than the concentration of otheture. Here and afterwardss=1. S, and S‘F‘)h are the en-
defects. A vacancy in a bulk metal appears as the result dfopy changes due to the changes of behavior of atoms sur-
removal of an atom from its lattice position and its attach-rounding the vacancy and kink, respectively.

ment to a step on the surfa@he Schottky vacangy|n this Minimization of_the free energy give; the Arrhgnius law
case, the contribution of the attached atom to the positiondpr the concentration of vacancies having formation energy
entropy is negligible. gy=8]— €.

The situation for vacancies formed in the uppermost The part of the free energy of, adatom-vacancy pairs
monolayer is absolutely different. Surface atoms have bindcreated in the uppermost layef f) can be writter{cf. Eq.
ing energy, which is essentially different from the bulk situ- (1)] as
ation. This is why the arrangement of the surface atoms is
different from that of the bulk atoms. There are two possi- N!
bilities for attachment of the removed atom: either to a step Fp=np(e}—8a0 = 2TIn (N=ny)in,! = Tny(Shit Shi).
kink or in the adatom position. If a vacancy nucleates on the 2)
surface, the adatom position contribution to the entropy can-
not be neglected since it is equal to that of the surface vawhereeqis the energy of atom attachment to an adatom site
cancy position. This circumstance can result in another typend Sgﬂ is the entropy change due to the change of behavior
of point defect different from that in the bulk: vacancy- of atoms surrounding the adatom. The factor 2 in the second
adatom pairs, which have the maximum concentration in théerm on the right-hand side in E) is due to the contribu-
upper monolayer(We consider the vacancy-adatom pair tion of the entropy from different possible adatom positions.
where the two are separated by a large distaridee goal of  In this case, the thermodynamic equilibrium concentration of
energetically preferable on some surfaces. For this purpose,
let us compare the free energy of a surface with vacancies n S+ $g

; : p P
and the free energy of a surface with vacancy-adatom pairs. cp=ﬁz ;{ 5

In the model of noninteracting defects, the contribution of
contribution to the energy and a nonlinear contribution to the Thus, the effective formation energy of the vacancy-
entropy (see, for example, Refs. 1 and. Zhe latter is de- adatom paire, is
fined both by the number of possible space configurations of
defects in the upper monolayer and by the variation in be- Szz(gﬁ_gad)/z_ (4)
surface vacancy arising after attachment of a removed atomhe factor? in expression(4) appears because the contribu-
to a kink site(an analog of the bulk Schottky vacangshe  tion from positions of adatoms to the entropy is equal to that
part of the free energyH,) of n, vacancies created in the from the surface vacancy positions. If the number of vacancy
uppermost layer can be written as positionsN is different from that of adatom’, the preex-

NI tion. For the surfaces considered in our work we héve
: K =N’".
(N=n,)!n,! = Tn,(SohSpn), If we neglect the contribution to the entropy from the
(1) change in the vibrational spectrum of atoms surrounding the

this work is to prove the vacancy-adatom pair formation ispairs is
85—8
T ad
exp( >T ) 3)
defects to the free energy consists of two parts: an additive
havior of atoms surrounding the defect. In the case of the
ponential VN'/N appears in Eq(3) for the pair concentra-

Fv:nv(&‘?—sk)—T In
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TABLE I. The formation energies of the vacancy-adatom pajy(eV)] and of the vacancye; (eV)]
that we and other authors obtained for various surface orientations of Ag, Cu, Ni, Pb, Al, and Pd crystals
from MEAM and EAM calculations. The results of other authors are shown with referene%sis the
vacancy-adatom pair formation energy that we calculated using the results of other authors and taking into
account the entropy factor.e 4 is the energy of defect formation obtained from a least-squares fit of the
experimental datéRef. 7).

(110 (100 (111
Metal Method 8; &5 € def 8; &5 € gef e; &5 € dof
Ag MEAM  0.16 024 016 0.19 0.29 0.47 0.5 0.43
EAM  0.20 0.21 0.45 0.44 0.63 0.56
0.21*2 Q.22 0.468 0.45 0.6352 0.58
0.43° 0.4 0.63" 059
Cu MEAM  0.25 028 035 0.33 042 0.35-05 0.64 064 0.7
EAM 0.3 0.285 0.66 0.63 0.83 0.7
0.3 0.29 0.622 0.58 0.8232 0.72
0.3 0.2¢ 0.65¢ 0.59 0.84¢ 0.7%
Ni MEAM  0.27 0.36 0.37 0.51 0.83 0.87 0.5-0.8
EAM  0.341 0.334 0.74 0.71 0.95 0.82
0.342 0.34 0.7  0.66 0.942 0.82
0.29¢ 0.2¢
Pb MEAM 0.135  0.145 0.18 0.24 0.345 0.33
Al MEAM  0.18 0.24 0.4 0.51 0.88 0.91
EAM  0.14*2 0.14 0.282 0.29 0.462 0.3¢
Pd MEAM  0.26 0.33 0.38 0.54 0.80 0.87
EAM  0.2752 0.27 0.565% 0.67 0.872 0.78

8Reference 15.
bReference 18.
‘Reference 16.
dReference 17.

defect, we easily obtain the values of the free ener(igsat
(2) at their minima:

plays a role similar to that of the interstitial atom in the
Frenkel pair. This very difference, as one can see from Eq.
(4), may lead to a situation where the formation energy of
F,=—n,T, Fy=-2n,T. ) the vacancy-adatom pair becomes less than the formation
Note that estimation of the entropy associated with theenergy of the isolated vacancy. In this case, the process of
change in the vibrational spectrum near a vacancy and adaacancy-adatom pair formation is energetically preferable,
tom in copper has resulted in a value of the entropy factor ofvhich follows from Eq.(5).
about 1 in expressiofB) as obtained by Frenken, Huussen, Calculations of the formation energies of isolated vacan-
and Van der Veef. cies and of vacancy-adatom pairs have been done by us for a
From Eq.(5) it follows that, even if the concentrations of number of metals with various surface orientations. The re-
vacancies and pairs are close to each otlgr=(C,), the  sults(without taking into account the relaxation of surround-
global minimum of the free energy corresponds to formationing atoms are presented in Table I. Most calculations in our
of vacancy-adatom pairs. To define what kind of defect isyork were carried out using the modified embedded-atom
energetically favorable, it is necessary to compare the appronethod(MEAM ).*® All parameters were taken from Ref. 4,
priate equilibrium concentratiorns, andc,,, or the energies \yhere the fitting of the embedding function was completed.
of formation of the appropriate defects. In the casespf Each of the parameters used is directly related to a physical
<e;, the process of vacancy-adatom pair formation is energuantity: the sublimation energy, the lattice constant, the
getically preferable becausg,<F, . bulk modulus, two shear constants, two structural energy dif-
Calculation of the free energ§?) is similar to that for ferences, and the vacancy formation energy in the bulk. The
Frenkel pairs in the bulk? The type of defect considered “bulk” functional of interaction must be used very carefully
(vacancy-adatoindiffers essentially both from the isolated in calculations of surface characteristics. In order to test the
(Schottky vacancy and from the Frenkel pair. The formal reliability of our results we carried out some more calcula-
difference between the vacancy-adatom pair and the Frenkédbns by the embedded-atom meth@&hM) using a different
pair is in the sign of the energy of the self-adatom, whichfitting of parameters of interactiBrisee Table ). Note that
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the MEAM gives values of the surface energy close to thepair formation energ),sfJ marked with an asterisk shown in

experimental ones for the surfaces considéred. the table. All shown values are in good accordance with our
The calculated values of the defect formation energiesAM calculations and support the conclusions made above.

presented in Table | increase in the sequence (3(@00)  The existingab initio calculations for the Al, Cu, Ag, and Rh

—(111). Within the framework of the MEAM the formation (111) surfaces were completed only for the vacancy forma-

energy of the vacancy-adatom pair is slightly less than thafy, energy'*2° However, within the framework of this ap-

of the isolated vacancy for the majority of cases considered, oach, these calculations are not sufficient to make a con-

That means that the process of vacancy-adatom pair formagsion which mechanism is responsible for the formation of
tion is energetically preferable. This is especially Pro- yefects

nounced for th€100 and (110 surfaces. On th€l111) sur- . . s :
face this effect is small. Despite the considerable differencear-]ng)z ecf:)?]ft'\;?aﬁ;nl?;'rogvirr‘]e{ggsoghg&'ﬁgig‘;%:32:]021nPa'r
between the methods of fitting the parameters in the EAM’ P

and MEAM, the results do not contradict each other and thfrgy of a vacancy as a result of simultaneous operation of

main conclusions remain the same. Within the accuracy ovi\;?el;zztgést.);rv]veeg?ﬂ:z tgg;rthe g?'rrefnc;ror\n/glt'g? ;:(;r%;r:sfrtgﬁl
calculations the formation energy of a vacancy obtaine he surface and the ener %3; its attachment to an adatom
from the EAM is very close to that of a vacancy-adatom pair gy

for the (110 and (100 surfaces. However, this is also the position. The second is that the entropy of an adatom posi-
case when the free energy of .vacancy-a,datom ({8irds tion reduces the effective formation energy by one-half. Both

twice that of vacancies, which speaks well for the pair for—these factors have been d|scuss§d n Ilteratur_e; howe\{er, the
mation. second one has not been taken into account in analyzing the

The EAM gives vacancy formation energies faf.1) sur- equilibrium state of the surfaces under consideratsa®e, for

faces and NILOO) lower than those of pair formation. The example, Ref. 1)7 The simultaneous action of both factors

) . . can change the equilibrium state of the surfaces. The results
ME?M calculgyons led to different resglts. However,sf of calculations obtained by the MEAM and EAM show that
<ep, a transition from vacancy formation at low tempera-

) . ) ; ; _the concentration of vacancy-adatom pairs can be higher
ture to pair formation at high temperatures 1S pogsmle. Thi$han the vacancy concentration on the surface. As follows
transition takes place at the temperatlite=(¢,—5,)/IN2,  from expression(5), the free energy of the surface with

if T is not higher than the melting temperature. For ex-yacancy-adatom pairs is less than the free energy of the sur-
ample, ifep—e;=0.05eV, T,=700K. Thus, the EAM cal- face with vacancies. In this case only vacancy-adatom pairs
culations support pair formation for Ni00, Ag(111),  are observed on the surface. This effect is the most manifest
Cu(111), and N{11) at high temperatures. on the(110 and (100 surfaces.

The formation energies of surface defecg; extracted in Formation of vacancy-adatom pairs on the surface can
Ref. 7 from experimental medium-energy ion scatteringessentially change the interpretation of MEIS data. The
(MEIS) result§~** on the temperature dependence of thetreatment of experimental data points to an important role of
mean square displacements of atoms are also shown in Talj}@int defects in the anomalf&s* observed in the behavior
I. The theoretical formation energy of the surface vacancyf surface atoms in transition metals at elevated tempera-
and that of the vacancy-adatom pair are both rather close t@res. The role of point defects in surface phenomena was
the values obtained from experiments. The enetQyis  shown in high-resolution low-energy electron diffraction
rather small on th€110) surface for Pb, Ag, and Al. There- studies of the NiL10) (Ref. 21 and P100) (Ref. 22 sur-
fore, the vacancy-adatom pair concentration is already sigfaces and in the scanning electron microscopy investigation
nificant at moderate temperatures. So, for exampleT at of the Pt111) surface?® In those experiments an anomalous
=600K for Ag, the concentration of pairs reaches 10%.decrease of the diffraction intensity accompanied by an in-
Note that disordering of the A@10 surface was observed crease of the background intensity with temperature was ex-
above this temperaturé.The small value ofgf, for Pb(110  plained by assuming that vacancies can appear on the sur-
correlates well with the low value of the surface meltingface. Note that introduction of vacancy-adatom pairs in the
temperature for this material. models of Refs. 24 and 25 allowed the mean-square dis-

The results for the vacancy formation energy calculategplacements of atoms on AHL0) and Cy110) surfaces to be
by other authors using different EAM variatidis'®are also ~ explained. Ensemble density-functional molecular-dynamics
shown in Table I. Using these results and taking into accounsimulation$® of the Al(110) surface also speak for the gen-
the entropy factot [see Eq(4)], we obtained the values of eration of vacancy-adatom pairs at high temperatures.
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