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Thermomigration produced by collision cascades in solid solutions
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Using the molecular dynamics of a model system, we determine the role of thermomigration, one of the
thermodynamic forces that may affect the mass transport under the extreme conditions of time, temperature,
and length scales characteristics of a heat spike following a collision cascade. By studying heat spikes in liquid
alloys, we are able to isolate the Soret effect and measure the magnitude of the heat of t@hspdet find
that this effect can give rise to an increase or a decrease of solute content in the core of a cascade. We show
the particular case of the Au-Ni systeicomplete solubility in the high-temperature solid phase and gbave
which Ni as a solute in Au has a tendency to move toward the hot core of the spike. The opposite is true for
Au as a solute in Ni. This effect appears in a system whose initial condition before irradiation is the equilib-
rium thermodynamic phase predicted by the phase diagram, and therefore no solute motion is expected.
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The effects of energetic-particle irradiation on pure ele-irradiation at low temperature, where the mobility of the
ments and alloys have received significant attention for deiradiation-created point defects is small? Would zones af-
cades, and, in particular with the progress of computationalected by cascades be richer or poorer in soli&@ note
physics, numerical simulations have contributed substanhere that we address the problem of the thermal phase alone.
tially to our understanding of these complex phenomena.Such an elementary question is still open, and is difficult to
The modification of the microstructure following such eventsanswer in quantitative terms.
is of both technological and scientific interest in fields like  From the point of view of computer simulations, attention
ion implantation and nuclear technology, and in general fofwas recently focused on the thermodynamics of collision
all material processes far from equilibrium. cascades in alloys. Intrinsic limitations in the theoretical

Two stages in the collision event can clearly be identifiedmodels used for the atomic interactions restrict the number
ballistic and thermal. In the first stage the kinetic energy ofof systems that can reliably be described. The heat of solu-
the atoms involved in the event is above the threshold fofion petween some transition metals, solubility limits, or-
displacement; interstitial atoms are created far from the cenggreq phases, and some intermetallics can be included in the

ter of the cascade through mechanisms like replacement cglyoels. In this way, several aspects have been studied: col-
ltﬁ"o? tselquences, Wr}'le v:;\canc:jes afte Ietft clolse tot|t. Rap.'dlylision cascades in ordered intermetallics, for example, induce
t't'e obatenergi.evct). Ves dowatr ?SII uation ¢ o'sed.o ?qu'?ﬁréhanges(disordering, amorphizatigrthat are controlled by

tion between Kinetic and po e.n 1al energies, indicating actors including the kinetics of disordering in the liquid core
beginning of the_- th_ermal phgge, then the core of the cascacthd the short-range order of the liqdidlso, cascades in an
behaves as a liquid. lon mixing results in both stages. Fi- '

nally, a temperature drop drives the system toward resoligiinterface between immiscible materials are much less effi-
’ ient at inducing ion mixing:® The research subject is rich

fication. In most materials explored, these stages last a fel . . .
psec. The annealing phase follows the cascade, and involv@gcause the energetic particles induce ultrafast nanoscale

diffusion in the solid phase. For a review of this subject, sed?N@se transitions in situations where thermodynamic vari-
Ref. 2. ables like thermal gradients, quenching rates, and pressures
In the case of a”oysl the processes mentioned above méy’e quite different from the usual Iaboratory conditions.
drive the target either toward or away from equilibrium mi- At least four different regimes are expected to contribute
crostructures. In fact, irradiation induces precipitation as welto the evolution of the microstructure of a binary mixture
as dissolution in both saturated and nonsaturated solid soluwnder ion irradiation(i) In the ballistic stage, different cross
tions, and many other possible transformations like amorsections for the different species may lead to differences in
phization, order-disorder, etc. Part of the complexity comedhe amount of mass transport between solute and soliient.
from the competition between opposite effects: the enhancelth the early stages of the heat spike, when the core of the
atomic mobility—due to the increased defect concentratiorcascade is liquid, thermomigration induced by the huge ther-
and temperature—affects the kinetics of precipitation or orimal gradient may induce solute transport; this is the Soret
dering, which in turn are oppositely affected by disorderingeffect! Also, immiscibility in the liquid phase may induce
and precipitate dissolution produced by mixing. For a reviewdecomposition of nonequilibrium solution@ii) In the reso-
of a theoretical thermodynamic description of materials undidification phase, it is known that for pure elements the
der such driving conditions, see Ref. 3. solid-liquid interface pushes the vacancies toward the liquid
A simple question that still remains without a precisephase, producing an inverse flux of atofriishowever, an-
guantitative answer is the role of thermodynamic forces durether possible contribution is the crossing of a two phase
ing the thermal phase of a cascade. In other words, given dield delimited by the solidus-liquidus lines which induces
arbitrary dilute alloy, what would be the effect of ion beam compositional changes. Finallyiv) In the solid phase, the
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quenched core of the cascade may have a composition dif- Q* is a physical constant characteristic of the system,
ferent from the equilibrium, and solid-state diffusion will independent of the heat of mixing. Besides the principles of
drive the solute toward it. linear irreversible thermodynamics that lead to Ef), a
Points(i) and (iv) received significant attention, but here simple picture in terms of jump frequencies provides a par-
we focus our attention on the second regime: the liquid phasgal interpretation for the second term in the right-hand side
of the cascade. Most binary liquid alloys of segregating tranof Eq. (1). The driving force for thermomigration can be
sition metals are single-phase homogeneous solutions chaiivided into an intrinsic portion and a portion coupled to the
acterized by some short-range chemical order, like Co-Ciheat carriers: electrons and phonons. The intrinsic consider-
Ag-Cu, and Fe-Cu. Few cases, however, in which the heat aitions include the energy transported by the moving particle
mixing is large and positive, lead to a heterogeneous liquichnd the energy required to prepare a place to receive it, the
phase like Ni-Ag. Therefore, if the unirradiated initial con- Wirtz model'®’ In this way, the migration enthalpi,,
dition of a segregating alloy is a nonequilibrium homoge-splits into 8H,,, and aH,,, with B+ a=1. BH,, is the frac-
neous solid phaséor a concentration beyond the solubility tion of the enthalpy of diffusion that is required by the mov-
|Im|t), a relevant question is what the effect of a CO”iSiOﬂing atom atx-Ax to reach the saddle point Configuration(at
cascade will be. Several recent papers address this'i$sife. \while aH,, is the fraction required for the atoms that are
For the case of a heterogeneous liquid the cascade will proljpcated close to the saddle point. With these arguments, the

ably induce segregation, while for homogeneous liquids thgump rate from left to right in a thermal gradient is
guestion is subtler.

In this paper we address an issue that is not related to the T\ _ g=voexp—[BHn/KTy_ax]—[aHL/kT,]}. (3)
heat of mixing. By performing computer simulations of ther-
momigration and heat spikes in equilibrium Au-Ni solid so- ~ Consideration of the rate in the opposite direction gives a
lutions, a model system with complete solubility, we deter-net flow
mine the influence of the Soret effect in the thermal phase of
a collision cascade as a source of solute migration in systems ~ J=C(X)[I'..r=T'r-. J=(D/KT)c(X) BHLVT/T, (4)

under irradiation. To isolate this effect from.poir(ts, (iii) _ with the implication that the heat of transp@t is equal to
and (iv) of above, we produce the heat spike on a I'q“'dBHm. This picture, of course, allows a unique sign @t,

sample, where no vacancies or solid-liquid interfaces appeaLy,q rejates it to a fraction of the migration enthalpy. For
Also, no collisional mixing and no multiphase equilibrium some systems this approximation is satisfactory, wih

staﬁ]s allptpear.t. hth d ic effects in bi ~0.8. However, consideration of the other driving forces
¢ € Therestln sl;uc i errr;o yn]:alm|c ettects in klnqry SYStesults in contributions that may even give a chang®bt®
€ms IS e natural continuation of NUMErous Works in Com'sign.18 The heat flux is given by an equation similar to Eq.

puter simulations of radiation_effec’t%‘.”ln particqlar,_ in a (1), with the same two generalized forces, implying that the
previous work we analyzed this problem in combination W'thsolutions for temperature and solute concentration as a func-

arigorous treatment of the Stefar} pr_oblé”m._ tion of time and position from a system of two coupled dif-
In a dilute, high-temperature, liquid solution Bfand A ferential equations

under a thermal gradient, the solute flux is approximately Our goal is to analyze this effect under the conditions of a

given by (the exact expression contains the gradient of thEheat spike produced by a collision cascade, to determine

chemical potential instead that of the concentration, but fo(/vhether it may play a role in some particular systems. To

tehqeu;;ndlt|ons considered here this approximation is adfhis end, we first fit the results of computer simulations of a

749 1 Temperature gradient region 1

*c
JB=—D<VCB+ %VT), (1)

CNi (In Au0.953Ni0.047)
where Jg is the flux of solute (B) particles, D=Dg

X exp(—H,,/KT) is the solute diffusion coefficient, arg} is

its concentrationH ., is the migration enthalpy is the Bolt-
zman constant, and the temperatureQ* is the heat of
transport, whose sign can be either positive or negative for3
different solute-solvent combinations and is the key param-3

congcentration [at. %]

eter relating the generalized forc¥ ) to the generalized ¢ Gy (IN NiggosAUl )
displacement Jg) in the Onsager formalism of irreversible T T T - T - 2
thermodynamics$®>’ Fick’s second law holds falg given by oi L un

Eq. (1): istance [cell units]

FIG. 1. Stationary solute concentration after 500 psec in a uni-
form thermal gradient for both systems studieds §¥iAug 047 @and
dCg =—V.Js. (2) Aug osNig g4z In both cases, the dashed lines correspond to a con-
at centration without a thermal gradient.
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TABLE I. Values of the activation enthalpy and pre-exponential factor for diffusion of both solute and
solvent in the systems studied. The last row shows the heat of transport for both solutes.

Ni in Au in Ni in Au in
Nig g58AUg 047 Nig 958AUg 047 Aug gsNio 047 Aug gsNig 047
D, (A%psed 7.1+0.7 6.4-0.7 9.1+4.3 8.3r2.4
H,, (eV) 0.54+0.03 0.52-0.03 0.49-0.16 0.50-0.01
Q* (eV) 0.48 ~0.24

very simple case, namely, a linear stationary thermal gradilayers. In this way, a gradient (T, —T,)/10a, acts on ten
ent, to the numerical solutions of Egd) and(2), to deter-  cells at both sides of the samples, with the minus sign for the
mine both the validity of these equations and the value ofight side and the plus sign for the left. Two thermal gradi-
Q*. We then use this value @* to predict the magnitude ents are explored, namely, wilf) — T,;=2000-5000 K and

of the modifications in the solute concentration as a result 06000—15 000 K, respectively, the latter with the same sample
thermomigration in a thermal spike; finally, this prediction yolume corresponding to 3000 K at zero pressure. MD runs
will be compared to the actual simulation of a spike. Toare then performed at a constant volume, simulating the ex-
focus only on thermomigration, eliminating other thermody-yeme high pressure existing in an actual spike. The solute

namic forces such as those coming from the two-phase fieldyncentration is measured every 5 psec, and runs are 500
between the solidus and liquidus lines, we consider the parf)sec long. An adequate equilibration time allows a full re-

ticular case Of a heat spike in a liquid mixture. In th's Way, |axation of the pressure waves originating in the inhomoge-
the only possible source of an eventual concentration gradi-

ent is thermomigration; therefore, with this kind of computerneous thermal expansion.

experiment we are able to isolate this and determine its mag: Figure 1 shows stationary concentration profiles for the
nitude arge gradient case, averaged over the two halves of the

The molecular-dynamicéviD) simulations were done on Sa@mples and smoothed by smearing outitewordinate of
the Au-Ni system because it shows complete solubility in thef@ch atom by a Gaussian of widtfag as a function of
solid phase, different melting points, large liquidus-solidusdistance to the center. Cell units are used in xhaxis to
splitting (for a future determination of its influence in solute 'eport both alloys on the same scal@y yi(3000K)
motion), and good embedded-atom-modEAM) potentials = 3.93 A andag (3000 K)=4.41 A for the Ni- and Au-rich
for the interactiond® These potentials reliably predict the cases, respectivelyDue to the large temperature variations
main features of the equilibrium phase diagram, in particulaand the corresponding thermal expansion, the samples have
the heats of mixing, which are 0.3 eV/Au atom in Ni-&he  inhomogeneous density. Curves in Fig. 1 represent the solute
experimental value is 0.28 eV/atgrand 0.08 eV/Ni atom in  concentration in at. % which are obtained as the ratio be-
Au-Ni (the experimental value is 0.22 eV/atpriVe model  tween the solute densityn atoms/X) over the sample den-
fcc lattices of Ay gsNigoa7 and Ni g54AUg 047 With 40X 8 sity. They indicate an evident Soret effect. The curve for Ni,
X 8 cubic cells of dimensioa, and periodic boundary con- in AuggsNigosn Shows an increased value at the high-
ditions, with their crystalline axis aligned along the Cartesiantemperature end of the sample, and evidence of a negative
coordinates. The concentration value 4.7% comes from reQ*, while the complementary system gNsAUg g47 Shows
placing, at random, six out of 128 atoms of solvent by athe opposite behavior. This figure shows that in the range of
solute in each of thg200 planes of the structure. The thermal gradients and length scales appearing in the thermal
samples are first equilibrated at 3000 K and zero pressurghase of collision cascades, thermomigration contributions to
this determines they's used as normalized length units. the modification of solute distribution are to be expected in a
Then a thermal gradient is applied in tkélirection by turn-  system that otherwise has no reasons to show such behavior.
ing on a thermostat at temperatufg in the ten external From Eq.(1), with Jy; =0, the concentration in the sta-
layers (five cells at the +x and —x boundaries of the tionary state follows the expression dg(a,)=QR;au/kKT
sample, and another thermostafgtacting on the 20 central + C, that could be used to determi@* without knowing

FIG. 2. Ni concentration in AggsNig 47
measured in the MD simulation of the static ther-
mal gradient(left), and calculated with Eqg1)
and (2) (right).

Cyi [at. %)

174105-3



E. LOPASSO, M. CARO, AND A. CARO PHYSICAL REVIEW B3 174105

FIG. 3. Au concentration in NigsfAUg 47
measured in the MD simulation of the static ther-
mal gradient(@), and calculated with Eq$1) and

@) (D).

the diffusion coefficient; however, to improve the precisiondifference will be neglected in the numerical analysis that
of the fitting procedure and explore the time dependence, wibllows by assuming a constant diffusion coefficient, inde-
use the whole time-space evolutio(x,t). For this purpose, pendent of pressure.
the diffusion coefficients of Au and Ni in both Ni-Au liquid Table | also shows the valuesQf (—0.24 eV for Ni and
solutions is first determined by MD simulations in the tem-0.48 eV for Au, both as solutgsletermined by minimizing
perature range and concentration of interest. The results fahe sum of the absolute values ofx,t) obtained form the
D, andH ,, from measurements of the mean-square displacesolutions of Eqs(1) and(2) minus the values obtained in the
ment as a function of time and temperature are still wellMD simulations.
represented by an Arrhenius law, despite the significant ther- Figures 2 and 3 show the surfaces;(x,t) in
mal expansion appearing in this temperature rafigés. Aug o5Nig 47 and cay(X,t) in NigesdAUg oaz respectively.

It is important to point out that the EAM potentials used Parts(a) in these figures are the results of MD, and pébnis
in this work were designed to describe several properties dodire the predictions of Eq$l) and (2) with the parameters
the solid phase. Its use for liquid alloys at elevated temperareported in Table I. The conclusion that clearly emerges at
tures is an extrapolation that is by no means intended tthis point is that thermomigration plays a measurable role in
predict quantitative values, but to highlight physical effectsthe time, size, and temperature regimes characteristics of cas-
in a model system. We determine the diffusion coefficient incades. A significant concentration gradient appears, showing
both alloys between 2000 and 4000 K at constant zero preshat Ni as solute in Au has a tendency to move toward the
sure, and then explore the pressure dependence. 4000 K dggh-temperature side and, inversely, Au as solute in Ni
pears to be below the boiling point in both cases for thesenoves toward the low end. Measured values for self-
potentials, while experimental melting temperatures araliffusion in Au in the solid phaséhat is, vacancy thermo-
around 3000 K. Results are reported in Table I. As expectednigration, the closest experimental value to compare with,
the migration enthalpies of solute and solvent are very simigives —0.26 eV2°
lar in both alloys, reflecting similarities in the interatomic It is then natural to ask whether this effect, so far ne-
potentials, as implied from the complete solubility in the glected in the analysis of impurity motion in collision cas-
solid phases. Pre-exponential factors, on the other han@éades, may contribute to it in a measurable amount. This
show a ratio in the right direction, but smaller that expectedpoint is explored next by introducing a thermal spike in a
from the mass relation in an Einstein model, namely,liquid sample. In this way, collisional mixing, solidification
Do ni/Do au= (May/myi)Y?=1.8 versus—1.1 in the simula-  interface, and vacancy motion are absent, leaving thermomi-
tions in both alloys. As for the pressure dependence, we anaration as the sole possible source of solute motion.
lyzed diffusion at 4000 K, with the volume corresponding to  For the simulations of thermal spikes, we use samples
3000 K and zero pressure. This is obtained by applying 3&ontaining 106 10X 10 cells of a mixture with 4% solute,
kbar. The diffusion coefficients of the solute and solvent inboth Au in Ni and Ni in Au(eight atoms replaced by solute
Nig o58AUg 047 decrease from 1.51 and 1.6(/sec to 1.16 at random in every200 pland. The thermal spike is intro-
and 1.30 A/psec, respectively. For simplicity this 20-30% duced in the center of the sample by assigning three-

FIG. 4. Ni concentration in AglgsNig g4 Mmea-
sured in the MD simulation of the heat spilk®
and calculated with Eqg1) and(2) (b).

Cyi [at. %)
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FIG. 5. Au concentration in NiggAUg g4 Mea-
sured in the MD simulation of the heat spika
and calculated with Eqg1) and(2) (b).

dimensional random velocities corresponding to a temperathe system under consideration here, the liquid phase used as
ture profile following a one-dimensional Gaussian shapean initial condition is a homogeneous solution at equilib-
along thex direction, with dispersion equal to two cells, in a rium; no segregation due to a positive heat of mixing is
sample originally equilibrated at 2500 K. Ten layers at bothexpected. In this sense, this work does not address the same
extremes of the sample are kept at 2500 K, with a thermostaésue as those treating mixing of bilayers in immiscible
during the whole simulation. The initial central temperaturecompounds;?* or decomposition of unstable allo§s.

of the spikes was in the range between 15000 and 50 000 K, | the MD simulation there are additional effects that are

corresponding to energy densities comparable to those ifeglected in the analytic solution; in particular, heat transport
cascades of some keV in these materiglsl eV/atom. 5 ot the only means of energy extraction from the core of
Simulations are done at constant volume. The surfdeet) e gpike: elastic waves originating in the sudden volume
is obtained, and cuf§(x,t,,) at discrete set of timel .}, are  gxpansion carry out a fraction of the energy. Also, the finite
adjusted with Gaussians, which is equivalent to assume & e of the sample produces reflection back and forth of this
constant thermal conductivity, an approximation that p_roveq,vave in a cycle of about 4 psec, generating noise in the
to be reasonably good. For details about a more precise d&easured values. This, in part, justifies the noisy aspect of
termination of the thermal conductivity, see Ref. 8. Figs. 4a) and Sa). The fact that the concentration appears as

With this T(x,t) as an input database, and the heat ofy qyotient between two quantities, the measured atomic con-
transport measured previously, we are able to solve E95S. centration of solute and the density of the sample, as dis-

and(2) numerically forc(x,t). This is shown for both alloys  ¢\;ssed in the presentation of Fig. 1, also contributes to the
in parts(b) of Figs. 4 and 5. From the MD simulations of the pgise in these figures. Nonetheless, the effect is clear, and
spike we obtain another determination affx,t), which is  oints toward the interest in further studying the other ther-

shown in partsa) of these figures. These figures constituteyogynamic forces mentioned above, as a way to derive pre-

the main contribution of this paper. They show that, in agictive capabilities about the behavior of binary mixtures
system where no thermodynamic forces that originate in thgnder high-energy particle irradiation.

equilibrium phase diagram justify any increase or decrease of | symmary, using the molecular dynamics of a model
solute atom concentration in the core of a cascade, a cleaystem, we determine the role of thermomigration under the
tendency toward such variations appears. The effect resuligireme conditions of time, temperature and space scales
from thermomigration in the liquid phase of the alloy, the characteristics of a heat spike following a collision cascade.
Soret effect, whose magnitude and sign is determined by thgy studying heat spikes in liquid Au-Ni alloys, we are able
heat of transport of the solute in the particular solvent. In thgg isolate the Soret effect and measure the magnitude of the
case of Au, with the largesp*, Fig. 5 shows a fluctuation peat of transpor@* . We find that Ni as a solute in Au has a
larger than 10% between the concentration in the enrichegmdenCy to move toward the hot core of the spike, while the
part and the depleted part. opposite is true for Au as a solute in Ni. This effect is not

Although the Soret effect was first observed more than gejated to properties of the equilibrium phase diagram, such
century ago, to our knowledge this is the first time its effectsyg the heat of mixing.

are observed in a computer simulation of an ultrafast process pygjiminary results on the Fe-Cu system seem to indicate
at the nanos<_:a|e._ Its qu_antitative descrip_tion in terms of @hat cu has a positive* in Fe, showing a tendency to move
linear approximation(valid for small gradients seems to  5way from the core, in opposition to the force derived from
hold, as was also shown for thermal transport in heat spikege free energy of the saturated solid solution, that tends to

in Ref. 8, proving the adequacy of the linear irreversiblepecipitate it. Competition between them therefore makes it
thermodynamics approximation approach under such ®Xpossible to study this issue of wide interest.
treme conditions. It is important to point out that thermomi-

gration is not related to the effect that the heat of solution has This work was partially supported by Conicet PIP 4205/
on solute transport in nonequilibrium situations. In fact for96, PIP 0664/98, and IAEA Research Contract No. 9253.
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