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Molecular dynamics simulations have been used to study the mechanism of ion beam mixing in metal
bilayers. We are able to explain the ion induced low-temperature phase stability, atomic mixing and melting
behavior of bilayers using only a simple ballistic picture up to 10 keV ion energies. The atomic mass ratio of
the overlayer and the substrate constituents seems to be a key quantity in understanding atomic mixing. This
picture explains in a simple way ion beam mixing in a overwhelming number of miscible and immiscible
bilayer systems up to high ion energies. Remarkably the existing experimental data follow the same trend as
the simulated values. The critical bilayer mass ratio ofd,0.33 is required for the occurrence of a thermal spike
slocal meltingd with a lifetime oft.0.3 ps at low-energy ion irradiations1 keVd due to a ballistic mechanism.
These findings might be important in understanding the mechanism of ion induced phase evolution in solids
and could improve the controlled fabrication of metal nanostructures.
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There is a great interest in the manipulation and nanoscale
fabrication of ordered layered structures in a controllable
manner in the last decades. This requires the fundamental
understanding of the mechanism of atomic transport pro-
cesses and phase evolution in solids even far-from-
equilibrium since during nanoscale engineering the oc-
curence of nonequilibrium solid phases is highly probable.1

Ion beam mixingsIM d has been established as a powerful
method for synthesizing nanoscale objects.2,3 IM has also
been introduced as a nanofabrication route to gain nanocom-
posite structures, based on a self-assembly phenomenon un-
der irradiation.3 In certain metal bilayer systems IM random-
ize the initially sharp interface leading to amorphization.4–6

In many bilayers no considerable IM occurs7,8 such as Ag/Fe
in which a very poor mixing efficiency is observed.9 As an
explanation for the ion induced phase stabilitysinstabilityd of
interfaces, the thermal spikesTSd model is widely accepted
in the last two decades8,10 which predicts the dependence of
the mixing efficiency on thermodynamic quantities such as
heat of mixing.

Recently though we observed the presence of TS but
failed to find any effect of heat of mixing on IM.11,12 It is
also known that the TS model has a limited applicability for
systems with positive heat of mixing as well as for systems
having a mean atomic numberZ,20.9 Thus, accepting the
importance of the TS during the phase evolution of the irra-
diated sample10,13 we propose to understand its effect on IM
as a purely ballistic phenomenon.12

In the present Letter we would like to show using molecu-
lar dynamicssMDd simulations that the atomic mass ratio
has a dramatic effect on IM in various metal bilayers. Up to
10 keV Ar+ ion bombardment no or weak IM occurs above
the atomic mass ratio ofd=moverl/mbulk.0.33 while consid-
erable IM occurs ifd,0.33, wheremoverl and mbulk are the
atomic masses in the overlayer and in the substratesbulkd.
We will demonstrate that a large number of measured mixing
efficiencies follow the same trend as the simulated IM. These
results challange the widely accepted thermal spike model.

Classical constant volume molecular dynamics simula-
tions were used to simulate the ion-solid interaction using the

PARCAScode.14 Periodic boundary conditions are used paral-
lel to thes111d planes. The computer animations can be seen
on our web page.15 Here we only shortly summarize the most
important aspects. Its detailed description is given in recent
communications.11,16 We irradiate a series ofs111d bilayers
sAl/Pt, Ti/Pt, Al/Ag, Cu/Pt, Cu/Au, Al/Cu, Ni/Ag,
Ag/Au, Ti/Co, Ag/Ni, Cu/Nid with 1 keV Ar+ ions. In cer-
tain bilayerssAl/Pt, Ti/Pt, Al/Cu, Ni/Ag, Ti/Cod we in-
crease the irradiation energy up to 10 keV in order to show
that the mass effect persists up to higher ion energies. For
practical reasons we choose a grazing angle of incidencesthe
initial velocity direction of the impacting atom was 7 degrees
with respect to thes111d surface of the crystald although we
are interested, not in the sputtering conditions or in surface
morphology development in this article. Due to the small
impacting angle the energy deposition is concentrated 4–8
monolayerssMLsd below thes111d free surface up to 10 keV
ion energy hence we could minimize the depth size of our
simulation cells for saving CPU time. Although the impact
anglesQd could affect atomic mixing, however, we find that
the mean range of atomic displacements is not sensitive to
the variation ofQ if the depth coordinate of the interface is
placed in the range of the penetration depth. Hence the ap-
plied restriction onQ does not affect significantly the final
conclusions. To obtain a representative statistics, the impact
position of the incoming ion is varied randomly within a
535 Å2 area completing 10 simulations for each system.

We used a tight binding many body potential given by
Cleri and RosatosCRd,17 to describe interatomic interactions.
We have chosen those bilayers for which atomic potentials
are available. This type of a potential gives a very good
description of lattice vacancies, including migration proper-
ties and a reasonable description of solid surfaces and
melting.17 To construct AB heteronuclear interactions the
geometrical mean of the elemental energy constants and the
harmonic mean for the screening length are taken as in Ref.
19. It appears that the estimated AB potential describes the
relaxation behavior of variouss111d bilayers adequately. We
get stable, atomically sharp interface structures in a wide
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temperature range below the melting temperatures. The reli-
ability of the AB cross-potential as a mean of the elemental
potentials is tested in the cases of CuAu and CuAg, where an
optimized CR potential is available for the alloy phases.18

We find no considerable changes in the physical properties or
in the equilibrium structure. Although this does not prove the
reliability of other cross-potentials, it suggests that the esti-
mated potentials are very close to the optimized one and
should be suitable for describing the ballistic properties of
IM which is the primary goal of the present report.

The construction of the interface systems is given
elsewhere.12 We only shortly summarize that the interfaces
have s111d orientation and the close packed directions are
parallel. The thickness of the upper layer is 4–8 monolayers
sML d, while the bulk is constructed from 36 MLs in those
samples subjected to 1 keV irradiation. These samples in-
cludes roughly 45 000 atoms. At a higher irradiation energy
we put a thicker overlayer with 8–16 MLs and a substrate
with 90 MLs s550 000 atomsd. The interfacial systems are
created as follows: the overlayer is put by hand on thes111d
substratesbulkd and various structures are probed and are put
together randomly. Finally that one is selected which has the
smallest misfit strain prior to the relaxation run. The remain-
ing misfit is properly minimized during the relaxation pro-
cess so that the overlayer and the substrate layers keep their
original crystal structure and we get an atomically sharp in-
terface.

We calculate the number of mixed atomssNmixd and the
simulated mixing efficiency jIM

sim=kR2l /6n0EDN
, where

kR2l ,n0 andEDN
, are the calculated mean square atomic dis-

placement through the interface per atom, the atomic density
in the upper layer and the deposited nuclear energy. We ex-
clude fromkR2l atomic displacements which do not lead to
broadening at the interfacesself-atomic mixingd because the
experimental jIM is calculated from broadening at the
interface.8,10 Further calculational details are given in Ref.
20.

We investigate the influence of the atomic mass ratio on
ion beam mixing. We ion bombarded various bilayer systems
with different atomic mass ratios and find that below a
threshold ratio sd,0.33d the magnitude of intermixing
sNmixd is enhanced abruptly. The results are summarized in
Figs 1 and 2. In Fig. 1 we plot the simulatedNmix vs d and
the experimentaljIM vs d in Fig. 2 collected from Refs. 7,8.
In the inset, Fig. 2, we also give the simulatedjIM vs d for
bilayers for which high energysup to 10 keVd simulations
are available and also for the other bilayers for whichjIM

sim is
calculated at 1 keV ion energy. In Fig. 2 we see that
the increase injIM occurs betweend<1/3 and 1/2 which
is rather similar to the inset, Fig. 1. In Fig. 2 the experimen-
tal mixing efficiency values are obtained as follows:7

jIM <Dt /FFD, where Dt is the diffusion length,F is the
fluence andFD is the deposited energy at the interface. Al-
though there is some scatter in the data at aroundd<1/3,
jIM increases heavily in accordance with theNmix values
shown in Fig. 1. Although the experimentaljIM values in
Fig. 2 are obtained at high energies, however, they can be
compared with ourjIM

sim values since IM occurs primarily in
the subcascade region, where the energy is in the range we

applied.20 Above 10 keV ion energy collisional cascades split
into subcascades with a deposited energy density similar to
that occurs at lower ion energies.20

In particular, in Al/Pt we find a strong amorphization and
broadening at the interface which is in accordance with
measurements.6,12,21 In Cu/Pt and in Cu/Au the phase sta-
bility of the interface is also very weak in accordance with

FIG. 1. The number of intermixed atomssNmix, interfacial mix-
ingd at various atomic mass ratiosdd in various metal bilayers ob-
tained at 1 keV Ar+ irradiation. Note the thresholdd<0.33 value
below which the bilayers exhibit an ion-beam mixing “catastrophe”
and above which only cascade mixing occurs. The data points cor-
respond from left to right to the bilayers Al/Pts0.14d, Al/Ag
s0.24d, Ti/Pt s0.25d, Cu/Au s0.32d, Cu/Pt s0.33d, Al/Cu s0.42d,
Ni/Ag s0.54d, Au/Ag s1.83d, Ti/Co s0.81d, Cu/Ni s1.08d and
Ag/Ni s1.82d, respectivelysthe atomic mass ratios are given in the
paranthesesd. In those case whered.1 we use 1/d, because we find
that Nmix in AB and BA systems are nearly equal. The error bars
denote standard deviations.Inset: The number of mixed atoms is
also shown for higher energies for Al/Pts6 keVd, Ti/Pt s8 keVd,
Al/Cu s10 keVd, Ni/Ag s9 keVd and for Ti/Co s10 keVd as a
function of the mass ratio.

FIG. 2. The low-temperature experimental mixing efficiency
sÅ5/eVd as a function of the atomic mass ratiosdd. The values are
taken from Refs. 7,8. In those cases whered.1 we use instead 1/d
because we find that there is no serious difference in mixing be-
tween AB and BA bilayers.Inset: The calculatedssimulatedd
jIM sÅ5/eVd vs d.
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ion irradiation experiments.21 In Cu/Au 1 MeV ion bom-
bardment results in strong broadening.8,21 In bilayers Al/Ag
and in Au/Ag we find a relatively weak interfacial mixing
sNmix,30d, however, jIM

sim is large sjIM
sim<300±120 in

Al/Ag, jIM
sim<115±45 in Au/Agd. A large measured value of

jIM
exp<265 is found in Au/Ag7 and this data point is plotted at

1/d=0.55 in Fig. 2. Interestingly the atomic mobility is rela-
tively large in these systems while the gross number of
mixed atomssNmixd is small. We attribute this “anomalous”
behavior of Au/Ag to the tendency of crater formation in
Au.10 It has been shown, recently, that crater formation en-
hances mass transport hence atomic mobility between the
interface and the free surface.16

For bilayers withd.0.33 starting with Al/Cusd=0.42d
we got a weak interfacial mixing in accordance with the
MD22,23 and experimental studies.7 The strong mass effect
can be understood as the ballistic mechanism plays an essen-
tial role in IM and may stem from an increased backscatter-
ing of light overlayer atoms from the heavy substrate.12

Moreover the density of the collisional cascades depends on
the bilayer mass ratio.12 It should also be stressed that in pure
elements or even in metal alloys we find a much weaker IM
and shorter TS15,16 due to the strongsredordering forces. In
order to elucidate the relative roles of ballistics and TS in the
interfacial mixing we examined the prototypical bilayer
Ni/Ag sd<0.54d and found a very weak interfacial mixing
at 1 keV bombardment and no occurrence of a real TS pe-
riod. The energetic atomssrecoils, hot atoms12d dissappear at
less than 0.3 ps, which is typically the end of the cascade
period. This system is relatively well studied theoretically22

at 10 keV ion energy and being a typical example of a seg-
regating system which has a high positive heat of mixing in
the liquid.22 At 9 keV we find a real thermal spike which
persists up to 3 ps. The number of mixed atomssNmixd is,
however, much smaller then in Al/Pt or in Ti/Ptsinset, Fig.
1d. Therefore, although there is an increase inNmix, the trend
remains the same: the effect of the mass ratio is also robust at
higher energies. We attribute, however, the weak IM in
Ni/Ag not to the positive heat of mixing, but to the weak
mass effect in this systems0.33,d<0.54d. In Ti/Co we
find no TS up to 10 keV as well as IM is very weak in this
systemsd<0.82d. It should be emphasized that the similar
situation is true for all the bilayer samples which have
d.0.33 sFig. 1d. This observation clearly indicates a robust
mass effect whend,0.33, hence a kinematic and ballistic
picture seems to be sufficient for describing IM in bilayer
systems. In those systems, where TS does not occur, cascade
mixing is the only IM effect.

In order to show the effect of mass ratio on the density of
the collisional casacades the trajectories of energeticshotd
atoms are shown with positions projected to thexz-plane
fperpendicular to thes111d surfaceg in Figs. 3 and 4. In the
case of Ti/Pt we get a dense collision cascade, the recoils
shot atomsd are concentrated within a smaller region due to
couple of reflections while in Ti/Co the high energy particles
are scattered in a larger volume hence the deposited energy
spreads over a larger irradiated region. Therefore if the mass
ratio d.0.33, the cooling of the cascade is ultrafast due to
the low concentration of the recoilsshot atomsd. Indeed, we

found that the average atomic concentration of the hot atoms
in the irradiated zone sV<1000 Å3d is around
1022 atom/cm3 for d.0.33 and 431022 atom/cm3 for
d,0.33. These values should also be compared with the
average atomic concentration of 5−831022 atom/cm3 in
metals. If the mass ratio drops below 0.33, the hot particles
are still present in the TS. One can see that ford,0.33 the
peak hot atom concentration is close to the atomic concen-
tration. In these systems we no longer have a simple liquid
ensemble, it is rather a superheated system.12

Qualitatively we explain the observed strong mass effect
as follows:In elastic collisions of the recoilssenergetic light
particles from the overlayerd with the heavier substrate atoms
the kinetic energy of the moving atoms is partly transferred
to the heavier atoms, which, however, might not be kicked
out of their positions because of the large mass difference.
The colliding heavy partner of the recoil becomes vibra-
tionally excited, which means that its rms amplitude of ther-
mal vibrations becomes equal to about 50% of the inter-
atomic distance. That is basically the Lindeman’s criterion
for lattice instability during melting: a crystal melts when the

FIG. 3. Thexz atomic positions of the energetic atoms at 1 keV
ion energy collected up to 4 ps in Ti/Pt. The z-coordinate is the
depth position. The dashed line denotes the interface.

FIG. 4. Thexz positions of the energetic atoms at 1 keV ion
energy collected up to 0.3 ps in Ti/Co. Thez-coordinate is the
depth position. The dashed line denotes the interface.
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rms thermal displacement of atoms from their equilibrium
positions become large enough to invade their nearest-
neighbor spaces.5 For such thermal displacements, the ther-
mal expansion would far exceed the critical value for shear
instability sthe Born criterion, the lost of at least one of the
shear modulid leading to mechanical instability.5 The neigh-
borhood of this hot heavy atom is heated up and local melt-
ing occurssTSd. When the mass of a recoil and the colliding
partner is comparable the target atom might be displaced
from its original position leaving a vacant site. In this case
the slowing down of the recoil in the bulk does not result in
local melting because the kinetic energy of the recoil spreads
over a too large volume.

The important question remained to be answered what is
the reason of the critical mass ratio ofd<0.33? We do be-
lieve that the threshold value is due to the emergence of a
strong backscattering of the recoiling light atoms at the in-
terface. Below this value hence the energy deposition be-
comes extremely effective at the interface through energy
transfer to the standing heavy atoms. The backscattering ef-

fect at the interface results in the confinement of the light
recoils in the overlayer which leads to superheating. This is
the primary reason of the high concentration of hot atoms in
these bilayersssee Figs. 3d. The interfacial backscattering
phenomenon can be attributed partly to the mass difference
and also to other effects such as the difference in the cohe-
sive energies in the substrate and in the overlayer.12

In summary, we have shown that intermixing in metal
bilayers strongly depends on the relative masses of the con-
stituents under the effect of ion irradiation. There exists a
threshold mass ratio value below which the interface system
is unstable against ion bombardment. We propose to under-
stand ion beam mixing as a ballistic process. The observed
strong mass effect in heterophases might be an important
topic in preparation of thin films and multilayers.

This work is supported by OTKA Grant No. F037710
from the Hungarian Academy of Sciences. We greatly ac-
knowledge conversations with K. Nordlund.

*Electronic address: sule@mfa.kfki.hu; www.mfa.kfki.hu/˜sule
1S. O. Demokritov, C. Bayer, S. Poppe, M. Rickhart, J. Fass-

bender, and B. Hillebrands, Phys. Rev. Lett.90, 097201s2003d;
R. C. Birtcher, S. E. Donnelly, and S. Schlutigibid. 85, 4968
s2000d.

2B. X. Liu, W. L. Johnson, M.-A. Nicolet, and S. S. Lau, Appl.
Phys. Lett.51, 415 s1983d.

3R. A. Enrique, K. Nordlund, R. S. Averback, and P. Bellon, J.
Appl. Phys. 93, 2917s2003d.

4G. Martin and P. Bellon, Solid State Phys.50, 189 s1997d.
5P. R. Okamoto, N. Q. Lam, and L. E. Rehn, Solid State Phys.52,

1 s1999d.
6L. S. Hung, M. Nastasi, J. Gyulai, and J. W. Mayer, Appl. Phys.

Lett. 42, 672 s1983d.
7B. M. Paine and R. S. Averback, Nucl. Instrum. Methods Phys.

Res. B 7/8, 666 s1985d.
8A. C. Sosaet al., Mater. Sci. Eng., B100, 297s2003d; W. Bolse,

Mater. Sci. Eng., A253, 194s1998d; L. C. Wei, R. S. Averback,
J. Appl. Phys.81, 613 s1997d; S.-J. Kim, M-A. Nicolet, R. S.
Averback, and D. Peak, Phys. Rev. B37, 38 s1985d, and refer-
ences therein.

9S. Amirthapandian, B. K. Panigrani, S. Rajagopalan, A. Gupta, K.
G. M. Nair, A. K. Tyagi, and A. Narayanaswamy, Phys. Rev. B
69, 165411s2004d; A. C. Sosa, P. Schaaf, W. Bolse, K.-P. Lieb,
M. Gimbel, U. Geyer, and C. Tosello, Phys. Rev. B53, 14 795

s1996d.
10R. S. Averback and T. Diaz de la Rubia, Solid State Phys.51, 281

s1998d, and references therein.
11P. Süle, M. Menyhárd, and K. Nordlund, Nucl. Instrum. Methods

Phys. Res. B211, 524 s2003d.
12P. Süle, M. Menyhárd, and K. Nordlund, Nucl. Instrum. Methods

Phys. Res. BB226, 517 s2004d.
13M. Ghaly and R. S. Averback, Phys. Rev. Lett.72, 364 s1994d.
14K. Nordlund, M. Ghaly, R. S. Averback, M. Caturla, T. Diaz de la

Rubia, and J. Tarus, Phys. Rev. B57, 7556s1998d.
15P. Süle, http://www.mfa.kfki.hu/˜sule/animations.htm.
16P. Süle, M. Menyhárd, K. Nordlund, Nucl. Instrum. Methods

Phys. Res. B222, 525 s2004d.
17F. Cleri and V. Rosato, Phys. Rev. B48, 22 s1993d.
18G. Mazzone, V. Rosato, M. Pintore, F. Delogu, P. Demontis, and

G. B. Suffritti Phys. Rev. B55, 837 s1997d.
19H. Rafi-Tabar and A. P. Sutton, Philos. Mag. Lett.63, 217s1991d.
20K. Nordlund, M. Ghaly, and R. S. Averback, J. Appl. Phys.83,

1238 s1998d.
21L. S. Hung, J. W. Mayer, Nucl. Instrum. Methods Phys. Res. A

7–8, 676 s1985d.
22T. J. Colla, H. M. Urbassek, K. Nordlund, and R. S. Averback

Phys. Rev. B63, 104206s2001d,
23K. Nordlund and R. S. Averback, Phys. Rev. B59, 20 s1999d.

BRIEF REPORTS PHYSICAL REVIEW B71, 113413s2005d

113413-4


