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Molecular-dynamics study of collision, implantation, and fragmentation of Ag, on Pd(100)
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By using embedded-atom-method interatomic potentials and molecular-dynamics simulations, we study the
collision of a single Ag cluster on the PA00 substrate, at impact energies in the direction perpendicular to
the (100) surfaceE;=20 eV (2.86 eV/atom andE,=95 eV (13.6 eV/atom Our results indicate that implan-
tation occurs at both impact energies, but it is more importai,atAs opposed to what is shown experi-
mentally, little fragmentation takes place f&g, while the calculated cluster fragmentation is in good agree-
ment with the experimental data f&,. [S0163-18206)08224-(

[. INTRODUCTION to the cluster atoms and their substrate neighbors as a result
of the collision in the low-temperature range. Moreover, the
The primary purpose of mass-selected cluster depositionomparison between experimental and simulation results can
on solid surfaces, carried out at incidence energies as smdle useful to check the overall adequacy of the microscopic
as a few eV per atorfcluster “soft landing’), is to investi- ~model employed with respect to the physical process under
gate the cluster behavior in the environment provided by th&onsideration.
substrate, while attempting to minimize irreversible struc-
tural changes occurring at much higher impact energies. Ef- Il. MODEL AND COMPUTATIONS
forts in this direction have recently allowed the experimental , , L
elucidation of the outcome of mass-selected depositions of OUr simulations are based on the parametrization of the
Ag-" on Pd100 at incidence energies @&,=20 eV (2.86 embedded-atom potentials for Ag and Pd given in Ref. 5,

eV/aton) and E,=95 eV (13.6 eV/aton, by using thermal with cu_toff radii e_qual to 5.25 A. As suggested in Ref. 2, we
energy atom scatterinfEAS) 2 In Ref. 1, the cluster cross found it appropriate to rgplace the embedded—_atom-method
sections for diffuse scattering, obtained from the attenuatiofEAM) two-body, repulsive part of the potentials, with a
of the helium specular intensity, have been reported for thi/oliere potentid in the range of distances up tg=0.9 A,

two impact energie&, andE, as a function of surface tem- While a third-order polynomial matches the Makeand the
perature in the range 80T <400 K. Even though these cross EAM repulsive potentials at;=0.9 A andr,=1.9 A, respec-
sections cannot reveal the identities of the collision productdiVely- The embedding functions of the EAM potential are
they are sensitive to the shape of the adsorbates and can Bt Smoothly to zero at values of the EAM bulk electronic
exploited to obtain information on their nature, i.e., their dnsity corresponding to bulk distances 85% shorter than the
dimensional character as well as the extent of fragmentatiorf.€C Pressure equilibrium value. The Ag-Ag repulsive poten-

implantation, and defect production on the substrate. In ordef@! S further modified by adding an interactidgy, of the

to extract this information, a simple model based on enKind Er=A ex—(r—rg)A], whereA, X, andr 4 are fitted to

hanced fragmentation of clusters at both impact energies arg]e cohesive energi¢k.=1.71 eV and average equilibrium
implantation of Ag atoms into the outer layers has been prodistance of the Agground-state structured.=2.81 A ob-

posed in Ref. 1. This model was found to be consistent wit§@in€d Vvia_ quantum-chemical = configuration interaction

the behavior of the cross section as a function of temperaalculations’ The best fit is obtained with the parameters
ture, suggesting that cluster fragmentation can hardly b&=0-28 eV,rq=2.8 A, A=12 A", yielding E;=1.71 eV
avoided in “soft landing” deposition experiments on solid and d,=2.88 A. Our description of an isolated small Ag
surfaces, where implantation and site exchanges betweetuster by using effective potentials is in principle question-
cluster and substrate atoms already occur at low impact erable, since it does not account for electronic effects crucial to
ergy. reproduce correctly their structural properties. Nevertheless,
A useful tool to complement the TEAS approach is rep-it is more legitimate in the context of cluster deposition on
resented by atomic scale simulations. Recent investigatiorsurface$** since we focus here on the main features of
of this kind®~* have provided a wealth of information on the processes involving cluster atoms in interaction with sub-
dynamical and structural rearrangements brought about bstrates.
the energetic deposition. Furthermore, they have been found In our calculations the RE0O0 system is a periodic slab
compatible with the interpretation of the TEAS data given inmade of ten atomic layers defining tie[010] andY [001]
Ref. 1. directions, each layer containing 128 atoms. Prior to the
In this work the Ag*/Pd100 deposition process is in- simulation of the collision events, the slab is relaxed a0
vestigated via molecular-dynamics simulations of the colli-K. The impact of Ag on Pd100) is simulated at perpendicu-
sion of a single Ag cluster on the PA00) substrate. Within lar incidence with respect to the surface pldmitial veloc-
the limits of a temporal evolution restricted to some ps, ourity directed alond 100]) or by introducing an anglé=15°
simulations aim at providing a direct view of what happensor 35° with respect to the surface normal. For both normal
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FIG. 1. Collision sequence of a Ag heptamer wit{H0), at 95  during the collision. The coordinates recorded after 4.8 ps
eV total kinetic energy in the perpendicular directi@iong thez ~ (shown in the bottom paneteflect the long time behavior,
axis) and 15° incidence. Black circles represent Ag atoms, crossegith both cluster and substrate atoms frozen in their final
are Pd atoms of the first layer, and white circles are Pd atoms of thgositions. During the first 0.5 ps, the cluster remains essen-
second and third layer. If@), the atoms are shown with coordinates tjally entire, even if some disorder is created in the substrate.
projected onto thaz plane; in(b), with coordinates projected onto | ater on, the cluster atoms are found to be significantly far-
the xy plane. ther apart from each other. Some atoms penetrate into the

substrate as deeply as in the second layer, some remain in the

and non-normal incidence, the total initial kinetic energyadlayer. After 1 ps, the implanted cluster atoms rebound up-
along theZ direction is taken to be eithdE;=20 eV or wards, and eventually all the cluster atoms start to relax into
E,=95 eV. This choice is consistent with the “soft landing” substitutional sites, either in the first layer or in the adlayer.
experiment of Ref. 1, where the cluster's mean angle of inThe final locations of the cluster and substrate atoms are
cidence is 15°, and only the normal component of the velocsummarized in Fig. 2. Only three Ag atoms remain in the
ity is limited by the retarding potential applied to the crystal. adlayer, whereas four are implanted in substitutional sites in
Throughout the calculations, the bottom layer of th€1P@)  the first layer. Concerning the substrate, four Pd adatoms
slab is kept at very low temperatures by use of a dynamicallabeled 1-4 in Fig. Rare created, and one atom from the
thermostat in order to mimic the flow of thermal energy in-first layer (5) is implanted in the second layer, ejecting in
duced by the impact and avoid artificial heating up of theturn one aton(6) in the first layer. Both Ag and Pd adatoms
system due to its limited size. This limits the comparisonare scattered over a large surface region.
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TABLE Il. Correlation between the fragmentation of the cluster,
described by the parametgr), and the total cross secti@hrelative
to the collision outcome, compared to the experimental cross sec-
tion %, at T=80 K (see Ref. L

20 eV 95 eV
_ 0° 15° 35° 0° 15°
(r) [A] 1.2 1.3 2.7 2.4 2.7
3 (0pg100) 47.3 49.7 70.9 79.4 80.2
Sexp (Opd100) 101.5 88.5

ation of Pd adatoms labeled 3—5. Some Ag adatoms experi-
ence transient mobility before coming to rest. Indeed, it
appears that the two Ag adatoms which are located at the
greatest distance from the impact point have channeled on
the surface along high symmetry directions, coming to equi-
librium at several lattice sites from the original center of

FIG. 3. Trajectories described by some of the Pd atoms relomass of the cluster. A global picture of the collision process
cated by the collision events illustrated in Fig. 1, a.lnd py some of thgan be obtained by studying the results of the simulations
Ag atoms. Symbols have the same meaning as in Fig. 2. The crog§,eraged over several events. Table | gives the average num-
marks the impact point of the center of mass of the cluster on th‘f)er of Ag atoms in the adlayer and the first three surface
surface. Three replacement sequences are visible. In the lower pa}gyers as a function of energy and incidence angle, extracted
of the figure, a Ag atom is implanted into the first layer, substitutingfrom 45 simulated collisions. Both the probability and the
the Pd atom labeled 1, which in turn takes the place of atom 2; th%epth of implantation strongly depend on energy EAt no

latter channels inside the first layer and finally replaces and eject

atom 3. Two further replacement sequences produce the Pd adatoni%‘.%J atoms are found below the first layer at the end of the

labeled 4 and 5. Also displayed are the trajectories of the two A95|mulat|on. On the average, at most 1.7 atoms are implanted

adatoms, which come to rest at the greatest distance from the inj" the first layer. On _the othe_r hand, B}, Ag atoms substi-
pact point. tute Pd atoms even in the third layer, and only less than half

of the cluster atoms remain in the adlayer. We notice that by
increasingd, the implantation probability is strongly attenu-

o . i
The reasons for this wide outspread are easily understoo ed. We recall that an increased valueSadoes not modify
by studying the trajectories presented in Fig. 3. The Pd adgpe elocity of the cluster in th& direction, while it in-

toms are created at some distance from th_e Impact point bé(reases the velocity component in the direction parallel to the
short replacement collision sequences, which involve atom

Surface. Th ber of surface defects produced b
from the first layer, and can therefore be considered as su riace. ' he average humber of surlece cetects protuced by

face f 40 fthe imol 4 bsti fhe collisions is also displayed in Table I. It is interesting to
ace focused. One of the implanted Ag atoms substitutes a Rgytice that the number of Pd adatoms corresponds to the

atom from the first Ia_lyer_, which coIIides and tak?s the_ placenumber of Ag substitutional impurities at low energy and

of a second one, which in turn substitutes and ejects into thﬁ‘lat no vacancies are produced, whereas increasing the en-

adlayer a t_h|rd Pd atom. F'gu.fe 3 shows thre_e such rePIaC%‘rgy results in an increased number of Pd adatoms, as well as

ment collision sequences, which are responsible for the C'8h the production of vacancies. This feature confirms that
more disorder is created at higher energy.

TABLE I. Depth distribution of Ag substitutional impurities and In Ref. 1, the number of substitutional impurities at each
average number of defects produced in the surface letrada-  incidence energy was estimated with the help of a simple
toms and vacancigss a function of incidence energy and angle. model of implantation and fragmentation, assuming that the
We I‘eca” that aE2:95 eV and 15° InCIdence, baCkSC:’;ltterlng IS Ag adatoms were Iocated at mutual dlstances exceedlng the
observed in four cases in 45 simulated collisions. The last thregnsracteristic dimension of their cross section. and that the
rows illustrate the fragmentation of the cluster, described by th‘?mplanted Ag atoms were located as close as possible to the
parametefr), and the total cross sectidirelative to the collision impact point. Under these hypotheses the number of Ag ada-
outcome, compared to the experimental cross sedigpat T=80 toms is equal to six at impact ener§y and ranges between

K (see Ref. 1 three and four aE,, while the number of substitutional Ag
20 eV 95 eV atoms is one a, and between _three and four Bj. Thege
0° 150 350 0° 150 d@ta are in gooq agreement_ with the results of the simula-
tions, as shown in Table I. It is possible to further pursue the
Ag in adlayer 5.3 5.7 6.0 2.3 2.5 comparison with the experimental results, by assigning a
Ag in first layer 1.7 1.3 1.0 3.6 3.4  cross section to each simulated collision. This is easily done
Ag in second layer 0.0 0.0 0.0 1.0 0.9 by attributing to each point defe¢adatom, vacancy, substi-
Ag in third layer 0.0 0.0 0.0 0.1 0.1 tutional impurity produced at one collision, a cross section
Pd adatoms 1.7 1.3 1.0 48 43 Of the same magnitude, and estimating the total cross section
Vacancies 0.0 00 00 1.0 11 by geometrical overlap of the individual cross sections. The

obtained averaged cross sections are compared to the experi-
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mental cross sections in Table Il. In order to relate the crosthe diagram of Ref. 2, which refers to<1. Fory=y,, the
sections to the observed fragmentation, we also report thebserved behavior resembles wetting more than dissociation,
parameteKr), which is the calculated mean distance to theas found by comparing the calculated with the experimental
center of mass of the cluster atoms. Very good agreement ixoss sections. Therefore, the EAM modeling of the collision
found between the experimental cross section and the orocess appears to underestimate the stiffness of the sub-
that is estimated from the simulations Bf. On the other strate, and consequently it overestimates the raticAs
hand, atE,, the experimental cross section is twice as largeshown by the location of the frontier between the region of
as the cross section obtained from the simulations, at least dissociation and that of wetting in they plane (see again
normal incidence and af=15°. This result is essentially Fig. 14 of Ref. 2, this consequence is more severe for
unchanged by the introduction of an internal temperature oémaller values of the impact energies, thereby leading to the
the cluster as high a6=1000 K. We found this temperature low values of the cross sections obtained in this work via
to be the largest compatible with the existence of a boundEAM simulations.

liquidlike cluster prior to evaporation. In conclusion, we believe the results obtained can be
highly useful, since they allowed us to capture relevant de-
IV. DISCUSSION tails of the collision process and complement the experimen-

. . L ] _ tal results, by providing direct interpretations of cluster-
Our findings can be interpreted within the mechanism diag|jision data. This should stimulate further investigations in
gram for the interaction between colliding clusters and surthjs area, in order to account in a manageable way for some

faces of metal atoms proposed in Fig. 14 of Ref. 2. In thajf the more complex dynamical phenomena not included in
paper, the key quantities used to describe the effect of thihe EAM description of energetic cluster interactions with
impact were identified as being the rakidetween the clus- g faces.

ter ECY and the substrateS"® cohesive energies and the ratio
y between the cluster impact enerdsf per atom and
ES'. In the case of Ag/Pd these values are0.45, and
y,=0.45,y,=3.47 for the two impact energids; and E,, We are grateful to Professor J. Buttet and Dr. W. Harbich
respectively. Our EAM calculations are able to reproduce thdor stimulating discussions and constant encouragement.
experimental trend wheg=y,, with a strong evidence of This work was supported by the Swiss National Fund for
implantation and dissociation, as predicted in the left part ofScientific Research, with Grant No. 20-40736.94.
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