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High-resolution LEED profile analysis and diffusion barrier estimation
for submonolayer homoepitaxy of Ag/Ad100)
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We present a high-resolution low-energy electron diffraction study of two-dimensional island distributions
formed by depositing 0.3 ML of Ag on AG00). The substrate temperature ranged between 170 and 295 K.
From the ring structure or “splitting” of the diffraction profiles, we determine the behavior of the spatial
correlation length characterizing the island distribution. The precise relationship between this correlation length
and the mean island separation is also determined via an analysis of kinematic diffraction from island distri-
butions in a realistic model of nucleation and growth. Resulting estimates of this separation are consistent with
those based on results from a previous scanning tunneling microscopy study at 295 K. From the Arrhenius
behavior of the correlation length, we estimate a terrace diffusion barrier for Ag qt08gof 0.40
+0.04 eV, with a vibrational prefactor of aboutka0™ s™1. [S0163-182608)08819-5

[. INTRODUCTION These quantify the depletion of nearby pairs of islands, in-
trinsic to the nucleation proce$ss well as the associated
High-resolution surface-sensitive diffraction techniquesprofile splitting®

provide a powerful tool for analysis of submonolayer and _Scanning tunneling microscodsTM) provides the pos-
multilayer thin-film structuré.The utility of these techniques Sibility of direct access to real-space information about the
is enhanced if the kinematic or Sing|e-scattering approximalSland dlstrlbutlon: Thus, it .|S .na.tural to compare such dlre(?t
tion can be applied to analyze the shape of the diffuse interRPServations against predictions from the type of analysis
sity profile (i.e., the variation of diffuse intensity with lateral d€scribed above of reciprocal-space HRLEED data. How-

momentum transfér This approximation ensures a simple €Ver, 1o date, such careful comparisons are lacking, even for

and direct Fourier transform relationship between the dif—the Sa@_qlk_)eTrr]net:ﬁlLOO) homotc_ep|E[a>é|atI systegm of hmterest

fracted intensity and certain spatial-pair correlation function ere. us, we aré motivated lo provide such a com-
parison for the Ag/A¢L00) system, exploiting our previous

describing surface structufe? The kinematic approximation : : .
is generally assumed valid for analysis of the shape of highf-wI study; and focusing on the mean-island separation
av-

resolution low-energy electron diffractiofHRLEED) pro- . . .
files, but not for the variation of intensity with energijere . | A(tjradmona_l %Oal of gnalym:lg t_heLberla;w_or of tlhe mean-
we present experimental data, together with a theoretice{aﬁn?jngri’:/\[/)t?]ra;)tlrgcggs%rs ?Qstléye gvs_tig'rwa/i)on’olp t?]tcjec s::lr?enr for
analysis, for HRLEED profiles for homoepitaxy of Ag on cee !

Y P praxy v terrace diffusionEy.° Clearly, both HRLEED and STM

Ag(100 in the submonolayer regime, where the overlayer g ; : .
9(100 | Su 4 dl wher veray chniques are well suited to this task. Apart from field ion

can be best described as a distribution of two-dimensionaIF_ dies f i b f | |
near-square islands. microscopy studies for a specific subset of metal-on-meta

General aspects of the relationship between the shape 3ystem§, there is actually only a limited set of reliable data

the diffraction profile and submonolayer film structure are" suctf; bhamerhs.'Thus, th(;se re;u;lts are of gon5|d¢rk?blhe In-
well recognized. For randomly distributed islands, the djf-terest both in their own right, and for comparison with the-
oretical estimates from various electronic structure calcula-

fraction profile is simply a weighted sum of intensities from . o
individual islands, and thus is determined by the island shaphC"S- Thus, a key application of our HRLEED analysis is the

and size distributiofi.For distributions with a depleted popu- estimation ofE for the' Ag/Ag100 s'ystem.
lation of nearby island pairs, a well-defined characteristic, N S€c- Il, we describe the experimental setup and proce-

lengthL, emerges that reflects the average island separaticfré for our HRLEED analysis of the Ag/AL00) system.

L,,. This produces a corresponding ring structure to the dif-We also comment briefly on the procedure and results of our

fuse intensity, and thus a “splitting” of the diffraction p_revious STM Stl.de' A summary of the .relevant aspects of
6 - - - : Il1<|nemat|c diffraction theory is presented in Sec. lll, together
: with some results relating diffraction profile splitting to the
mean island separation. The key HRLEED results of this
study are described in Sec. IV. Discussion of these results,
and detailed comparison with the previous STM results, is
presented in Sec. V. A summary is provided in Sec. VI.

experimental study of submonolayer W{¥L0) deposition
by Hahn, Clabes, and HenzleA variety of simple, typically
one-dimensional models for the adlayer statistecg., speci-
fying island size and separation distributiprisave further
clarified these ideaSHowever, a precise quantitative analy-
sis of diffraction profiles must be based upon an accurate
description of the nontrivial spatial correlations characteriz-
ing the two-dimensional island distribution. Such a descrip-
tion is provided by Monte Carlo simulations of realistic mod-  First, it is appropriate to note that the submonolayer
els for nucleation and growth of islands during deposifion. Ag/Ag(100 system has been studied previously by several

Il. THE Ag/Ag (1000 SYSTEM AND EXPERIMENTAL
TECHNIQUES
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diffraction techniques: LEEB*!*He-beam scatterintf,and
surface x-ray scatteriny. While all these studies reported
the expected splitting of the diffraction profiles, none have
guantified the behavior df ,, or extracted estimates & .
Thus, the full potential of these techniques has not been ex-
ploited.

Our experiments were performed in an ultrahigh vacuum
chamber with a base pressure ofxX60 ! to 2
x 1071 Torr, equipped with both an Omicron HRLEED
system, and an Omicron room-temperature STM. Silver was
deposited on an AG00 crystal from a resistively heated
liquid-nitrogen-shrouded source. In the HRLEED studies
with the substrate held at room temperature, a high-quality
Ag crystal with typical terrace widths of 1000 A was used.
HRLEED studies were also performed for lower substrate
temperatures down to 170 K, using a lower-quality crystal
with typical terrace widths of 600 A. In both cases, terrace
widths are far larger than the mean island separation, so the
influence of steps or of finite terraces should be small. HR-
LEED intensities were obtained near an out-of-phase condi-
tion for destructive interference between scattering from suc-
cessive layers for the Ag/Ag00 system. At thg0,0) beam
corresponding to zero lateral momentum transfer, the out-of-
phase condition correspondsdgb=(2n+ 1), for integer
n. Here,q, is the vertical momentum transfer, abds the
interlayer spacing. We choose an energy of 110.4 eV, corre-
sponding ton= 3, which is consistent with the known value
of b=2.05 A for the fcc Ag crystal. All the profiles shown
are taken in th€110 direction, and were measured within
about 2.5-5 min following deposition. The deposition source
was calibrated by monitoring the Bragg intensity oscillations ~ FIG. 1. (& STM image (11 100 nnf) of 0.26 ML Ag depos-
near the out-of-phase condition, during deposition of a fewted on Ad100 at 295 K with F~2x10"° ML/s. Here
monolayers of Ag. The minimémaxima correspond to half Na~3.6X107"nm", soL,~17nm. (b) The normalized island-
(full) monolayer coverages. All of the diffraction profiles island §eparat|0n (.ZiIStI’I.bUt.I(.)n, measuring island center-tc.)-c.enter
shown below were taken after deposition of 0.3 ML of Ag, sep_arr_:ltlonsl_. De_splte S|g_n|f|c.ant noise in the data due to limited
and for similar deposition fluxes in the range of 2—4 statistics, dramatic depletion is evident for separatiosd_ , /2.

X 1073 ML/s.

As noted in the Introduction, we will compare the results
from analysis of the HRLEED profiles with those from our ) 5
previous STM studies at room temperata@d above® In 1(0,0z)<(2m){1—2[ 6+ 6°][1—cogq.b) ]} 5(q)
the latter studies, STM images of island distributions were _ _
obtained on broad terracéat least 1000 A wide The first *2[1-cosa;b)Jlan(a), @
image was obtained typically 15-45 min after depositionfor q near the(0,0) spot and where again is the interlayer
Monitoring the subsequent time evolution of the island diS-spacing_ The first term in the sum is the Bragdunction
tribution allowed estimation of the island densities at thejntensity, and the second term is the diffuse intensity. At the
time of deposition via a extrapolation ®,, back to this in-phase conditiong,b=2nr, there is no interference be-
time. It is instructive to show in Fig.(&) a typical image of tween scattering from different layers, so the diffuse inten-
an island distribution obtained by deposition of 0.26 ML of sjty vanishes, antix(27)25(q) is coverage independent. At
Ag on Ag(100. (Note that some restructuring of small over- the out-of-phase condition,b= (2n+ 1), interference be-
lapping pairs of islands to form a single near-square island igyeen different layers is maximum, and thus the diffuse in-
possible since depositionit is just this type of island distri-  tensity is maximized. The termyx(q) =3, exp(q-r)C(r)
bution on which the HRLEED studies are performed. Thuscorresponds to the diffuse intensity for the overlayer, and is
we emphasize agaifcf. Sec. ) that the islands areotdis-  determined by the associated two-point correlation function
tributed randomly in space. Instead, there is a depletion of(r) 8 (See the Appendix for an alternative formulation.
nearby pairs of islands, as quantified by the island-islangbye to depletion, this correlation function exhibits a local
separation distribution shown in Fig(t. minimum or “weak oscillation,” which produces thing in
the diffraction profile upon Fourier transformatidlso, we
should emphasize that the experimentally observed intensi-
ties actually correspond to the above expression convoluted

Within the kinematic approximation, the diffracted inten- with an instrument response function, and also modified by
sity for a lateral momentum transfgr and vertical momen-  the finite terrace width$.Thus, for example, the Bragg in-

Ciot (L)

tum transferg,, is given by 48

Ill. KINEMATIC DIFFRACTION THEORY
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TABLE I. L,, andL.=4=/d* (in units of the surface lattice
constantversush/F at 0.3 ML; also shown is the effective value of
the exponentpgg, in the relationL ,,~ (h/F)Pef,

h/F L.y L. A=L¢/Lgy Deft

10° 5.2 8.0 1.5 0.129
104 7.0 10.7 1.5 0.146
10° 9.8 15.3 1.6 0.153
10° 13.9 22 1.6 0.160
10 20.2 32 1.6 0.165

tensity is correspondingly broadened, as will be clear in the
experimental profiles shown in Sec. IV.

The key quantity extracted directly from experiment is the
diameterd* of the ring in the diffraction intensity, measured
from the profile in the(110 direction. This quantity is typi-
cally recast as a real-space correlation lengih 4#7/d*.
Usually L. is identified as the mean island separatlogp
=N_"2. However, the precise relationship betwdenand
L,y is nontrivial (cf. Sec. 1), and is determined immediately
below.

The required analysis of the kinematic diffraction profile
is achieved via Monte Carlo simulations of a canonical
model for irreversible nucleation and growth of square
islands® The only model parameters are deposition fate
and (total) hop rate for isolated adatoms on terrachs,
=zv exf —Ey4/(kgT)]. Here,z=4 is the coordination num-
ber for the square lattice of adsorption sites on th¢1f@0
surface. In this model, dimers and larger islands are treated
as immobile, and islands pairs that “collide” due to growth
do not restructure, but continue to grow as overlapping

squares. The individual constituents of such clusters of partly % BZ
overlapping islands are counted separately in determining
N,,. For a fixed coverage of=0.3 ML (corresponding to FIG. 2. Gray scale image of variation of the diffracted intensity

with lateral momentum transfer, measured as a fraction of the
Brillouin-zone (BZ) width, near the(0,0) beam. The intensities
were measured following deposition of 0.3 ML of Ag on A§0

for (@ T=295K andF=2.4x10"% ML/s; (b) T=230K andF
=2.0x10"2 ML/s.

the experimenis we have determined,, as a function of
h/F, and also evaluated the correspondigg(q), and thus
d* andL.. The variation oL ., andL . with h/F is shown in
Table I. As expected from classic nucleation thebtyne
finds the scalind.,,~1.37(/F)P (measured in units of the

surface lattice constantfor sufficiently largeh/F, with the .
classic exponent op~1 for irreversible island formation. iSlands are nolonger counted separatatyroughly matched

Thekey observatioiis that if one writed. .=\ L, then\ is by an increase ih.. Together, these features roughly pre-
not unity, as commonly assumed, but rather 1.6 for this ~ Serve the value ok.
model at 0.3 ML.

It is appropriate to make some other comments about this
key factor\. First, recall that most island nucleation occurs
for low coverages, after which,, and L, are essentially
constant, while islands just grow in size. However, the form Gray scale images of the diffracted intensity as a function
of the spatial correlation functions changes significantly withof lateral momentum transfer for deposition of 0.3 ML of Ag
coverage, due to island growth, and thus so shauld fact, on Ag(100) at 295 and 230 K are shown in Fig. 2. The
\ increases significantly with coverage up to at least 0.5eatures at 295 K are much narrower than at 230 K, reflecting
ML." Second, note that depletion of nearby island pairs bethe larger characteristic lengths. However, in both cases, the
comes more dramatic with the onset of reversibility in islandintensity displays annner circular ring, separated from an
nucleatior®*® This also affects the correlation functions, and outer featurerevealing weak fourfold symmetry. Similar be-
thus \. Finally, we have performed analysis of a modified havior was observed previously for HRLEED intensities ob-
model incorporating some restructuring of islands upon coltained during Cu/Ci00) homoepitaxy, and a detailed dis-
lision to form a single larger square islahtLimited results  cussion was providetf. The inner ring reflects the near
suggest that the associated increasé jp, relative to the circularly symmetric depletion in the island separation distri-
canonical modeldue to a decrease iN,,, since collided bution, its diameter being controlled by the mean island

IV. HRLEED RESULTS AND DIFFUSION BARRIER
ESTIMATION
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o ) =44/d*. Data are shown for temperatures and fluxe$2895 K,
FIG. 3. Temperature dependence of the splitting of the diffrac- 4 193 ML/s), (280 K, 2x10°3ML/s), (255 K, 4

tion profiles for 0.3 ML of Ag on Ag100). Profiles are shown for v 53 ML/s), (240 K, 3.7< 10~ ML/s), (230 K, 2x 103 ML/s)

205 K (with F=2.4x 107 MLss), 280 K (with F=2 (218 K, 2.5¢10°3 ML/s), (210 K, 3.7 102 ML/s), (195 K, 3.7

X10 " ML/s), 240, 210, 195, and 170 K(with F=3.7 30-3ML/5), (180 K, 3.710°3ML/s), and (170 K, 3.7

X 107" ML/s). Shown is the logarithm of normalized intensities, x 10-3 ML/s). The dashed line is the linear fit to all data producing

where normalization is relative to their maximum values. E4~0.37 eV, and the solid line neglects the 180- and 170-K data
producingEy~0.45 eV.

separatiorlL ,,. The outer feature reflects the shape and size

distribution of individual islands, its location being con- V. DISCUSSION AND COMPARISON WITH STM

trolled by the smaller mean linear island sigg,= %2, OBSERVATIONS

=0.58_,, at 0.3 ML. This outer feature is described well by . . . .

a “random-phase approximation” that neglects interference Our previous STM study of island density behavior in the

between scattering from different islands. Its weak fourfoldf‘(gllg‘gfégg)tO_OSZygt?g] f n ddlcatgg thtangE_)avE _(I_f]'.?’i O.|2)
symmetry reflects the near-square shape of individual is: ,_for deposition a RIS value
lands, together with an averaging over the distribution of.Of the exponent 0f 0.31 d(.a'monstr.ates that island formation is
islanci sizes. See the Appendix irreversible, and that mobility of dimers and other small clus-
Figure 3 summarizes the dependence of the splitting ofersis not significant during island nucleation. Then, by com-
parison with results from our model for irreversible nucle-

the diffraction profiles, for 0.3 ML of Ag on A@00, on . . .
deposition temperature between 170 and 295 K. Fluxes wet‘%t'on7 a[ulj growth of square islands, we estimate ka6
X10" s+ at 295 K. If one chooses the estimatg,

in the rangeF ~2—4x 10 3 ML/s. These profiles show the ;

systematic decrease in the ring diameter with increasing tem- 2-3/ €V from Sec. IV using d_alta for the fullrange, then
perature. A corresponding Arrhenius plot of=4m/d* is one has a prefactor af~ 10" s Simulations with these
given in Fig. 4. From our previous STM study, it is known parameters produce the scaling

that island formation is irreversible at and below room tem- L,~1.86x10° ex — E4/(6ksT)] A

perature, and that the mobility of dimers and other small

clusters is not significarftThen, from nucleation theoR®it ~ for F=3.7x10"% ML/s, so A=L./L,~1.8. Instead,
follows that both L. and L, should scale like choosingE;=0.45eV, using only higheT- data (cf. Sec.
ex —pE,/(ksT)], wherep~ 1 (cf Table ). Using Arrhenius V), vields »~1.6x 10" s™*, which seems somewhat too

B

data from the full range 170—295 K, one obtains high. Simulations with these parameters produce the scaling
L.~3.26x 10 exf] —Eq4/(6kgT)] A La~2.98x10° exd —Eq/(6kgT)] A,
_ -3 — ~
with E4~0.37+0.06 eV. Instead, using only data from 195— for F=3.7x10 N_”‘/S' SO)_‘_ Lo/La~ 1'92 Thes_e values
295 K, one obtains of A appear consistent with the theoretical estimate\of
~1.6 in Sec. lll, particularly given the uncertainties in de-
L ~5.78<10% exf — E4/(6ksT)] A termination ofd* from the experimental data.

Next, we discuss sources of deviation from classic scaling
with E4q~0.45+0.06 eV. The latter choice is prompted by for lower temperatures, and associated refined estimates of
the possibility that classic scaling begins to break down aEy. First, it is well known that such deviations occur in
the lower end of the observed temperature range, as disanonical models of irreversible nucleation and growth for
cussed further in Sec. V. sufficiently low h/F. See Ref. 8 and Table I. FoEg4
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=0.37 eV andv~10'3 s, one still has a largh/F~10° at (a)
170 K (for F=3.7x10 % s71), and simulations predict only =
a 10% reduction in the scaling exponent and Arrhenius slope
from classic values at 170 K. FOE;=0.45eV andv
~10" s, one hash/F~10° at 170 K, producing a 30%
reduction. Note that at 170 K, for the former choice, one has
L.~ 10 lattice constants, and an average island sizg,pf _»
= 0/N,~5X6 atoms, whereas for the latter one Hag,
~6 lattice constants, ang},~3X 4 atoms(at 0.3 ML). -4
The possibility of more extreme “anomalous” behavior -6 = 6
at lower T was suggested by previous He-atom scattéting —6-4-2 0 2 4 6 =g=d=240 2 ¢ ¢
and HRLEED(Ref. 20 studies of Cu/C(L00) homoepitaxy.
Here, an unexpected plateaulin at a high value of-10
lattice constants was observed below 100 K. The plateau w
first at.tributed to significant “trans.ient mobi[ity” of isolate_d near the(0,0) beam for(a) square islands with a single sizé)
d.e.posned atom®. _Instead, we b.elleve that it is due to SI9- square islands with a realistic distribution of sizes, as determined in
nificant restructuring or “clumping” of adatoms following Ret g Axes are labeled in units of the momentum transfer multi-

deposition. This .is possible at such [owonly lsince most _plied by the average side length of the square islands.
atoms are deposited near other adatoms and islands, allowing

rearrangement via edge diffusion type processes that ha\éﬁ)erated for the U.S. Department of Energy by lowa State
low activation barrier$! From Fig. 4, it seems plausible that niversity, under Contract No. 7405-Eng-82

such a plateau is beginning to emerge in the experimenta%f ' ' '
data for Ag/Ad100) by 180 K, where island structures are
already small(see above This interpretation is consistent
with recent HRLEED experiments by Swiarior 0.4 ML of
Ag deposited on A(LOO for a lower temperature range of

110-230 K. ) ] ) The exact expression in Sec. Il fogs is often recast in
In conclusion, we expect that there is some refinement tQ , «isjang representation” as a suhg=1o+ ;.2 The
I int-

g_lassm sc:hng, ptr'lmafrllyt?]ge t?f Ctlum%'rl[%’ for (c)jufr lower “random-phase approximationl’y neglects interference be-
range. Accounting for this €fiect, and In€ need lor a reay, oo, scattering form different islands, ahg accounts for
sonable prefactor, we propose a best estimat& &f0.40

+0.04 eV(and y~3X 108 5. this interference. Specifically, one Ras

S N O

FIG. 5. Gray scale image and contour plot of variation of the
qggarithm of the diffracted intensitly, vs lateral momentum transfer

APPENDIX: ISLAND REPRESENTATION
FOR THE DIFFUSE INTENSITY

VI. SUMMARY
2, Iint(Q)

We have presented results from an HRLEED analysis of IO(q):g Nl As(a)

island distributions formed by depositing 0.3 ML of Ag on
Ag(100) for temperatures between 170 and 295 K. The real-
space correlation length., obtained from the splitting of
the diffraction profiles, is successfully compared with the
average island separatidr,, based on our previous STM
study. However, this requires recognition of a nontrivial re-
lationshipL.~\L,,, with \~1.6—1.8 determined by the de-
tailed form of the spatial correlations in the island distribu-
tion. Analysis of the temperature dependence of together
with an estimate of the room-temperature mobility from our
STM study, leads to an estimate Bfj=0.40+0.04 eV for
the activation barrier for terrace diffusion of Ag on A0,
and v~3x10% s for the prefactor. This should be com-
pared with another experimental estimate of 0.4 eV usin
low-energy ion scattering, which assessed only the onset
diffusion®® and recent estimates from sophisticadxdinitio
electronic structure calculations of 0.52 @dcal-density ap-
proximation and 0.45 eV (generalized gradient
approximation,?* and 0.50 eV(full-potential linear muffin-
tin orbital).?®

2

> exp(ig-r)[Cig(r)—11.

r

g NeAs(Q)

(A1)

Here Ns is the density, andd¢(q) is the average scattering
amplitude for islands of size, and Ciy(r) is the island-
island correlation function, as in Fig(l). While the expres-
sion for I, neglects significant correlations between island
size and separatid, this formulation provides at least a
semiquantitative description of the diffuse intensltyis ob-
tained by taking the diffracted intensity for a single square
9 land, with edges aligned in th@10 direction[Fig. 5a)],

nd averaging over the appropriate size distributi#firhe
result is a monomodal intensity distribution shown in Fig.
5(b), with width reflecting the mean island size. The details
are quite sensitive to the form of the size distribution, and are
remarkably similar to the experimental plot in Ref. 12,
has a negative value gt=0, with a magnitude measuring
the “total amount of depletion>,[1—Ciy(r)], of nearby

This work was supported by NSF Grant No. CHE-island pairs. When combined with, this produces the cen-
9700592. It was performed at Ames Laboratory, which istral ring feature td g .
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