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Solitonic-exchange mechanism of surface diffusion

Oleg M. Braun* Thierry Dauxois’ and Michel Peyrard
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We study surface diffusion in the framework of a generalized Frenkel-Kontorova model with a nonconvex
transverse degree of freedom. The model describes a lattice of atoms with a given concentration interacting by
Morse-type forces, the lattice being subjected to a two-dimensional substrate potential which is periodic in one
direction and nonconvefMorse in the transverse direction. The results are used to describe the complicated
exchange-mediated diffusion mechanism recently observed in molecular dynamics sim{iatibrglack and
Zeng-Ju Tian, Phys. Rev. Leffl, 2445(1993]. [S0163-182806)00726-9

I. INTRODUCTION (orthogonal to the surfageThe concentration of atoms is
characterized by the dimensionless paraméteN/M, the
Diffusion of atoms adsorbed on crystal surfaces is imporso-called coverage in surface physics, wheris the number
tant in many processes such as surface reactions and crystdlatoms andM is the number of minima of the external
growth of artificially layered materiafs? In addition, surface  potential. This model may be considered as a “minimal”
diffusion is of considerable intrinsic interest, because experimodel which takes into account all main features of real
mental results show a very rich and complicated behavior oédsorbed systems such as layers adsorbed on furrowed crys-
diffusion coefficients, especially as a function of the atomictal surfaces. On the other hand, it is simple enough to be
concentration. tractable analytically, at least in some aspects. The aim of the
When the first adsorbed layer is complete, new incomingpresent paper is to show that the same nfodah provide a
atoms start to fill the second adlayer. Usually the diffusion inuseful framework to study the role of the atomic exchange
the second layer follows the same laws as that in the firshetween the first and second adlayers in surface diffusion at
layer because the adatoms of the first monolayer play theoverages=1.
role that substrate atoms played for the diffusion of the ada- In the study of surface reconstructiit,has already been
toms of the first layer, i.e., the first-layer adatoms create ashown that the formation of a metastable defégnk) in
external potential for the second-layer atoms. However, fowhich an atom of the second layer penetrates into the first
some adsystems the situation may be more complicated ovayer is possible in some parameter range of the GFK model.
ing to exchange of atoms between the first and second ad\s kinks of the first layer generally have a diffusion coeffi-
layers. Such an exchange was observed experimentally ljent Dy, which is much larger than the diffusion coefficient
Medvedevet al2 for the Li-W(112) and Li-Mo(112) adsys- D, of thermally activated atoms of the second layer, it was
tems, where the growth of the second layer results in thepeculated that the formation of such defects could have a
reconstruction of the underlying first adlayer. Moreover, re-large influence on the overall diffusion of atoms on crystal
cently Black and Tiah have observed a ‘“complicated surfaces. The present work confirms this conjecture and pro-
exchange-mediated diffusion mechanism” in a moleculawvides quantitative evaluations of the role of this exchange-
dynamics experiment, where an isolated Cu adatom, which isolitonic mechanism on surface diffusion. We study a system
diffusing on the C@O00 surface, may enter the first sub- of adsorbed atoms which has a complete first adlayer and an
strate layer and create there a strain along a close-packextra adatom that can be in two stable configurations. In the
row. This localized excitation moves along the row for afirst one, the extra atom is in the second layer. This state
distance of several lattice constants, and then the strain orresponds to the minimum of the total potential endthg
relieved by an atom in the strained row popping out andgs configuration The second configuration with all adatoms
returning to the surface. The simulation showed that this difin the first layer corresponds to a metastable stdte ms
fusion mechanism becomes important at high enough teneonfiguration. In this ms configuration the extra atom cre-
peratureg T~900 K for the Cu-C(L00 adsystem ates a localized solitonic excitation, the so-called kink, which
The effect of reconstructive crystal growth was studiedusually has a very high mobility. Thus, even if the lifetime of
theoretically in Ref. 6 within the framework of a generalizedthe ms configuration is small at a nonzero temperature, the
Frenkel-Kontorova(GFK) model with a nonconvex trans- ms configuration may play the main role in surface diffusion,
verse degree of freedom. The model describes a chain @fenerating an unusual temperature dependence of the mass
atoms interacting with a generalized Morse potential. Theliffusion coefficient.
atoms are assumed to be mobile in two directions, one along The paper is organized as follows. The model is described
the surface(this is the direction along which the atoms canin Sec. Il. Calculations of quasiadiabatic trajectories are de-
diffuse), and the other one orthogonal to the surface. Theyscribed in Sec. Ill, and the results of molecular dynamics
are subjected to a two-dimensional substrate potential whickimulation are presented in Sec. IV. Section V is devoted to
is periodic along the chaifi.e., along the surfageand has theoretical estimations of different diffusion mechanisms.
the shape of a Morse potential in the transverse directiofhe last section, VI, concludes the paper.
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Il. MODEL s=0.2. The interaction energy between two adsorbed metal

0
We use the generalized Frenkel-Kontorova model intro at(:rr;s ijcs)ulﬁ"gulrless ;’:g::nof Enlge:/\;:i ha\(/)elcr?oie?]vtlheo\r/alue
duced in Ref. 6. The displacement of an atom is charactef?2 Y

ized by two variablesx describes its motion parallel to the fa™ %jZOr the expondent;ﬁ; 3”(;1 B we taI;e,B hl -9 and
surface and/ describes its deviation orthogonal to the sub- 'Bh (;e? a rlnoque £ eéa| € h :jscn;]ssmn]f) S,[EC a;partameter
strate. The potential perpendicular to the surface has a Morse oice in Ref. § In Ref. 6 we had ¢ oszn or the interatomic
shape, equilibrium distance the value,~3. _04 (the |nteratom|c
distance in lithium meta) or r,=7 in our system of units,

V,(y)=eq4(e - 1)2, (1)  because we had in mind the application of the model to the

lithium film. However, we will use in the present work lower
which tends to the finite limity (known as the adsorption ygJyes ofr,, r,=6.3 and 6.4, in order to investigate the case
energy wheny— . The parametey determines the anhar- when an extra atom can be inserted into the first adlayer and
monicity and it is related to the frequeney, of a single-  exist there in a metastable state. Although we have selected
atom vibration in the normal direction by the relation some of the parameters by comparison with a real system,
wy—27 gq/m, m being the atomic mass. It should be no- we do not claim to describe quantitatively a concrete system
ticed that the functiorfl) is nonconvex, i.e., it has an inflec- of adatoms with a model which is still oversimplified. We
tion point aty=y,+=7y In2, which has important conse- are interested in thphenomenomf exchange-mediated dif-
quences on the properties of the sysfeffio model the fusion, and this is why the parameterhas been adjusted to
substrate potential along the surface, we use the deformabiglow such a phenomenon.

periodic potentid] In the present work we study the case of a fixed concen-
5 tration of atoms. Therefore we impose periodic boundary
Vi (X) = 1 = (1+s)7[1—cog2mx/a)] @) conditions with a fixed numbevl of minima of the substrate
X S 1+4s°—2scog2mx/ag) potential as well as a fixed humbhkr of adatomgwe have

usedM =16 andN=17). The ground state configuration as
well as the nearest metastable states are searched for with a
standard molecular dynami¢dD) algorithm; namely, we
start from an appropriate initial configuration and allow the
atoms to relax to the nearest minimum of the total potential
quencywy of a single-atom vibration alongzthe ‘;ha'” IS con- energy of the system. Thus the computer algorithm reduces
nected 2t°, thez shapze parameter by wi=wil(1+8)/ {5 the solution of the equations of motion which follow from
(1-9)]° with wy=27"¢s/ma;. In the following we use a  the potentialg3) and (4) with an artificially introduced vis-
system of units wher@ =2, £s=2, andm=1, so that ¢oys friction®® In computer simulations we can only include

as discussed in previous wdtkHere ¢ is the activation
energy for diffusion of a single atomag is the period of the
substrate potential along the chain, and the parameter
(Is|<1) determines the shape of the potential. The fre-

wo=1. the interaction with a finite number of neighbors. This is
The total potential energy of a single atom interactingachieved by introducing a cutoff distancé (we have cho-

with the substrate is written as senr* =5.5a,) and accounting only for the interactions be-

, tween the atoms separated by distances lower tfanas
Vs X,y) =Vy(x)€77 Y+ Vy(y). () usual in MD simulation.

The exponential factor in the first term of the right-hand side

of Eq. (3) takes into account the decrease of the influence of IIl. QUASIADIABATIC TRAJECTORIES

the surface corrugation as the atoms move away from the

surface, so thaVyX,y) — &4 wheny— o, Adiabatic characteristics of the system were studied in
To model the interaction between adatoms, we use therder to determine the potential energy surface of the model.

generalized Morse potential First, we have determined the ground state with the MD

algorithm with friction, in the same way as in the study of
B B(r=ry) surface reconstructichThen, in order to investigate mass
al g—p’ e - B—p’ diffusion, we have investigated the dependence of the poten-
tial energy upon the position of the center of mass of the
wheree, is the interatomic bonding energy of a molecule system. It is, however, difficult to impose a constraint on the
adsorbed on the surface, is the molecule’s equilibrium center of mass. Therefore, instead of determining this adia-
distance, and the exponerisand 8" are related to the fre- batic trajectory, we explore the multidimensional potential
quency w, of interatomic vibration by the relation energy surface along “quasiadiabatic” trajectories defined
—saﬁﬂ by imposing appropriate constraints on a single atom. The
We use the same model parameters as in the study ofost important characteristics of the motion, which are the
surface reconstruction, Ref. 6; namely, considering the casgositions and energies of the stationary poifite ground
of metal atoms adsorbed on a metal substrate such as, e.gtate, the metastable state, and the saddle poares calcu-
the Li-W(112 or the Li-Mo(112 adsystems, we take lated correctly by this method, and we may expect to obtain
a;=2.73 A which is the distance between the wells along ahe correct shape of the adiabatic trajectory at least qualita-
furrow on the W112) surface, anck,~0.1 eV,e4~3 eV, tively with this approach.
O3S 0y~ 10° ecm™ 1, which are typical values for these sys-  Since we consider the possibility that the extra atom may
tems. Returning to our system of units, we ggf=60, exist in two stable states that differ by its distance to the
y=0.183,y,s=3.80, w,=1.5, wy=2, y'=2y=0.366, and  substrate(atom in the second or in the first layer first

!

Vi) =¢ e F Ul (4)
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FIG. 1. Change of energyE with respect to the ground state as  FIG. 2. Change of energ§E with respect to the ground state as
a function ofY for a displacement along the quasiadiabatic trajec-a function of X for a quasiadiabatic displacement parallel to the
tory perpendicular to the surface f@) r,=6.3 and(b) r,=6.4. surface starting from the ground state f@ r,=6.3 and (b)

r,=6.4.

analysis has been performed by constraining onlyythu-
ordinatey; of the extra atom. We displace it up and down in
they direction (perpendicular to the surfacby small steps.
At each step we allow for the coordinate of this atom and
for both coordinates of all other atoms to adjust themselve
to the new value of/;. For each relaxed state, the position
Y of the center of mass of the system is calculated. Figure
shows the dependence of the system energy upoithe
ground state configuration corresponds % position of the

but in the algorithm one has to choose the atom that will be

constrained to a giver;. The choice has been done in the

same way as in Ref. 9. Figure 2 shows that, for the transla-

tion of the center of mass alongin the case of an extra
tom in the second layer, there is ho metastable state and
nly a barrier to overcome. The diffusion in thedirection

will therefore be an activated process and we egli the

. . difference between the unstable maximum state and the

kink around 2.8, while the metgstable state corresponds to &able one. As attested by the results presented in Table |,

much Iow:_ar value 0_1Y. Thes_e pictures allow us to calculate . decreases when, increases. More precise consequences

ems, the difference in energies of the metastable and grounéor the physics will be explained in the following section.

states. The results are listed in Table |. One can notice thEEigure 3 and Table | show that the barriggy for the X

&ms de'pends very much Ofh, the metastable sta.te is much translation of the metastable state is extremely low compared
more likely to be relevant in the caéa r ,= 6.3 which has a
act*

lower e s than in caseb) r,=6.4. The two stable states are "o qer to complete the picture of the potential energy

separated by a barriehaier- . surface, in a second series of calculations we artificially
Around each value of corresponding to a stable state, moved the same atoy but now both coordinates; and

we have then determined the potential energy as a functiO{;' were constrained, while the other atoms were allowed to
of the displacement along of the coordinate; of the extra rélax to the minimum of the system energy. The atomas
atom. In this case; is constrained to a given value bytis moved to scan the andy directions as in a TV sweep. The

aIIoweg. to relaxftolllti equrl]hbnum VaIE:%aS WZI.I as m?n: results allow us to draw the full picture of the energyof
y ccior |?ates ofa t got Ier ialttorgsf. e:c;]or Ilnatc(ejottte Tthe system as a function &f andY. They are presented in
center of mass is again calculated for each relaxed state. 9. 4@ as a contour map and in Fig(b} as a three-

results are presented in Fig. 2 for the case of a quasiadiabatig . cional surfacéwe show the results only far,=6.3
trajectory starting from the ground state, and in Fig. 3 for ecause the casg— 6.4 looks qualitatively simile)ra ,

trajectory starting from the metastable state. In this case, the From the energy surface of Fig. 4 and the quantitative
structure of the meta§t'able defect is such th"?‘t thg gxtra aloPAg its of Table I, one can predict the general behavior of the
does not play a specific role and cannot be identified unam-
biguously. This has no consequence on the mass diffusion,

TABLE I. Parameters of quasiadiabatic trajectories for two val- 8 (®) ]
ues of the equilibrium distanag, of the interatomic potentiak g N7
is the difference in energies of the metastable and ground state \ /\ [
configurationsg parie; IS the activation barrier for the transition from % % A ]
the gs configuration to the metastable statg, is the activation g, i = €
energy for the hopping diffusion, angby is the barrier for kink : ol : F
motion parallel to the surface. 1 ]
Y N V S W ob M __ U
Parameter r,.=6.3 r,.=6.4 ' ! ! : ‘ ;
0 5 15 0 5 10 15
Ems 0.755 3.014 X X
€ barrier 1.752 3.476
€ac 2.364 2.055 FIG. 3. Change of energ®E as a function ofX for a quasi-
£pn 4.18x<10°8 6.39x 1076 adiabatic displacement parallel to the surface starting from the

metastable state fdge) r,=6.3 and(b) r,=6.4.
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FIG. 5. Simulation results far,=6.3 and»=0.1. (a) Probabil-
ity of the maximum of they position for different temperatures. The
solid line corresponds t@=0.3, the dotted line corresponds to
T=0.5, the dashed line correspondsTte 0.7, and the dot-dashed
line corresponds t@=0.9. (b) Density of states versus tempera-
ture. The solid line and stars describe the simulation results,
whereas the dashed line corresponds to the estimafon

could enter in a nontrivial way to affect the diffusion. Thus
< \\\\\\\ thesz_a pre_dictliotljs mu?ttrk])e chetckedTwith fulltmolecf;lla: dy-
RHIN o = namics simulations of the system. Temperature effects are
\\\\\\\\\iii\ig\\@ . \\§§§\§ introduced through a stan():i/ard Lange\F/)in approach. The
%ﬁ‘@i\\\\ \ Hamiltonian equation of motion of each atom of masss
completed by a friction term with a damping coefficient
mzn and a random force with & correlation function of
factor 2nykgT. Starting from the ground state configuration
a first time intervalt, is allowed to reach the thermal equi-
librium state. Then, during a time intervg|,, we save the
_ dependencieX(t) andY(t), which define the position of the
FIG. 4. Potential energy surface for the cage6.3. TheX-Y  |5ca)ized excitation angt,.(t) which defines the maximum
contour map is plotted ifa) while (b) presents a three-dimensional y coordinate of the atoms at tinte This last quantity allows
plot. us to determine if the system is in the ground state or in the
metastable state.
system. Starting from the ground state in the second layer, The first step of the analysis has been devoted to the prop-
the extra adatom may overcome the bartigs and directly  erties of the metastable state at nonzero temperature. In prin-
jump to the nearest neighboring site in the second layer, or ijple, the positionY of the center of mass of the system
may overcome the barrief,qierand form a metastable state should tell us whether the system of adatoms is in the ground
in the first adlayer that will move practically without barri- state or the metastable state. However, in practice, measures
ers. Therefore during the ||fet|me Of the metastable state thgf Y do not answer this question because the histogram for
local compression of the first layer may move for a longthe probabilityP(Y) thatY takes a given value shows only
distance, and when the system returns back to the grounghe maximum corresponding to the ground state configura-
state an atom arises in the second layer in a site which majon. This does not mean that the metastable state is never
be far away from the initial position of the extra atom. Suchexcited, but because of the importance of the fluctuations it is
an exchange-mediated diffusion should clearly be the favorngt possible to distinguish the two stable states, characterized
able diffusion pathway in the Ca3%=6.3 because, in this by the shift between the two |ayers of 0n|y one at(_'a‘n]ong
case, the activation barrier for the transition to the metastablg = 17 atoms: the increase of is too small. The informa-
state is lower than the activation energy in the second layekjon on the state of the system can be deduced fyapy
Eparrier~Eact- ON the other hand, in the casg=6.4 we have  pecause this quantity takes a large value if an atom is in the
the opposite inequalityparrie &act» @nd direct jumps to the  second laye(i.e., when the system is in the ground state
nearest site of the second layer should be the most probabighe histogram of the probabilitP (y,a) does exhibit two
diffusion path. However, even in this case, transitions to thye||-defined maxima corresponding to the ground state and
metastable state may take place and, owing to the high kinfetastable state configurations up to temperatures above

mobility, these transitions may lead to a remarkable contri-T— 2 [see Fig. a)]. From this result, it is possible to define
bution to the total diffusion coefficient. This aspect is dis-an effective free energy of the system as

cussed in the following section.

N

N

S v W N N N N
ity
/IIIIZ‘III{II

Fer= —KgTINP(Ymay, 5

V. MOLECULAR DYNAMICS SIMULATIONS which is plotted in Fig. 6 at different temperatures. The dif-

The predictions presented above are simply based oference in free energy between the metastable state and the
static configuration energies and collective dynamical effectground state(called e, in Sec. Ill), as well as the height
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6 8 FIG. 7. Diffusion coefficient versus temperature fQe=6.3 and

7=0.1. The diamonds correspond to the simulation results. The
error bars are computed numerically with 20 simulations. The dot-
FIG. 6. The effective free enerdy5) as function of the maxi- ted curve corresponds tD;,, and the dash-dotted curve corre-
mum of they atomic positions as follows from the results of Fig. 5. sponds td . The stars and the solid curve describe the estimation
The solid line corresponds 6= 0.3, the dotted line corresponds to result D= pyD et pmDink» Where pgs and pp,s were taken from
T=0.5, the dashed line correspondsTte 0.7, and the dot-dashed the simulation results of Fig.(b).
line corresponds t@ =0.9.

which would be deduced from the quasiadiabatic results

Eparrier Of the barrier between the ground state and the metaVithout taking into gccount the variatio_n of _the energy _of the
stable state, are approximately equal to the values deducdpetastable state ywth temperature. A S|gr_1|f|c§nt dewa.tlon be-
from quasiadiabatic calculations t=0. The relative verti- Ween the numerical values and the estimation provided by
cal positions of the curves are not significant, because th?}"e quasiadiabatic results shows up only in the high tempera-
depend on the reference in energy that we chose for eacH"® ange. . _
temperature. Note, however, that the free energy of the meta- 1€ Second set of studies has been devoted to a direct
stable state with respect to the ground state free energﬁetgrmmatmn of the mass phffus_lon co_efﬂuent from the_ ther-
emdT), increases with temperature from the value 0.6 apwallzed molecular. dynam!cs S|mulat|on. The result is de-
T=0.3to 1.2 atT=0.9. This effect may be understood by duced from a series k& simulations at each temperature

noticing that the variation of this difference in free energy is(k=20). €ach one extending over the time intervg),.
related to the entropy of both states as follows: From simulationi we extract the diffusion coefficient using

X(to+1t)—X(to)]?
demd T)  IlFer(Ymad — Fef(Yman ] Di:”mtﬂw([ L )Zt (o))
= T =Sys~Sms- (6)
(wherety+t is lower thant,,). Then we average over the
Since this variation is positive according to the numericalk Simulations. The results are presented in Figs. 7 and 8, and
result, it means that the entropy of the ground state is highefiscussed in the following section.
than that of the metastable state. This result is reasonable Besides the total diffusion coefficient, we calculate also
because the atom isolated in the second layer has more spdfé kink diffusion coefficienti.e., the diffusion coefficient of
available to move than when it is in the first layer, and more-he system in the metastable sjatéor this, we start from the
over its interaction energy with its neighbors and with themetastable state and monitor the maximuym, coordinate
substratgbecause of the exp(y'y) factor] is weaker. of the atoms: when an atom escapes from the first adlayer,
Integrating the peaks of the histogramRffy,,,), we can W€ Stop the run. A re_hable numenpal estimation of the kink
obtain the occupation numbers of the two states. The densit§iffusion coefficient is only possible at low temperature
of state for the ground statgys, is calculated by considering when the metastabl_e stgte has a sufficient lifetime. The re-
the states on the right of the minimum value between the tw&Ults are presented in Fig. 9.
peaks. The density of state for the metastable state is then
pms=1—pgs. In Fig. 5b) they are shown as functions of the V. DISCUSSION
temperature, and compared with the functions

()

Let us now come to the main point, an analytical estimate
© e KT © © of the role of kinks in the process of surface diffusion. As
pgs =(L+e fms8)" % and ppg=1-pg',  (7)  shown above, the system may evolve from one gs configu-
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FIG. 8. Comparison between the MD results and the theoretical FIG. 9. The kink diffusion coefficient versus temperature for
values of the diffusion coefficient in four cases. The symbols cor- C . Ius! ict Versus peratu
r,=6.3. The symbols correspond to the simulation results and the

respond to the simulation results, and the solid curves to the the(?i-‘;‘]es describe the estimated results of Exp). The stars and the

retical ones. The diamonds describe the aase6.3 and»=0.1, .
- _ _ dotted curve correspond t9=0.1, the diamonds and the dashed
the triangles, the casg,=6.3 and»=0.3, the squares correspond curve, to 7=0.3. The parametemi, and e were obtained by

to the case ,=6.4 andn»=0.1, and the stars, to the casge=6.4 L . " .
_ a K fitting the expression(15) to the simulation data for the case
and »=0.3.
7=0.1, and then the same values were usedfer0.3.

ration to an another gs configuration with the atom occupy- . o .
ing a neighboring site in the second adlayer by two path_Gordon(SG) equation. This limit, in which a defect would

ways, either by a direct atomic jump over the bartigg, or propagate freely as a soliton in the system, can be used as a

Irough 3 two-stage mechansm nvohing the metasiabifI70 PO o & perlbatiue snabss of he fence of
state in the first adlayer. For such a two-way process the tot :

diffusion coefficient can be calculated by the method delional invariance is broken, one finds that the kink experi-
scribed by Kutner and SosnowsKaThe result is trivial: ences a periodic potential, with the periodicity of the lattice,
| which is known as the Peierls-Nabarro barrier in dislocation

D = pgDactt PmDiink (9) theory. A precise evaluation of the PN barrier turns out to
involve subtle effects, particularly when discreteness effects
where the occupation numbegsgs and pp,s were defined  are weak® but a recent analysis has derived accurate results
above. in this casé The basic result is that the shape of the kink
The hopping diffusion coefficierD ., may be estimated can be obtained by solving a Klein-Gordon equation ob-
with the help of the seminal result of the Kramers théBry tained by rep|acing the actual substrate poter\z(ad) by an

x a2 effective potential
N P A .
Dact ( g 2) wy 277€XF< kBT)’ (19 1 o2
Ver(X) =V(X) = 5~ [V'(X)] (12)

wherew* (wy,) is the frequency of the linearized oscillations 24g
of the system near the grouifdnstable state. As shown on _ a2 2.\ _\ . ; )
Fig. 2, the potential energy for the motion over the barrier iswhere? hasvi”‘(".iS)/f?T 83?1. Vin(s) IS thelzl elastic con .
well  approximated by a  sinusoidal function stant of the atomic chain. This expression allows us to derive
Vix) = 1+ /A )|/2 that w* = wy = \5 og2m the value of the mass of the kink, which is given by the
Fi(nazlglsgcs{a =020;(and?n$£ 1’\/;3] m?r Z)nit_s,wvt:/; gz;’{i‘?{ " general expression for a Klein-Gordon model,

1 S )

2 m ag
Dacﬁ( \/87“+ %— g) 2w exp( - %) . (1 mkink:ag_\/afo V2Ver(X)dX. (13

To estimate the diffusion coefficier®,, of the meta- This formula gives the usual expressiog,=8 m/(aZ\g)
stable state, recall that the atom inserted into the chain crén the sine-Gordon case if, instead of the effective potential,
ates a local distortion that can be considered as a kink in there use the actual potenti®l(x) =[1— cos(2mx/ay)]. For the
Frenkel-Kontorova model. In the continuum approximationvalues ofg which are obtained with our parameteisee
the equation of motion reduces to the exactly integrable sineFable 1I), the correction to the SG value due to discreteness
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TABLE II. Parameters corresponding to the kifetastable Having obtained analytical estimates for the two diffusion
statg: g is the elastic constantm, is the kink mass, and coefficientsD o and D, We are now in a position to es-
£pn(theory IS the amplitude of the Peierls-Nabarro barrier. timate the role of the kink diffusion in the general process of

atomic diffusion in the adsorbed layer. The role of both
Parameter ra=6.3 r,=6.4 mechanisms is well illustrated on Fig. 7. First, one can ob-
g 2243 2759 serve that the temperature dependence of the total diffusion
M 0.1344 0.1214 coefficientD deduced from the MD simulations is well re-
epneon 1.22% 103 208x 104 produced by Eq(9). It should be noticed that at this level the

fit is obtainedwithout adjustable parameters, since our pa-
rameters have been deduced from the studgfy alone
and the densities of statpgs andp s are the measured quan-
Hities. The good agreement points out that the diffusion
mechanism that we propose, involving two different pro-
cesses, provides a correct description of diffusion as it can be
observed in MD simulations of the generalized FK model. It

epn~T712.26:g exp — 772\/5). (14) is also important to noticg théabth mechanismare e_ssential

to reproduce the numerical results. If one considered only

Table Il gives the values af, my,, andepy Which result  one of the two processes, i.e., assumed tha=1 or
from the interaction potenti#) withr,=6.3 andr,=6.4. It  p. =1, the diffusion coefficient would evolve versus
shows that the amplitude of the PN potential is negligiblealong the dash-dotted or dotted line of Fig. 7. The theoretical
with respect to the barries,, corresponding to the transla- value of D would disagree completely with the MD results.
tion of the extra atom in the second layer. This is in agree- Figure 8 summarizes the results by providing a compari-
ment with the numerical results of Sec. Ill. Moreover, thisson between the temperature dependenc® observed by
value epy<kgT at the temperature that we consider showsMD and the theoretical value of Ed9) for r,=6.3 and
that the kink motion is not thermally activated. Its diffusion r ,=6.4 and two values of the damping coefficient This
coefficient can be derived from the formula for a free diffu- figure shows that all the numerical results are well described

is small, giving, for instancem;,=7.95m/(a2\/g) for the
caser ,=6.3. The proper treatment of discreteness is muc
more important for the evaluation of the amplitude of the
Peierls potential which is obtained‘as

sion, by the two-process diffusion with only two adjustable pa-
rametersy andmy,. The results show also that, even in the
Do — kgT (15) caser ,=6.4, for which direct jumps to the nearest adsite in

K ik Tink the second layer have to overcome a much lower barrier than

the barrier for the transition to the metastable state, the
o ; . solitonic-exchange mechanism involving the metastable state

ALT=0 7ok IS SIMply given by7 iy~ 7, wherey is the ) brings a crucial contribution to the total diffusion coef-

viscous friction for the motion of an isolated adatom due tOficient D. This is due to the extremely high mobility of the

energy exchange with the substrate. The valuezofs metastable state

usually*® about 7~ wy/10. But at nonzero temperature '

7ink depends onl because of the coupling of the lattice

phonons with the highly nonlinear core of the kink. The sim- VI. CONCLUSION

plest form for this dependence'is

where 7, IS an effective viscous friction for kink motion.

Following our results, one can distinguish three different
diffusion mechanisms for atoms adsorbed on a crystalline
surface.
where « is a coefficient which cannot be obtained analyti- The first one is theconventional diffusion(sometimes
cally but could be obtained experimentally, as in the case o€alled hopping diffusion which involves only one atomic
coppert’ layer. In can be an individual process when an adatom di-

In our analysis, we treah,;,, and« as adjustable param- rectly jumps from one adsorption site to the nearest adsite.
eters. They are chosen by fitting with E45) the tempera- The diffusion coefficient in this case follows the Arrhenius
ture evolution ofD,, determined by the MD simulations law D(T)=A exp(—e,/kgT) with the preexponential fac-
with »=0.1 andr,=6.3. The parameters,;,=0.0886 and tor being independent dfor weakly dependent QnT. At
a=0.155 obtained in this particular case are also valid forthigh coverage9=<1 (as well as ford<2, etc) owing to the
the casep= 0.3 as shown from Fig. 9. Moreover, the expres-interaction between the adatoms, the activation enetgy
sion (15) with the sameparameters describes the simulationdecreases with respect to the height of the original substrate
results for the diffusion in the first adlayer for the casepotentiales. For a strong interatomic interaction the motion
r,=6.4 as well. This rather good agreement between théakes a collectivéconcerted character and may be described
numerical results and the analytical estimation @f,,  Wwith the help of the kink concegt! In this case the activa-
shows that, although the SG description may seem rathdion energy e, for the chemical diffusion becomes the
crude for the generalized FK model, it provides a good basi®eierls-Nabarro barrieepy, which is significantly lower
for analysis. This is confirmed by the comparison betweerthan the individual activation energy. Therefore the process
the fitted value ofmy;,, and the theoretical value given by is generally no longer thermally activated abBdT) is ap-

Eq. (13): the fitted value is smaller than the theoretical one,proximately given by the free diffusion formula
but the order of magnitude oh,;, is nevertheless correctly D(T)=~KkgT/Myink Pink -
given by the discrete SG calculation. While for the conventional diffusion the underlying ada-

Niink™~ 7+ aT, (16)
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toms in the first adlayer play a passive role, creating thehe barrier for the transition from the second adlayer to the
effective external potential for the diffusion of atoms in the first ong, while the preexponential factor is determined by
second adlayer, for thexchange diffusiomechanism this the kink diffusion coefficient and essentially depends on
role becomes active. Two types of mechanisms can be cotemperature. The mass diffusion coefficient in this situation
sidered. The “conventional’{or “one-step”) exchange dif- is described by the expressid® whereD . and D, are
fusion mechanism has been known for a long time. It occurgjiven by Eqs.(11) and(15).
when an adaton® from the second layer “pushes out” an We considered above the situation where an atom is dif-
adatomB from its regular position in the first adlayer and fusing in the second adlayer over a filled first adlayer. It is
occupies the free site so created. The new configuration hadear that the same situation can occur for adatoms of the
only a single adatomR) in the second adlayer. The inter- first layer when the adatoms are the same as the atoms of the
mediate configuration with both adatomsand B inserted substrate. Indeed, in this case the top-layer substrate atoms
into the first adlayer is unstable. It corresponds to a saddlplay the same role as that of the first-layer adatoms in the
point in the potential energy surface. The elementary diffuformer case. In particular, the exchange diffusion mechanism
sion step takes a short time; 10" 12 sec. The diffusion co- Wwas observed when de Lorenzi and Jactidoivestigated by
efficient for the one-step exchange mechanism should followhe MD method the self-diffusion of Na atoms adsorbed on
the same Arrhenius law as for the conventional hopping difthe surface of a Na metal crystal. They found that the ex-
fusion with the activation energy corresponding to the saddlehange mechanism is responsible for the diffusion across the
state. Exchange diffusion may be important for coveragesows on the furrowed crystal surface. This conclusion was
#=1, when the first adlayer is complete and the second onkter confirmed by the field ion microscope technique for the
starts to grow. diffusion of atoms adsorbed on transition metal surfdces.
The diffusion mechanism studied in the present work is a It seems possible and would be interesting to find and
two-step exchangdiffusion mechanism. The main differ- investigate the exchange-solitonic mechanism of surface dif-
ence from one-step exchange diffusion is that the configurafusion experimentally with the field-ion microscope or scan-
tion with the adatom inserted into the first adlayer, now cor-ning tunneling microscope technique. It may be predicted
responds to ametastablestate instead of the unstable that such a diffusion is to be expected for coverages
(saddlg state. Because this metastable state corresponds tofa-as/r 5.
kink configuration which is characterized by a very high mo-
bility, the mechanism may be called the “exchange-
solitonic” mechanism of surface diffusion. For this mecha-
nism the diffusion follows an Arrhenius law too, but now the  The authors thank Thierry Cretegny for helpful discus-
activation energy corresponds to the difference in energiesions. Part of this work has been supported by the NATO
between the metastable state and the ground &atenotto  Grant No. LG920236.
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