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Vacancy formation in homoepitaxially grown Ag films and its effect on surface morphology
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Synchrotron x-ray diffraction was used to investigate the low-temperature homoepitaxial growtfic@¥)Ag
and Ag111) surfaces. For both orientations, the Ag films depositef=aL00 K were observed to exhibit a 1%
surface-normal compressive strain, indicating that an appreciable vacancy concefitrayris incorporated
in the growing film. Concomitantly with the incorporation of vacancies, the growth diyleads to the
formation of pyramidlike structures with a non-Gaussian distribution of heights, whereas a similar effect was
not observed for A@01).
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[. INTRODUCTION potential presence of vacancies in homoepitaxially grown
metal films raises several interesting questions: What is the
In several studies of metal homoepitdbdthe surface actual concentration of the incorporated vacancies and how

roughness of the deposited film was observed to decrea$®€s it change with the temperature? Is this vacancy forma-

when the growth was carried out at progressively lower temt0n typical for the(001) surfaces(which are more likely to

peratures. This inverse temperature dependence of roughe‘?"?-(h'b't downward funnelingor can it also occur for other

_ _ . e S
ing [or “reentrant smooth growthtRSG)] is somewhat sur- orientations? How does the vacancy formation influence the

prising, since the lowering df inhibits the adatom diffusion, morphology of the evolving surface? . .

which is the main smoothening mechanism in epitaxial . The purpose of the present work is to investigate the pos-
growth. Motivated by the observation of a RSG for thes'ble presence of a large vacancy concentration in a ho-
Cu(001) (Ref. 1) and P(111) (Ref. 2 homoepitaxy, a model moepitaxial film grown at low temperatures and to address

was proposed where the lowering of the temperature below?ome of the questions above. To accomplish this goal, we

certain value enables an additional smoothening process th fve studied the growth of Ag on Ag01) and Ag111), at

causes the atoms deposited at step edges to “funnel” down _ .100 K, using synchrotrpn x-ray d|ffract|_o()(RD). The
to lower fourfold hollow absorption sitesThis “downward choice of XRD as a probe is quite natural given the fact that,

funneling,” which was quite successhflin explaining the having a large penetration length, x rays are highly sensitive

reentrant smooth growth di®01) surfaces, is believed to be tq any defects below the surfa_tce that introduce structu_ral
continuously enhanced by the reduction of the temperaturﬁ%’jferenceS hetween the deposited film and the underlying

and, therefore, one should expect that the growth becom Ik crystal. Furthermore, synchrot.ron XRD is well estab-
ished as a tool that can reveal details of the surface structure

on an atomic scafeand it has been successfully used in
studies of surface crystallographysurface morphologl?
gﬂd surface thermal expansitiBy using this method in our
present experiments we have the ability dionultaneously

progressively smoother asis decreased toward 0 K. More
recently, however, scanning tunneling microsco{Sm M)

measurements of Ag/A§01) epitaxy’ have indicated that,
indeed, the roughness of the deposited films decreases wh

T is lowered from 200 to 130 K, but surprisingly,iftcreases th i f hol 10 test if
upon further cooling to 50 K. To explain this behavior, with- measure the evolving surfacé morp QGEI}Q o testir any
defects are incorporated in the growing film. Our specular

out discarding the downward funneling hypothesis, the au- > : ; S
thors of Ref. 6 propose a scenario where some of the depoggflectlwty data show that a substantial compressive strain is

iting atoms get trapped on the sides of nanoprotrusiongresent in the Ag films d.ep.os't.ed at=100 K on Ag00D)
(which are more numerous at loW) instead of funneling and Aq.lll) sut_)strates, |nd|qat|ng that a Iarge number of
down over the step edges. Molecular-dynamics simulationgacancies are mcorp_orated In the growing film. From the
of low-temperature growthsuggest that this “restricted magnitude of the strain we estimate that the vacancy concen-

downward funneling” can lead to the formation and incorpo-tr_ation is approximately 2% for both orientafcions. The vacan-
ration of internal voids in the growing film. While such a cies anneal at room temperature. We also find that the growth

behavior is plausible at very low temperatures, direct experipn Ag(11D), in the presence of vacancies, gives rse to a
mental evidence for a large number of vacandrerpo- sgrfage morphqlogy having terraces with a non-Gauglan dis-
rated in a homoepitaxially grown film is not yet available. tribution of heights. Interestingly, such an effect is not

Such a finding would be of particular importance because jpresent for the growth on AQGOY).

imposes further limitations on most of the homoepitaxial

growth models, which assume that, regardless of the tem-
perature, the deposited atoms occupy a perfect crystal lattice Our experiments were performed on the SUNY X3B2
identical to that of the underlying substrate. Moreover, thebeamline at the National Synchrotron Light Source,

Il. EXPERIMENTAL PROCEDURE
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Brookhaven National Laboratory, using a custom-designed
ultrahigh-vacuum(UHV) diffractometer. The UHV chamber
was equipped with an ion pump as well as a titanium subli-
mation pump, allowing the base pressure to reach
10 1% Torr. The Ag001) and Ag111) samples were me-
chanically polished to reduce the miscut to about 0.1° and
subsequently prepared in UHV by repeated cycles of 15-min
Ar* sputtering(p=10"° Torr, acceleration voltagel kV,

and sputtering currertl0uA) and 1-h high-temperature
annealing atT=1000 K (achieved by electron bombard-
men). As a result of this treatment, we routinely obtained
high-quality starting surfaces that are virtually flat at an
atomic level (rms roughness0.5 A), have a significantly
reduced mosaic spreddw,, and have a very large average-
size-terrace diametdm-plane correlation lengihL ... For
example, room-temperature measurements of the as-prepared
Ag(111) surface yieldA wo=0.04° andL ,,=8000 A. Here

Ag was evaporated from a resistively heated crucible and
deposited onto the surface of the sample at a rate measured
by a calibrated quartz monitor. For /@p1), a more precise
measurement of the deposition rate was achieved by follow- - .
ing the intensity oscillations of the out-of-phase specular re; FIG. 1. Specular reflectivity from the AglY surface, with 5

. ) ML deposited ata) T=200 K and(b) T=100 K (open symbols
flection. A rate of 1 ML/min was chosen for both K1) At 200 K, the data are well described by a simple Gaussian surface

and Ag111) hom_oep|taxy. I__|_qU|d nlt_rogen was used to cool roughnesgRef. 12 (dashed lingwhile at 1M K a real-space model
the sample during deposition, while the temperature Wag,at includes a large compressive strain in the deposited film is
monitored and stabilizeti=1 K) by a temperature controller. pecessary to fifsolid line the interference fringes and the pro-
Particular attention was paid to the cleanliness of the surfacgyunced asymmetry toward higher perpendicular wave vector.
where Auger electron spectrosco®ES) was used to detect
impurities. AES measured for the cooled substrates as well y . N
as subsequently grown films consistently showed no trace (ﬁtratgd by regl-tlme_ measurements, shpwn n F|°g. 2, for
impurities, even when the samples were allowed to sit forWO fixed grazing-incidence detector positiq@®=2.0° and

more than an hour. X-ray scattering data were collected & ¢~ 1-5°) where the fringes can be seen *rolling” by the
T=100K, from both Ag00D) (A=1.0207 A) and A¢L1]) etector as the film thickness increases. The second feature

(\=1.1379 A), by scanning across the specular (odck- in Fig. 1(b) is that a pronounced asymm_etry_tov_vards higher

ing” scang for an extended range of values of the surface-Qz dévelops around thd11) Bragg reflection, indicating the

normal scattering wave vect@,. At eachQ,, the specular presence of a compressive strain. This second observation, in
z* Z

reflectivity was obtained from the corresponding rockingfaCt’ explams the“flrst: th,? slight dn‘ference in lattice pa-
scan® rameter provides “contrast” between the film and substrate,

thereby leading to interference fringes around the Bragg re-
flection. Both features of the x-ray line shape are found to
Ill. RESULTS AND DISCUSSION vanish upon subsequent warming of the sample to 300 K.

Intensity (arb. units)

Figure 1 shows the specular reflectivity, measured around
the (111) Bragg reflection, from the Ad11) surface with 5 10° — .
ML deposited ata) 200 K and(b) 100 K (open symbols As
can be observed, lowering the temperature has a dramatic
effect on the reflectivity. At 200 K, the line shape is almost
symmetric and can be excellently described by a simple
modef? (dashed curve which assumes that the surface
roughness, consisting of a Poisson distribution of surface
heights, is the only deviation from a perfectly truncated crys-
tal. Such an analysis works very well at temperatures above
200 K, as demonstrated in our previous kinetic roughening
studies of Ag/Ag001) and Ag/Ag111).® When the film is
grown atT=100 K, however, there are essentially two sig-
nificant changes in the reflectivity line shapeig. 1(b)].
First, we observe thin-film interference fringes, which sug-  FIG. 2. Intensity measured at two fixed grazing-incidence detec-
gest that there are structural differences between the depogr positions during deposition on AbL1) surface exhibits interfer-
ited film and the underlying bulk crystal substrate. The fringeence fringes, suggesting that the homoepitaxially grown film differs
spacing changes with the film thickness, and this is demonfrom the underlying bulk substrate.
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FIG. 3. Specular reflectivity measured for @§1) with 5.9 ML FIG. 4. Specular reflectivity measured for @41) with 0.7 ML

(diamond$, 11.8 ML (squarey 17.3 ML (triangles, and 23.6 ML (diamond3, 2.1 ML (squares 5.0 ML (triangles, and 10.6 ML
(circles)_, depositeq aﬂ'= 100K. The curves are vertically shifted circles thick films, deposited on Ag11) at T=100 K. The curves
for clarity. The solu_j lines TePrese”t best fits to a real-space mode; re vertically shifted for clarity. The best fitsolid lineg are based
yvherg a compressive strain is assumed to be present in the dep%ﬁ a model where, in addition to the surface-normal strain in the
ited film. deposited films, a surface morphology consisting of pyramidlike
structures is assumed.

_F|gures 3 and 4 show the specular reflectl\_/lty data Ob'proximately the same value ef1% for the magnitude of the
tained from Ag/Ad001) and Ag/Adg111), respectively. The compressive strain
data were collected over an extended range of surface- Now we discuss the origin of the observed strain. First,
normal wave vectoQ, at T=100 K and four different cov- o ,nderscore that the strain cannot arise from an accidental
erages®. Comparing the two sets of data, we observe thqq,y temperature surface contamination because AES, mea-
same featureginterference fringes and asymmetmround  gyreqd before and after deposition, consistently showed clean
the Bragg reflection foboth Ag(001) and Ag111), indicat-  syrfaces with an AES sensitivity limit lower than the large
ing a similar behavior in terms of the strain. Our analysis,impurity concentration that would be necessary to account
discussed in detail below, shows that films grown at 100 Kfor the observed strain magnitude. Degrading the vacuum did
on both orientations generally exhibit-al% surface-normal not change our low-temperature x-ray scattering or AES
compressive strain or dgm — dsubs)/dsups= — 1%, where  results—this is a manifestation of the low reactivity of Ag
dim Is the interplanar spacing of the film along the surfacesurfaces. Molecular hydrogen, which is not detectable by
normal anddg,,sis the interplanar spacing of the substrate. AES, has a very low sticking probability at 100 (Ref. 14
An important difference between these data sets, howeveand there is no source of atomic hydrogen. Furthermore, the
occurs at low values of), where interference fringes are presence of interstitial impurities or substitutional impurities
observed for the A@1l) homoepitaxy, but are absent for larger than Ag would cause a lattice expansion rather than
Ag(001). It will be shown that the surface morphology of the contraction found in our experiment. We can also elimi-
Ag(11)) is responsible for the appearance of these fringesiate the hypothesis that stacking faults create the strain. In-
and that strain alone does not give interference fringes at lowleed, such defects can occur(iil) homoepitaxy. However,
Q,. we observe a similar compressive strain for films grown on

Beginning with the analysis of the reflectivity from the both the (111) and (001) surfaces, where the latter cannot
Ag(001) surface(Fig. 3), we consider the simplest model have stacking faults. Moreover, x-ray measurements that re-
where, in addition to some surface roughnt'she film has  veal stacking faults on homoepitaxially grown @d1) (Ref.
a lattice parameter different from that of the substrate. As can5) and Cu@111) (Ref. 16 do not exhibit a compressive
be seen, such a model provides a good description of thstrain and our measurements find no strain at the tempera-
data: the least-squares fitsolid curves in Fig. Bmatch tures where the stacking faults were observed. It should also
both the interference fringes and the asymmetry about thbe noted that grain boundaries, which could become more
Bragg reflection as well as the absence of interferenc@opulous at low temperature, would lead to a “mosaic
fringes at lowQ,. At all coverages the best fits yield ap- crystal,” " but would not shift the Bragg position of the film.

075418-3



BOTEZ, ELLIOTT, MICELI, AND STEPHENS PHYSICAL REVIEW B56, 075418 (2002

108 ; ‘ where c, is the vacancy concentratiom,=0.2 relates the
3 Ag(001) 1 strain to the vacancy concentration in the bulk métand

C.,/C411;=0.76 is the ratio of elastic constants that accounts
for the lateral elastic clamping of the film. Using our mea-
sured strain of~1%, we findc,~2% for the concentration
of vacancies in the deposited films. Returning to the Ag/
Ag(00)) reflectivity data in Fig. 3, we can now say that the
absence of interference fringes at low angles is due to the
el S ] fact that the scattering power of the film is almost identical to

OML gt that of the substrate. Indeed, the 1% change in the lattice
parameter of the film and the associated 2% concentration of
vacancies are much too small to induce significant density
differences between the film and underlying bulk crystal. On
FIG. 5. In-plane(020) Bragg reflection was measured with the the other hand, the strained film is distinguishable from the

wave vector parallel to the surface for different coverages andUPStrate in the vicinity of the Bragg reflection, Wh;';e the
shows no evidence of lateral strain in the film deposited at low/VaVe Vector is comparable tand therefore can probéhe
temperature on A@01). The incident and outgoing beams were INt€ratomic distances.

kept below the critical angle to enhance the surface sensitivity. The coverage-dependent data for(Atfl) (Fig. 4) show
the same strain-induced features around the Bragg reflection,

We do not see evidence of conventional mosaicity in thebut in addition, strong interference fringes appear in the low-
deposited films, but rather observe a coherent crystalline filnQ, region. Given the evolution of their periodicity with the
on top of the substrate. With these points in mind, severatoverage, it is obvious that these fringes are related to the
factors lead us to conclude that the compressive strain olfilm thickness. Yet since the magnitude of the strain in the
served in our experiments arises from the incorporation ofAg/Ag(111) films is similar to that of Ag/Ag001), the
vacancies in the film, which is grown under far-from- fringes cannot be directly ascribed to a change in density via
equilibrium conditions. First, it should be noted that the largethe vacancies. Instead, we will show that the effect comes
negative volume of a vacancy recessaryin order to ex-  from the surface morphology that develops concomitantly
plain the relatively large compressive strain. Second, the obwith the vacancy formation.

served annealing of the line shape by warming to 300 K is It is well known that the homoepitaxial growth on certain
consistent with vacancies: radiation damage studies of bulkietallic surfaces leads to three-dimensional pyramidlike
Ag show that vacancies anneal at 260%Einally, computer mound structures with a characteristic lateral separation and
simulations of lowT metal homoepitaxy have predicted that selected slop&’ This type of growth arises from instabilities
vacancies or internal void&acancy clustejscan be incor-  created by an additional energy barrier to diffusion over crys-
porated into a growing film. talline step edges—the so-called Ehrlich-Schwoetieh)

The concentration of vacancies can be estimated from thearrier”® Experiments to determine the root-mean-square
measured strain. To do that, we first check if the lattice distoughness of a growing surface are usually well character-
tortion occurs only in the surface-normal directi@btained ized in terms of a binomial distributiofe.g., Gaussian, Pois-
from the specular reflectivity line shaper if there is also  son of surface heights. However, there is no reason to ex-
strain in the plane of the surface. Figure 5 shows diffractiompect,a priori, that these surfaces, which possess pyramidlike
measurements taken across tB20) in-plane Bragg reflec-  structures, should always lead to such a distribution. Indeed,
tion to look for lateral strain in Ag films of different thick- even the effect of a smooth starting surface could cause
ness deposited on AQ01) at low temperature. To enhance asymmetric height fluctuations, leading to a non-Gaussian
the surface sensitivitfto ~50 A), both the incident and distribution: for small asymmetry, a perturbation
outgoing beams were set at grazing angles below the criticalxpansiofA about a Gaussian-distributed surface gives the
angle for total reflection. A change in the in-plane lattice“skewness” as the leading-order correction, and this has
parameter of the film is expected to cause a second displacégen observed in STM experimefitk.should be noted that
diffraction peak or, at least, a pronounced elongation of the\g(111) has a rather large ES barfi&mwhere large mounds
main diffraction peak? That such features are not observeddevelop during homoepitaxial growth, and these mounds are
in Fig. 5, where the horizontal axis is given directly in termsanticipated to be most pronounced at low temperatures.
of Ad,/d;, leads to the conclusion that the in-plane latticeTherefore, we analyzed the A1) reflectivity data using a
parameter of the film is identical to that of the substratemodel that, in addition to strain in the deposited film, in-
Such pseudomorphic growth with uniaxial strain is com-cludes pyramidal surface structures.
monly observed irheteroepitaxialsystems® Using a Veg- Since specular reflectivity gives information on the verti-
ard’s law (linear relationshig® between the concentration of cal surface height, we consider the exposed surface fraction
point defects and the defect volume, which is then correcte@; at a crystalline layer height wherej=0 is taken as the

Intensity (arb. units)

10! ' :
-1.5 -1.0 -0.5 0.5 1.0 1.5
Ad”/d” (%)

for the uniaxial strairf? we obtain substrate surface layer. Three-dimensional pyramids are in-
corporated into a simple model for the reflectivity by recog-

dfiim — dsubst: N 2C12) c (1) nizing that the exposed surface fraction changes linearly with

fiim Cy /)™ j and, superimposed on this, the pyramid heights will fluctu-
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j=N TABLE |. Parameters determined from the fits to the(2Lf)
! ! data in Fig. 4.
j=2 W
N \_"—\_‘—’_[ @oPt  @comp o Npyr Soyr Orop 6,
j=0 e e .
e 0.7 1.32 1.31 2.10 125 050 1.0
S 2.1 3.34 2.49 5.45 1.87 0.38 1.0

L ebstmte 50 450 491 1263 194 023 09
106 1180 890 2520 275 014 0.9

FIG. 6. Schematic diagram showing a cross section through sential feature that the exposed area varies with layer height.
typical pyramid. Each terrace is assumed to have the same Width The most significant corrections to this pyramid shape will
which leads to an exposed area that decreases linearly with increagecur towards the top and bottom where there can be a sub-
ing terrace leve). stantial increase in the exposed area—this is approximated

) o . by 6, and 6, where the corrections are implemented in a
ate. The basic parameters of the model are indicated in th'SngIe layer at the top and bottom of the pyramid, respec-

dia_gram of Fi_g. 6, whic_h shows a cross sectio_n through EEively. Allowed to vary in the fit were an overall intensity
typical pyramid. For a single flat-topped pyramid haviNg scale factorNoy,, Spr. fiop: anddyy, . Note that these pa-

layers with equal terrace width&/ and an exposed surface rameters are quite uncorrelated among each ofiigr: de-

fraction of the top layer,6,, we calculate the layer- . i .
dependent exposed surface fraction te'rmlnes the oscillation period at low angle, aﬂ}mn deter-
mines the asymmetry around the Bragg reflection, whereas

PM=b—aj, j<N-1, Oop and S, affect the magnitude and decay of the oscilla-
tions. It was found that the fits required to be near unity,
p;ayr: Oropr 1 =N, 2) but were otherwise insensitive to the actual value: thiys,
5 ) was fixed within the range 0.950.05.
wherea=2a*, b=2a—ea* anda=(1-6,y/N are ob- The best fits to the A@.11) reflectivity data, represented

tained by requiring normalization of the surface fraction,py the solid curves in Fig. 4, match the asymmetries around
SioP}Y'=1. Herea=2W/D relates the terrace widWto  the Bragg reflectiorand the low-Q, interference fringes, at
the mound separatiod, but neithetW nor D can be deter- 5| four coverages. The fits yield a surface-normal compres-
mmeq |ndepgndently, since specular reflectivity does not progjye strain of 1%, for all®’s. Thus a coverage-independent
vide information on the lateral length scale. Because not albo, vacancy concentration is incorporated in the Ag/4d)
pyramids have the same height, we assume fluctuations haﬁ[ms deposited aff =100 K, which is the same value that

iilgpcgty binomriglhd(ijst;ibution of the pyramid. dhrre]ig_htsP,j was found for the(001) orientation. The other parameters
= i On, which defines an average pyrami eigly, obtained from the fit are given in Table I. It should be noted

and pyramid height varianﬁyr. The specular refle_ctiv_ity is that the coverage computed from the ®€°™= P, , is in
then calculated from the film and substrate contributions: excellent agreement with the experimentally determined cov-

f 2 V.Vi—1 |2 erage®®® obtained from a calibrated quartz microbalance.

| (QZ)| 2 P b . . I I . h h

Rx 2 [Vol 1_e*IQ2dsubst+(1_cv)mﬁ , As expectedN,,, is observed to increase linearly with the
z

3 coverage, whereag,, is found to decrease due to the nar-
rowing of the pyramid tops as they grow taller. In addition,
wheref(Q,) is the atomic form factor of Ag and, , deter-  our analysis reveals details of the surface morphology that
mined through Eq.(1), makes a small correction for the produce the lowQ, interference fringes. Figure 7 shows the
vacancy-induced change in film densi§ accounts for the fraction of the exposed surface atonfs,, as a function of
roughness of the starting substrate surface, which is negliheir height leve| (normalized to the average pyramid height
gible, so we take/,=1. HereV,, allows for a fluctuation in  Np,) at different coverages, as it results from the fits in Fig.
the position of the base of the pyramids, but this was alsdh. In addition to a maximum population of exposed terraces
found to be negligible {,=1) during the analysis of the occurring forj=N,,,, significant populations of exposed ter-
data. Vo incorporates the effects of the pyramidal surfaceraces also occur at smalllt is this extendedlistribution of
morphology and is given by exposed terraces, and not the mere presence of pyramids,
which leads to the appearance of fringes in the Q@wre-
flectivity. For comparison, the inset to Fig. 7 shows tff, “
vsj” dependence determined for Ag/AtL1) at 200 K,[from
Fig. 1(@)], where mounds are well develop&dyut no inter-
where 6y, is introduced as a shape correction and is effecference fringes are observed.
tively the fraction of the surface covered by pyramids. Al-  There are a number of interesting observations about
though the model is a highly simplified description of the the surface. First, it is much rougher than at 200 K, exhibit-
surface, the linear dependenceRﬁyr on j captures the es- ing a more vertical growth that exposes terraces near the

Vo=(1—6,)+ eb; P, e Qzdiim], (4)
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FIG. 8. Coverage dependence of the total surface roughness
(open symbols and pyramid rms height fluctuatiorss,,, (solid
symbolg determined from the fits to the Afjl1) data in Fig. 4.
-0.05 — ! ' ' ' ! vacancy or vacancy cluster is not clear, and further experi-

mental and theoretical investigation is necessary to address
these questions, as well as the full nature of the induced
surface morphology.

FIG. 7. Fracti f f tof Iting f ..
G raction of exposed surface atofs, resulting from The present study does not address the origin of the va-

the best fits to the AG1D reflectivity data in Fig. 4, is shown as a . | H he simil in ob
function of the normalized height levél,, for four different cov- cancies or vacancy clusters. However, the similar strain ob-

erages. These particulB; distributions(and not the mere presence served for both théll_l) and (001 surfaces §uggests that,
of mounds give rise to the interference fringes observed in theWhatever the mechanism of vacancy formation, it should be
low-angle region in our experiment. The inset shows tRe ¥s |” _S|m|Iar on l_)oth surface orientations. Cand|d_ate m_echamsms
dependence for a Ag/AGLD film grown at T=200 K having a  include “microprotrusions,” proposed by simulatiofisor
Gaussian distribution, which does not lead to interference fringes.POSsibly grain boundaries, which might precipitate vacancies
or clusters. It is not clear whether either of these mechanisms
substrate (at least for these low coveragesAlso the \yould work the same way on the two surface orientations.
total mean-squared roughness computed from the dits, Finally, it could be that islands trap vacancy holes during
=VZjj°P;— 07, increases almost linearly with the coverage |ow-temperature growth and do not fill in efficiently during
(0> ©F, wheref=1), as shown in Fig. 8, while the fluctua- subsequent growth. This last mechanism has the potential to
tion of the pyramid heights is comparatively sm@k=1 is  be similarly effective on both surface orientations.
what one would expect for a surface roughness dominated by |In summary, we have used synchrotron x-ray diffraction
geometric structures rather than noise. Finally, we observg investigate the growth of Ag on Ag01) and Ag11l)
that warming the sample to 300 K causes the fringes to dissurfaces aff =100 K. We observed that a 1% compressive
appear, indicating that the surface morphology changes whedirain is present in the deposited Ag film, regardless of the
the vacancies anneal. This suggests that there is a larggientation of the substrate. This indicates that a large va-
atomic mobility when the vacancies anneal, causing thesgancy concentratior{2%) is incorporated in the evolving
rather unstable vertical structures to rapidly deterioratéilm during growth. We also find that the presence of vacan-
through a downhill atom current, which fills the lower ter- cies has a strong effect on the Ad1) surface morphology,
races near the substrate and destroys the interference fringggere the distribution of heights is much different from the

In additon to the wusual surface-curvature-drivenGaussian distribution found at higher temperatures.
smoothening® cascade or avalanche efféétobserved on

both Cy111) and Ag111) at higher temperatures might dra-
matically enhance the surface annealing concomitantly with
the vacancies annealing to the surface. Support is acknowledged from the National Science

Thus, significant changes in the morphology of the evolv-Foundation under Contra¢P.W.S) No. DMR-9202528 and
ing surface occur when the growth of Ag films on(@@41) is  (P.F.M., C.E.B., W.C.B.No. DMR-9623827 and the Mid-
carried out at “very” low temperatures. That these changesvest Superconductivity ConsortiutMISCON) under DOE
are concomitant with the incorporation of a large vacancyGrant No. DE-FG02-90ER45427. The SUNY X3 beam line
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