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Relevance of nonlocal adatom-adatom interactions in homoepitaxial growth
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The relevance and strength of nonlocal adatom-adatom interactions and their importance for nucleation is
critically discussed. Focusing on homoepitaxial growth ofl&l), the analysis indicates that the strength of
nonlocal adatom-adatom interactions is overestimatedtbinitio calculations.
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Adatom-adatom interactions extending beyond thecompared to interaction-free systefris® As an example,
nearest-neighbor site have received considerable experimefor the Al/AI(111) system these increases range from a factor
tal and theoretical interest during recent yeafsNonlocal  of 3 at 25 K(Ref. 3 up to a factor of about 100 at 50 KA
adatom-adatom interactions have long been known in fieldmean-field nucleation theory including the adatom-adatom
ion microscopy (FIM).2>*° For example, the orientation- interactions has been developed and is in good agreement
dependent, oscillatory interaction between Pd and W adawith the kMC simulation$. One key finding of the simula-
toms on W110 is strongly repulsive at next-nearest- tions is that the usual island density analysis neglecting
neighbor sites with an energy of about 40 meV, but rapidlyadatom-adatom interactions is likely to yield adatom attempt
decays to amplitudes of a few meV beyond distances of threequencies, ; orders-of-magnitude lower than the expecta-
nearest neighboréin).1° tions of transition state theor§TST),'? which predicts pre-

In recent scanning-tunneling microscof§TM) experi-  exponential factors of the order of #oHz.*3~*>
ments, due to the larger field of view and the presence of Is there any experimental evidence for the failure of the
wider terraces resulting in much better statistics compared telassical mean-field island density analysis due to nonlocal
FIM, the adatom-adatom interactions could be determine@datom-adatom interactions? To this end, low-temperature is-
even for distances up to 70 & Due to the existence of a land density measurements for Cu adatoms or(1Cii
partially filled surface-state band, a weak but long-range oswould be ideal, since the strength and range of the adatom-
cillatory electronic adatom-adatom interaction exists onadatom interaction are known experimentally. In the lack of
Cu(111) and Ag111) surfaces. At short distances, however, these, we discuss island density measurements and simula-
the nonlocal adatom-adatom interaction is dominated by &ons for Al adatoms on AlL11).
rapidly decaying repulsive part, including an elastic Figure 1 displays two different island density measure-
contribution® Experimentally, the maximum nonlocal ments and two sets of kMC simulations. The experimental
adatom-adatom interaction for Cu adatoms on(1@) is  island densities are renormalized to the deposition Faté
found at second nn distances, is repulsive, and amounts tbe corresponding simulations in order to allow better com-
about 15 meV Independent STM experiments essentially parison. The renormalization was performed by assuming a
confirmed this picture, finding a lower bound of 13 meV for relationn,=n,(F/F")¥3, which is valid if the island densi-
the maximum interaction enerdy.Ab initio density- ties develop according tm,<(F/D)Y3 i.e., assuming a
functional theory(DFT) calculations were performed to in- stable and immobile diméf.
vestigate the magnitude of adatom-adatom interactions for a The first published data s€EXP-I) for Al island densities
number of systems. For Cu/Ciil), the maximum repulsive on Al(111) (Ref. 17 is represented by filled circles in Fig. 1.
interaction energy is found for adatoms at second nn site¥he mean-field island density analysis applied to this data
amounting to 46 meV.A binding-energy variation of about resulted iNEq 1=(42+4) meV and an extraordinarily small
17 meV is found for Al adatoms on Al11) due to indirect attempt frequencyr,=8x10°=%?*s™1. The analysis of
interactions’ For Ag adatoms on strained Atl1) the maxi-  two additional systems by the same group also resulted in
mum repulsive interaction is found at a distance of aboutinexpected low attempt frequenciésThese results stimu-
four nn and amounts to 50 meV approximately. lated the hypothesis that the extraordinarily small preexpo-

Island density analysis within the nucleation theory is anential factors obtained for low corrugation potential-energy
major tool for the determination of the fundamental param-surfaces indicate some hidden physitd.ater on, kMC
eters of adatom diffusion: its activation barrigg ; and its  simulations, taking into account interaction energies calcu-
attempt frequency/(,,l.ll However, classical theory neglects lated by DFT, found enhanced island densities for Al on
nonlocal adatom-adatom interactions and it is thus a questioAl(111) in the presence of nonlocal adatom-adatom interac-
of fundamental importance to find out to which extent thistions compared to the system neglecting these interactions.
negligence invalidates the usual island density analysis. Th€he results of Ref. 5 including adatom-adatom interactions
key issue of the present paper is to contribute to the solutioflKMC-I) are displayed in Fig. 1 as open circles. Apparently,
of this question. the data EXP-I and simulated island densities KMC-I match

Kinetic Monte Carlo(kMC) simulations taking into ac- perfectly in the overlapping temperature range. To see the
count the repulsive interactions—calculated according tdnfluence of the assumed adatom-adatom interactions, the
DFT—result in significant increases of the island densitiekMC simulation data without adatom-adatom interactions

0163-1829/2003/671.9)/19340%4)/$20.00 67 193405-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B57, 193405 (2003

T (K) this difference. The explanation is straightforward: for
EXP-Il the deposition rate = (7.2+0.6)x10 3 ML/s)
10° e 2|00' 1,00. 637 ' E:O . 40 . 33 . 29 ' 25 . was one order-of-magnitude larger and the background pres-
' ' ' " 1 sure P=5x%10""mbar) one order-of-magnitude lower
AF than for EXP-I £=6.2x10"% ML/s, P=5%10"*° mbar).
107 F T Both factors thus decrease the rate at which unwanted impu-
i R g ] rity atoms adsorb on the surface in EXP-Il compared to
. 107 3 D/D o 3 EXP-I. This difference influences decisively the probability
[ F _ - I i  of island nucleation by impurities for a system as reactive as
KPPy goeo /A ] Al Therefore, in our opinion EXP-II is a much better repre-
(12} 10 E . n E . . . . . .
o E - /A i sentation of the island density for a clean homoepitaxial is-
c_% “ . -/ /A 1 land density on Al111). Thus the agreement between EXP-I
2 10 3 H /e 3 and KMC-I becomes questionable as support for the rel-
= F m %49/ 1 evance of adatom-adatom interactions oi1Al). We note
10°F m 4 here that the rapid decrease of the island density for tempera-
F 1 tures above 200 K in EXP-Il is due to the onset of dimer
10°k EXP-| —e— EXP-ll—m— | (issociation, as analyzed in detail in Ref. 18. Later, another
KMC"'—O— KMC'”,—‘:‘— i set of kMC simulations for the island density taking into
107 :. L K.M(.H._Y_. KM?'lf _IA_.i acg?uEta (adato(T—adgtom interaction$KMC;l) was
published (reproduced as open squares in Fig. An ana-
5 10 15 20 25 30 35 40 lytical expression for the interaction potential representing
1000/T (K™) the elastic contribution calculated by DFT for the AI{ALY)

. system was used in order to compute the interaction energy.
~ FIG. 1. Comparison of the temperature dependence of the Alrhe resulting data set KMC-Il fits much better to EXP-Il in
island density on AfL11) derived from different works. Down and  the narrow-temperature range around 75 K where they al-

up triangles correspond to island densities computed by kMC simup, st overlap, though the simulated island densities are larger
lations without adatom-adatom interactions in Ref. 5 and Ref. 6 fok 5 the experimental ones for low temperatures.

a flux of F=0.01 ML/s, andF=0.03 ML/s respectively. Open

circles and squares correspond to kMC-computed island densiti%ent that, after some experimental and calculational settle-
with adatom-adatom interactions: open circles are derived frorr}\nents ar,easonable agreement between measured island den-
Ref. 5 F=0.01 M'.‘/s) and open squares are deriveq from Ref. 6sities ,and those obtained from kMC simulation taking
(F=0.03 ML/s). Filled symbols correspond to experimental data:adatom—adatom interaction into account is achieved. How-

circles correspond to STM data measured in Ref.[E~6.2 . . .
% 10~* ML/s] renormalized tF =0.01 ML/s for comparisorisee V€l We want to extend the discussion a little further and ask

text), and squares correspond to the experimental data of Ref. 1vo q_uestions(i)_Are there_ any incqnsistencies if the Stf"m'
[F=(7.2+0.6)x 103 ML/s] renormalized toF =0.03 ML/s for dard island density analysis neglecting adatom-adatom inter-

comparison. The dotted line corresponds to an extrapolation of th@ctions is applied to EXP-II, inconsistencies similar to the
island density curve represented by filled squdse® text extraordinarily small prefactor resulting from the analysis of
EXP-1? (ii) Are there any inconsistencies in the assumptions
yielding island densities two orders-of-magnitude lowerunderlying the kMC simulations?
(KMC-I") are also reproduced in Fig. 1 as down triangles. As discussed in Ref. 18, by assuming a stable immobile
The agreement between EXP-I and KMC-I seemed to be dimer the island densities of EXP-II yield an activation bar-
striking confirmation for the relevance of adatom-adatom in<ier Eq;=(0.07+0.01) eV andvy,=5x 1025 s, Thus,
teractions in the nucleation theory island density analysiswithin the limits of error, the prefactor coincides with the
The enhanced island densities due to adatom-adatom intewniversal TST estimate forg ;=kT/h which amounts to 2
actions imply an explanation for the extraordinarily small x 10'? s* at 100 K. The activation energy is nearly twice as
vp1=8X 10°°92557 1 This value could be understood large as the adatom activation energy of 0.04 eV calculated
knowing that v <(1/n, )% in the usual island density by all DFT studies? ?*but in view of the experimental error
analysis. Heren, .. is the intercept of the linear fit of the and of the small absolute calculated value, emphasizing er-
relevant data with theg axis. Thus, an enhancement of the rors of the calculation, the agreement is satisfying. However,
island density by a factor of 100 causes a decreasg pby ~ one has to consider the possible influence of dimer diffusion
factor of 1¢, explaining just the difference between the on the island density. In Ref. 22 an activation energy of
measured value £aand the TST estimate of about’¥& 1.  dimer diffusionE,,=0.13 eV is found by using DFT with
The filled squares in Fig. 1 display a second experimentapoth the local-density approximati¢ghDA) and generalized
data set EXP-1I) measured by us and published in Ref. 18.gradient approximation for the exchange-correlation func-
Preliminary data belonging to the same experimental serigéonal, while in Ref. 23 a value dE4,=0.08 eV results by
were published as a commé&hto EXP-117 Apparently the using DFT with the LDA. Based on these two calculated
island number densities of EXP-Il are one order-of-values and assuming the TST estimatg,=kT/h, dimers
magnitude lower than those of EXP-l. Renormalizing bothreach a jump frequency of Tlsat temperatures between 34
experimental data sets to the same flux would even increasid 54 K. In order to influence island formation, dimers need

At this point one might stop the discussion with the state-
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not only to be mobile, but also to be able to reach stabldy more than a factor of 3. There is no reason to rule out a
nuclei at a rate comparable to or faster than the rate at whickimilar overestimation of the adatom-adatom interaction by
dimers combine with single atoms. According to Villain DFT for Al adatoms on Al111), which could explain the
et al!® this condition prevails if the jump rates, and v,  difference between the kMC-computed and experimental is-
for adatoms and dimers, respectively, satisfy the requiremenind densities.
vl vi>F. By using the calculated energy barrier for  Due to their generic origin, the short-range repulsive
monomer diffusionEy ;=0.04 eV and a value in the range adatom-adatom interactions should be relevant also for other
E4,=0.08-0.13 eV for dimer diffusion, the temperature atmetallic, homoepitaxial systems. In order to obtain an esti-
Wh|Ch d|mer dlfoSIon becomes releVant fOI‘ |S|and forma“on mate for their possib'e Strength and their effect on the valid-
is within the range 57-108 K. On the basis of the experity of the standard island density analysis, it is useful to
mental data it is not possible to unambiguously distinguishyriefly consider experimental results for 1(161) and PY
scal|r_1g regimes without and with dimer diffusigas it is Pt(111). For these two systent, ;, Eq ., and v, , obtained
]E)OSSIbLe f(.)(; P Ot?\ R111) ((j)_r Ir on Irt()1|_1t1) (Ref. 13]' Tdhere- from the standard island density analysis neglecting adatom-
ore, Dbesides the mno-dimer-moblily ~scenario 'Sc.usse%datom interactions match perfectly with the corresponding
above, we consider here two additional scenarios. First we S . o .
results from field-ion microscopy By field-ion microscopy

assume dimer mobility to be irrelevant below 100 K andthe uantities were derived through direct observation of the
relevant above 130 K, establishing its own scaling behavior, q 9

We then obtainE, ;=0.06 eV, E4,=0.09 eV, andvo,=8 mean-square displacement of single adatoms and dimers,

% 10'° s1. Second we assume the entire measurement beloﬁ;HJS ruling outa priori the influence of adatom-adatom in-
200 K to be located within the dimer diffusion regime and eractions. The agreement of the two methods is so tight that

choose, for lack of better knowledge, the theoretical valuéNithin the limits of error the_re is no space for the relevance
E41=0.04 eV to be the correct adatom diffusion barrier. Of. a_datom-adatom interactions. The values Ey'l agree
Then Eg4 ,=0.08 eV andvg,=2x 10° s is obtained. The within 10 meV or less and the attempt frequenaigg within

latter has been deduced by assuming a slope consistent W@qfa;tgci);fo(f)r 4Ie;]50. Th?hdi\';t'r?]g'? ;Qf.zgirgp;;equegg
E41=0.04 eV, as indicated by the dotted line in Fig. 1. Ap- y ws Tl S ! sity

parently, the quality of the data and the lack of island densit??‘—i""mcernent by a factor of 1.6 due to adatom-adatom interac-

data at temperatures below 60 K prevent unambiguous co lons, and not 100 as proposed for Al(A11). It would thus

clusions. Nevertheless, the resulting activation energies agn—pee a good test for the reliability, with which the strength and

reasonably well with the available DFT calculations and thecONSequences of adatom-adatom interactions for island

possible attempt frequencies, which range from12® s to nl_JcIeation can be pre_dicted, to perform kMC siml_JIations
5%10 s do not indicate édatom-adatom interactions OfW|th DFT values as an input for one of the two experimental

the strength assumed in KMC-1 and KMC-II. If present at alll, cornerstone systems. The scaling of th¢1al) island den-

adatom-adatom interactions might have caused an increaseﬁéﬁlgjavxgg tgfo StEeOfalgialt(l))nig%I;f)lril)iétiz?;cﬁgnr:iléii &Be
island density by a factor of 10. An island density enhance-even less likely

ment by a factor of 100 appears 1o be inconsistent with the In conclusion, from the analysis of Al island densities on

lower-bound - estimate of the apparent prefactor of .2AI (111) and the arguments presented above, it seems likely

-1 . . .
X 10° s™. We believe that the island density enhancement 'Ihat the effect of nonlocal adatom-adatom interactions on

even lower(see be'O_W- . . - . nucleation is weaker than currently assumed on the basis of
Next we ask for inconsistencies within the assumptlonﬁdvIC simulations with DFT values as an input. Presently

undgrlylng the .S'm“"”?“f’”?- A first p_omt O.f concern 1S thetwo pathways might be choosen to clarify the role of
negligence of dimer diffusion in the simulations. This is only adatom-adatom interactions in nucleation. First  low-
JE%t'fl'gdeV'fzz Fge.n :‘J;caec:or\r/:g:(e hpca;:Cl#Iataelq d ?grcgsF;Edézs _ temperature island density measurements for Cu islands on
s ;1(')11' 1 th V\Il Id ’dl N tl ’ ly3isS Cu(111) are desirable, the only homoepitaxial system for
SUMe v 1™ S~ Trom iné isiand density analysissec- hich the strength and range of these interactions are known.

ond, it must be considered that the DFT calcula’glons ml_gh econd, measurements and calculations for the strength of
overestimate the strength of the adatom-adatom interactiong .o 'adatom interactions for I141) or PYPE111) are

Indeed, for Cu adatoms on QaLY) the experimental _values desirable, systems for which their effect on nucleation ap-
of 13 meV and 15 meVRefs. 1 and Y for the maximum pears to be negligible

repulsive strength of the adatom-adatom interactions do n
compare favorably with the corresponding DFT result of 46 The authors acknowledge support by the Deutsche Fors-
meV? The directness and independence of the experimentahungsgemeinschaft through the project “Atomare Prozesse
measurements leave little doubt that DFT fails this time andeim Schichtwachstum” and clarifying discussions with S.
overestimates the strength of the adatom-adatom interactiofidvesson.
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