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Stress effects on diffusional interface sharpening in ideal binary alloys
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As an extension of our previous papehys. Rev. Lett89, 168901(2002], we demonstrate, using computer
simulations based on a general continuum model, that the diffusional interface sharpening in ideal binary alloys
(found recently from deterministic kinetic equations in discrete atomic appraoadiill present even if the
stress development and relaxations during interdiffusion or if the “built-in” stre¢sassed by lattice mis-
match or thermal expansipare also taken into account. Thus we conclude that this diffusional sharpening, in
systems with large diffusion asymmetry, is really a quite general phenomenon.

DOI: 10.1103/PhysRevB.68.092102 PACS nunier66.30.Pa, 68.35.Fx, 83.85.St

Very recently, using computer simulations based on detemet volume transport caused by the difference of atomic cur-
ministic kinetic equatiorisand Monte Carlo technique, we rents of the constituents through the interface. Thus, we have
demonstratedthat on nanoscaléshort diffusion distances, performed computer simulations using Stephensémmdel
short tim@ and for strongly concentration depend®ntiarge  in which the above types of stresses can be treated and stress
diffusion asymmetry; an initially wide A/B interface can relaxation is also consideréd. Stephenson—in a one-
become sharp even in an ideal system. It was also shown fimensional, isotropic binary system—derived a set of
our previous papérthat in princip|e the continuum flux COUp|9d differential equations for the description of the re-
equations are also capable of describing the sharpening, a¢ltant stress development and stress relaxation by viscous
least qualitatively. flow, convective transportKirkendall shify, and composi-

However, in calculations mentioned above, stress effect§on evaluation:
were not included, although they can be very important in 9
thin films or multilayers. Thus it is an interesting question, E: _ 2E D (Q-V'-)+iP
how these effects can influence the diffusional interface Dt 9(1—v)| = Ji 4y
sharpening.

The problem addressed is interesting not only form the 2 3(1-2v) DP
point of view of fundamental research. For example, the Vo=—2 QVi)-—F—pr 2
Ni/Cu system is a model material for giant magnetoresist- =1
ence (GMR), multilayers made from Mo and Vwhich is De 1
algo an |dea! binary systegnare model materials for x-ray T ~[(1-c)Vj;—cVj,], 3
mirrors, and in these systems the abruptness of the interface, t P
and the k_nowle_dge of the possibilities fo.r its improvement, iSyhereP is the pressure, the time,E Young's modulus;
a key point. It is also well known that in MBEmMolecular  he atomic volume of the constituerits=1,2), # the share
beam epitaxy grown Si-Ge multilayers the Ge/Si interface, \scosity, » the Kirkendall velocity,c the atomic fraction of

produced by the deposition of Si on Ge, is always less sharp,ierial 1,p the average volume density, aiidthe atomic
(due to the mixing driven by the segregation of Ge during theux. which is given by*13

growth) than the Si/Ge interfacg’ The sharpening effect
described here offers a way for the improvement of the mul- . 0,0, _
tilayers and the diminution of the asymmetry by annealing at ji=—pD;Vc—p°D; rTe CVP 1712 (4)
moderate temperatures for relatively short times.
Since the treatment of stress effects is not well developetflereD; is the intrinsic diffusion coefficienR the molar gas
for the discrete, atomistic kinetic approat,one can inves- constant,T the absolute temperature, afidthe thermody-
tigate the problem in the framework of continuum modelsnamic factor. Note that in this paper we restrict ourselves to
only. Although the continuum model describes the sharpenan ideal binary system, i.e® =1. Otherwise the gradient
ing qualitatively (and, e.g., it cannot give account of the energy effect should also be taken into consideration and an
initial linear shift of an originally sharp interface on additive term should be included in E@).'® In general, two
nanoscal®® and the time scale obtained from this can differ types of pressure effects on diffusion can be taken into ac-
from the real on®), from calculations based on these modelscount. One of them is the pressure dependence of the diffu-
one can get an inside view of stress effects on interfacgion coefficien{ «exp(—PV/KT),® whereV is the activation
sharpening. volume andk is Boltzmann'’s constahfind the second one is
Basically three types of stresses can be considdii¢d: the effect of stresg¢pressurggradient on the diffusion flux,
built-in stressoriginating from the lattice mismatch at the which is manifested in Eq4). Note that in our calculations
interface (i) thermal stresslue to the difference between the only the last effects is considered.
thermal expansion coefficients of the lay&rsnd iii) diffu- We performed simulations for three different cases. First,
sional stresgleveloping during interdiffusion because of the only the stress due to the net volume transport was consid-
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FIG. 1. Time evolution of the composition profile of Mo, at two different normalized times, when all the stress effects are ignored.

ered. Second, the thermal stress was also taken into accourftthermal expansion of the constituents. To estimate it, we
and finally the built-in stress was additionally considered asised a continuum modélaccording to which the stress can
well. In all the cases the input parameters were chosen clodge given along the axis by

to that of a Mo-V multilayer systen{Young’s modulus,

Emo=324.8 GPa, E,=127.6 GPa; Poisson’s ratiopy, E(2)

—0.293, 1»,=0.365;  viscosity, 7o~ ny=1.689 o(2)= 1z e (AT, ®)

X 10® Pas; molar atomic  volumes, {)y,=9.4

% 107% m¥mol, 0, =8.36x10°5 m¥/mol; coefficients of WNEreE(z)=Vio(2)Enot Vy(2)Ev and a(z) =Vio(2) amo
thermal  expansion, ay,=2.7X10 K1 @ ,=85 +Vy(2) ay . HereV,\,IO andVy, are the volume fractlon. of Mo

X 1076 K~1 T=1053 K) 101318 Note that in this work the and V, respectively. In Eq(5) ¢, denotes the strain at

parameter& and 7 are considered composition independent:ho' and it can be calgulated from the equilibrium condition
for the sake of simplicity although in reality they depend onJ00(2)dz=0, whereh is the thickness of the sample. Note
it. We, however, think that this simplification does not influ- that in a multilayer system, in which the composition varies
ence our later qualitative consequences. Moreover, the vallly one in dlmenilon 4 direction, 0,,=0,05=0y,=0

of viscosity does not play a role important as it determines? 0. and thusr=—3P (see, e.g., Ref. 12Moreover, since
only the stress relaxation tin{see latex, which is higher by M?é\{gepltamal multilayers are usually prepared at about 953
many orders of magnitude than the time scale investigatedK,” ~ hereAT=100 K. It can be seen that the composition

According to our previous calculatioRsye supposed ex- profiles shown in Fig. 2 anq 3 are very simil@Calculations
ponential composition-dependent  diffusion coefficients:for AT=500 K gave practically the same resulve have
Dmo= Dﬁ,,oexp(—mc); Dy=2Dy, . The modulation length of
the multilayer was 6 nm, the initial width of the interface € P/Y
between the Mo and V layers was 1 nm. 1 . C

Figure 1 shows the time evolution of the composition pro- i
file when all the stress effects are ignored, and beside thg.g
“filling up” of V by Mo, there is indeed interface sharpen-
ing, similarly as observed in Ref. 2. The time scale is nor- ¢
malized;t, is the stress relaxation timsee below.

In Fig. 2, the sample is stress-free initially and during the
mixing a stress peek develops on the Mo side close to th
interface and on the V side an almost homogeneous stres
field (with opposite sigh appears. This is because the Mo 0.
atoms near the interface can easily dissolve into the V anc
diffuse there, whereas the V atoms practically cannot pen- 9 . M -———
etrate into the Mo(diffusion asymmetry due to the strong 0 05 1 15 9 25 3
composition dependence 6f's). Note that in this case for
the sake of simplicity in Eq92) and (3) the average values
of E's and v's were used. FIG. 2. Time evolution of the composition profile of Mo at

Figure 3 shows the results of calculations for the case/t,=1.6x10 2 when only the diffusional stres©{,/Dy,=2) is
when, in addition to the stress development shown on Fig. 2aken into accour(fThe initial state is the same as in Figalll. The
the initial stress profile is a result of the different coefficientsdotted line is the normalized pressuie/Y whereY=E/(1—v)].

t/tr ~ 1.6 x 1073
0.
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FIG. 3. Time evolution of the composition profile of Mo considering the thermal ste$s=(100 K) as well(see for comparison Fig.
2). The dotted line is the normalized pressiRY whereY=E/(1-v)].

repeated the above calculation taking into account theause the stationary stress gradient tends to diminish the vol-
built-in stress as well, including a strain term proportional toume flow itself?® Furthermore, in stagé) the stress gradient
the difference of the lattice parameters; however, any differin the central zondwhere the composition falls: see Fig.

ence from the previous cases was not observable. 4(a)] plays the dominating role and effectively decreases the
Finally note that the/t,>0 curves in all the figures cor- net volume transport already fortggs.
respond to the same reduced timét,(=1.6x 10 %). It can In order to illustrate the situation for our asymmetric case,

be seen that the stresses did not modify significantly the tim&ig. 5 shows the results fdd /Dy,,=2 andD,,/Dy,=10
scale of the process, either. It is, however, not a trivial resultfor five times larger volume flow as befgrdt can be seen
because usually the stress effects slow down thehat in the second case the slowing down effect is already
intermixing >%° visible, but the sharpening is still presdobviously with a
The time evolution of the effect of diffusional stresses,slower ratg. It is important to note that the conditidr&t, is
playing dominating role above, can be classified into fouralways fulfilled, but in Figs. 2 and(B) still t<tqs, and the
different stages in symmetric systemwith m=0): (i) t pressure peak at the interface slowly increases and reaches
<tgss (i) toss<t<t, (iii) t=t,, and(iv) t>t,. Heret, is  its maximum value only when the interface becomes sharp
the stress relaxation time of “pure” Newtonian flé%* (de-  (tgss/t,~9.5% 10" %). Thus we are in the stag® during the
termined byz): t,=67(1— v)/E=2.59x 10* s[see also the interface sharpening, and then, when the sharp interface
second term in Eq(2)]. On the other hand is the time  shifts, in (ii). [Stages(iii) and (iv) cannot practically be
necessary to develop a steady state stress distribution. heached because during the tiig ~0.2 two-thirds of the
stage(ii)—at least in systems witm=0—the stress distri- Mo layer has already been consunjdd. stages(i) and (ii)
bution is almost symmetricR [see also Fig. @)], and, if  the first term in Eq(2) determines the stress relaxati@nd
the resultant volume floumeasured byl D\ /Q\,Dmo) IS thus our calculations were not sensitive to the choiceypf
large, the slowing down of the intermixing is expected be-and this is why the stress distribution is very asymmetric: the
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FIG. 4. Time evolution of the composition profile of Mo considering only the diffusional stressifo® andD, /Dy,=2. The dotted
line is the normalized pressuf@/Y whereY=E/(1—v)]. (&) t<tgss (tgss/t;~9.5% 1073), (b) toss<t<<t;.
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c down by a stress gradient formed in symmetric systems—the
1 - effect is due to the presence of the pressure peak in the Mo
] side just at the sharp interface formeze, e.g., Fig.)2 The
] pressure peak shifts with the moving interface. In stage
0.8 o the height of the pressure peak is almost constande-
. creases only because of the finite size of the V [aydow-
0.6 Y ever, the resultant volume flow is practically compensated
A \ here as well(the very small changes in the height of the
. t/t, ~ 5.4 x 107 pressure peak indicates:iin this sense the symmetric and
0.4 asymmetric case do not differ and in both the LeChatelier-
. Braun principle is fulfilled: the diffusion induced stresses
0.2 3 compensate the effect generating them.
] T In conclusion, comparing the results of calculations
i TTmme— T shown in Figs. 2—5 one can conclude that in all cdgede-
0+ T ] pendently whether stress effects were included or what kind

of their initial distribution were assumgthe interface sharp-
ening took place. Furthermore, it was illustrated that the in-
termixing took place approximately in a steady state regime
) ) in which the slowing down effect, known in symmetric dif-
' FIQ. 5. Demonstration of the _|anL_|ence of the strength of thefusion systems, can be also presénit with an asymmetric
ﬁ:;”s'onal stress:Dy/Dyo=2 solid line, Dy/Dyo=10 dashed gy o5q Gistribution if the resultant volume flow is large

: enough. Even in this case the sharpening was also observed

(obviously with a slower raje

stress relaxation is fast in the V and practically there is no This work was supported by the OTKA Board of Hungary
relaxation in the Mo. Thus, here—instead of the slowing(No. T038125, F04337%2
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