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Exchange mechanism for adatom diffusion on metal fdd00) surfaces
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We study the self-diffusion of adatoms on metal(id@0) surfaces by molecular dynamics with Pt and Ag as
examples. The metals are modeled by surface embedded-atom potentials. Besides the well-known exchange
diffusion mechanism, another one that appears as the diffusion of an ad-dimer is also observed, and it can be
explained by the “concerted motion” model owing to the strong bonds formed in the transition state. The
important point is that this mechanism could appear frequently even at room temperature and makes adatoms
more movable on fdd00 surfaces[S0163-18208)01423-4

The mechanism for self-diffusion of an adatom on a metaktudied here, the results given below show that the trend of
surface is of fundamental important in processes such afie SEAM potential modifying from the conventional EAM
crystal growth and epitaxy. A lot of theoretical and experi- potential at least is correct.
mental work has been done in the last few years, and many The system in our simulation consists of ¥00) slab of
different diffusion mechanisms were found on (@0  the thickness of 30 layers, each layer containing88atoms;
surfaces™® The bridge-hopping mechanism is one of the periodic boundary conditions are imposed in the surface
main diffusion mechanismsin which an adatom hops from Plane. One adatom is placed on each surface. The solution of
a fourfold hollow site to an adjacent one over the intervening€ €quations of motions is achieved by the standard Verlet
twofold bridge site. Another one is the so-called exchangé!dorithm, with a time step 0.004 ps to ensure the total en-
mechanism, where an adatom moves to the position of §9Y fluctuation less than 2010 . o
surface atom that becomes an adatom at the next-nearest S€Veral SEAM potential¥’;, V,, andV; given in Ref. 9

cording to experimental observation by field-ion microscopy P ' '

i .25 . : consistent. One is the conventional exchange mechanism
(FIM?, and the first prmqple calculatio, anq IS explalned_ mentioned above. An adatom absorbed in a fourfold site
by a “concerted motion” model. The transition state for this

del i d-di trically located ab ; Fig. 1(@)] interacts with a surface atom and causes it to
model IS an ad-dimer Ssymmetrically located above a SuraCgmerqe from the surface plafiig. 1(b)], i.e., two atoms as

site vacated by one of the dimer atoms. Besides these tWQ gimer are now located above the surface site. After this
main dlffusmn mechanisms, it was found that.the adatompiermediate statfFig. 1(b)], the adatom moves to the posi-
could migrate by another complicated mechanism, such &gon of the surface atom, which becomes an adatom at the
the two-step exchange mechanism, the multiparticle expext-nearest binding sitEFig. 1(c)]. This is the exchange
Change mechanisﬁ'ﬁ etc., which are found by the method of diffusion event on fc€00 surfaces Suggested by
molecular dynamicgMD). MD simulation is often used to Feibelmar? Another mechanism is very special, because it is
study the self-diffusion because it is capable of giving thein fact a diffusion mechanism for the ad-dimer, i.e., for the
actual trajectories of the atoms. Nevertheless, the results ob-

tgined from MD, especially quantitatiye resglts §uch as ac- D O O O OO0 00

tive energy, jump frequency of the various diffusion mecha- DO G

nisms, etc., are sometimes not in accordance with the fact O O ®@® ®

due to the improper potential model used, so that the choice O ® ®©@ O@o®

of the potential is crucidl. Considering this fact, in the N6 ® O ®

present paper, several potentials with different parameters a P

are used, and the study is focused on the diffusion mecha-

nism itself and analyzing why and when the mechanism we 0000 0000

observed could happen, etc. This avoids the influence of the OC®2@6 O @@®@

inexact potential on our conclusion. O @@@@ O®@®@®
The potentials used in our simulation are obtained by the

surface embedded-atom meth¢8EAM),® which is devel- 0@ 9 0@ ®

oped from the conventional embedded-atom metftodM)

d

f

for the surface environment. Therefore, the SEAM pOtentials FIG. 1. The diffusion events by the conventional exchange
could give much improved surface properties comparingnechanisma—b—c and the ad-dimer exchange mechanism
with the conventional EAM potentials overall. This kind of —e— f, respectively, at temperature 300 K. The time sequence for
potential has successfully described the early film depositiothe ad-dimer exchange mechanism is 0 E§—£0.96 ps €)
and the surface reconstructiolfs® To the self-diffusion —1.44 ps ¢).
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shown in Figs. d)-1(f) is not very surprising, because it is
in fact a transition from the one local stable state to the other.
Curve Pt3 indicates that the energy of the ad-dimer state is
lower than that of the initial state Fig.(d. Therefore, as
observed in MD simulation, the new diffusion event occurs
more frequently than the conventional one. The difference of
the energy curves Ptl, Pt2, and Pt3 directly comes from the
different potentials/;, V», andV; used, which are obtained
by modifying the conventional EAM potential more and
more? It means the potential; is more close to the conven-
tional EAM potential, and as expected, the active energies of
the conventional exchange mechanism from these two kind
of potentials, 0.989 eV¥,;) and 0.865 eV(with the EAM

The energy(eV)

0.2 S . . potential developed by Oh and John¥bpare similar, which
-60 -40 20 0 20 40 60 are all higher than the value 0.47 &\0.1 eV obtained from
Step number the experiment:'®> Comparing with the conventional EAM

potential andV;, the other two SEAM potential¥, and V5
could give much improved surface properties ovetat

the active energy with the potentigy seems also improper.
Different from the EAM potentialor the SEAM potential
V1), however, the/; underestimates the active energy of the
conventional exchange mechanism. This fact indicates that
the potential,, whose difference from the EAM potential is

intermediate configuratioffig. 1(b)] of the conventional ex- greater than/; but less than);, should give a reasonable
change mechanism. In Figsidl—1(f) we give such a diffu- result. From curve Pt2 in Fig. 2, the active energy can be
sion process at temperature 300 K. After the dimer transitiofStimated by the following consideration. Wh& <E, 5
state[Fig. 1(d)], the surface atom 5 is not replaced by the =Ez/—E, whereE, is the energy of the ad-dimer sta,/
adatom 0 as shown in Figs(t) and Xc), but interacts with is the energy of a transition state between the initial state Fig.
the other surface atom 2 and also causes it to rise, as shovi@ and the ad-dimer state, the jump process Figa). dnd

in Fig. 1(¢). The three atoms comprising an ad-trimer 0-5-21(b) is not relative to the process Figstbl and c),'® and

are now located above the surface site. This configuration i#en the energ§, ;=E, —E;=0.387 eV can be approxi-

a transition state, and then the adatom 0 enters into the sumately regarded as the active energy, wheyes the energy
face and simultaneously two others form another dimer at thef the initial state Fig. (a); whenKT<«E,:,, however, the
nearest sitgFig. 1(f)], i.e., the dimer is transported by this two processes Figs.(d and ¥b) and Figs. 1b) and Xc)
exchange mechanism. It is very interesting and helpful tecould be relative, and the effective active energy can be es-
note that these two exchange mechanisms have good agréénated byE +E;,=0.497 eV.’ In the experiment;*
ment. The conventional ori&igs. 1a)—1(c)] is for adatom T=175K, i.e.,E;»,/KT~7. At this temperature, the active
migration, and the transition state is an ad-dimer configuraenergy is about 0.387 eV to 0.497 eV, which is in good
tion that is the result of a concerted motion of the exchang@greement with the experimental res(@t47 ev= 0.1 eV).
atoms, while the new exchange mechanj§igs. 1(d)-1(f)]  So the SEAM potential’, is more reasonable for describing
is for ad-dimer migration, and the transition state is an adthe self-diffusion on the P100) surface. To get the energy
trimer configuration that is the result of a concerted motionE3 of the ad-trimer transition state of the ad-dimer exchange
of the three atoms. Moreover, the contribution from thesemechanism, one fixed freedom in the relaxation process is
two mechanisms to the transportation of the adatom athe height of atom 0 and 2, i.e(0)=2z(2) according to the
shown in Fig. 1 is the same. Owing to this fact, we regardedsymmetry of this ad-trimer configuration Fig(€l. With the

it as a mechanism for adatom diffusing. potential),, the energy differencE;,=E;—E,=0.183 eV.

To study this diffusion mechanism further, the energies of If the exchange process Figgdl-1(f) is an independent
the different states are calculated by the standard approactiiffusion mechanism as we expect, then it could happen
Choose and change a certain freedom according to the reaehen the system surmounts the potential baigrfrom the
tion path, then at each fixed increment of this freedom fullyad-dimer intermediate state; another possible path is that the
relax all the other freedoms of the active atoms. In our calsystem overcomes the barriEy,, to complete an old ex-
culation for conventional exchange mechanism, the fixedhange diffusion event. From the standard result of the tran-
freedom is the distanadysg of atoms 5 and %or atoms 0 and ~ sition state theory, the jump frequency ratio of the ad-dimer
1, do;) projected on the surface plane. To get a smootlexchange mechanism to the old one then can be written as
curve, we first increasdsg, then decreasd,, after the ad-
dimer statgFig. 1(b)] step by step. In Fig. 2, the curves Ptl1, _ & ZAEKT L
Pt2, and Pt3 are calculated with the SEAM potentigls), n= Folde ' @
and Vs, respectively. Curves Ptl and Pt2 indicate the local
stability of the ad-dimer transition state, which is possible forwhere the preexponential factby=nwv,, n is the number of
the exchange mechanism on @00 and (110  jump directions,vq is so-called “attempt frequency,h=2
surface$'21® From this fact, the exchange mechanismfor the old exchange mechanisms=4 for the ad-dimer ex-

FIG. 2. The variation of the energy for the conventional ex-

the SEAM potentiall;, V,, andVs, respectively. The parameters
are Ptl:E,;=0.989 eV,E,»,=0.01 eV, Pt2:E,/;=0.387 eV,
E2,2=0.110 eV, Pt3E211:0193 eV,E212:O.225 eV, Ag:E2/1
=E,;=0.396 eV.
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dogz 2.48 A, d06: 2.51 A, d05: 2.49 A, andd45:2.57 A in
Fig. 1(e), which are all shorter than nearest-neighbor spacing
2.77 A. This fact and the low-energy differencEs,=E,
—E;=0.278 eV andE3,=0.183 eV show that the formation
of the stronger covalent bonds is possible fof Bhd then
indicates that such an explanation suggested with Al is
also effective for both old and ad-dimer exchange mecha-
nisms observed on the (R00 surface. Another point worth
noting is the relation of the two diffusion mechanisms. The
i ad-dimer exchange mechanism is in fact for the diffusing
e R U W ad-dimer configuration, so there are more chances for it oc-
5 curring when the ad-dimer state is more stable. Overall, the

The jump frequency ratio

0.01 i 5 5 ad-dimer state is more stable and the covalent bonds formed
2 2 2 » 2% 0 32 in the ad-dimer state are more strong. In addition, the strong
1/KT bonds mean that small energies are needed for extracting the

substrate atoms from the surface plane. Therefore, the key
for the ad-dimer exchange mechanism occurring is the stron-
ger bonds formed in the transition states. It is basically in

change mechanism and then the rdﬁ&/rg'dzg(yo/ygld ) accordance with that for the old one except that the strength
The energy differencA E=Eg,— E,/,. Using MD with the of the bonds for the ad-dimer exchange mechanism needs to

potentialV,, we simulate a smaller system that contains 160€ greater. This consistency is conformed by our MD simu-
atomic layers with &6 each owing to the limited capability lation for the two different extreme cases. One is platinum,
of our computer. This makes paramet&s,,E,/, change the strong bonds cause the ad-dimer configuration to be a
from 0.183 eV and 0.110 eV to 0.179 eV and 0.090 eV,local stable state as shown in Fig. 2, and the two mechanisms
respectively(then AE=0.088 eV}, but it does not affect the all occur. The opposite extreme case is one in which the
law Eg. (1) that we want to verify. In the simulation, many bonds formed in the transition state are weak, and it usually
different ad-dimer transition states that are equilibrated at thenakes the ad-dimer state unstable. The energy curve for Ag,
same desired temperature are used as the initial conditiofer example, is shown in Fig. 2. At this time, as observed in
and then the number of times the system leaves the ad-dim@ID simulation, the exchange mechanism is no longer an
state by the ad-dimer and old exchange mechanism, respegnly mechanism for adatom diffusion; the hopping mecha-
tively, can be obtained. The statistic results at temperaturggism could appear frequently. Moreover, our observation in-
350 K to 550 K are shown in Fig. 3, from which the energy gicates that most of the exchange diffusion events are more
differenceAE is 0.078 eV, which is basically in agreement |ixely the two-step exchange mechanism suggested by
with the result 0.088 eV obtained by the relaxation approachg|acié instead of the conventional exchange mechanism, i.e.,
the ratiol’y/T'§~1.35, and thenvo/v§"=0.68. So our sta-  the concerted motion between the exchange atoms is less due
tistic results indicate that E¢1) is correct, or in other words, tg the weak bondsif they exish in the ad-dimer state, and
the jump frequency’ from the ad-dimer state should be ex- then, as expected, the ad-dimer exchange mechanism is ab-
pressed byl =T'ge Es2/KT+ T 3% E22/KT 'which is obvi- sent. As a substitute, however, the multiparticle exchange
ously different fromI'=T3%~E2'2/KT if there is only one mechanism described in Refs. 6 and 7 occurs at higher tem-
kind of old exchange mechanism. Therefore, the procesperature. The occurrence of these complicated exchange
Figs. {d)—1(f) as another reaction path indeed exists, andnechanisms including the two-step exchange is possible
the contribution from this ad-dimer exchange mechanism tavhen the bonds formed in the ad-dimer state are not very
the self-diffusion, can reach about 10% comparing with thastrong, and they are explained by the “strain induced and
from the old one at temperature 350 K as shown in Fig. 3. relieved” model® Then the conclusion is that the old and
As mentioned before, two exchange mechanisms havad-dimer exchange mechanisms are likely to occur when the
good agreement, in which the intermediate states Righ 1 bonds formed in the transitions state are strong enough and
and Fig. 1e) are formed identically by extracting a substratecan be explained by the “concerted motion” model; when
atom from the surface plane, it in fact indicates that the reathe bonds are weak, however, the two-step exchange and the
sons why the ad-dimer exchange mechanism occurs are simiultiparticle exchange mechanisms could appear and can be
lar to that for the old one. Based on the first-principle calcu-explained by the “strain induced and relieved” model, while
lation for Al,® Feibelman suggested that a substrate Al atonthe jump frequency of the old and ad-dimer exchange
could be extracted from the surface plane to lead replacanechanisms is decreasing or vanishing, especially for the
ment diffusion when the price of the extracting can bead-dimer exchange one. This general variation for the con-
largely recouped by the formation of shorter, stronger covaventional and ad-dimer exchange mechanisms with the bond
lent bonds, as shown in Fig.(l) comparing with that in strength is similar to that for hopping and conventional ex-
metallic form. This condition or reason for the old exchangechange mechanisms discussed in Ref. 18.
mechanism occurring does not depend strictly on trivalency In conclusion, another diffusion mechanism is found by
as mentioned in Ref. 3, although the calculation is for thethe method of molecular dynamics with the SEAM poten-
trivalent Al. With the SEAM potentiall,, we obtain the tials. By this exchange mechanism the ad-dimer configura-
bond lengthglys=2.46 A anddys=2.48 A in Fig. Ab), and tion that is the intermediate state of the conventional ex-

FIG. 3. The jump frequency ratig as a function of IKT.
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change mechanism could diffuse on (ft80) surface. Simi-
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as we imagined before, but also from this ad-dimer exchange

lar to the conventional exchange mechanism, the occurrengaechanism. More important is that the contribution of this

of this mechanism also can be attributed to the strongediiffusion mechanism could be large even in room tempera-
bonds formed in the transition state. Therefore, as we obtyre.

served in MD simulation, this diffusion mechanism could

also appear when the condition is highly advantageous to the This work was partially supported by the Chinese NSF,
old one, i.e., in this case, the contribution to the adatonfChinese Science and Technology Commission, and the
diffusing not only comes from the preferred old mechanismShanghai NSF.
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