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lon bombardment of reconstructed metal surfaces: From two-dimensional dislocation dipoles
to vacancy pits
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By means of scanning tunnel microscopy the surface morphology of reconstructé@1Asurfaces has
been studied after bombardment with 600 eV Ar ions as a function of dose, in the rangésdblo
10 ions/cnt, and the experimental results analyzed in the light of molecular dynamics simulations using a
glue potential. At low dose (% 10* ions/cnf) new defects, different from the commonly observed vacancy
islands are reported. They appear depressions0.06 nm deep, with a characteristic width of 1.44 nm.
Bombardment with similar doses of(P01) show the same general behavior. Molecular dynamics simulations
with a realisticglue potential that reproduces the hexagonal-like(@Q1) reconstruction, confirm that these
depressionsre in fact two-dimensionat/3 dislocation dipoles originated by the relaxation of vacancy rows
on the ridges of the topmost reconstructed layer. These two-dimensional dipoles are seen to dissociate into
individual two-dimensional dislocations that display the characteristics of ordinary bulk dislocations, e.g. glide
or climb. At higher doses=£3x 10" ions/cnf), but well below a nominal removal of 1 monolayer, vacancy
islands, one atomic spacing high, are seen to nucleate ondkpsessionsWith increasing ion damage these
vacancy islands become the dominant feature. For doses of abButot®/cn?, other defects related to the
reconstruction, such as perpendicular reconstruction domains and unreconstructed patéiods sfuare
symmetry, become visible.
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l. INTRODUCTION precedented resolution® Provided that the surface is not
too rough, this real-space method gives topographic and
It is well known that crystal defects influence bulk physi- Structural information on a subnanometer scale, which can
cal properties of solid materials, the analysis of their behavlead to an atomic-scale description of surface defects.
ior being an essential chapter of solid state physics. Bulk To study surface defects, a controlled procedure of defect
defects are routine|y Characterized by a number Of We”.Creation is desirablt—;‘. For this purpose ion bombardment may
developed experimental techniques, such as electrical resi@€ advantageous sin¢a) the density of defects depends on
tivity measurements or transmission electron microscopy.the dose(number of ions impinging per unit surface area
These techniques have been applied to the study of poirﬂnd(b) the nature ofﬂnﬁe primary damage depends also on ion
(vacancies and interstitigls line (dislocation$, or two- energy. It_|s kno_vvﬁz thf"‘t when a metal sur_face is irradi-
dimensional(stacking faults and grain boundariedefects. ated with ions with energies up to a few keV in the low- and

The resulting empirical knowledge, along with parallel the_medlum—dose regimedess than 0.5 ions per surface ajom

oretical work, allows us to establish a good correlation be—OnIy vacancies and adatoms are generated, they may subse-
’ 9 uently cluster. At higher ion energies, in addition to those

tween the observed variations in the physical properties angoint defects, a primary damage in the form of dislocation

specific bulk defegts. . . . loops (that can intersect the surfacean also be created in

A completely different picture arises in regardsorface o near-surface region as a consequence of the collapse of
defects partlcglarly in metals. Surface d_efects are believed t(%/acancy-rich nuclei of displacement cascatié®ne can see
exert a great influence on a number of important processes ¥at by judicious choice of irradiation parameters a wide se-
which surfaces play a major role, such as corrosion angkction of conditions can be reached.
catalysis: Nevertheless, with the exception of steps, very |n addition to its role as a controlled source of surface
little can be stated even about the simplest properties of sudffefects, ion-beam irradiation has recently become an issue of
surface defects. For example, the value of the migration enincreasing scientific and technological interest in regard to
ergy for vacancies on a surface is largely a controversiathe possibility of controlled modification of surfaces. Low-
issue® This is a serious drawback because in some metatnergy ion bombardment has been used during film growth
surface$ vacancy diffusion has been claimed to be the con-as a mean to lower deposition temperatures and to improve
trolling mechanism for mass transport and other importantertain film propertie$® In experiments in which the ion
surface processes. In the case of more complex defects, suehergies are typically kept below 100 eV, the main effect of
as vacancy islands or dislocation configurations, reliable datmns is to increase surface diffusiohfavoring layer-by-
are particularly scarce. No doubt, the lack in the past ofayer two-dimensional2D) growth. Although higher ion en-
experimental techniques sensitive to surface defects has coergies may damage the film due to defect formation or sub-
tributed to this situation. More recently, the development ofstrate sputtering, it has been repoff&tiat pulses of 600 eV
the scanning tunneling microscog8TM) has opened the Ar* ions dramatically change the growth mode in Ag/
possibility of studying surfaces and their defects with un-Ag(111), from multilayer (3D) to 2D growth. The island
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number density in homoepitiaxial growth in(P11) is also  dose being directly monitored with a Faraday cage. Typical
shown to change in the presence of an" Aseam in the fluxes ® were of the order of T8 Artcm 2s 1. Irradia-
0.4-4 keV ion energetic rangé A second line of applica- tions were performed by exposing the sample to the beam for
tion is in connection with the generation by high-dose irra-a certain time keeping the crystal at 300 K. The doses are
diation of surfaces with periodic ripple or dot structufés, reported in units of the atomic surface density of tiree-
which are thought to respond to fundamental scaling Bws. constructed Au(001) surface, which is of 1.21
Apart from its intrinsic technical interest, these experimentsx 10> cm 2. Thus, one ion per surface atom will be re-
have proved to be very valuable to gain knowledge abouferred to as 1 ML’ or one equivalent ion monolayefo
atomic parameters involved in diffusion processes, for exanalyze the interaction of adatoms with bombardment-
ample, Schwoebel barriers. The importance of better knowinduced damage a number of runs were conducted in which
ing the thermodynamics and kinetics of surface defects irAu was evaporated onto the previously damaged sample
order to control these technological processes is hard to ovefrom a tungsten filament under ultrahigh-vacuum conditions.
emphasize. STM images were obtained at 300 K in the constant-
In this paper, we carry out an analysis of the differentcurrent mode. Typically, the tunnel current was 0.1 nA, with
defect structures produced at 300 K by bombardment of the tunneling voltage of 50-500 mV applied to a tungsten tip.
reconstructed A@01) surface with 600 eV AT ions. Also By comparing successive images of the same area it was
some preliminary results for @01) are reported. We found that voltages abevl V accelerated the kinetics of
present a comparative STM analysis of the whole range ofurface evolution. Below that voltage, we did not recognize
doses between approximately'i@nd 13° ions/cnf, with  any tip effects, but one cannot discard the idea that some of
emphasis on the initial low-dose stages. The role of highethe surface evolution discussed below, as detected in images
sample temperatures and lower ion fluxes is also investief the same area after a time lapse of several minutes, could
gated. Molecular dynamics simulations are performed in paractually have been accelerated by the electric field under the
allel to compare ideal defect structures with the experimentatip. As a working recipe, on the basis of our own experience,
images and to gain insight into the dynamics of defect evowe tried to keep the bias voltage as low as possible.
lution, from the primary damagg.e., mainly vacancigsto
more complex structures. At doses comparatively lower than IIl. SIMULATION DETAILS
in previous studies, a new type of defect is found that is
characterized as a 2D dislocation dipole. These dipoles, and Molecular dynamics simulations have been performed to
the dislocations resulting from their dissociation, are showrprovide theoretical support to our experimental observations.
to represent one of the few examples of dislocation structureé/e have used the many-body glue potential to simulate the
in quasi-2D systems. For higher doses the transit from dislointeratomic forces in Au. The glue mod&has proven to be
cation dipoles to vacancy islands is also characterized. At thegliable for Au since its reconstructed low-index surfaces ap-
higher edge of the dose range, surface morphologies involyear as energetically favorable. For example, fof081) the
ing multiple-level square pits, similar to the ones observed irb X 34 structure results to be the one with the lowest energy,
other fcc metalé*?° are observed, and their evolution from very close to the % 25 reconstruction revealed by STM.
the medium-dose damage identified and explained in terms The model system consists of a slab with lateral periodic
of a simple model. boundary conditions its size depending on the specific simu-
lation. It varies between 8 and 15 layers in the surface nor-
mal direction, 3—10 periods in the short-reconstruction direc-
II. EXPERIMENT tion (15-50 atomic distancgsand 1-3 periods in the long-

The experiments were performed in an ultrahigh-vacuunf€construction direction(34—-102 atomic distances We
chamber equipped with Auger electron spectrosc@iS), work on the basis of a 834 reconstruction as this is the
low-energy electron diffractiofLEED), and a homemade optimal periodicity resulting from the glue potential. The to-
STM based on an earlier published desi§The chamber tal number of atoms is between 10000 and 50 000. Newton-
was pumped by an ion pump, a titanium sublimation pump,ia” equations are integrated using the Verlet algorithm with a
and a turbomolecular pump. The base pressure of the char{le step between 2 and 5 fs. The temperature is fixed at the
ber was in the range of 16° mbar. The clean A@01) desired value by rescaling atomic velocities at each time
sample, monitored by AES, was prepared by cycles of 60&teP whereas pressure is always kept to zero by modifying
eV Ar* bombardment and subsequent high-temperature aribe cell lateral dimensions. To analyze the structure, we al-
nealing. As checked by STM and LEED, the clean surfaceVays relax the system to its local minimum in order to elimi-
exhibits atomically flat terraces with an average width ofhate the vibrational noise. This is done by using a conjugate
about 100 nm and the well-kno#h5xn(n=25) recon- gradient algorithm that minimizes the potential energy.
struction. This reconstructed surface has an a real atom den-
sity about 17% larger than that of the unreconstructed IV. RESULTS AND DISCUSSION
Au(007).

Defects were created by 600 eV Abombardment, using
a differentially pumped ion gun. To ensure a homogeneous Figure 1 shows a STM image of the clean(B01) sur-
dose over the area probed by the STM, the ion beam waface, prior to the ion bombardment. A similar STM image is
swept over a ¥3 mnt area of the sample, the integral ion obtained for the clean F01) reconstructed surface. The

A. Irradiated surfaces: Low doses(<0.05 ML)
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FIG. 1. Clean hexagonal-reconstructed (3@1) STM image FIG. +2- The AQOQD surface after bombardment with
showing a typical broad terrace with two monatomic steps on thd-05 ML" of 600 eV Ar" at 300 K. (8383 nnf). (A) Depres-
left (100100 nn?). Inset: An atomic resolution image of the Sions and(B) individual dislocations(always in pairs with @
same area (33.7 nnf). #ml3).

Strong experimental support to this interpretation comes
from the observation of typical dislocation behavior of both
cally consist of terraces 100 nm wide, separated by steps %ep_ressmns and forklike structures, a flavor of which can be

erived from the various examples summarized in Fig. 3. In

monatomic height(0.20 nnj. Reconstruction fringes run this f STM i £ th area are shown after
along the(110) step directions of the substrate, and, nearly,. IS figure, images of the same
time lapses of the order of an hour at room temperature,

in all terraces, only one of the two possible orientations is . ) .
observed, that direction being in general parallel to the stepgften under long periods of STM observation. Figuie)3

encompassing the terrace. In the many images of clean Su§hows the formatlon_ of a depfe.ss'o'? after_o_ng_of the two
faces that have been analyzed, no deféasancy or adatom componen.ts of_a pair of |ntera<_:t|ng dislocaticitially at
islands, dislocationsother than steps are apparent. Some-‘?;& 77./3) gI!des ".“9 the other. Flgure(@ also shows a reac-
times(see Fig. 1, some bright spots are visible, which might tion mvolvmg orlglnally two depre;ssmns. anh of'these 'de-
correspond to impurities below the Auger detection limit. pressions dlsspmates; into a pair of opposite dislocations.
Whatever the subsequent treatments of the sartmlg Two of these dislocations glide onto each other on the same
bombardments this clean-surface topography is recovéredplane and eventually annihilate, leaving behind the two sur-

after annealing for a few minutes at about 900—950 K. viving dislocations, which glide apart. Some depressi@ss
the one initially marked Calso disappear, probably due to

adatom incorporation to their cores. Figurd®)3shows glid-
ing of a single dislocation along the compact direction of the
Figure 2 shows the reconstructed (801) surface after hexagonal overlayer. Finally, in Fig(@ we present images
bombardment with 600 eV Arions at 300 K. The dose is of two depressions that have glided while preserving their
0.05 ML". As can be seen in this image, there are no traceglentity. In the next subsection we shall explain how these
of vacancy or adatom islands. The only visible defects(iare and other examples can be understood in terms of a simple
elongated rectangular depressidtabeled A in the figurg dislocation model.
0.06+0.01 nm deep and one short period of the reconstruc- STM images taken at room temperature of surfaces bom-
tion wide and(ii) forklike features(B), in which a recon- barded at 400 K reveal a greater proportion of individual
struction line appears to bifurcate from a given point. Asdislocations with respect to depressions than after room tem-
discussed in an earlier publicati6hgdepressions cannot be perature bombardment. The same effect is observed when a
interpreted as vacancy islands but as two-dimensi@2ia) sample bombarded at room temperature is annealed at 400 K
dislocation dipoles of opposite Burgers vectors. Similarly,and then imaged at 300 K. It can be concluded that depres-
forklike features labeled B in Fig. 2 are the Moieehanced sions tend to be unstable at high temperatures. Occasionally,
footprints of individual dislocations. The line joining the two dislocations align themselves, forming a 2D low-angle grain
opposite dislocations forms an angle & 7/3 with the di-  boundary that separates two reconstruction domains of dif-
rection defining the Burgers vectors: this type of dipole isferent orientatior(Fig. 4). This provides more evidence that
commonly named ar/3 dipole®° The individual 2D disloca-  dislocation glide processes are operative in this system.
tions are seen to appear generally in pairs and thought to To gain further insight into the nature of depressions, we
originate from the dissociation of 2D dislocation studied their evolution in the presence of an excess of ada-
depressiond! toms. When less than 0.1 ML of Au is evaporated on top of

fringes are due to the short periodicity.44 nm) of the so-
called 5<n (n=25) reconstructioR’ Clean surfaces typi-

1. Dislocations and dislocation dipoles
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FIG. 4. Dislocations aligned in a 2D low-angle grain boundary
as shown by STM in a sample that has been bombarded and an-
nealed (6464 nnf). Note the different reconstruction orienta-
tions on the right and left sides of the dislocation boundary.

performed on a PB01) surface’? From a morphological
point of view, the damage looks very similar in both metals:
depressions and single dislocations are observed.

2. Two-dimensional dislocations in reconstructed layers

Observations as the ones discussed above leave little
doubt that the defects involved behave like 2D dislocations.
Indeed 2D dislocations have been the subject of much theo-
retical worlke® and our results suggest that the (801) top-
most reconstructed layer, whose theoretical defect character-
istics have begun to be elucidat&dmay well serve as a
playground for the verification of some of their predictions.

Let us consider a 2D dislocation pair with opposite Bur-

gers vectorst b. Letx andy be the distance between the two
dislocations, respectively, along their common gliding direc-
tion and its normal, both in units of next-neighbor distance.
If 6 is the angle between that gliding line and the line joining

the dislocations, we can write the interaction energy per unit
lengthU,,,; as

On top of A: a dislocation glides into another resulting in a depres- 1 27X

sion; gn the left of B: two gepressions dissociating a?1d givingprise Uing=26cb? +Jb? Inr sing  2°°S 2 +AC°5< T)

to two dislocations; on the right of C: depression disappeafing. ¢ )

Gliding of a single dislocation on top of Ac) Two depressions

below A glide two and three reconstruction periods, respectively. wheree, andr . refer, respectively, to the energy per unit the
volume and radius of the dislocation core ahdan be writ-

an irradiated sample, adatom islands 0.2 nm high appeaten in terms of the Lamand Poisson moduli: and v asJ

while depressions are seen to vanish. The mechanism in= u(1—v)/27. The first two terms express the well-known

volved in the latter process is most likely dislocation climb-interaction energy in terms of isotropic elasticifywhereas

ing (depression shrinkagethrough adatom incorporation, we have added a third term, scaled by an amplitdehich

leading to dislocation annihilation when both cores meet. takes into account the difference in energy when the dipole

Along with the systematic study described above forsits on the ridge of the corrugation and at the bottom of the
Au(001) a number of similar irradiation and STM runs were valley.

FIG. 3. Examples of dislocation behavior of the defects of Fig.
2. The same areas are imaged after times of the order of an(apur.
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AU variance with dislocations and depressions in reconstructed
X Au(001), which are constrained solely to the top layer. The
B latter end up at the boundary between this reconstructed
30| T3 layer and the crystal bulk, due to their different symmetry
3 (hexagonal and square, respectively contrast to 3D dis-
locations, which are line defects, 2D dislocations are point-
like.

The defects described in the present paper are an experi-
mental realization of those 2D dislocations, which have re-
ceived much theoretical attention, particularly in connection
with order-disorder 2D transitior’S.We argue that recon-
struction plays a fundamental role in the creation of these 2D
dislocation structures, since they are not observed in unre-
constructed metal surfaces subjected to similar radiation con-
ditions (ion mass, energy, temperature, gtdhis might be
00 . . ‘ . understood in terms of the so-called floating nature of the
20 -10 00 10 20 30 reconstructed overlayé?.

X

20 ¢

1.0

3. The origin of two-dimensional dislocations: Molecular

FIG. 5. Interaction energy of the four dislocations configuration dynamics simulations

shown in the inset, on the basis of Ed) as a function of the

positionx of the dislocatiorB (x=0 corresponds to a/3 dipole. ~ Radiation dalmage in thieulk of solids is well character-
The distancel between the two depressions corresponds to an inized. Currently’* knock-ondefects of maximum energy 340
teger number of corrugation periods. eV are produced in Au by impinging 600 eV Arons and

no more than a few point defects per ion are expected to

For sufficiently high values of, the inclusion of the last result. Furthermore, these defects are known to be generated
term in Eq.(1) results in a series of metastable minima in thevery near to the surface. In spite of recent advafitésthe
Uint Vs X plot (equivalent to a plot olU;,; vs #), which  understanding of damage evolution near a surface is still sub-
correspond to the successive on-ridge positions of the dipolgéect to much uncertainty, for example, concerning the role of
One of these minima, wittd= 7/3, accounts for the ob- thermal spikes. Experiments in recent years have shown that
served geometry of depressiofis. the observed surface damage consists of surface vacancy

There can be at least two driving forces for the dissociaislandst?>'® and, under certain conditions of flux and
tion of a depression: one is temperature, as the entropy cotemperaturé? of adatom islands. Also, at energies below 1
tribution might dominate the free energy resulting in a dis-keV, the total adatom and vacancy yield per incoming ion
sociated state. The other arises from the presence of exterrtzs been shown to be close to urlityConsequently, surface
elastic forces acting on the depression. The configuratiodefect diffusion must play a substantial role in the configu-
corresponding to Fig.(8)(B) is an example of the latter, in ration of the observed damage.
which a second nearby depression acts as a dissociating On that basis, we proposed earifethat the observed de-
agent. In Fig. 5 we plot the elastic energy of the configurapressions(or, eventually, dislocationsoriginate from the
tion of two depressions, whose details and parameters austering and further collapse of surface vacancies. We dis-
shown in the inset. It is easy to see that the presence of thauss now how molecular dynamics simulatithasing the
second depression reduces the dissociation barrier of thglue potentigl® support this view. We start with a A001)
first, this barrier even vanishing for a sufficiently short dis-reconstructed surface plus a set of randomly distributed va-
tance between the depressions. These results can be usedémcies to model the vacancies created by ion impacts. These
explain the reaction observed in FigagB). are simulated by eliminating an atom from the overlayer and

Due to the different symmetry between the topmost redetting the simulation evolve in time. The results of the simu-
constructed layer and the substrate, this interface can be dition show that surface vacancies migrate to the reconstruc-
scribed in terms of a grain boundary between a 3D and a 2@ion ridges and diffuse anisotropically along thésee Fig.
crystal, where 2D dislocations can end up. These 2D dislo6). In fact, anisotropic diffusion has been shown earlier for
cations should not be confused with the several systems afdatoms in Au001) and P¢001).4
misfit dislocations that have been extensively described in This process ends up in vacancy rows along the ridges, a
the literature of multilayer growfli®” and that are some- result that can be understood in physical terms since vacan-
times calledsurface dislocationsFor example, in recon- cies are actually expected to have lower energy when placed
structed surfaces such as (A1) or P{111)3"8the frontier  on the reconstruction ridgegsn top, less coordinated siles
between a fcc and a hcp region is a Shockley partial disloThese rows are the nuclei of depressions since we have
cation, which runs parallel to the surface. At the point whereshown in an earlier worK that vacancy rows in a reconstruc-
two of these Shockley partial dislocations meet, a perfection ridge collapse into dislocation dipoles. Furthermore, mo-
edge dislocatior{threading dislocationis formed that runs lecular dynamics simulations can account for other experi-
from the second layer to the surface. Both partial and threadmentally observed processes, such as the depression
ing dislocations reside in the first and second layers at aissociation of Fig. 3. Simulations carried out at 975 K show
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FIG. 7. Sketch of the atom positions, according to elasticity
equations, for the following 2D defect$a) a row of vacancies

along[11]; (b) a Frank dislocation dipole with: b= (a/2)[11]; (c)
a perfect dislocation dipolé&epressiopwith =b=a[10].
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The collapse of aow of vacancies is the 2D equivalent of
the 3D collapse of disk of vacancies. With reference to Fig.

FIG. 6. Molecular dynamics simulation of vacancy transport on 7+ in which the directions in the topmost reconstructed layer
a hexagonal-reconstructed @01) surface. Four vacanciga) ini- are expressed in terms of only two coordinates, a vacancy
tially placed at random on the corrugated surfabs,are seen to  row (@) along the[ 11] direction collapses into a 2D stacking-
climb into the corrugation ridge, antt) anisotropically diffuse  fault (b) encompassed by two 2-D dislocations at both ends.
along the latter. The white squares are a fixed reference. Assuming that Burgers circuits are taken counterclockwise,

the Burgers vectors of both dislocations will ba/Z)[ 11]

that, in times of a few ns, a depression evolves into a conand @/2)[11], wherea is the interatomic distance. From the
figuration of two opposite individual dislocations on contigu- point of view of their geometries and strain fields, these dis-
ous corrugation valleys. To explore alternative atomic condocations are 2D partial dislocations of Frank type, i.e., the
figurations in a depression, the stability of antwo-dimensional analog of the well-known dislocation loops
unreconstructed regiotiocal square symmetfyone recon- that originate from the collapse of a vacancy disk in the bulk.
struction period wide, was investigated. Molecular dynamicsThey can be thought of as the intersection with the surface of
simulations showed that this structure becomes unstable ar8D dislocation loops with a well-defined Burgers vector. The
atoms arrange in a 2D dislocation dipole configuratide-  diameter of the 3D loop is then equivalent to the length of
pression. the 2D dipole.

085420-6



ION BOMBARDMENT OF RECONSTRUCTED META.. .. PHYSICAL REVIEW B 63 085420

FIG. 8. STM image of an A{©01) surface after being irradiated FIG. 9. STM image of an A@01) surface after being irradiated
with a dose of 0.1 ML* (60x60 nnf). Vacancy islandgdarker  with a dose of 0.25 MI® (89x89 nn?). Large vacancy islands
in the image are now conspicuous. Note that nucleation of vacancyare present, together with elongated troughs, the latter 0.06 nm
islands of 0.2 nm depth takes place on existing dislocation dipolesdeep.

In Fig. 7(c) the above 2D Frank-like dislocations unfault . = . - L
. . . . . in dipole growth by climbing or, eventually, originating new
by nucleating 2D Shockley-like dislocations of, rESpecuvely’disloFZ:atio% dipoles¥ On the %ther hand wr){en a?\ ion ir%pinges

Burgers vectors d/2)[11] and @/2)[11]. The dislocation o, 5 gipole, the new vacancies are confined into the core
reactions involved are théh region of the dipole and a vacancy island may be nucleated.
a _ a Thus, a low-vacancy density would arrange itself in disloca-
=[11]+ z[11]=a[10], (289  tion dipoles, whereas a higher vacancy density would con-
2 2 ; . . )
dense into vacancy islands. According to these ideas, the
a_ a__ - nucleation of a vacancy island would take place after a cer-
5[11]+ 5[11]=a[10], (2b)  tain vacancy density was reached.

For still higher doses~0.2—-0.3 ML', larger vacancy
which lead to a final state consisting of a pair of perfectislands become abundant, as can be seen in Fig. 9. Note the
dislocations whose Burgers vectors are aldag]. Obvi-  presence ofroughs protruding from some vacancy islands,
ously, the nucleation of the opposite Shockley dislocationsvith a depth of 0.06:0.01 nm. They also have a dislocation
would have led also to a pair of perfect dislocations with
Burgers vectors along the other compact direction, respec-

tively, [01] and[01]. Note that a Frank-like dipolgsuch as
that of Fig. 1b)] can be, alternatively, described as an unre-
constructed area one atom wide. However, only the descrip-
tion in terms of a dipole of perfect dislocatiofBig. 7(c)]

can explain the physical processes taking place after the re-
action of Eq.(2) occurs.

B. Medium doses(0.1 ML*-0.3 ML%)

An image of a reconstructed AR01) surface bombarded
at a dose of=0.1 ML" is shown in Fig. 8. New features are
seen, apart from the dislocation dipoles and individual dislo-
cations observed at lower doses. Several vacancy islands 0.2
nm deep(in contrast to the 0.06 nm depth of depressjons
appear in the image. The transition from an only-dislocation
stage to a vacancy islands and dislocations stage is charac-
terized by the following property: vacancy islands always
nucleate either at the center or near the corner of dislocation FiG. 10. Clean hexagonal-reconstructed(@@q) surface after
dipoles, as can be seen in Fig. 8. A tentative explanatioRvaporation of slightly more than 1 ML of A(unbombarded sur-
follows: ions impinging over nondefective sites of the sur-face (105x105 nnf). Adatom and vacancy islands, elongated
face yield vacancies that evolve as discussed above, resultin@ughs, dislocations, and depressions are visible.
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FIG. 11. () STM image of an A(001) surface after being irra- FIG. 12. Pt001) bombarded and mildly annealed (89
diated at 300 K with a dose of 0.5 ML(42x42 nn?). In addi- <89 nnt). Note the similarities of the defects with those in Fig.
tion to vacancy islands one observ@s unreconstructed patches 14 for an AU0O0D) surface.

and (B) perpendicular-reconstruction domains. Inset: depth profile nv given terrace. We shall name this bhenomedecon-
of two contiguous unreconstructed patches, one of them inside any g' L P
vacancy island struction resulting indeconstructed areas

The defects and features described in Au are also ob-
served in RO01) when bombarded in the same range of
character, being the remnants of long depressions that haygyses as shown in Fig. 12. One should also remark that de-
nucleated a vacancy island on one of its ends and later bepnstructed areas are visible with the same symmetry than
come dissociated. _ _ _ those of Au although they seem to be more ubiquitous for
A further check of the model is provided by an experi- comparable doses. The<® reconstruction distinctive of Pt
ment, in which Au is evaporated onto a cleambombarded 150 appeard’ this reconstruction being usually present
reconstructed surface. Evaporating slightly more than 1 MLynen two perpendicular domains cross each other.
Au yields surface images like that shown in Fig. 10. The The origin of this deconstruction is not clear. As is well
topographic image looks very similar to Fig. 9, taken afterynown the 5¢<1 reconstruction of ROOD) can be lifted by
medium-dose ion bombardment. This similarity is remark-co adsorptiorf® and it could be argued that some kind of
able. We offer the following explanation: at very low cover- contamination might be responsible for deconstruction in
ages, adatom islands 1.44 nm wide nucleate on top of nofsomparded A(D01). There are several facts that rule out this
equivalent substrate sites. With increasing coverages, thgsssibility. First we recall the almost negligible sticking co-
islands grow laterally, propagating the reconstructiongficient for reactive gases of Au, as compared to that of Pt.
fringes. For coverages close to 1 ML_, the regonstructiowso, we point out that no traces of adatom or molecule
fringes do not match exactly, and the mismatch is accountegsters are visible on the surface. We have shown above that
by relaxed vacancy rows, that is, depressions or 2D dislocg;o|q adatoms are captured by dislocation dipoles, and that,
tion dipoles, some of which can be very long. only when in excess, subsequently cluster to give rise to
islands. Previous observations have shown that were there
. any contaminant molecules on the surface, they would show
C. High doses(>0.5 ML™) upyas bumps on the surface, very likely with a height differ-
A STM image of a sample after ion bombardment at aent from 0.2 nm. Moreover, previous investigatibnaf CO
dose of=0.5 ML" is shown in Fig. 11. In addition to large, adsorbed onto F201) show unreconstructed patches of ad-
reconstructed vacancy islands, a new type of feature is olsorbed CO that bear no relation to the well-defined rectan-
served, exemplified by A in that figure. These features argular shapes of our deconstructed areas. In the absence of
deconstructed patches with well-defined straight sides, paratontamination effects, we suggest that the patches of decon-
lel to the compact directions of the substrate. Their mearstruction are linked to reconstruction instabilities, the latter
depth(measured with respect to the mean value of the cortriggered by an increase of the local density of surface atoms
rugation of the reconstructed layés 0.06-0.01 nm, which in the patch. Further evidence for this interpretation is pro-
agrees well with the profile of a hard-sphere model. Furthervided in the next subsection.
more, higher-resolution STM reveals that atoms in decon- To help elucidating the influence of temperature in the
structed areas indeed exhibit square symmetry. Note thdinal morphology of the surface, some ion bombardment ex-
these deconstructed patches are always encompassed by gegriments have been performed with the sample at higher
pendicular reconstruction domains, in contrast to the astemperature £400 K). While the ion dose is comparable
prepared surface in which only a single domain is present invith that of Fig. 11, the topography is clearly different. The
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FIG. 13. Surface bombarded with a dose of 0.5 Micompa-
rable to that of Fig. 14, but with the surface at 400 K (500
X 400 nnf).

image shown as Fig. 13, encompassing a wide area, reveals
very large vacancy islands, whereas unreconstructed regions
or perpendicular reconstruction domains are not visible. Note
the elongated shape along the reconstruction direction of the
large vacancy islands. In some cases, vacancy island growth
competes with step retraction. In addition, a very small
amount of dislocations are present. These observations are in
good agreement with a model of diffusion-controlled va-
cancy accretion by growing vacancy islands. In fact, any rate
equations in terms of competition between island growth and
annealing at sinkésteps and the likeyield the same general
result: high temperature and/or low ion flux lead to a few
large vacancy islands, whereas a high concentration of va-
cancy islands is expected for the opposite conditions.

D. Very high doses(>1 ML)

Extending the ion bombardment to these very high dose F_IG. 14. Sever_al annealing processes are clearly_ V|S|bl_e in this
- . . wo images of a highly bombarded surface (10 Nlwith a time
results in coalescence of the vacancy islands, which become
. . . interval of one hour between therffrom top to bottom (56
irregularly shaped, and formation of a multilevel structure,

. . . . 'X56 nnf). The most interesting aré) a vacancy island disap-
whereas no perpendicular reconstruction domains are VISIb|(BearS on the left of A, while another one shrinks on the left ofiB:

The morphology of the damage can be also easily explainegvo adatom islands shrink in C and on the left of (i;) the recon-

in terms of vacancy diffusion kinetics. The final number of gy ,ction grows over E and at a previously unreconstructed patch on
exposed levels depends basically on the probability of nuclege jeft of F.

ating a new vacancy island inside a previous one. Deep va-

cancy pits imply that new vacancies have been able to nucleeom temperature; as examples see in Fig(il4he disap-

ate and give rise to an island before they annihilate withpearance of the deepest level at a multi-level vacancyipit;

vacancy steps. For a given temperature this is possible onlyacancy crater shrinkagéii) transfer of vacancies between

if the rate of vacancy creation, i.e., the flux, is high enoughtwo contiguous levels; anflv) adatom island shrinkage. A
We have performed a number of irradiations with a fluxmost revealing process linked to the evolution of decon-

five times higher than the usual one. Compared with thestructed areas is also visible in the figure: the deconstructed

experiments at lower fluxes, the resulting damaged surfacerea at F is seen to reconstruct. We take it as a strong sug-

shows, on the average, more vacancy pits of smaller area agstion that an increase in the local density of surface atoms

with more multiple levels. As an example, Fig. 14 shows thateverts the deconstruction.

this high-flux irradiation with a dose of about 10 NLre- The existence of multiple-level vacancy pits as those dis-

sults in pits with square symmetry, several atomic layersussed above might be taken, at first sight, as evidence of the

deep. Their morphology is entirely similar to earlier- existence of Schwoebel barriers. However, Constantini

described results 0001 and (111 nonreconstructed fcc et al?* in nonreconstructed A§01) have shown that this is

surface$>*® Under STM conditions, significant evolution not an essential requirement and that a suitable interplay be-

takes place in times of the order of hundreds of minutes atween temperature, flux, and dose can result in a full range of
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morphologies. Our results in reconstructed(@@q) are very  these dislocation structures can be understood in terms of
similar to theirs and suggest that, after very high doses, reanisotropic diffusion processes involving bombardment-
construction does not play a substantial role in the resultingnduced vacancies. At higher doses, in the neighborhood of
damage. one ion per surface atom, apart from vacancy islands new
types of defects are recognized, one of which is characterized

V. CONCLUSIONS as deconstructed patches (001 symmetry. These patches

are likely to develop from reconstruction instabilities in-
The main conclusion of this work is that ion irradiation at q,,ceqd by an excess of vacancies in regions in which com-
low doses of reconstructed £201) surfaces results in the peting reconstruction orientations can lead to reconstruction
creation of dislocations and dislocation dipoles on the topt,ystration. The observation of processes in which a decon-

most hexagonal layer and that this layer behaves as a 2Bycted patch reconstructs supports this explanation.
dislocation system. Furthermore, these 2D dislocations are

seen to react, glide, climb, etc., in much the same way as
bulk dislocations do. They appear frequently in the form of
dipoles at an angle of= 7/3, which after higher doses be-  This research has been supported by a grant from the
come the nucleation centers of the vacancy islands conSpanish DGICYT Contract No. PB96-0652, which is grate-
monly observed by other researchers in a variety of metalully acknowledged. O.R.F. wants to thank the Spanish Min-
surfaces. Defects with the same morphology appear undéstry of Education and Culture for a financial support. We
comparable bombardment doses in reconstructé@DBt thank Dr. J.M. Soler for his help in implementing the com-
Molecular dynamics simulations show that the origin of putational code for the glue potential.
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