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We describe a detailed real-time x-ray scattering study of the evolution of the surface morphology of
Au(111) both during ion erosion with 500-eV Arions, and during homoepitaxial growth. We monitor the
erosion and growth morphologies as a function of substrate temperature. We also monitor the surface recon-
struction, since it is known to play an important role in determining growth regimes(@tIPtlon irradiation
of Au(11)) leads to surface morphology evolution by step retraction above 270 °C and quasi-layer-by-layer
removal at 90—220 °C. The extent of the surface reconstruction ¢hlAuduring ion irradiation gradually
decreases with decreasing temperature. While the herringbone reconstruction remains during ion irradiation at
270 °C, the long range order is lost and only {B&xv3) reconstruction is present at 170 °C. We also observe
layer-by-layer growth in the Au/A@11) system at 55—145 °C, a result that differs from the usual behavior of
homoepitaxy on fc@11) surfaces. As in the layer-by-layer erosion regime, only(&2xv3) reconstruction is
present during layer-by-layer growth. Room temperature ion irradiation lead&ltola surface structure and
a three-dimensional rough morphology exhibiting pattern formation with a characteristic lateral length scale.
Line-shape analysis of the diffuse scattering in transverse x-ray scans taken during low temperature ion
irradiation, indicates that the characteristic lateral length scale increases with time consistent with a power law
| ~t%28 This agrees with a simple analysis of the position of the satellite peak in the diffuse scattering in these
transverse x-ray scansS0163-182¢09)10647-7

[. INTRODUCTION sion the same as those during epitaxy; and, can surface mor-
phology evolution during ion erosion be described in terms
lon beam erosion of materials is commonly used for patof scaling laws developed for thin film growth?
terning in device fabrication and in thin film composition  We present below the results of a study of both ion ero-
analysis techniques such as secondary ion mass spectromesign and epitaxial growth on thel11l) surface of Au. The
(SIMS). lon beam irradiation at low temperatures can lead ta111) surfaces of fcc metals are interesting for a number of
a variety of surface morphologies including a self-affinereasons. Thin films of Cu, Ag, and Au often serve as the
surface! a rippled surfacé;>* and a patterned surface with nonmagnetic spacer material in magnetic multilayers. These
mounds and pit3®’ The choice of the optimal irradiation films are often sputter deposited and exhibi.&1) texture°
conditions to minimize overetching during device fabricationdue to the low surface free energy of ttid 1) orientation. It
or to improve depth resolution in SIMS, can be aided by ais interesting that is there no layer-by-layer growth regime on
better understanding of the evolution of surface morphologysingle crystal fcq111) metal surfaces such as Cu, Ag, and
during ion bombardment. Ni.!* As the substrate temperature is increased, a direct tran-
Control of the surface morphology at the monolayer scalesition from three-dimensional rough growth to step flow
requires an understanding of the relative importance of difgrowth is observed. This behavior is due to the large Ehrlich-
ferent microscopic mechanisms controlling mass flow duringSchwoebel barrier for adatoms in these systtm$he
the erosion process. While considerable effort has been mad&(111) surface is an exception to this rule, exhibiting reen-
to develop such an understanding for morphology evolutiorirant layer-by-layer growth?'® The surface reconstruction
during epitaxial thin film growth, less is known about mor- on P{111) at high temperatures plays a crucial role in pro-
phology evolution during ion erosion. In a simple view, ion moting the layer-by-layer growth at high temperatu#s0—
erosion is the mirror image of epitaxy. In detail, this simple800 K).1* Less is known about homoepitaxy on the(All)
picture is complicated by the fact that ion erosion involvessurface. A scanning tunneling microscofTM) study of
subsurface deposition of energy and both adatom and vau(111) homoepitaxy indicated three-dimensional growth
cancy kinetic8 are important for the determination of the after 5 ML of deposition at room temperatdreTheoretical
surface morphology. Relevant questions to ask include: arealculations based on effective medium theory suggest that
the regimes of surface morphology evolution during ion ero-there is a large Ehrlich-Schwoebel barrier for adatom diffu-
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sion on A111), and that there should be no layer-by-layer mirror (Rh) was placed after the double bounce monochro-
growth regime'® mator to eliminate third and higher harmonics from the inci-
In this paper, we describe a detailed x-ray scattering indent beam when using the (811) crystals. The scattered
vestigation of the evolution of both the surface morphologyx-ray intensity from the A(111) sample was measured using
and the surface reconstruction of Ad1) during 500-eV g Na(T1) scintillation detector.
Ar ion irradiation and during homoepitaxy. X-ray scattering  The details of the x-ray scattering geometry are described
is an ideal probe for monitoring the surface morphology ands|sewheré® The UHV chamber is mounted on a four circle
structurein situ and inreal time and can thus be used 10 gjffractometer that permits independent variation of the inci-
determine the influence of substrate temperature, as well gt anglex, the outgoing scattering angfg the transverse

growth and ion bombardment parameters. In a previougcarering angld and the sample azimugh. The magnitude
paper we reported the observation of changes in surfac%nd direction of the scattered wave vectpr(q; ,d,) =Ko

morphology evolutlorl with decreasing temperature, from_k determines the type of information that can be obtained
step retractior(> 270 °Q, to layer-by-layer removal120— from x-ray scattering. Herek, andk are the incident and
220°0), to rough erosion and pattern formati¢a 60 °C) x-ray Ing. 0 Inci

scattered wave vectors, amg and g, refer to the compo-

during 500-eV Af ion erosion of A111). Here we show a )
more complete data set taken during these erosion regimed€nts ofq parallel and perpendicular to th@11) surface,

also showing the changes in the surface reconstruction witfFSPectively. Measurement of the specular beam intensity
temperature. At high temperatutes 270°0 the surface (g;=0) gives information about surface roughness in the
shows the herringbone pattern, while in the layer-by-layedirection normal to the surface. Off-specular diffuse scatter-
regime the surface exhibits only ti22xv3) reconstruction. ing (d,#0) gives information about lateral correlations in
Room temperature ion irradiation leads to complete loss ofhe surface morphology.

the surface reconstruction. We also observe layer-by-layer The base pressure in the UHV chamber was 3
growth during homoepitaxy on Ali1l) at 55-145°C, a re- X10 °mbar. A Au111) single crystal with a miscut of less
sult that differs from the usual behavior of homoepitaxy onthan 0.1° was used for the experiments. The smooth starting
fce(111) surfaces! During layer-by-layer growth, as in the surface was prepared by repeated sputtering and annealing
layer-by-layer erosion regime, the herringbone reconstruceycles at 350—450 °C. Auger electron spectroscopy did not
tion characteristic of AW 1Y) is lost, and the surface exhibits show any contaminants, indicating that impurity levels were
Only the (22><\/§) reconstruction. Room temperature ion ir- below =~ 0.1% of a ML. The Samp|e temperature was mea-
radiation leads to pattern formation on Adl). We show  gyred using a thermocouple connected to the substrate
the results of a line-shape analysis of the diffuse scattering ijo|der. The thermocouple was calibrated against a pyrometer
transverse x-ray scans taken during low temperature ion iy, the temperature range 80—200°C. Temperatures outside
radiation. The analysis uses as input parameters the shaqﬁis range were obtained from an extrapolation of the

size, and position distributions of the features in the .pattemthermocoupIe-pyrometer calibration curve. Sputter erosion
The scaling exponent for the variation of the spacing be-

o - . experiments were performed with 500-eV'Aions, incident
tween features with time obtained from the line-shape anal 5t 45° with respect to the surface normal. The chamber was
sis agrees with our more simple analysis reported e2disa P )

also agrees with a continuum model for molecular bear’r{illed with Ar fo a pressure of 810" * mbar duri_ng sputter-
epitaxy.” ing. An effusion cell was used for Au homoepitaxy.

The paper is organized as follows. In Sec. Il we describe
the details of the experimental apparatus and the x-ray scat-
tering geometry. Scattering from a clean, reconstructed
Au(111) surface is described in Sec. lll. We discuss in Sec. lll. DIFFRACTION FROM CLEAN, RECONSTRUCTED
IV the evolution of surface morphology and surface recon- Au(11))
struction during ion irradiation, and in Sec. V the same dur-
ing homoepitaxy. In Sec. VI we describe pattern formation |n this section, we discuss the x-ray scattering observed
on Au(111) during low temperature ion irradiation. In Sec. from a clean, smooth, and reconstructed(#il) surface.
VIl we discuss x-ray line-shape analysis and in Sec. VIIl wegylk Au(111) has the fcc structure with a lattice constant
summarize the main results. =4.08 A in the conventional simple cubic unit cell represen-
tation. On the surface, atoms rearrange themselves into
22xv3 cells with 23 atoms squeezed into 22 sites. Due to the
threefold symmetry about th€l11) axis, there exist three
equivalent(22xv3) domains that, in turn, arrange to form a

X-ray scattering experiments were performed on the AZherringbone pattern. The surface reconstruction of1Ad)
line at the Cornell High Energy Synchrotron Sourcehas been studied previously using low energy electron dif-
(CHESS. X rays from the synchrotron pass through afraction (LEED),'® helium atom scattering. STM 2?2 and
double bounce monochromator before entering the ultrahigh-ray scattering?
vacuum chambe(UHV). The energyE of the x rays was In describing the x-ray scattering geometry, the reciprocal
chosen to be 10 ke\wavelengthh\=1.24 A or 11 keV  space directionsH K L), will be written in the hexagonal
(A\=1.13 A). The monochromator was either a pair of notation (subscript hex*> Real-space directions will be
W/B,C multilayers with a bandpasSE/E~0.01, or a pair given in the conventional simple cubic unit cell notation
of Si(111) crystals withAE/E~0.0004. A grazing incidence (subscript cubigz The real-space basis vectors in the simple

Il. EXPERIMENT
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cubic unit cell representation are
a; = ax,
a,=ay,

. © .

az=az (D)

In the hexagonal notation, the real-space basis vectors are
taken as

Az=a(X+y+2), (2

giving the reciprocal space basis vectors

4 o
Bl:g (—2x+y+2), Intensity
2k
B 4 20t 23
=—(—X—V+ |
2 3a ( X=y Z)! 1
2 0 | ] |
53:3_a()’z+9+2)_ (3) —0.02 . (1.002 ) 0.02
(10=T5 9759 00 ey
Figure Xa) shows a schematic of a constanplane of the ()
reciprocal space and Figs(hl and Xc) show the section _ _ o _
near the (10) truncation rod for a reconstructed il 1) FIG. 1. (a) The reciprocal lattice with directions in the hexago-

surface. Note that all reconstruction spots are not shown 2! notation for the AiL11) surface. The low energy electron dif-
Figs. 1b) and 1c) for the sake of clarity. A surface with the fraction pattern observed from the clean, reconstructgdm) is
three rotationally equivalen22xv3) domains but no her- also sketched. The_ bulk spots are _sho_wn as open circles and t_he
ringbone pattern will have a diffraction pattern, as shown insurface reconstruction spots as solid circles. The LEED pattern is

. . _ _ 1 : . not drawn to scale(The region around thgl0}e, rods is enlarged
Fig. 1(b) with 5p=2v27/22a=0.099 A"*. With a herring- for clarity.) (b) and(c) show expanded views of the region around

bone pattern, the diffr_action pattern would appear as in Figthe (10),., truncation rod, indicated by the dashed box(@, for
1(0,)' Note that the reciprocal space spots que to(RxV3) the Au112) surface;(b) corresponds to the22xv3) reconstruction;
unit cell are not present when the surface is fully covered by,nq(c) the herringbone pattern. Note that the spots du@2xv3)
the herringbone pattern. reconstruction are not present on a surface with the herringbone
A sketch of the LEED pattern from a clean, reconstructechattern.(d) A (1.034-q*/v3,29* /v3,0.08),¢, X-ray scan from the
Au(11]) surface(observed in a separate vacuum chami®r  clean, reconstructed AliL1) surface showing the herringbone pat-
overlaid on the constarit plane in Fig. 1a). Only the short  tern. The direction of the scan is indicated by the dashed liie)in
range orden22xv3 unit cell) is seen in LEED due to the The separation between two adjacent peaks corresponds to a unit
small coherence length of our instrument. Figufe) is a  cell dimension of 242 A.
(1.034-qg*/v3,29*/v3,0.08),c, X-ray scan, indicated by the
dashed line in Fig. (t), showing the herringbone pattern on
the surface. The separation between the peaks . : .
~0.026 A1 corresponds to a surface unit cell dimension of 2" oat various substrate temperatures in the range 35—
242 A along thg110) ;. direction, in close agreement with 270°C. .In this geomgtry, the x rays scattergd from tWS
a previous STM study250 A).22 successwé;ll) planes in the crystal are gppr_ommately_l_SO
(more precisely 173°out-of-phase, maximizing sensitivity
to changes in the surface roughn&s3he nearly constant
specular beam intensity at 270 °C indicates surface evolution
by step retraction. The loss of specular beam intensity at
In this section, we discuss a real-time x-ray scattering35 °C indicates the development of three-dimensional rough-
investigation of the evolution of both the surface morphol-ness. At intermediate temperatures of 120-220°C we see
ogy and the surface reconstruction on(ALl) during ion intensity oscillations indicating quasi-layer-by-layer re-
irradiation. Figure 2 shows the evolution of the speculamoval. Quasi-layer-by-layer sputtering has been previously
beam intensity at the (0 0 1.44) position, close to the anti- observed on $100),® and S{111),%” using reflection high-

Bragg (0 0 1.5),, position?* during 500-eV Af ion irradia-

IV. SURFACE RECONSTRUCTION OF Au (111) DURING
ION IRRADIATION
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Intensity 6 rommromacicr oo Intensity

270°C 2.8 —43ML

35°C 23-34ML

FIG. 2. Evolution of the specular beam intensity at the —-0.02  0.00 0.02
(0 0 1.44),., position during 500-eV A¥ irradiation. The evolution I
! ' . ¢ - (1.034—=q',—=q, 0.08)
of the intensity at different temperatures is offset vertically for clar- V37'V3 hex

ity.

FIG. 3. X-ray scans taken during 500-eV*Aion irradiation at
] . . . different substrate temperatures and at different times during ero-
energy electron diffraction, and on(R11),?® using helium  sjon. The (1.034 g*/v3,29* /v3,0.08),e4 Scans show the variation
atom scattering. Previous STM studies of ion irradiatedof the surface reconstruction during ion erosica. 270 °C, the
Au(11)) have also suggested a layer-by-layer sputteringherringbone pattern is maintained during ion irradiatid;120 °C,
regime?g' only the short range order is retained with<(v3) reconstruction,
Since surface reconstruction can play a crucial role ins=22-23; andc) 35 °C, the surface reverts to(ax1) structure.
surface morphology evolutiofRef. 14 and see belgwwe  The x-ray scans were taken during ion irradiation with the start and
investigated the evolution of the surface reconstruction durend coverages indicated.
ing ion irradiation. Figure 3 shows (1.034

__sition (0 0 1.5),,] during deposition of Au on A{@11). In-

oo . %ensity oscillations were observed in the temperature range
500-eVAr" ion irradiation at different substrate tempera- g5_q145°c. The oscillations have the parabolic shape indi-

tures. Comparing with Figs.(@) and 1d), we see that the cating close to ideal layer-by-layer growth. Figuréby

herringbone pattern is retain€ldring ion erosion in the step shows a (1.034q*/v3,2q*/v3,0.08),., scan taken after
retraction regime at 270 °C. However, the intensities of th%eposition of 0.1 ML at,70 oC. ',rh'e suerxface has (B&xv3)
peaks are about 30% less than those obtained from the cleggstryction. Scans taken both during and after deposition
surfacg Fig. 1(d)], indicating some amount of disorder in the of 4 ML indicate that the surface has ti22xv3) recon-

arrangement of the 223 domains. In the quasi-layer-by-  g,cion during growth at 70 °C. The herringbone pattern is
layer sputtering regime at 170 °C, the long range ofter- lost within 0.1 ML after deposition has begun.
ringbone pattgr)’n is lost. However,_ the_ Xv3) motif, s A previous STM study of Au/A(L1Y) epitaxy reported
=22-23, is still preserficompare with Fig. 0)]. At35°C, 106 _dimensional growth after 5 ML of deposition at room
both the long and short range order are lost and the surfaggmperaturd® However, snapshots of the surface at different
reverts to a(1x1) structure. _film thicknesses reported in Ref. 15 are consistent with there
The different regimes of surface morphology evolutionpeing 5 few specular beam intensity oscillations had they
during ion erosion of AWL1D) are analogous to those com- \,seq 4 diffraction prob&: As noted above, the observation
monly observed during molecular beam epitaxy. The exteng¢ quasi-layer-by-layer growth in A@11) homoepitaxy is in
of the surface reconstruction on f1]) during ion irradia-  ¢ontrast to the other fec transition metals Cu, Ag, andN?
tion gradually decreases with decreasing temperature. A high Ehrlich-Schwoebel barrier for adatoms in the Cu/
Cu(11l) and Ag/Ag111) systems is responsible for the ab-
sence of the layer-by-layer growth regime. In fact, atomistic
V. AulAu (111) HOMOEPITAXY calculations also suggested a high Ehrlich-Schwoebel barrier
Since we observe a layer-by-layer sputtering regime orfor adatoms on Au/A(l11) and that the layer-by-layer re-
Au(111), what about the inverse process of Au(Alil) ho-  gime should not occur on Au/Afi11).16
moepitaxy? On fod 11) metal surfaces such as Cu, Ag, and One explanation for the observation of layer-by-layer
Ni, there is no layer-by-layer growth regime and a directgrowth is that Au adatoms face a small Ehrlich-Schwoebel
transition from three-dimensional growth to step flow growthbarrier. Alternately, the mechanism for layer-by-layer growth
is observed with increasing temperattite. on Au(111) may be similar to the one responsible for the
Figure 4a) shows the variation of the specular beam in-high temperaturg470—800 K layer-by-layer growth ob-
tensity at the (0 0 1.44), position[near the anti-Bragg po- served in Pt/R111).1%%In contrast to the&111) surfaces of
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FIG. 4. Evolution of the specular beam intensity at the pgig 5. (@ Low angle transverse x-ray scaridark lines
(00 1.44),, position during A¢111) homoepitaxy. The evolution  yrough (0 0 0.15),, taken during 500-eV At ion irradiation at
of the intensity at different temperatures is offset vertically for clar- g5 o Only the diffuse scattering is shown. The scans are offset
ity. vertically for clarity. The light lines are fits to the experimentally
observed line shapes using the model described in Sec. VII. The
parameters in the model a® at 1300s,p=12°, 2R=155A,
o=17A, 0,=0.2; (i) at 2700 s, $=12°, 2R=190A, o,

Cu, Ag, and Ni that do not reconstruct, the (A1) surface
undergoes a reconstruction to form a herringbone pattern
just the (22Xv3) reconstruction At high temperatures, =17A, o,=0.2; (iii) at 5900 s,$=13°, 2R=240A, ;=22 A,
Pt(111) has a reconstruction similar to that on Aa1).** In  ¢,=0.2; and(iv) at 12700 s,¢$=14°, 2R=295A, o,=25A, o,
Pt/P{111) epitaxy, adatoms diffuse slowly on the recon- =0.2.(b) The variation of the average separation of features with
structed RtL11) surface(resulting in a high island nucleation the number of monolayers removed. The scaling exponent from the
density but diffuse rapidly on top of the unreconstructed simple estimate made from the position of the satellite peajcees
islands** Thus island coalescence sets in before the islandith the more detailed modél’ in Sec. VI).

size gets close to the critical radius for second layer nucle- )
ation, resulting in layer-by-layer growtHi. average separation between features, assumed to be close

packed. Determination of the average distance between fea-
tures from the measured line shapes is complicated by the
fact that the scattered x-ray intensity is influenced by the
feature size and shape. We discuss a line-shape analysis in
We now turn our attention to ion erosion at low tempera-the next section. Here we make a simple estimate of how the
tures. lon irradiation at 35°C leads to three-dimensionatharacteristic length scalé~4w/Aq, varies with time,
roughness as indicated by the loss of the specular beam imvhere Aq, is the separation between the symmetrically

VI. LOW TEMPERATURE ION IRRADIATION: PATTERN
FORMATION

tensity in Fig. 2. Transverse scans through the (Q,ajun-
cation rod withg,=0.133 A1 (L=0.15 in hexagonal units
taken during sputtering, are shown in Figaab Satellite

placed satellite peaks. The variation of the length skalich
the amount of material removegroportional to time is
shown in Fig. %b). The length scale increases with time,

peaks in the diffuse scattering, located symmetrically aboutonsistent with a power law~t", wheren=0.27+0.02. A

the specular positiong=0), are observed and indicate the simple analysis of the line shapes, described in a previous
development of features with a characteristic lateral lengtipaper’ also suggested that the aspect ratio of the features
scale on the surface. The length scale is proportional to theemains
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nearly constant during ion irradiation. the location of the first peak in the radial distribution func-
The observation of pattern formation during ion irradia- tion. Therefore, the valueﬁ?/qﬁ’ overestimates the average
tion suggests a diffusion bias for surface defectsseparation between features. For close-packed features of av-
(vacancies/adatom* The diffusion of surface defects on erage radiusk, both the width of the form factor and the
both the terraces and along step edges can give rise tol@cation of the first peak in the structure factor will scale as
diffusion bias. For diffusion on the terrace, an Ehrlich-R™!. Since the intensity is a product of the form factor and
Schwoebel barriefactivation barrier to joining a step from the structure factor, the position of the satellite peak is also
the upper terrace in excess of the terrace diffusion bawier expected to scale @& ! if the following assumptions are
a vacancy-step attractihare possible sources of diffusion satisfied:(a) the size distribution functiori(r) of the fea-
bias. Edge diffusion also generates a diffusion bias since thgires remains invariantp) the shape of the structure factor
motion of defects along a step edge is, on average, directdg invariant; and(c) the instrument resolution function is
toward the inner cornerg'uphill” ).*® Continuum equations  ideal (& function). If these assumptions are satisfied, the scal-
incorporating a diffusion bidé'” show pattern formation ing exponent obtained by tracking the positions of the satel-
with the surface morphology consisting of mounds and pitsiite peaks will be the same as the scaling exponent for the
The length scaldproportional to the spacing between fea- evolution of length scale with time.
tureg increases with time as neighboring mourtdad simi- In order to estimate the scaling exponent, we now con-
larly pits) coalesce. The observation of a nearly constant assider a simple model with a feature shape, a size distribution,
pect ratio of the features during their evolutiam Au(111)  and a structure factor. The surface created by ion erosion
suggests slope selection along the sides of mounds and pitsonsists of features whose average size increases with time.
Pattern formation of this nature with slope selection has beem addition, the aspect ratio of the features stays relatively
observed in molecular beam epita®y?®*°The stable slope constant over time, indicating slope selection along the sides
selected is the slopm where the diffusion bias curreit  of the features.This suggests that we take the feature shape
vanishes andjs/dm<0." The observed scaling exponent to be conical with a base of diametéand half angler/2— ¢
for the variation of the length scale with tim&=0.27 [i.e., the tilt from the(111) orientation is¢]. Although pre-
+0.02, is close to the predicted value of 0.25 in a continuunvious LEED (Ref. 5 and STM (Ref. 29 studies indicated
model for surface morphology evolution during epitd¥d/.  that steps on the sputtered surface run preferentially along
(110 directions, we ignore any azimuthal dependence in this

VII. LINE-SHAPE ANALYSIS simple model. The form factor is given by
In this section we show that the scaling exponent obtained 2 (di2
by tracking the positions of the satellite pedkse abovgis F(qy,0.)=— f Jo(qyr)
the same as that for the increase of the average separation 9.
between features with time, extracted using a model of the Xr[expliq,(r—d/i2)tang)—1]dr.  (6)

surface morphology that makes reasonable assumpisees

below). Consider the surface of ar@ao be completely cov- The size distribution functiofi(r) is taken to be a Gaussian
ered by N features. The intensity for scattering from this distribution with meanR (radius of base of the copend
surface is assumed to have the same general form as that fetandard deviatiofr; .

a dense gas or liquitf;*2 We construct the structure fact&q) based on a tight-
packed arrangement of circular disks on a hexagonal lattice.
I(a)=NIF(q)]*S(q), (4 If the diameter of the disk i®, the nearest neighbors would
lie atD,v3D,2D,\7D,3D,... with multiplicities 6, 6, 6, 12,

whereF(q) is the form factor of the feature ar(q) is the
structure factor. The structure fact8(q) is related to the
radial distribution functiorg(r) of the features b}

6, . ...Since the reciprocal lattice of a hexagonal lattice is
also a hexagonal latticexcept for a rotation of 30; S(q)
would consist of a series aof functions. We construct the
structure factor for the ion-eroded surface by broadening the

N
S(g)—1= N f d?r[g(r)—1]expiq-r). (5)  S(qg) of an ideal hexagonal lattice:
Since the surface is covered by features of different sizes, we M| a; ) )
replace the square of the form factor in E4). by an average S(ay)= Z‘l 270 027D, exf —(q;—bj)*/2bja3].
({IF(q)|?) over a size distribution functiof(r). Since the 2 ' &

average separation between features is small compared to the

mean terrace size on the vicinal surface, it is reasonable tHere,b; is the distance in reciprocal space to tlie nearest

assume that the centers of features lie in a plane. This makegighbor, andy; is the multiplicity of theith nearest neigh-

the structure factor independent @f. bor. Two aspects to note about the formS§f)) are(a) the
The form factor of the features is peakedgat=0 and is  peak corresponding to thi¢h nearest neighbor at,=b; is

a decreasing function af; for smallq, . On the other hand, broadened by a Gaussian function with variabces, and

the structure facto8(q;) is an increasing function for small (b) the functionS(q) is taken to be cylindrically symmetrical

q;. Hence, the first peak in the intensit{r) would be ex-  and independent afj, .

pected to lie at a value aj,=qf that is smaller than that Finally, the experimentally measured intensity is a convo-

corresponding to the first peak 8{q;). The first peak in the lution of the calculated intensity, E¢4), with an instrument

structure factoiS(q,) is located close to 2/1’, wherel’ is  resolution function. A Gaussian function with standard de-
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viation of 0.0025 A gave a reasonable fit over two orders s/ML in both experiments. A satellite peak is observed in the
of magnitude to the measured intensity from the clean, startnitial stages of sputtering at both valuesof. Furthermore,
ing surface and is taken as the instrument resolution functhe length scale estimated from the location of the satellite
tion. (With a narrow incident beam spot size and detectopeak at bothq, is consistent at short timeg<1000 3 as
window, peak widths as narrow as 0.001 ‘Ahave been shown in Fig. €c); the satellite peak moves to smalley|
measured suggesting that the sample contributes little to thaith time indicating an increasing separation between fea-
broadening of the specular beam tures on the surface. Af,=0.16 A™1, the satellite peak in-
The calculated line shapes are overlaid on the experimersreases in intensity and moves to lowgy| throughout the
tal data in Fig. a). A constant intensity indicated by the 7200 s of sputtering. On the other handgat 0.32 A~ %, the
dashed lines in Fig.(8) was added to the calculated intensity satellite peak gradually diminishes in intensity, becomes
to account for the background counts. This analysis producedroader and moves to largfs,| after ~1200 s. This, how-
nearly constant values of; /R, ¢ ando, during the course ever, does not indicate a loss of order on the surface, since
of removing 10-100 ML, satisfying the assumptions of theFig. 6(a) clearly demonstrates the existence of a characteris-
heuristic argument presented above. The average separatito length scale up to long times.
between featurek’ is given by the first peak in the radial The broadening of the satellite peak at the laggecan be
distribution functiong(r), calculated from the structure fac- understood from Eq(4). Since the structure factor is inde-
tor S(q) using Eq.(5). Figure §b) shows a comparison of pendent ofj,, the broadening of the feature form factor with
the length scal&’ obtained from the line-shape analysis with increasingq;, is responsible for the observation. As an illus-
the length scald obtained from the simple estimate de- tration, Fig. &d) shows the square of the form faci®(q)|?
scribed in the previous section. While the absolute values dfor a cone with a radiuR=100A and anglep=12° atq,
the length scale differ by=10%, the scaling exponents from =0.16 A~ and 0.32 A'X. Why does the form factor broaden
the simple analysis and the more detailed line-shape analysigith increasingy, ? A simple picture is as follows. When the
are close. depth of surface corrugation exceeds/g,, a point on the
Finally, we note that the observation of the satellite peaksurface at X,y,z+2w/q,) can be shifted tdx,y,2 without
and its association with an average distance between featuraay change in the x-ray signal. The folding introduces lateral
on the surface can be done unambiguously only for transeorrelations at shorter length scales resulting in a broadening
verse scans at low values @f.*® Figures 6a) and b) show  of the satellite peak. This can be seen in Figl)6vhere the
transverse scans through the (QQ)truncation rod taken scattering from a point at the base of the cone and at the tip
during sputtering at g,=0.16 A"! (L=0.18) and of the cone isy,Rtan$=1.08r, and 2.16r out of phase at
0.32A"Y(L=0.36), respectively. The sputter rate was 210q,=0.16 A"* and 0.32 A%, respecitively.
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VIll. CONCLUSION (22xv73) reconstruction during homoepitaxy. Room tempera-
ture ion irradiation leads to pattern formation on(AlLl). A
rI\ne—shape analysis of the diffuse scattering from the pat-

; ) AR - Yerned surface indicates that the average spacing between
reconstruction on A{i11) during 500-eV At ion irradiation - s . .
and homoepitaxy. lon irradiation leads to the different re—]cf?ggges increases with time, consistent with a power llaw

) . . - o i , In agreement with a simple analysis based on the
?quvej gfgigzrgtfgm;onn;fy?r%e%’irﬂ:ﬁzuﬁﬁrrm;ﬁygogon position of the satellite peak in transverse x-ray scans. The

(20-60 °Q, analogous to the regimes commonly observed inscall_ng expon%ntl ']? CIOS? to rhebpredlcteQ£zalue of0.25ina
molecular beam epitaxy. The extent of the surface recon(-:Ontlnuum model for molecular beam epitaxy.
struction on A@111) during ion irradiation gradually de-
creases with decreasing temperature. The herringbone pat- ACKNOWLEDGMENTS
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