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Density-functional theory calculations of hopping rates of surface diffusion
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Using density-functional theory we compute the energy barriers and attempt frequencies for surface diffu-
sion of Ag on Ad111) with different lattice constants, and on an Ag adsorbate monolayer(@hdPtWe find
that the attempt frequency is of the order of 1 THz for all the systems studied. This is in contrast to the
so-called compensation effect, and to recent experimental studies. Our analysis suggests that the applicability
of simple(commonly useglscaling laws for the determination of diffusion and growth parameters is often not
valid. [S0163-182608)02444-3

The determination of the microscopic parameters thaboth cases is different again from the density of Ag islands
govern the evolution and morphology of a growing structureon top of clean A¢L11). The authors of Ref. 4 analyzed their
during epitaxy is the focus of a large number of theoreticalexperimental data with Eq1) with the assumption that the
and experimental studies. However, experimentally deduceshechanism for surface diffusion is hopping of a single ad-
values for the diffusion barriers and attempt frequencies ofatom to a nearest-neighbor site. They obtained the energy
ten are not measured directly, but result from an analysis dbarriers and attempt frequencies quoted in Table I, which
experimental data on the basis of some theoretical modeshows that the attempt frequency found for Ag on 1 ML Ag
For example, it igjualitativelywell established that the den- on P{111) is much smaller than that for Ag on Agll). A
sity of islandsN' in growth experiments follows the scaling lower attempt frequency for a system with a lower diffusion
law? barrier is not an unexpected result, and is known in the lit-

erature as the compensation effédt. can be understood
s - with simple physical arguments that are illustrated in Fig. 1.
N®=Co E : ) Consider the solid and the dashed line that are the potential
energy curves for a system with a low and with a high bar-
HereF is the deposition fluxD is the diffusion constant, and rier. It is evident that the curvature of the potential with the
C, is a dimensionless quantity that is determined by geohigher barrier is larger at the bottom of the potential well. An
metrical factors and parameters that describe the capture eftom in a well with a higher curvature vibrates faster, and
ficiency of an island. Recently, E(L) has been applied for a thus the attempt frequency is larger.

quantitativedetermination of diffusion constant3 for dif- In a molecular-dynamics stuflyhat employed empirical
ferent systems from experimentally measured islangbotentials and the embedded-atom theory it was found that,
densities™* indeed, for homoepitaxial diffusion on different metal sur-

Relation(1) is derived under several assumptions, particufaces there is a systematic compensation effect, i.e., systems
larly that adatoms are the only species that can diffuse oveghat have a larger energy barrier for surface diffusion have a
the surface, i.e., dimers and larger clusters are immobile, anldrger attempt frequency. Values fbl, are obtained that
that there is only one mechanism for atomic diffusion, typi-vary from 3x10'2 s to 5x 10" s™1, while for the same
cally assumed to be the hop to a nearest-neighbor lattice siteystems the energy barriers for diffusion increase from 0.05
Then the diffusivityD is related to the hopping rate of single eV to 0.7 eV. The magnitude of the effect fby, is in the
adatoms byD =D expE,y/kT), whereE, is the energy bar- range of typical surface phonon frequencies, and it does not
rier for surface diffusion an®,=T",1%/(2«) is the preexpo- compensate complete(for typical growth temperaturg¢she
nential factor. Herd" is called the attempt frequenclyis
the jump length of the diffusing adatom, aadreflects the
dimensionality and symmetry of the motidfor a square
lattice «=2). It is commonly assumed thatl'
~10*-10' s, which is a typical surface phonon fre-
quency. We also note that E(.) is based on the assumption
that the so-called critical nucleusiis= 1, which means that

TABLE I. Results forEy andI'. All theoretical values are with
3N=15, except for Ag on Ag/Pt111), where 3N=27. We consid-
ered an A¢@111) substrate with tensilet), compressive €), and
without strain. The substrate Abll) (c) was compressed to the
lattice constant of Pt.

k . .. Substrate ExperimeriRef. 4 Theory (this work)
dimers and sma_ll clusters are sta'ble against breakup. This is E (meV) T, (THz) Eg(meV) T, (TH2)
the case for typical growth experiments as long as the tem-
perature is low enough or the deposition rate is high endughAg(111) (t) 106 0.25

In a recent scanning tunneling microsco{§TM) study  Ag(111) 100 0.2 82 0.82
Bruneet al’ found that for growth of Ag on a Pt11) sub-  Ag(111) (c) 60 1.3
strate the size and density of Ag islands changes significantlxg/pPt(111) 60 0.001 60 5.9
when 1 ML of Ag (that grows pseudomorphically on top of py111) 160 10 150

the Pt substrajehas been deposited. The density of islands in
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TABLE I1l. The calculated attempt frequendy, for Ag on
Ag(11)) for different numbers of degree of freedom considered.

3N 3 15 99

I'y (TH2) 1.55 0.82 0.71

always slightly favored over the hcp sitey 5—10 meV, but

the barrier to hop from an hcp site to an fcc site is almost
identical to the one to hop from an fcc site to an hcp site.
This provides justification that only the fcc site is considered
as the(stablg adsorption site. Transition-state thedqmST)
within the harmonic approximation is used, and the attempt

FIG. 1. Schematic illustration of the compensation effect andfrequency is calculated froth
the anticompensation effect. When the barrier increddashed

line compared to solid line the potential becomes stiffer, and the T
vibrational frequencies increase. However, when an increase of the Fozl:—ll 2)
barrier is due to an increase in the lattice constant, the curvature of 1'[].35;1 VJ*

the potential might very well decreag@ashed-dotted lineand as a
_re_sult the vibrational frequencies decrease. In this simplified picturerhe v (y].*) are the normal-mode frequencies of the system
!t is assumed that a_lll Fhe vibrational frequencies _at th_e saddle poiRkith the adatom at the fcc sitdridge site, and N is the
|ncreasg(decreas)e&mﬂarly to the ones at the Igttlce site, and thus nymber of degrees of freedom of the system.
all the increasegdecreasgsof the fr_equgncu_es in Ec(.;) ca_ncel, We have calculated these normal mode frequencies by
except one that corresponds to a vibration in the lattice site. first evaluating and then diagonalizing the force-constant ma-
trix. The elements of this matrix are obtained by displacing
increased diffusion barrier. In particular, we note that theeach individual atom in the cell and calculating the forces
attempt frequency is always much larger than the reportethat act on all the atoms. An important issue is how larfye 3
value of'y=10° s~ * for Ag on 1 ML Ag on Pt111), which  should be for constructing the force-constant matrix. The re-
is about threeorders of magnitudesmaller than what one sults obtained for different$ are summarized in Table II
would expect. Despite this puzzle, we note that previous thefor Ag on Ag(111). If we change 8l from 3 to 15, i.e., take
oretical studies seem to suggest that the system 1 ML Ag oiiito account the adatom and all atoms in the first layer, the
Pt(111) behaves rather normally and that, with respect toattempt frequency changes from 1.55 THz to 0.82 THz. We
surface diffusion, it behaves essentially like a laterally com-also developed a scheme to include a larger number of de-
pressed A@l11) substraté:® grees of freedom, and given in Table Il is a value fod 3

The diffusion constant is determined by the diffusion bar-=99 that corresponds to a ¥44) surface cell with vibra-
rier and preexponential factor, but for the latteraiminitio  tions of the adatoms and two layers of the substrate. The
calculations have been reported so far. This applies in ger(99x99) dynamical matrix was constructed as follows: We
eral, not just to the system of concern in this paper. In viewuse the same force constants as in ttN=3L5 situation in
of the above-mentioned puzzle, and similar enigma that seettihe corresponding subspace. For the other force constants we
to exist for other systems, we performed density-functionalise bulk valuegfor atoms in the second and deeper layer
theory calculations of the attempt frequencies for Ag diffu-and clean-surface valud$or farther surface atomsTests
sion on Ad111) with different lattice constants, and on 1 with a (3X3) cell revealed that force constants of surface
ML adsorbed on R111). We find that in all cases the at- atoms due to the displacement of atoms that are further away
tempt frequency is of the order of 1 THz, so that claims of athan nearest neighbors are negligible. Similarly, force con-
large variation ofl’y are not supported. We then discuss stants of atoms in the second lay@nd below that result
various mechanisms which become operative in system&om the displacement of atoms that are further away than its
with low-energy barriers. nearest neighbors can be neglected. We estimate that the

We employ density-functional theory with the local- influence of these negligible force constants on the attempt
density approximatio.More details are given in Ref. 8. frequency is less than a factor of 2, and therefore set them to
Unless noted otherwise, we use a supercell with four layerszero. The attempt frequency foN3=99 decreases very little
a (2x2) surface cell, and the adatom placed on only onecompared to the 8=15 treatment, namely, to 0.71 THz,
side of the slab. Tests have shown that such a cell is largand thus our result obtained when only the adatom is allowed
enougH to vibrate is correct within a factor of 2.

The energetically most favored adsorption sites are the As argued earliet? the main difference between an Ag
threefold coordinated fcc and hcp sites, and an adatom thatom on a clean A@.11) surface and on 1 ML Ag on Fit11)
diffuses from one site to another will pass over the bridgeis due to strain in the Ag adlayer. We therefore studied the
site as the transition stat®In principle, the effective diffu- attempt frequencies for Ag on Agll) as a function of
sion constant on a surface with several adsorption sitestrain. The results are given in Table I. An increasing lattice
within one unit cell needs to be calculated as a combinatioconstant implies that the diffusion barrier increa$es, ac-
of the different rates for the motion between the differentcording to the compensation effect, the attempt frequency
sites. However, for all the systems studied here the fcc site ishould increase. Surprisingly, the opposite is the case: When
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the barrier increases from 60 meV to 106 meV, the attempscaling exponent in Eq1) changes when small clusters are
frequency decreases from 1.3 THz to 0.25 THz. We underallowed to move and that the island density decreases
stand this “wrong trend” as follows: When the diffusion dramatically*® This effect cannot explain the discrepancy we
barrier increases because the lattice constant increases, fied for the diffusion on Ag/RtL11): If cluster diffusion were
curvature of the potential decreases, so that the attempt frémportant on Ag/RtL11) and not(or less on clean Agl11),
guency decreases. This anticompensating effect is sketchélde preexponential factor for diffusion on Ag(Pt1) should
schematically in Fig. 1 by the dashed-dotted line. be bigger, not smaller, as observed in the experiments. Still,
Our result for Ag on unstrained Afjll) differs by a fac- we do not rule out that cluster diffusion plays a role, because
tor of ~4 from that obtained in the analysis of the experi- it is possible and likely that the diffusivity of cluster diffu-
mental data. This difference is partially due to the fact thatsion is (very) different from that of single-atom diffusion,
the analysis of the experimental data ignored that an atorand we also note that the exponent in Eb. may change.
that hops from an fcc site to a neighbor fcc site first visits anWe are not aware of the direction and size of this effect, but
hcp site. When the difference in adsorption energies betweenote that cluster diffusion may be particularly important for
the fcc and hcp sites is very small, the adatom needs to makgrained systems and thus Ag diffusion on AgIR1) is in-
(on averaggthree times as many hopping attempts to get todeed a good candidate.
one of the six adjacent fcc sites than it needs to hop to one of (iv) It has been shown that on metal surfaces the diffusion
the three adjacent hcp sites. Thus, the attempt frequencidangth may be a multiple of the lateral lattice constdrit
given in Ref. 4, which are also noted in Table I, should beThis becomes more relevant when the corrugation of the po-
multiplied by a factor of 3. tential energy surface is less pronounced and the diffusion
For the diffusion of an Ag adatom on 1 ML Ag adlayer on barrier becomes smadff, as it is the case for Ag on Ag/
Pt(111) the experimentally deduced attempt frequency isPt(111) and Ag on a compressed ALl substrate. The ad-
more than twoorders of magnitudemaller than that for the atom becomes more delocalized and we speculate that rather
Ag(111) surface, but such a reduction is not found in ourthan hopping over the surface from one lattice site to an
calculations(compare Table)l When only the adatom and adjacent one, the adatom is “flying” over the surface over
the Ag layer are included we obtaih;=3.8 THz (3\ several lattice sites. For this process TST is strictly no longer
=15), and upon inclusion of the top Pt layer we obthijpg  applicable. Moreover, it is conceivable that Ed), particu-
=5.9 THz (3N=27). As mentioned earlier, with respect to larly its exponent, changes when several diffusion mecha-
diffusion energy barriers, the Ag monolayer or(1Rtl) be-  nisms are operative. We are not aware of the size or direction
haves very much like a compressed (Atyl) surface. We of such an effect, but under the speculative assumption that
now find that this also holds for the attempt frequency. Thethe exponent is reduced by 20%, the discrepancy between
disagreement with the experimentally deduced value, whicithe results of Ref. 4 and our calculations could be explained.
is three order of magnitude smaller, is significant, and welhe analysis of the experimentally measured island density
consider this disagreement a most important result. It demwould then yield an activation barrier that is 20% larger,
onstrates that the understanding of surface diffusion anwhich is supported by experimentiland theoreticdf re-
growth is far from being complete, although often this is notsults for the double-jump of a Pt adatom or(1IRD). This
appreciated. In this regard we note that Et). is derived would also explain the good agreement between our calcu-
under several assumptions, and that often some of them alated and the experimentally deduced diffusion barriers. Ad-
not met. We will now discuss six different problems that ditionally, an exponent that is 20% smaller yields an attempt
may have troubled the experimental analysis and/or our thérequency of 1 THz, in agreement with our calculated value.
oretical results. (v) We also note the possibility of diffusion by atomic
(i) It is a concern whether the harmonic approximation weexchange over long distances. The Ag adlayer is compressed
used is valid for all the systems under consideration. Fronand we speculate that atomic exchange could work such that
the calculation of the forces we find that for the systemsan atom of the Ag adlayer pops up, becoming an adsorbate
studied here the harmonic approximation is indeed a rathextom. Then the vacancy moves towards another adétaym
good approximation for displacements up to 0.2 A. a long row of Ag adatoms in the Ag adlayer may mpve
(i) It is known that TST is only working when the fol- Similar effects have been observed in embedded atom
lowing conditions are met: The adatom spends enough timeimulations®°
at the adsorption site so that it can equilibrate there. This (vi) Another problem is knowledge of the dimensionless
aspect is connected to the phononic friction, i.e., the strengtuantityC, in Eq. (1). An uncertainty inC, of one order of
of the coupling of the adatom vibration to the excitations ofmagnitude translates into an uncertainty ki of three or-
the substrate. Additionally, once an atom has crossed thders of magnitude wheit =1. The value ofC, is essen-
transition site there should be no recrossing before the atoitially determined by the surface geometry and capture effi-
has been equilibrated again. While it is clear that the frictionciency of islands, and with the self-consistent approach of
should not be too small or too large, a quantitative criterionBales and Chrzan one obtainsC,=0.25, which has been
when TST is valid is not knowf We expect that equilib- used in Ref. 4. A recent STM study for Pt or(Pt1) used an
rium might not be reached when the temperature is too highglternative method to determirg, andT",.2? It is found that
but the experiments of Ref. 4 were carried out at temperal ;=5 THz (an expected resijtand from the data in Ref. 22
tures that are smaller than half of the Debye temperature. we deduceC,=0.28. Earlier work® suggested thaC,
(iii ) Diffusion of small clusters on a metal surface can beshould be of the order of unity. It is known that often there is
significant'* but Eq.(1) is only valid when the only mobile funnelingof adatoms toward step edges. This attraction will
species are adatoms. In fact, it has been sh&wihat the  become more significant for systems with low diffusion bar-
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riers[as it is the case for Ag on 1 ML Ag on @tL1])], and teractions become noticeable, and atomic diffusion proceeds

when surface states are important and affected by adatonmsore by “flying” over several lattice constants rather than

and/or steps. by hopping to nearest-neighbor sites. For strained systems
We conclude that attempt frequencies of single-atom hopalso cluster diffusion may be enhanced. The importance of

ping diffusion are indeed of the order of 1 THz and reportedihese effects is difficult to assess by theory, but we trust that

deviations from this value, as, for example, the reduction bynore experiments will help to clarify the situation.

three orders of magnitudeare only apparent and actuated

by the low-energy barrier of diffusion. This implies that ad- We acknowledge many helpful discussions with H.
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