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From erosion to bombardment-induced growth on Ir„111…
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The morphology of the ion bombarded Ir~111! surface is studied using scanning tunneling microscopy. At a
temperature of 880 K and ion fluences of the order of 1017 ions/m2 the experiments show a transition from an
erosion regime to a bombardment-induced growth regime with increasing ion energy at energies of a few keV.
In dependence of ion fluence, for energies exceeding a few keV a transition from bombardment-induced
growth to erosion is observed. The growth effect is caused by the bombardment-induced formation of bulk
vacancy clusters, remaining at the bombardment temperature still stable against diffusion and annealing at the
surface. Annealing experiments show a gradual decrease of bombardment-induced subsurface damage with
increasing temperature. Ion energy, ion fluence, and temperature dependence of the growth phenomenon are
explained in terms of an effective damage area below the surface.
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no
c
ve

tio
t
a

to

ica
ut
m
n
a
b

a-
o
tu
ll-

in
su

d
fa
tu
he

n-
b
m
y

d
fa
ri-

pe-
the

sure
bulk
tom
t of
ion
hes

be
he
to
ur-
dily
few

the
-

r-
for

ma-

a-
by

en-
er
elt
-
er-
ies
the
s on
the

m-
pike
de-
I. INTRODUCTION

Ion bombardment is a powerful means for surface na
structuring. Depending on the material, ion energy, fluen
and angle of incidence regular patterns of craters, groo
ripples, or dots may be created.1–6 By atomic scale studies
during the recent years it became evident that the forma
and evolution of these nanostructures is intimately linked
the temperature-dependent balance of defect production
defect annealing.

Focusing on ion bombardment of metal surfaces at not
low temperatures and not too high ion energies (,1 keV)
the zeroth-order description of the surface morpholog
evolution is the picture of inverse homoepitaxy. The sp
tered atoms leave surface vacancies behind, which are
bile in the surface layer and agglomerate at surface vaca
islands. Due to an asymmetry in the annealing of the surf
vacancies at step edges—similar to the Ehrlich-Schwoe
barrier for adatoms7,8—continued erosion leads to the form
tion of craters. These craters coarsen during continued b
bardment, develop facets and lateral order. While this pic
is to a certain approximation fulfilled for a number of we
investigated experimental situations,9–11 it has a strong im-
plicit assumption. The damage created by the bombard
ions—bulk vacancies and vacancy clusters, interstitials,
faces vacancies and surface vacancy clusters, adatoms
adatom clusters—anneals by effective bulk and surface
fusion such that the only damage species left is the sur
vacancy due to the sputtered material. Of course, this pic
must fail whenever the surface and bulk diffusion of t
damage is limited and damage annealing is hampered.

Historically one of the most important failures of the i
verse homoepitaxy picture for metal erosion is signified
the discovery of target adatom production due to ion bo
bardment, the phenomenon that besides surface vacanc
lands due to sputtering adatoms islands are also forme
the original surface due to atoms pushed onto the sur
layer.9,12 The visualization of the adatom production by va
able temperature scanning tunneling microscopy~STM! al-
0163-1829/2003/68~24!/245410~9!/$20.00 68 2454
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lowed quantitative studies on the energy and projectile s
cies dependence of adatom production, to image even
adatom damage patterns of single-ion impacts and mea
the temperature dependence of the annealing of the
damage to the surface by changes in the ada
coverage.13–19These measurements provide a key elemen
the experimental basis for our current understanding of
bombardment damage of metal surfaces, which distinguis
two scenarios in dependence of the primary energy.

Up to a few hundred eV, damage production may still
adequately described by a binary collision picture. In t
impact influenced volume the primary particle gives rise
the formation of single interstitial atoms, bulk vacancies, s
face vacancies, and adatoms. The interstitial atoms rea
anneal to the surface at temperatures corresponding to a
percent of the melting temperatureTm. Bulk vacancy diffu-
sion sets in at about 0.2Tm in face-centered-cubic~fcc! met-
als and terminates the annealing of the bulk damage to
surface.20,21 With the onset of the mobility and/or dissocia
tion of the adatom clusters and islands@at about 0.3Tm on
fcc~111! surfaces1# the sputtered material in the form of su
face vacancy islands is the only damage left. Therefore
bombardment temperatures>0.3Tm and at low ion energies
the inverse homoepitaxy picture is a reasonable approxi
tion for the surface morphological evolution.

In the keV primary ion energy range however, the situ
tion becomes, more complex. The energy density created
the primary particle becomes now sufficient to melt the c
tral part of the impact influenced volume. Due to the low
density of the liquid this thermal spike expands and m
flows onto the initial surface.22,23 Because of the heat con
duction into the surrounding the melt cools until the und
cooled liquid rapidly solidifies from the phase boundar
leaving a vacancy rich core of vacancy clusters below
surface and a huge number of adatoms in adatom cluster
the surface. The number of adatoms generally exceeds
number of sputtered atoms by far. Annealing of the ion bo
bardment damage formed in consequence of a thermal s
requires generally a higher temperature than the above
©2003 The American Physical Society10-1
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scribed low-energy damage formed in the absence o
spike.16 Specifically if the vacancy clusters formed are n
connected to the surface, i.e., situated well below it, con
erably higher temperatures for damage annealing than 0.Tm
are required.19 If the vacancy clusters do not diffuse as
entity ~with a size dependent, higher activation energy co
pared to single-bulk vacancies! they can only anneal by dis
sociation of vacancies from the clusters which takes pl
only at about 0.45Tm.20,21

The present study is motivated by two apparently con
dictory results for low fluence ion bombardment of two f
metals at identical scaled melting temperatures at the o
of the spike regime. Ion bombardment of Pt~111! by 1-keV
Xe1 at 650 K (0.32Tm) leads to a clear vacancy island er
sion morphology.1,10 Complete damage annealing to the s
face is just achieved. Ion erosion of Al~111! by 1-keV Xe1 at
300 K ~the same scaled temperature of 0.32Tm) results in
bombardment-induced growth.18,19 Instead of vacancy is
landsonly large adatoms islands are visible on the origin
surface. Although surface diffusion is highly efficient at th
temperature for Al~111! instead of the majority defect~the
vacancy! the minority defect species~the adatom! is visible
at the surface. Evidently large, stable, and immobile b
vacancy clusters remain below the surface. It was conclu
that the different behavior of the two metals is primar
caused by the different depth of melt formation, which for
is located much deeper below the surface than for Pt~111!
due to the much smaller stopping power of Xe in Al. Thu
while for Al efficient separation of the vacancy clusters fro
the surfaces takes place, it may be that for Pt~111! the shal-
low damage leaves the vacancy clusters created in con
tion to the surface, allowing surface diffusion~with a lower
onset temperature than bulk vacancy cluster diffusion or
sociation! to anneal the damage leaving thus only surfa
vacancy islands representing the net removed material.

One may speculate that both morphologies, the vaca
island erosion morphology and the bombardment-indu
growth, may be realized for a single system at a fixed te
perature by tuning the primary ion energy and thus the m
and damage depth. For this purpose we present here a
tematic study for low fluence bombardment morphologies
Ir~111! at 880 K~corresponding to the 0.32Tm used also for
Pt and Al measurements! in dependence of ion energy an
ion fluence, complemented by damage annea
measurements.36

II. EXPERIMENT

All experiments were carried out in an ultrahigh vacuu
variable temperature STM system with a base pressure b
5310211 mbar, described in detail elsewhere.24 A clean
Ir~111! surface was prepared by prolonged ion bombardm
with a mass selected 1.5-keV Xe1 beam at 850 K, termi-
nated by annealing to 1570 K. The resulting average terr
width is about 500 Å.

For the bombardment experiments Xe1, Xe11, and
Xe111 ions were accelerated by up to 5 kV. To establ
bombardment energies up to 5-keV Xe1, for 10-keV Xe11

and for 15-keV Xe111 ions were used. The ion fluenceF ion
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is given in units of monolayers~ML !. For Ir~111! 1 ML
51.5831019 atoms/m2. For the experiments the fluence wa
varied between 2.031025 ML and 0.048 ML. The ion flux
was varied between 1.031024 ML/s and 6.431024 ML/s to
keep the irradiation time whenever possible at 60 s. All e
periments were performed at normal ion incidence. The
perimental procedure was as follows. The ion beam was
justed and the ion flux then measured in a Faraday c
Subsequently the sample was heated to the bombardm
temperature and moved into the ion beam. After the des
ion fluence was reached the sample was removed from
beam and heating was switched off. After controlling the i
flux again the ion beam was also switched off. Eventua
after the sample had cooled to room temperature STM im
ing started.

The STM images were recorded as gray scale topogra
for quantitative image analysis and as differentiated to
graphs allowing a better visualization of the stepped surfa
Differentiated topographs, which appear as if illuminat
from the left, are shown here.

III. RESULTS

Figure 1 shows the surface morphologies after Xe1 ion
bombardment with different ion energiesEion and ion flu-
encesF ion at 880 K. Besides few preexisting steps pres
already prior to bombardment~steps crossing the entire to
pograph! the morphologies are dominated by adatom a
vacancy islands. Diffusion of both, adatoms25,26 and surface
vacancies is activated at 880 K and allows agglomeration
the defects created by many impacts to extended island
should be noted that not only adatoms or surface vacan
are mobile at 880 K but also clusters of these species.25,27

The compact, nearly hexagonal islands shapes prove
presence of step edge diffusion,28 which allows the islands to
obtain a shape close to their equilibrium shape.29 At the tem-
perature under concern transport between different ato
layers ~e.g., the descent of adatoms into vacancy isla
edges30! is also activated, such that diffusion has alrea
reduced the extent of adatoms and surface vacancies init
produced by the ion impacts. As interstitial diffusion an
bulk vacancy diffusion have onset temperatures of 50
~Ref. 31! and 300 K~Ref. 32! the only damaged species th
might be present but invisible for the STM is the bulk v
cancy cluster below the surface. While nothing is know
about the diffusion of bulk vacancy clusters, their dissoc
tion is not yet terminated after annealing to 1170 K.33

A. Dependence of surface morphology on ion energy

First of all a look shall be taken upon how the surfa
morphology changes with increasing ion energy~from left to
right in one row! for different fluences. The evolution of th
surface morphology with increasing ion energy is quali
tively similar for the different fluences shown. As the seri
with F ion50.012 ML exhibits the largest energy range, it
described in more detail.

After bombardment with 0.5-keV Xe1 ions only small
vacancy islands of monatomic depth are observable in
0-2
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FROM EROSION TO BOMBARDMENT-INDUCED GROWTH . . . PHYSICAL REVIEW B68, 245410 ~2003!
FIG. 1. STM topographs of the Ir~111! surface after ion bombardment at 880 K with Xe ions. From the leftmost to the rightmost co
the energy increases from 0.5 keV to 15 keV. The ion fluenceF ion increases from the top to the bottom row from 0.006 ML to 0.036 M
The original surface is in all pictures identifiable as the cohesive layer. A step present prior to bombardment crosses an entire t
STM images were recorded after the sample had cooled to nearly room temperature. All topographs are of the size 110031100 Å2.
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1~d!. On the average, each vacancy island contains a
10–15 surface vacancies. Increase of the ion energy to 1
causes adatom islands to show up sporadically, while
surface vacancy islands remain dominant~picture not
shown!. At Eion54 keV, @Fig. 1~e!# an adatom island mor
phology is observed with only small sparse vacancy isla
in between. The area of the adatom islands outweighs
vacancy island area by far. In order to ensure the mass
ance, there have to be a lot of large, stable bulk vaca
clusters hidden below the surface. Comparison of Figs. 1~d!
and 1~e! displays the transition from erosion t
bombardment-induced growth by increasing ion energy.
establish here, to our knowledge, for the first time, that b
regimes may be realized for the same combination of
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mary ion and target material by simply tuning the ion ener
IncreasingEion to 10 keV@Fig. 1~f!# causes an increase in th
number of adatom islands. Their total area increases sig
cantly, but at the same time vacancy islands also beco
visible in larger number. At the highest investigated ion e
ergy of Eion515 keV @Fig. 1~g!# the adatom island covere
area increases again, but now vacancy islands also beco
prominent feature of the morphology. The surface is cons
erably roughened. Comparing the different rows of Fig
it is apparent that with increasing ion fluence the ene
evolution becomes a more erosive character and for
largest applied fluenceF ion50.036 ML the morphology is
dominated by vacancy islands at all energies applied@Figs.
1~k!–1~m!#.
0-3
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In analyzing the topography, the change in surface co
ageusurf is calculated. It is defined asusurf5( i iu i , whereasi
stands for the number of the particular atomic layers ab
( i .0) or below (i ,0) the original surface (i 50) andu i is
the uncovered open part of layeri in monolayer. An accumu-
lation of material on top of the surface is characterized
u i.0 ~growth!, while u i,0 represents erosion of materi
from the surface.

The quantitative dependence ofusurf on the ion energy is
plotted in Fig. 2 for three different ion fluences. For all fl
ences below a critical ion energyEcrit around 1-keV erosion
prevails, while for energiesEion.Ecrit growth may take
place. The more pronounced, the lower the growth theF ion .
The amount usurf increases nearly linear forF ion
50.012 ML, goes through a maximum at about 6 keV
F ion50.024 ML and is absent forF ion50.036 ML, though
the increase ofusurf from 0.5 keV to 4 keV is still a reminis-
cent of bombardment-induced growth. The nearly linear
crease ofusurf for the lowest fluence may be rationalized b
the linear increase of the melt volume inside the therm
spike.21,34An explanation for a degression of bombardme
induced growth with ion energy at the intermediate fluen
of F ion50.024 ML and its absence forF ion50.036 ML is
postponed to the discussion.

B. Dependence of surface morphology on ion fluence

If one again takes a look at Fig. 1, but now follows t
topographs of one column~fixed Eion) with increasingF ion
@for example, from Fig. 1~a! to Fig. 1~k!#, after an initial
slight raise of the adatom island number density the eros

FIG. 2. Change of surface coverageusurf in dependence of ion
energyEion for different ion fluencesF ion50.012 ML (m), F ion

50.024 ML (d) andF ion50.036 ML (j). All experiments were
performed at 880 K. One can notice the change from an ero
regime atEion,Ecrit (usurf,0) to a growth regime@(m), (d)] for
Eion.Ecrit (usurf.0) with 1 keV,Ecrit,2.5 keV. Only for (j)
growth is averted due to highF ion . The missing point of (j) is
usurf520,47 ML atEion515 keV. The bracketed point is extrapo
lated from the two measurements with lowerF ion at equalEion . If
error bars are not visible, they are smaller than the according s
bol.
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becomes more and more pronounced with an increa
number and total area of vacancy islands and a decrea
number and area of adatom islands. Most pronounced is
erosion in Fig. 1~m!, where adatom islands can be observ
only sporadically, while large, up to 3 ML, deep craters ha
evolved.

A quantitative analysis ofusurf with fluenceF ion for three
different ion energies is shown in Fig. 3. A maximum val
usurf,maxfor usurf can be estimated for each ion energy and
given in Table I. The fluenceF ion* at which the maximum
growth is reached decreases with increasing energy. M
over the magnitude ofusurf,max gains in height with increas
ing ion energy. Increasing the fluence beyondF ion* initiates a
decrease ofusurf leading to a regime of linear decrease for t
two lower-energy curves of 4 keV and 10 keV. The line
decrease for largeF ion can be explained by the saturation
the subsurface impact influenced layer with bulk vacanc
and bulk vacancy clusters. As the average number of b
vacancies stays constant from this point on, sputtering ca
a linear erosion rate. Thus from the slope of theusurf versus
F ion curves at the high fluence end the sputtering yieldYsp
~mean number of sputtered atoms per impinging ion! can be
calculated for 4 keV and 10 keV~compare Table I!. For
Eion515 keV, only a lower boundary ofYsp can be given,

n

-

FIG. 3. Change of surface coverageusurf in dependence of ion
fluence F ion for three different ion energies:Eion54 keV (m),
Eion510 keV (d), and Eion515 keV (j). All experiments have
been performed atTsample5880 K. Additionally the amount of bulk
vacancies produced is shown for theEion510-keV experiment (s).

TABLE I. Maximum values of change in surface covera
usurf,maxand corresponding ion fluencesF ion* . Calculated sputtering
yields Ysp.

Eion

(keV)
usurf,max

(1022 ML)
F ion*

(1022 ML) Ysp

0.5 1.160.2
4 4.660.1 1.5 4.560.1

10 11.160.1 0.9 9.261.5
15 19.560.1 0.45 .50610
0-4
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FROM EROSION TO BOMBARDMENT-INDUCED GROWTH . . . PHYSICAL REVIEW B68, 245410 ~2003!
because saturation with bulk vacancies is not reached c
pletely in the investigated fluence range~theusurf versusF ion
does not reach a linear slope at the high fluence end!.

With the knowledge ofYsp the amount of bulk vacancie
ubv now can be calculated using the following equatio
which simply expresses the conversation of mass:

Ysp1Yad5Ysv1Ybv , ~1!

whereYad denotes the adatom yield~mean number of ada
toms produced per impinging ion!, Ysv the yield of surface
vacancies, andYbv the yield of bulk vacancies. Multiplying
Eq. ~1! with F ion and combining (Yad2Ysv)F ion5usurf leads
to

ubv5usurf1YspF ion . ~2!

In Fig. 3 the values ofubv are displayed, calculated with Eq
~2! for 10-keV ion bombardment. The increasing amount
bulk vacancies saturates atF ion50.012 ML. The maximum
values ofubv,max for Eion54 keV and 10 keV are displaye
in Table II. Again, forEion515 keV only a lower bound can
be given as saturation is not yet achieved.

Another relevant parameter can be calculated from
graphs course of Fig. 3. Near to the origin, the effect
adatom yield can be estimated asYad

eff5usurf/F ion1Ysp. Ana-
lyzing usurf/F ion for the lowest fluence data point ensur
that impact overlap diminishes the apparent amount of a
toms only to a small extent. The results forYad

eff calculated
with Ysp from Table I are shown in Table II.

However, even in the complete absence of impact ove
the effective adatom yieldYad

eff (880 K) measured after bom
bardment at 880 K is by far smaller than the true adat
yield Yad, which is the number of adatoms pushed onto
surface during the energetic phase of a few picoseconds
the impact. At nonzero temperatures the combined actio
surface and bulk diffusion will lead to a partial annealing
the produced adatoms. For bombardment at 880 K the
jority of adatoms is already annealed by bulk vacancies
bulk vacancy clusters reaching the surface and subseq
filling with adatoms. Single-ion impact experiments with 1
keV ions performed at 300 K with the low fluence ofF ion
5231025 ML illustrate these facts. Figure 4 shows larg
clusters of adatoms surrounding each impact point, whe
the impacts are separated far enough not to influence
other. With the adatom islands being of monoatomic heig
Yad

eff (300 K)5370640 is determined from the island are
per impact, which is by about a factor of 8 larger than t
corresponding 10-keV valueYad

eff (880 K) obtained after
bombardment at 880 K.

TABLE II. Maximum number of bulk vacanciesubv,max and
adatom yieldsYad for different Eion .

Eion (keV) ubv,max(ML) Yad
eff

4 0.1460.01 17
10 0.2260.04 46
15 .1.4 .137
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C. Annealing experiments

Additional information about the temperature-depend
behavior of vacancies and vacancy clusters created below
surface by ion bombardment is obtained by annealing exp
ments. Bombardment of the surface at 350 K was follow
by a sequence of successively higher annealing interval
60 s duration with intermittent room temperature STM im
aging. An extract of the topographs gained in these exp
ments is shown in Fig. 5. Figures 5~d!–5~f! show the anneal-
ing behavior after 0.5-keV bombardment, while the compl
analysis of this experiment is shown as down triangles
Fig. 6. In Fig. 5~d! a large number of small vacancy island
and a few adatom islands are visible. Even at the low te
peratures used here the low ion energy does not allow
reach the growth domain. The existence of a few adat
islands after 0.5-keV bombardment at 350 K and their
sence after bombardment at 880 K in Fig. 1~d! is due to the
hampered transport of adatom and adatom clusters over
scending step edges resulting in their annihilation. Annea
of the sample leads to complete adatom island annihila
@Fig. 5~e!# and a gradual decrease of the vacancy island d
sity together with their growth. The observed vacancy isla
coarsening is due to Brownian motion causing island coa
cence accidentally.35 The quantitative analysis in Fig. 6
makes it obvious that the vacancy covered island are
continuously increasing with increasing annealing tempe
ture. No distinct annealing steps are visible. As single-b
vacancies are mobile already at 300 K,32 all single-bulk va-
cancies created have reached the surface by random
already during the initial bombardment interval. Since bu
vacancy clusters only dissociate significantly at temperatu
above 1170 K~Ref. 33! the most probable explanation fo
the gradual increase ofusurf is the gradual onset of bulk
vacancy cluster mobility. With increasing temperature larg
and larger bulk vacancy clusters become mobile, which
rive during their random walk at the surface, where th

FIG. 4. Single-ion impacts on the Ir~111! surface after bombard
ment with 10-keV Xe ions at a ion fluence ofF ion5231025 ML,
Tsample5300 K: ~1! adatom island surrounding two impact point
STM image is recorded at room temperature, picture of size
3670 Å2.
0-5
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FIG. 5. STM topographs of the
Ir~111! surface after bombardmen
at 350 K with Xe ions of 10 keV
energy ~a–c! at a ion fluence of
F ion50.006 ML and with Xe ions
of 0.5 keV energy~d—f! at a ion
fluence of F ion50.18 ML, an-
nealed to the denoted temper
tures of 500 K, 800 K, and 950 K
STM images are recorded at room
temperature. All topographs are o
the size 110031100 Å2.
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anneal to form surface vacancy islands. After 0.5-keV bo
bardment, the saturation inusurf around 1000 K suggest
nearly complete bulk damage annealing. Thus fromusurf
measured after annealing to 1100 K the sputtering yield
0.5-keV Xe1 bombardment is estimated toYsp'1.3.

A similar decrease ofusurf with the annealing tempera
tures is found after 10-keV ion bombardment in Figs. 5~a!–
5~c! and the quantitative analysis in Fig. 6~up triangles!. The
main difference compared to the 0.5-keV bombardmen
that the entire annealing sequence is situated in the gro
domain with usurf.0 ML for all temperatures. Again no
steps are visible in the decrease ofusurf with increasing
Tanneal. The overall higherusurf tells that an overall large
amount of bulk vacancy clusters was created below the
face. The much larger slope at the high temperature en
the 10-keV annealing curve compared to the 0.5-keV o
indicates that annealing for 10 keV is far from being term

FIG. 6. Change of surface coverageusurf in dependence of an
nealing temperature after ion bombardment.Eion510 keV, F ion

50.006 ML (m) andEion50.5 keV, F ion50.18 ML (.).
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nated at 1100 K. Extension of the annealing measuremen
temperatures above 1100 K is impossible, because the
generation of adatoms from step edges becomes so effi
that all island structures dissociate and no more damag
visible on the surface. One may estimate, however, t
based onYsp59.2 for 10-keV ion bombardment from Table
for complete annealingusurf520.05 ML is expected. As an
explanation for the fact that for 10-keV bombardment ev
at 1100 K vacancy clusters still remain below the surface
note that due to the larger spike volume the distribution
bulk vacancy clusters can be assumed to be shifted to la
sizes. This implies a shift of the distribution of cluster diffu
sion temperatures to larger values compared to the 0.5-
case and thus a need for higher temperatures to achieve
plete annealing.

D. Temperature dependence of bombardment-induced growth

The annealing experiments discussed in the preced
section suggest that the bombardment-induced growth
pends sensitively on temperature. Figure 7 compares the
pendence ofusurf with Eion for a fixed fluence ofF ion
50.036 ML at two different temperatures, 800 K and 880
The difference in surface evolution caused by the differ
bombardment temperatures is remarkable. While at 800
still pronounced growth with a maximumusurf,max
50.15 ML takes place, bombardment-induced growth is
sent at 880 K, though the increase ofusurf from 0.5 keV to 4
keV is still a reminiscent of growth. Beyond the initial ero
sion regime for low temperatures, the difference inusurf for
the two temperatures increases with the ion energy
reaches at 10-keV values of about 0.2 ML. An explanat
consistent with the annealing experiments is provided by
temperature dependence of thestablecluster volume created
per impact. The lower is the temperature the larger is t
volume, as at lower temperatures smaller bulk vacancy c
ters remain immobile and thus stable below the surface.
0-6
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IV. DISCUSSION

The results obtained so far for the change ofusurf by bom-
bardment at 880 K in dependence ofEion andF ion are sum-
marized in the topographic representation of Fig. 8. The t
dashed line in Fig. 8 separates the domains of bombardm
induced growth and erosion, while the thin full line indicat
the position of the ridge of the growth mountain.

A specific ion energy is needed to create bulk vaca
clusters large enough to be thermally stable at 880 K. T
below a certain threshold energy for all ion fluences eros
takes place. The threshold energy is visible as the vert
part of the domain separation line in Fig. 8. It is associa
with the achievement of a sufficient energy density for sp
formation and of a sufficient depth of the spike such that
vacancy clusters are created below the surface, disconne
from it. The fluence dependence of Fig. 8 may be ration
ized by the concept of a damage areaAdamageassociated with
each impact. The damage area is the projection of the im
influenced layer below the surface onto the surface wit
which vacancies and vacancy clusters are created. Assu
for simplicity a uniform distribution of impacts over the su

FIG. 7. Evolution of usurf with Eion for a fluence of
F ion50.036 ML at 800 K (j) and 880 K (d).
24541
n
nt-

y
s
n
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e
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ct
n
ing

face, the layer below the surface is saturated with vacan
and vacancy clusters after an ion doseF ion

sat51/Adamage, if
Adamageis measured in lattice sites. For a fixed ion energy
this ion fluence the maximum growth effect is reached~the
ridge of the growth mountain!, i.e., F ion

sat5F ion* . As an ex-
ample, in this picture saturation with bulk vacancies af
aboutF ion* 50.931022 ML for 10-keV bombardment~com-
pare Fig. 3 and Table I! implies a damage area of about 11
lattice sites with a diameter of about 30 Å. Increasing t
fluence beyond bulk damage saturation leads over to eros
as no net material transport from the bulk to the surface ta
place and at the same time material is sputtered away f
the surface. In our simplified picture we may assume t
after saturation of the bulk with vacancy clusters atF ion* the
quantity usurf decreases linearly withYsp such that after a
fluence

F ion
0 5

1

Adamage
1

usurf,max

Ysp
~3!

the domain boundary between growth and erosion defined
usurf50 is reached.

As the primary ion energy increases,Adamage increases.
Thus with increasing ion energy, bulk vacancy cluster sa
ration takes place for smaller and smaller fluences. There
the ridge of the growth mountain in Fig. 8 is reached f
smaller and smaller fluences. The ridge of the growth mo
tain and the domain separation line are nearly parallel. A
parentlyusurf,max andYsp increase in a similar way with ion
energy@compare Eq.~3!#.

For sufficiently small fluences withF ion!1/Adamage the
increase ofusurf with Eion represents essentially the increa
in the volume of stable bulk vacancy clusters created
impact. As long as the nuclear stopping power increases w
energy, the viscous outflow of material will increase23,22

~compare the lowest part of Fig. 8!. When at energiesEion
.15 keV the maximum of the stopping power for Xe ions
Ir is reached,usurf will reach a maximum as well. Contrary
for sufficiently large fluences fulfilling the conditionF ion
@1/Adamagealready for energies at the onset of spike form
ed

-
e-

-
e
ct.

n.
al-
t
. 2
FIG. 8. Dependence of bombardment-induc
surface coverage changeusurf on ion energyEion

and ion fluenceF ion in a topographic representa
tion. The dashed line marks the transition b
tween erosion (usurf,0) and growth (usurf.0).
The full line marks the ridge of the growth moun
tain. The lighter the gray shading within th
growth area, the stronger is the growth effe
Accordingly the darkest gray tones~upper right
corner! show the area of strongest erosio
Crosses mark the experimentally measured v
ues ofusurf . The topography is formed to best fi
these points by interpolating the graphs of Figs
and 3.
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tion, the surface remains for all energies in the erosion
gime as seen in the upper part of Fig. 8.

Up to now the discussion of the results is restricted t
temperature of 880 K. It is instructive on the shape of Fig
at lower temperatures to guess based on the annealing
surements and the dependence ofusurf on ion energy at two
different temperatures~Fig. 7!. An obvious conclusion from
the annealing measurements shown in Figs. 5 and 6 as
as from Fig. 7 is that only a small fraction of the vacan
volume created by the energetic impacts remains below
surface at elevated temperatures. This conclusion is susta
by comparing the apparent adatom yields at 300 K a
880-K for 10 keV ions, which are 370 and 46, respective
Therefore the ridge of the growth mountain indicated in F
8 by a thin full line will become considerably higher at low
temperatures~compare also Fig. 7!. The growth domain will
shift its boundary somewhat towards the left, but there w
be a limiting energy associated with the onset of spike f
mation, somewhere between 0.5 keV and 1 keV bey
which no growth takes place.~Note that growth is still absen
for 0.5-keV bombardment at 350 K as shown in Fig. 5.! At
first glance, surprisingly, the growth domain also shifts
boundary towards larger ion fluencesF ion at lower bombard-
ment temperatures as apparent from Fig. 7. This effect m
simply be understood with Eq.~3!: while usurf,max increases
with decreasing temperature,Ysp is temperature independen
Thus,F ion

0 shifts to larger values for all energies and thus
domain separation line upwards in Fig. 8.
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V. CONCLUSION

Under proper conditions~ion energy, ion fluence, tem
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