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Inverse Kirkendall mixing in collision cascades
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We study ion-beam mixing of metallic bilayer interfaces using classical molecular-dynamics simulations of
5 keV collision cascades in the vicinity of Co/Cu and Ni/Quil) interfaces. We find that the production of
vacancies and interface roughening is asymmetrical. On average, more Cu is introduced into the Co or Ni parts
than vice versa, and more vacancies are produced in the Cu, indicative of an inverse Kirkendall effect in
collision cascades. The effect is explained by the difference in melting points leading to different recrystalli-
zation rates of the two materialsS0163-182€09)11601-1

The forced mixing of atoms across interfaces is of bothbehavior is analogous to the inverse Kirkendall effet,
technological and scientific interest for ion implantation in which a vacancy flux drives a net solute flux in the opposite
layered structures, precipitation dissolution in reactor matedirection.
rials, and processing of materials by high strain conditions. Classical molecular dynami¢MD) simulations have
Theoretical approaches to treating materials under such driproved appropriate for studying mixing effeé$:1° The
ing conditions has recently been reviewed by Martin andsimulations in this work were carried out similarly to those
Bellon! An as yet unknown element in these formulations,described in Ref. 10. The atoms were arranged in cubic
however, is an atomistic description of the mixing events asimulation cells with periodic boundary conditions contain-
the interface. Such a description, specifying the configuratioing about 88 000 atoms. The temperature of the cell was
of mixed atoms and any defects that are created, is importamitialized to 0 K and scaled down towards zero at the out-
as these details strongly influence the resulting microstrucermost two atomic layers using the Berendsen temperature
tures. The kinetic roughening of interfaces is for instancecontrol algorithmi! with a time constant of 70 fs. This value
expected to be sensitive to the average number of atomaas found to provide optimal damping of the pressure wave
forced to cross the interface as a result of a single cascadeemanating from the cascade. A variable time stemkcell
The present work considers the mixing across Co/Cu anthethod® and two-dimensional spatial decomposition of the
Ni/Cu interfaces during energetic particle irradiation. simulation cell for message-passing parallel computers were

Copper-cobalt alloys have been extensively studied as employed to speed up the simulations.
model system of immiscible alloys and because of their pos- To describe the atomic interactions in Co we used the
sible use for magnetoresistance applicationsoth metals embedded-atom-methq&AM) interatomic potential of Pa-
are close-packed and have almost the same mass and nearsgnot and Savind! which is fitted to all elastic constants of
neighbor spacing, so lattice mismatch effects are not overl{o and the vacancy formation energy. To find whether the
significant. For the same reasons they can be expected mwtential is appropriate for the present study we tested a few
behave quite similarly from a ballistic point of view. Their additional properties of the potential. Using the method of a
melting points, on the other hand, are quite different, aboutiquid and solid in equilibriunt® the melting point of the
1360 K for Cu and 1780 K for Co. Also, Co is elastically far potential was found to be 1620 K, in reasonable agree-
stiffer than Cu. Therefore comparing ion beam effects closenent with experiment. The potential was further fitted to the
to a Co/Cu interface can be instructive for deducing howZiegler-Biersack-Littmark universal repulsive poterfigbr
thermodynamic effects affect the development of collisionsmall atomic separations to realistically describe strong col-
cascades. We also study mixing close to an interface of Nisions. The fit was calibrated to exactly reproduce the ex-
and Cu to provide a contrast to the Co/Cu system. Since Nperimental threshold displacement energy of 22 eV. For Cu
has nearly the same mass and melting point as Co, but hasaad Ni we used the EAM interatomic potential by Foiles,
much smaller heat of mixing with Cu, comparison of cascaddaskes, and Datf fitted to a repulsive potential. Details of
mixing in Ni/Cu with that in Co/Cu distinguishes the effects the collision-cascade related properties of the Cu and Ni in-
of melting temperature from effects of immiscibility. teratomic potentials can be found in Ref. 18.

Effects of the heat of mixing and melting point on ion  To describe the interaction between Co and Cu we con-
beam mixing have been explored previously by Gades andtructed a cross pair potential term which gave the correct
Urbassek using MD simulatioisTheir work, however, was heat of mixing for Co impurities in Cu for low Co concen-
limited to energies below 1 keV. In this low energy regimetrations, and the correct lattice parameter chahgéth this
heat spike effects are often not overly significant in relationpotential a random GgCoz, alloy was stable up to about
to ballistic events. In the present simulations, we study 5 keVL100 K, at which temperature it spontaneously decomposed
collision cascades at Co/Cu and Ni/Cld]) interfaces and into Cu and Co precipitates over a few tens of picoseconds.
show that the lower melting temperature of Cu than of NiThis is in good agreement with experiment, where decompo-
and Co leads to vacancy fluxes across the interface in thesition is observed around 800—1000 K on much longer time
systems and thus also to non-equal solute fluxes. Thus thezales® For the Ni-Cu interactions we used the cross term
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TABLE |. Average defect results of the 5 keV collision cascades close to a Co/Cu or Co/Ni interface.
Cuconi denotes Cu impurities in Co or Ni, Co/fNiCo or Ni impurities in Cu, ¢ interstitials in Co or Ni,
and Vi vacancies in Co or Ni.

Cuconi ColNic, lcu lother Veu Vcomi
Co/Cu 17.3:1.9 13.6+1.6 57*1.1 6.9-1.0 9.3+1.0 3.3:0.7
Co/Ni 29+5 23+4 9.5+1.9 6.5-1.6 14.7#1.4 1.3+0.5

as described in Ref. 17. The heat of mixing for a randonthey attributed it to the presence of a surface in their
50% alloy was found to be 0.44 eV/atom for Co/Cu and 0.08imulations’
eV/atom for Ni/Cu, to be compared with the experimental The defect behavior offers an explanation to this apparent
values of roughly 0.2 eV/atom and 0.03 eV/atom,paradox. An energetic collision cascade is well known to
respectively*>® Thus the heats of mixing predicted for the produce vacancies close to its center, and interstitials outside
two alloys are clearly too high, but their ratio is still reason- the cascade cof@?!In this case the final position of almost
able. We feel that while the simulation model does not cor-all the vacancies is in the Cu pddn average, about 9 va-
respond exactly to the real systems, it still should give acancies are in Cu but only 3 in oand analysis of the
reasonable description of cascades in immiscible alloys, witllefect positions showed that most of the.Gimpurities are
the Co/Cu alloy representing a highly immiscible system andight at the interface and close to the center of the cascade
the Ni/Cu alloy representing an almost miscible one. and to the vacancies. Thus, the impurity flux is balanced by

We constructed a perfe¢iilll) interface by dividing a a vacancy flux of opposite direction, that is, the results can
cubic simulation cell into two parts along(a1l) plane go- be understood in terms of inverse Kirkendall-like behavior.
ing through the origin, in the middle between tWid 1) atom  Previously the effect has been described under conditions
planes. The entire cell had the face-centered c(fb@ crys-  closer to thermal equilibriurhin the present case the condi-
tal structure. Although this is not the equilibrium structuretions under which the flow occurs are obviously different,
for Co at low temperatures, the energy difference betweebut due to the analogous flow behavior we think it can be
the fcc and equilibrium hexagonal phase is quite small. Tdermed inverse Kirkendall mixing in collision cascades. The
make the different cases easily comparable the same calriving force for the vacancy flux is described next.
size, 100.12 A, was used in all the simulations. While this It is known from other simulation studies that when the
put the elemental cells under slight slight strain, comparisoniquid zone produced by a collision cascade cools down, the
with previous result$ indicated that the small level of strain vacancies are dragged by the advancing solidification front
did not affect the results significantly. towards the center of the cascdd&2?Furthermore, the so-

Collision cascades were initiated by giving an atom a ki-lidification time of the cascade has been found to depend on
netic energy of 5 keV in a randomly chosen direction, choosthe melting point of the materiaf. In the present case, the
ing its initial position so that the initial movement was di- Co part of the liquid zone is expected to cool and recrystal-
rected towards the interface. To avoid the initial directionlize much faster due to its higher melting poii620 K for
biasing the results, half of the recoils were started from theCo vs 1230 K for Cu for the present model potendials
Co or Ni side and half from the Cu side of the cell. The Hence the recrystallization of the Co part will push most of
initial position and velocity of the atoms were selected sothe vacancies into the Cu part, thereby establishing both va-
that the resulting cascade was roughly centered on the Co/Giancy and solute fluxes across the interface.
interface. ThesrIM96 electronic stopping pow&t was used The interstitials are on average distributed evenly in the
to describe energy loss to electrons for all atoms with a kitwo elementdcf. Table ). Since equal number of interstitials
netic energy higher than 10 eV. Lattice defects were anaand vacancies are produced, the difference between the im-
lyzed using the Wigner-Seitz methd8comparing to a per- purity concentrations;-4, is comparable to the number of
fect fcc lattice. Furthermore, Co atoms on the Cu side of thénterstitials in each of the componentsg. Analysis of the
original interface, and vice versa, were counted as “impuri-final locations of the vacancies in Cu showed that 44% of
ties.” We denote Co impurities in Cu with @g Cu impu-  them where in the layer closest to the interface, and 83%
rities in Co Cu,, and similarly for Ni. Vacancies in Cu are were in the three closest layers. This shows that while there
denoted by ¥, and interstitials 4, and similarly for Co and is a driving force pushing vacancies from the Co towards the
Ni. Cu, once they are there they do not move much more.

The impurity and defect results are summarized in Table We analyzed the sizes of the impurity clusters with the
I, which lists the averages of all events. We describe first thenethod described in Ref. 18, using 3.0 A as the cutoff for
results in the Co/Cu system and then discuss how the Ni/Cdefining defects as belonging to the same cluster. The results
results relate to these. The results in the table show that oare illustrated in Fig. 1. On average about 65% of both the
average more Cu impurities seem to be in Co than viceCu and Co impurities are clustered, and these clusters consist
versa. Inspection of each cascade showed that in almost almost always of only Cu or Co impurities: only 9 out of 83
events more Cu impurities had entered the Co than vicelusters are “mixed.” Since most impurities are clustered
versa, regardless of where the recoil was started. This may and surrounded by atoms of their own species, this essen-
first seem surprising, as the number of atoms must of coursally shows that the ion irradiation will produce a roughen-
be conserved in a simulation with no atom sources or sinkdng of the interface. About 90% of the impurities were in the
A similar effect was reported by Gades and Urbassek, buatom layer closest to the interface. A typical distribution of
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16 5keV cascades in Co/Cu
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FIG. 1. Statistics of the distribution of impurities in clusters as a
function of the cluster size for the 16 cascades close to the Co/Cu
interface.

FIG. 2. Distribution of impurities and vacancies after one 5 keV

. . L N event close to a Co/Cu interface. The line shows the position of the
the |mpur|t!es and vacancies is shown '”,F'Q- 2. The Co parEllD interface, the filled circles the positions of impurities, and the
of the cell is to the left and below the solid line. The vacan-gpen circles the positions of vacancies. The Co part of the crystal is

cies are almost all in the Cu part of the cell, and the impu-p the lower left part of the figure; thus all filled circles in this part
rities are clustered on both sides of the interface. are Cu impurities.
To understand whether the presence of an interface has

other effects on the cascade development, we compare thgiying over the interface should not be much different from
results of the present simulations with cascades in pure fcfe hyre elements. These expectations are confirmed by the
Cu and Co in Table Il. The table lists the the average numbefagjts in Tables | and II. Almost all the vacancies are in the
of interstitials remaining after the cascaldg;, the ion beam part, and there are more Guhan Nis, impurities. The

o . , " .
mixing Q, the number of atoms displaced by more than halfyitterence in impurity numbers is again comparable to the

the nearest neighbor distanbsy, and the number of at-  ymper of interstitials in each part of the mixed system. The
oms displaced over the interfadéy, . For the interface ,mper of mixing occurring over the interfabk; is about
cascadedNim; is simply the sum of the number of impuri- {he same as that in the pure elements, as expected.
ties. For the elemental cascades this quantity is evaluated for The results in Table 1l also show that the presence of an
an imagined interface a_t the same position as t_he interface fQhterface does not dramatically affect the overall develop-
the Co/Cu system. It is noteworthy th&limx is smaller  ment of the collision cascade. The total damage production is
across the Co/Cu interface than the imaginary interfaces ipather similar in all cases, in agreement with our previous
pure Cu or Co. This illustrates the influence of the positivegpservation that defect production in dense metals is not
heat pf mixing, as We_II established previously both bystrong|y affected by the elastic or melting propertiéghe
expenme_zrﬂs and simulatior?. o differences in mixing can be understood in terms of the dif-
The simulations of cascades in Ni/Cu served as a test Ofrent melting point® Atom mixing over the interface
whether the ideas descrlbeq for the Co/C_u systgm mdeed caqQ. . . is clearly suppressed in the Co/Cu system due to the
be understood on the basis of the melting point differencgyrge positive heat of mixing, but since this number is in any
and heat of mixing(rather than being due to some more c435e only a small fraction of the total atom displacement
subtle m'gerface eff_ect, fo_r instanceSince both Ni and Co Ngispl» this does not affect the total mixing in the system.
have a higher melting point than Cu, the vacancy flux effect Lastly we note the experimental work of Auretral. who
should be present for Ni/Cu as well. But since the heat oteported asymmetric mixing in a number of bilayer systems
mixing of Ni and Cu is much less than that of Co and Cu, theyhere one element had a significantly larger cohesive energy
_ (and melting pointthan the othef? In apparent contrast to
TABLE g A"erage l"a'”es for: the r/esu'ts gf 5.I/<eV ,Cascfades Nthe present results, they observed the impurity distribution
Co, Ni, and Cu and close to the Co/Cu and Ni/Cu interfaces. oyianding deeper into the metal of lower cohesive energy.
gives the number.c’f events simulated in each case; the other Quaine experimental resolution in ion beam mixing experiments
tities are defined in the text. is ~10 nm, however, so their observations refer to mixing

Q for high ion doses at times when no sharp interface was
Material n N (A5/eV) Neiop Nigri present. Since mixing increages with decreasing melting tem-
perature of the metal, their results were expected. The
Cu 6 8.2t1.3 6.450.6 100G-50 50+10 present asymmetry of mixing derives strictly from the sharp
Co/Cu 16 12.60.8 6.0:0.3 960-50 31+ 3 interface. At elevated temperatures, mixing at such interfaces
Co 6 11.80.8 5.0:0.5 80090 60+20 is important since radiation-enhanced diffusion tends to re-
Ni/Cu 6 16.0-1.2 4.4-03 950-30 51+ 9 store the sharp interfaces in precipitating systéms.
Ni 6 12.8+1.0 3.4-02 71030 35- 5 By simulating high-energy collision cascades close to the

interface of immiscible metals, Co and Cu or Ni and Cu, we
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have shown that an interface between two materials can irtion properties, the cascades close to the interface behave
troduce a large asymmetry in the vacancy production and imuch like cascades in elemental metals.

the mixing of atom species over the interface. When there is
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