SECTION 1
PHYSICS OF RADIATION DAMAGES AND EFFECTS IN SOLIDS
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The radiation-induced surface diffusion of molybdenum adatoms was studied using molecular dynamics
simulations based on a many-body tight-binding potential interpolated to the short-range repulsive screened
Coulombic interactions. It was shown that the He ion impact is accompanied by an extensive surface mobility of Mo
atoms. The long radiation-induced atomic jumps, spanning more than a nearest-neighbor distance, were revealed on
the {110} terrace. The radiation induced exchange of Mo atoms colliding with Mo {110} surface was found in our
mathematical simulations: there were observed exchange processes in which the radiation excited atom entered the
surface and another surface atom emerged nearby. These results of MD simulations appear to be the first
observation of exchange events in radiation-induced surface diffusion.

PACS: 61.16.D1;61.72.MM;68.35.BS

INTRODUCTION

The key materials science problem in designing
fusion reactors is associated to radiation stability of the
first wall and divertor materials. In particular, the
surface of these materials is bombarded with high doses
of low-energy He ions and neutral atoms which cause
significant erosion [1, 2]. Basic problems foreseen at the
operation of fusion power reactors are connected with
the ability of structural materials to retain their
properties under heavy radiation environments. The
bombarded surface can be very beneficial for healing
radiation damage by trapping and recombining point
defects. A firm understanding of the effect of surface
diffusion on materials is necessary to serve as a guide
for creating novel advanced materials. Radiation
tolerant materials would exploit the presence of surfaces
to act as the recombination area and suppress damage
accumulation.

Recent understanding of the atomic level response of
solid materials to radiation yields insights into surface-
defect interactions enable for atomic scale design of
radiation tolerant structural materials for advanced
fission and future fusion reactors. However, advanced
fission and future fusion reactors call for significant
progress materials able to sustain radiation doses up to
the order of magnitude higher than in existing nuclear
reactors. Motivated by the progress in understanding
surface morphological events, and by the technological
need of having a detailed information on the ion-
bombarded surfaces, recently a number of experimental
and theoretical studies have been conducted to evaluate
the structure and microtopography of surfaces eroded by
low-energy ion bombardment [3, 4].

The impact-induced surface diffusion has been first
revealed in early field ion microscopy researches on the
low-energy ion bombardment [5-8]. This method gives
the direct information with an atomic resolution on
various elemental surface processes [9-12], but it is
impossible to image short lived configurations and

diffusion pathways. For this purpose, MD simulations
have been used. At low temperatures the surface
diffusion is dominated by its radiation-induced
component, which is independent of temperature.
Despite over 40 years' theoretical and technological
interest in this phenomenon, there are still very little
direct atomic-scale observations of elementary events of
ion-induced surface diffusion. The MD simulations of
corresponding cascade events provide a basis for
understanding the special effects of surfaces including
phenomenon of radiation-induced surface diffusion. In
spite of the known wide possibilities of MD simulations
studies of the ion-surface impacts, the most of them
have primarily been concerned with the sputtering
events, and not with surface damage and impact-
induced diffusion.

Statistically significant information on an atomic
scale concerning the surface damage production by
impacts of ions of inert gases was obtained in
conjunction with STM experiments [13]. In this paper,
the impact-induced surface diffusion of molybdenum
adatoms has been studied using MD simulation.
Molybdenum was chosen as the construction material
for the divertors in present prototype nuclear fusion
reactors and the plasma-facing structure material for
future reactors due to its high melting point and physical
sputtering yields [1]. As a result, a new mechanism of
radiation-induced surface diffusion based on the
exchange of surface atoms was revealed.

SIMULATION MODEL

In this paper we used a software package “Kalypso”
for MD simulation of projectile collisions with metallic
targets, which is described in [14]. This package is well-
suited for MD simulation of bombardment phenomena
in surface atomic layers that involves short time and
length scales (<10®s, <107 m). Kalypso comprises
user-friendly integrated suite of software instruments
based on many-body potentials for design and analysis

ISSN 1562-6016. PAST. 2017. Ne5(111), p. 3-1.



of simulation experiments that relate to ion impacts or
atomic recoil events. Noble gas atoms interact with the
target metal atoms via repulsive screened Coulombic
potentials. Interactions between the target atoms are
defined by composite potentials, consisting of an
attractive a many-body tight-binding  potential
interpolated to a short-range repulsive screened
Coulombic potential [15].

The equations of motion of the many-body
dynamical system are integrated over certain number of
time-steps using the Verlet method. In our MD
experiments in most cases the free boundaries
conditions were used. An adaptive time-step is used to
improve the speed of the MD simulation. The size of
simulated crystallites was changed by varying their
vertical and lateral dimensions over a wide range. The
simulated Mo nanocrystal contained 2-10* atoms on the
average. The crystallite size was chosen to be large
enough to include most collision cascades. The direction
normal to the Mo (110) surface was set as the z-axis,
and the tangential directions ([-110] and [001]
directions) were set as the x-axis and y-axis,
respectively. The excellent agreement between the
experimental data and Kalypso MD simulations is
replicated across the wide ion energy range. Minor
differences persist between results obtained by these
methods, but the overall agreement is encouraging. The
projectile impact coordinates for the simulations were
randomly distributed across the entire crystallite
surface.

The initial time step for integration of the Newton
equations was chosen in the range of 0.01...0.1 fs. The
duration of the surface collision cascades was in the
range of 500...1000 fs. After this period, there is not
sufficient kinetic energy for further atoms be sputtered
or displaced in the lateral direction.

RESULTS AND DISCUSSION

The MD simulation experiment showed that the
projectile impacts on the upper surface of the target
were followed for about 0.5 ps by collision cascades.
However, the morphological evolution of the
bombarded target caused by atomic recoils was
followed until about 10 ps have elapsed. The surface
morphology after irradiation at normal projectile
incidence is dominated by random adatom coverage and
not by surface vacancies. The obtained data
demonstrated that the low-energy He atomic
bombardment is able to induce a substantial mobility of
adatoms. The atomic displacements in the surface layers
responsible for mass-transport along the surface are
induced by linear atomic displacements along the <111>
close-packed directions (shown by arrow in Fig. 1,b).
Such linear displacements can be considered as
dynamical crowdions or focusons.

In these MD experiments, the surface atom starts
from a given site, and then due to radiation activation
overcomes the surrounding migration barriers. So, it
may make a flight and is thermalized in a surface
potential well which most probably is one of the
neighbors, thus making a single short jump (atom A in
Fig. 1,b and Fig. 2) or a long-range jump (atom B in
Fig. 1,b—d).
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Fig. 1. lon-impact MD patterns of Mo (110) surface
bombarded by He (5 keV) at a normal angle after
2.4 fs (a), 233 fs (b), 360 fs (c), 495 fs (d), and 501 fs ()
from the beginning of the MD experiment.
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Fig. 2. Time dependence of the jump height for impact-

induced diffusion of atom (pointed by A) to the nearest-
neighbor position

The kinetic energy of displaced atoms (Fig. 3) may
be high enough to induce the surface diffusion processes
that may modify the atomic topography. The jumping
atom can be also retrapped in a surface site which is far
away from the starting point (the long-jump lateral
replacement in this case, see the atom B in Fig. 1,b). As
it is shown in Fig. 4, large surface jumps of atoms more
than a nearest distance contribute meaningfully to the
impact-induced  diffusion. The  nearest-neighbor
diffusion jumps of molybdenum atoms are the utmost
probable but the double or more complicated atomic
jumps are significant. The MD data are satisfactory
fitted by the exponential equation N(L) = Bexp(-(L-
-Lo)/L"), where N is the number of atomic hops; Ly is the
adjusted parameter; L” is the reduced amplitude of the
atomic jumps equal to 2.942; C is the dimensionless
constant 61.39.

Long jumps of surface atoms during a thermally
activated diffusion process, with length of several



surface lattice parameters, were first discovered by MD
simulations [16], and later were revealed in FIM studies.
The other evidences of long jumps during surface
diffusion of adatoms and the mechanisms of this
phenomenon were discussed in two comprehensive
reviews [17, 18].
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Fig. 3. Dependence of the kinetic energy for impact-

induced diffusion of atom A to the nearest-neighbor
position
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Fig. 4. The probability distributions of radiation-
induced jump length of molybdenum atoms. The dash
line is an exponential fit to the diffusion data

Our MD simulations of the impact induced surface
diffusion reveal a variety of atomic jumps along
bombarded surface, including the nearest-neighbor
hops. This observation is agreed with results of FIM
studies reported in [5, 6]. In this FIM study simulation
of the low-energy ion bombardment processes, it was
shown that the most atoms sputtered from an atomically
rough surface can originate from adatom sites, and the
rest from interior terrace regions. The exponential jump
length probability distribution theoretically revealed and
observed in MD experiments [19] for the thermal
surface diffusion of adatoms is characteristic of friction
due to discrete events rather than as a continuous
process. So, the strictly exponential distribution of
radiation-induced jumps obtained in our experiments

indicates the instantaneous mechanism of interatomic
interactions that drain the excess energy of adatoms by
discrete events rather than as a continuous friction
process.

At described above impact condition, we also found
exchange processes in which the radiation excited atom
entered the surface and another surface atom emerged
nearby. Such an exchange event is illustrated in Fig. 5,
which shows the same MD run as in Fig. 1 for the atom
B. The excited migrating atom (shown by the arrow in
Fig. 5,a) with kinetic energy of 6.5 eV enters the surface
layer near the step (pointed by the arrow head in
Fig. 5,b) and pushes aside two of atoms, the last of
which emerges and transforms into an adatom on the
{100} terrace (see Fig.5,b,c). The arrows in Fig. 5,b
and ¢ show the direction of velocity of the emerged
atom. An initial kinetic energy of this atom was 2.4 eV.
The arrow head in Fig. 5,d points the position of this
atom after thermolization and its termination. The
hopping atom embedded in the {110} surface near the
terrace edge (see Fig.5.a,b) travels two surface sites
down the {100} surface plane. Similar movement was
also found in several other MD simulations.
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Fig. 5. The MD run patterns of bombarded Mo (110)
in the continuation of the same experiment as shown
in Fig. 1 after 536 fs (a), 595 fs (b), 710 fs (c),
and 830 fs (d) from the He ion impact

An analogical exchange phenomenon was revealed
and analyzed earlier by Evangelakis and Papanicolaou
[20] and considered in details in several MD studies of
thermally activated self-diffusion processes on copper
surfaces [21-24]. They observed a complicated
mechanism with the surface atom exchange processes
with comparatively low energy barriers: a surface
adatom entered the first monolayer, and another atom
adjacent to the entering one popped out of the surface
layer. This emerging adatom can substantially
contribute to the surface diffusion. The total reduced
length of diffusion hops for this atom L equals to the
length L, before the exchange event and after it L,
L = Ly+Le. The described above impact-induced long-
range diffusion hopping is characterized by L,=6 and



Lex=3. So the total number of jumps for this single
impact event equals to 9.

MD patterns shown in Fig. 5 appear to be the first
observation of exchange events in impact-induced
surface diffusion. From these MD simulations, it is clear
that radiation-induced exchange events on metal
surfaces may contribute meaningfully to surface
diffusion. It must be stressed, however, that this
conclusion is just the result of MD simulations without
direct experimental confirmations at this time.

CONCLUSIONS

The elementary events of impact-induced surface
diffusion on molybdenum surface at the atomic level
were studied using MD simulations. It was shown that:

1. The He ion impact at normal incidence is
accompanied by an extensive mobility of Mo surface
atoms. The kinetic energy-induced hyperthermal mass-
transport has a relevant influence on the development of
the Mo atomic topography.

2. The long radiation-induced atomic jumps,
spanning more than a nearest-neighbor distance, were
revealed on the {110} plane at 0 K.

3. An exponential distribution of impact-induced
jumps obtained in our experiments indicates the
instantaneous mechanism of interatomic interactions
that drain the excess energy of adatoms by discrete
events rather than as a continuous friction process.

4. At described above impact condition, we also
found exchange processes in which the radiation excited
atom entered the surface and another surface atom
emerged nearby. These results of MD simulations
appear to be the first observation of exchange events in
impact-induced surface diffusion.
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HOBEPXHOCTHAS TU®DY3USL, UHAYIIUPOBAHHASI HUI3KOSHEPTETUYECKOM
BOMBAPJIUPOBKO HOHAMM He: MEXAHU3M OBMEHA

O.B. /l[yoka, A.A. Ma3unos, 10.A. I'opouenko

PagnannoHHO-MHAYNMpPOBaHHAS TOBEPXHOCTHAS AU((Py3us agaToMoB MoauOAeHa OblIa M3ydeHa C IMOMOIIBIO
MOJICTTMPOBAHMS METOAOM MOJICKYJISIPHOW AWHAMUKH, OCHOBAaHHOM HAa MHOTOYacTHYHOM MOTEHIHAJTE MKECTKOH
CBSI3M  C  UHTEPNOSIIMEH  KOPOTKOAEHCTBYIOIIETO  OTTAIKMBAHHMA  SKPAaHWPOBAHHBIM  KYJIOHOBCKUM
B3auMozeiicTBueM. beio nokaszaHo, uto 6omOapaupoBka nonamu He conmpoBokaaeTcs oOMMpHON MOBEPXHOCTHOM
MOJBI)KHOCTBIO aTOMOB Mo. JIMHHBIE pagMallMOHHO-UHAYLUPOBAHHBIC AaTOMHBIE CKauKM, OXBaThIBAIOIINE
paccTostHusi Oosiee ueMm Onmkaiiiie MekaTOMHbIE, ObUtM BbisiBIeHbl Ha {110} Teppacax. Paamanmonno-
MH/IyIIUPOBaHHBII 00MEH aTroMOB Mo, CTaqKMBAarOLMIMXCs ¢ moBepxHOCThi0 Mo {110}, Ok 0OHapyKeH B Halem
MaTeMaTHueCKOM MOJIEITMPOBAHUN: HAOJIOJAIMCh OOMEHHBIE TIPOLECCH], B KOTOPBIX PaJHallMOHHO-BO30YKICHHBIN
aTOM NPOHHUKAJT B MOBEPXHOCTHBIN CJIOH, a MOONHU30CTH BBIXOJMI HAa MOBEPXHOCTh JIPYroil aToM. OTH pe3yIbTaThl
MOJICTIMPOBAHMS  TIPEJCTABIAIOT cOo00W mepBoe HaOmogeHHe OOMEHHbIX H(P(exkToB B  pagMalMOHHO-
WHYIIUPOBAHHOM MOBEPXHOCTHOW Anddy3nmu.

IHOBEPXHEBA JU®Y3I4, IHITYKOBAHA HU3bKOEHEPTETUYHUM
BOMBAPAYBAHHSIM IOHAMM He: MEXAHI3M OBMIHY

O.B. /lyoka, 0.0. Ma3inos, 10.0. I'opoicnuko

PaniamiiiHo-iHAyKOoBaHa MOBepXHEBa A y3is agaTtomMiB MoJibIeHy Oyiia BUBUCHA 32 JOTIOMOTOX0 MOICTIOBAHHS
METOZAOM MOJICKYJIIPHOI AWHAMIKH, 110 0a3yeThbcss Ha 0araTo4acTKOBOMY IOTEHIiadi JXOPCTKOTO 3B'A3KYy 3
IHTEPIIOJIALIEI0 KOPOTKOIIOYOTO BiAIITOBXYBAaHHS €KPaHOBAHOK KYJIOHIBCBKOKO B3aeMogierw. Byno mokazaHo, 1mo
O0oMOapayBaHHS i0HaMH He CyTIpOBOIIKYETHCS BETMKOIO MMOBEPXHEBOIO PyXJIHBicTIO aToMiB Mo. JIoBri pamiamiiiHo-
IHlyKOBaHi aTOMHI CTPHOKH, [0 OXOILTIOIOTH BiICTaHi Ok, Hi)K HalOIIK4l Mi>kaTroMHi, Oynu BusiBneni Ha {110}
Tepacax. PamiamiifHo-iHOqyKOBaHM 0OMiH aToMiB Mo, IO CTHKAIOTHCA 3 moBepxHEero Mo {110}, OyB BUsBICHUI B
HalIOMYy MaTeMaTUYHOMY MOJICTIOBAaHHI: CIIOCTepiraiucs OOMiHHI MPOLIECH, B SKUX pajialiifHO-30yIKEeHUH aToM
NPOHUKAB y MOBEPXHEBUIl Liap, a mo0in3y BUXOJIWB Ha MOBEPXHIO iHIIKK aToMm. Lli pe3ynbratu MonenoBaHHS
SBJISIIOTH COOOI0 TEpIle CIOCTEpEXKEeHHsI OOMIHHUX e(heKTIB y panianiiHO-iHAyKOBaHiil noBepxHeBiil qudysii.



