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Point defect reactions at surfaces and in bulk metals
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This paper describes the time evolution of reacting defect assemblies both in bulk metals and on their
surfaces. Three areas are treated. The first describes the linear response of reacting assemblies to perturbing
fields such as irradiation or temperature change. Alternative long wavelength limits identified here c@hcern:
independent diffusion of vacancy- and interstitial-type defects to sinksigrjdint diffusion of defects down
a chemical potential gradient, with a separate branch of solutions associated with recombination. The second
topic concerns definitions of the chemical potenjidland temperatur@” associated with the defect system
itself, as distinct from the properties of the embedding lattice. The utility of these quantities is illustrated by
examples including those pertaining to rapid temperature charigend T differ from the lattice valueg:, T,
to an extent that determines possible energy and particle transfer in such processes as nucleation of new sinks
and precipitation from the defect assembly. The role of these quantities in relaxation modes is clarified. Finally,
an appendix discusses an approximate model of defect behavior in the bulk, and a speculative discussion of
defect behavior on surfaces, both positing homologous properties of the defect systems in metals, when scaled
to the melting temperatur€,, These characteristics of a standard metal and a standard close-packed metal
surface are employed in the text to identify and contrast typical behaviors of the bulk and surface defect
systems of metals. Universal properties that follow from these models are discussed in a second appendix.
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I. INTRODUCTION properties turn out to be surprisingly systematic when scaled
H 17,18,2,9 i i -
It is a well-established fact that the kinetics of atomic PY melting temperatur@, In Appendix A this effec

processes, both in the bulk of crystafsand on surface®;? tive scaling is.employed to create a standard mgtal whose
are mediated by thermal defects. These defects take the forfiff€Ct Properties are representative of metals in general,
of vacant sites and of added atoms that occur in the bulk ak°M Which specific cases may differ to a greater or !esser
interstitials and on surfaces as adatoms. In each case the tjggt NOt large extent. Throughout the paper this model is em-
species are antidefects. Thermal defects achieve equilibriufoyed to assess the results of calculations for reacting bulk
populations by creation and annihilation at such sinks as sufefect assemblies. .

face steps and bulk dislocations. They also react as antide- Similar ' modeling of systematic trends has been

. uggestet? but not yet justified for surface defects, for
fects that form by spontaneous fluctuations of the perfec\fvhich information about mass diffusion comes largely from

lattice, and also mutually annihilate by random encounters;

e studies of step edge fluctuatihs® and scratch
once more, this is the case for both surface and bulk SyStem§moothing"f4'25 Indeed. various surface orientations of the

Energy is conserved through transfer to vibrational and e_lecéame crystal must surely behave differently. Appendix A
tronic processes. When the defect systems are driveReyertheless identifies a standard close-packed metal surface
strongly, for example, by irradiatioh,®and even in thermal \yhose properties generally mimic the known behavior of
equilibrium, notably on surfaces above half the melting tem-yrface species. This is employed in the text to track typical
peratureT,, defect concentrations can become sufficientlyproperties expected for interacting assemblies on close-
large that reactions dominate the defect life cycle. Themacked metal surfaces, that remain still to be charted by ex-
transport and kinetics take place through processes charageriment. A point of particular interest is that the modeling
teristic of the reacting defect assembly. affirms a compelling distinction between surface and bulk
The present paper treats this problem with particular embehavior, which originates in the large surface defect popu-
phasis on metallic crystals, and on phenomena that occuations associated with the relatively small creation free en-
when a defect assembly remains close to its thermal equilibergies of surface thermal defects. While the experimental
rium configuration. The thermodynamic variables pertinenfacts about surfaces remain insufficiently documented at
to atomic transfer between defect systems and lattice sitqwresent, these differences appear large enough to remain per-
are also considered. Related processes specifically inducéident as more information accumulates.
by irradiation are treated, but an exploration of their main The properties of reacting thermal defects in crystals have
consequences is deferred to a later wirk. been studied for many decad®s:° Early seminal ideas de-
Although much is known about thermal defects in theveloped for insulatof$* where charged defects couple in
bulk of metallic crystals;>10.1%or surface defects the state predictable ways. Later work included metals, where inter-
of understanding is much less advanéet3-16In the bulk, actions are short-ranged, but nevertheless still cause nonlin-
vacancies dominate transport near equilibrium; both the forear transport behavior where high densities of vacancies lead
mation and motion free energies of vacancies and interstitigb defect reactiond’-3%1°0n the other hand, most informa-
atoms have been surveyed for a range of pure m&dlke  tion about interstitial atoms in metals derives either from
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computer simulations or experiments on weakly irradiated Il. THERMAL DEFECTS IN THE BULK AND ON

bulk crystals at low temperaturé$!? Treatises, textbooks, SURFACES OF METALS

and reviews cited above summarize the available informa- . . . . .
tion. This section formulates equations to describe reactions

For surface processes the factual base of defect paranthat create and annihilate point defects in_the bulk of crystals
eters is much less well developed. For example, thé@nd on crystal surfaces. We treat materials formed from a
temperature-dependent concentration of thermal defects fngle chemical species, although this limitation is imposed
accurate|y known Scarce|y for a Sing|e instaﬁband for for cIarity and SImplICIty rather than for fundamental rea-
most metal surfaces, even the dominant thermal defect h&pns. In the bulk of such materials, thermal point defects
not been identified unambiguously. Careful experiments haveomprise either an extra atom inserted into the lattice, as an
nevertheless determined the activation energies for hoppinigterstitial, or else a missing atom, leaving a vacant site, or
motion of adatoms in a number of casésnostly for low  vacancy. These defects are mobile and interact also with
temperatures~T,,/5. Despite this paucity of factual infor- crystalline surfaces, to which they typically bind with a re-
mation, the reactions of defects on surfaces can still béease of free energy. Vacancies are incorporated into the sur-
charted prospectively in terms of formation and motion paface layer as advacancies, while interstitials find their most
rameters that remain to be verified. For the present, thesgable surface configuration at specific sites exterior to sur-
results offer model predictions of surface properties for comfaces terraces as adatoms. The ad-defect properties must de-
parison with bulk behavior, by inspection of the Standardpend on the particular orientation and state of the surface.
close-packed surface and the standard metal, as describedpe equations that determine defect evolution recognize
above. ) ) three factors. First, external driving forces can create defects

In Sec. Il below, the equations needed to describe th@jther independently or as antidefect pairs. Second, both in
evolution of defect assemblies are sufficiently nonspecific aghe hulk and on surfaces, two antidefects can react and mu-
to apply equally to surface and bulk defects. The reactions of |y annihilate when they meet; in thermal equilibrium, the
their format!on and annihilation are formulated g(_anerally, INinverse process of spontaneous creation by lattice fluctua-
Sec. Il A, with surface and bulk processes following a com-jons occurs in the perfect lattice at an equal rate, to produce
mon format. In Sec. II B the partial differential equations areqetailed balance. Third, all point defects undergo separate
solved for conditions close to equilibrium. The character ofgnnihijlation and creation also, at special sites known as
the relaxation modes so determined is investigated in Segjnks, It is convenient to emphasize sinks that are translation-
Il C. In the absence of inhomogeneous driving terms, and fog)y invariant, such that multiple defect processes cause at
reaction controlled conditions, there are two sets of modeg,gst a spatial displacement of the sink, and its free energy
that pertain, respectively, in the long wavelength limit, firstremains unchanged. Then the sink provides a locus at which
to recombination and second to long-range diffusion of bothne gefect chemical potential is zero. If necessary it is pos-
defect species down the chemical potential gradient to sinkssiple to treat the departure of real sinks from this ideal be-
Section 11 D then employs the standard metal, and standarfayior. Examples of sinks are step edges at which a surface
close-packed surface parameters, to survey the regimes in@rrace terminates, that act as sinks for both species of ad-
which bulk and surface phenomena fall as the temperature igefects, and also for bulk defects, while a variety of struc-

varied fromT,, to zero. Clear distinctions between surfaceyres such as edge dislocations, interior voids, and surfaces
and bulk behavior arise from this comparison. also act as sinks for bulk defects.

In Sec. lll the thermodynamic of the reacting assembly is
discussed in terms of a newly defined local temperafiire
and chemical potentiak” of the reacting assembly. This
clarifies questions of heat and particle transfer among parts Antidefect populations change with time owing to reac-
of a system and between two distinct assemblies, for extions, to diffusion, and to the action of such perturbing pro-
ample, surface and bulk. The space and time dependence ofsses as irradiation, evaporation, etc. Several terms are
defect formation after temperature change is treated as a pegeadily assembled to obtain partial differential equations that
tinent example. The models of standard behavior for bulkdescribe the consequent time evolution. The purpose here is
and surface defects are deferred to Appendix A. Finally, Apto determine the evolutions of the distributions
pendix B presents illustrative cases in which the standar@(r,t),cy(r,t) of reacting defects under conditions that pro-
models predict universal behavior for defect systems in metmote inhomogeneity, time dependence, or both.
als. Reaction and diffusion both depend on the mobilities of

For completeness we remark here that the results of ththe defects. Specifically, the rates at which the two species
present paper provide the basis for further investigations irmeet and mutually annihilate in the lattice depends on the
which defect systems, including defect interactions, argate at which they explore new sites, and hence on their
driven by external fields, for example, by irradiation. Thusdiffusion coefficientsD,,D,. The latter determine defect
the work presented here provides the response of reactirfippw by Ji:Qi'lDchi, and the hopping frequency by
assemblies to a particle flux, which causes radiation damageZdDi/IizNi, along each olN; nearest neighbor jump paths
and defect flow in the bulk, and such important phenomenavith length |;. Hered is the dimensionality, namely, 2 for
as beam-accelerated kinetics and enhanced growth processesface and 3 for bulk processes. The voluf)eper site in
on surfaces. Detailed results for such processes, however, dtee first of these equations converts the occupandgto a
deferred to a separate publicatitn. number of defects per unit volum€;. For the surface pro-

A. Evolution of reacting defect assemblies
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cess the surface ardaper site enters the result instead.  determined*3® The equations are, however, nonlinear, so
In terms of these contributions the defect loss rates byhat general solutions are not readily achieved. A variety of
reaction atr ,t are computational approaches have been described; a recent per-
. . spective is given by Doan and Martif.
Cy(r,) =cy(r.t) Here we focus on the general behavior of reacting defect
Dy + A0, systems close to equilibrium. An example in point might be
== Tcl(f,t)cz(r,t) the response of a surface defect population to the small per-
turbation caused by the Gibbs—-Thompson potential of a
= — K€y (r,t)cy(r, 1), 1) curved step edg#; the response in turn determines the re-
laxation times characteristic of the step fluctuation spectrum.

Here, a is the lattice parameter arvd:aiazlliz, with o; a I .
constant that depends on the mutual separation at which aﬁ:_lose to equilibrium the response must become lifzand

tidefect pairs annihilate, such that typically~50 for the a description of this type of linear regime is our primary

: oal.
bulk and perhaps half that for surfac@sir notation follows 9 . . . A
that of Leeet al33). Note in addition that detailed balance The_@ nlinear systems are linearized by writiog=c,
. ; , . . +51;C,=Cy+S,. Then
among microscopic processes is achieved only if defects are

created spontaneously in the lattice at a rate J
. . — ——DV2+K_} = — K508, + Ky (1, 1);
Cy(r 1) = &x(r,H) =Ky 010y, 2 Lt SRR e
with ¢;,c, the equilibrium concentrations, independent of 5 @)
r,t. The net rates from reactions are thus [E -D,V?+ Klza]sz = — Ky56,8; + Ky(r 1)

Cl(r vt) = CZ(r vt) == Klicl(r vt)CZ(r vt) _TCZ] . (3)
Nonlinear terms irc,c, are thus eliminated, and the system

Defects also flow through and from the locatioty dif- i b i . Th 0 b ved
fusion. These processes conserve particles other than at fix@f €duations becomes linear #,s,. They are to be solve

sinks, where annihilation and creation take place. If sinks aré‘um(aCt to_the boundary conditics},s,=0 at fixed sinks,
translationally invariant, defect processes at most displac@’hereci:ci'_ . . .

the sink slowly to a configuration of equal energy, and such The solutions of Eqs(7) in any partlcqlar case comprise
sinks accordingly establish the local chemical potential for'SOIUtlons of the homogeneous. equations obtained when
the defects at its equilibrium valye for the lattice at ambi- K1,K>=0, supplemented by particular integrals that accom-

ent temperatur@. It follows from the diffusion equation that modgte the terms iiK; andK,. The fprm_er are of interest
the defect loss rates from diffusion satisfy here; the latter are treated as they arise in particular contexts.

Representing by ]; and [ ], the differential operators in
¢y(r,t) =D,V cy(r,t) - ¢4], braces on the left, we obtain féf;,,K,=0 the equations

4 _ _
Co(r,t) = DV cy(r 1) = ¢, [ 1l 1252 = = KiCol 118y = K165

These diffusion equations are to be solved subject to the - = I
condition thatc,—¢;=0 at the boundary sites of fixed sinks, LIl Jis1= = Kaalal Jo% = Ki€aCosy.
wherec; is established by the equilibrium chemical potential Consequently bots
wu of the lattice at temperaturk 1

®

and s, are solutions of the homoge-
neous equation

; ; ; J — || @ —
B. Formulation for the linear regime {[E -D,V2+ K12C2:| [E -D,V?+ Klzcl]
In addition to reaction and diffusion, many interesting
phenomena occur while defects are simultaneously created o——
or destroyed by externally impresses processes, such as irra- ~ KiaCp S(r,1)
diation. These may possibly be spatially inhomogeneous and
time dependent. Representing the resulting creation rates by =0. 9
e =Ky 6= Ky(r,b) (5) We seek solutions of the form
for the two species, we obtain complete equations for the s(r,t) =sexpliq - r)exp(— wt).

time evolution ofc; andc,:

. — Equation((9)) transforms to
C1 =~ D1V2(c; =€) = Kyo(C1Cp = €1C,) = Ky (r,1); d

(6) {[‘ W+ 0D, + KlZEZJ[_ W+ 0D, + Klza] - Kiz?Cz}Sz 0,

o~ DVA(Cy =€) — Kyp(C1Cp = €1Cp) = KT 1) (10

These equations can, in principle, be solved for any specific
example and the behavior of the defect populations thusr
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W2 = [K5(Cy + Cp) + q%(Dy + Dy) Jw + g*(D1C; + D,Cr)Kyp =Dy +KyCy by ==Kyl
+q°D;D,=0. (11) (19)

a,=0’Dy+ Ky oy, by ==Ky 0o
This quadratic equation has solutions
Useful, in addition, are the exact identities:
w=b+ (b?-c)'?, (12)
in which s's =-ciley
(20)
b=[K,(C;+Cy) + %D, +D,)]/2; s"+s =~[0%D; ~ Dy) + K15(C; ~ C) UK 6.

(13 These equations define the ratios of the decay mode ampli-
tudes of the two species for the two modes., +) that are
These give the required eigenvaluesq), of the system of ~characteristic of any particular eigenmodgj. Some illus-

Eq. (9). They afford plane wave solutions of the homoge-trative examples follow.

neous relaxation problem for reacting defect systems near

equilibrium. The question of what boundary conditions the 1. Diffusion dominated decay

plane wave eigenvalues are chosen to satisfy is discussed
below in Sec. Il C.

¢=0%(D1C; + D,Cr)Kyo+ D4 D,

The values ofg required by the diffusion equation are

determined by the geometry of the sinks. It may hap(een

is commonly the case in bulk examples at high temperatures

C. Character of the relaxation modes that the diffusive loss greatly exceeds the recombination, and

The modes derived above show how the depars(ret) the recovery is therefore dominated by defect djffusion to the

of defect populations from equilibrium relaxes back towardSiNkS: Withay,a;> by, by. Then the above equations are best

zero as time passes. It does so generally as a sum of eigefaranged to give

functions, each decaying exponentially:

1 1
W, = E(al +ay) * 5[(31 - ay)?+ 4byb, "3

S(r,1) = 2 agsq(r)exd - w(a)t]. (14)

a (21)
The eigenfupctiqns(r) are not generally pIape waves but, st= E (a,-ay) * [(al_ a,)%+ 4b1b2]1’2}.
rather, combinations of plane waves that satisfy the boundary 1
conditionss=0 at fixed sinks. In this connection note that the ) .
eigenvaluesv derived above depend only @|q|. Conse- 1N first now gives

uently thes,(r) are appropriate sums over plane waves hav-

quently (Nes(r) are approp " w,=a,~ @Dy W.=a,~ Dy, (22)

ing the same) and a common decay rate; thus

Si(1) = S B, expliq -r): (15) and the ratios of the defect amplitudes are
] - ql !
lal=q -

(sofs)” = (a1~ @)/by

S(r,1) = 2 agjsgi(r)exd — w(git]. (16) =~[q?(D1 ~ Dy) + Kyo(Cp =€) VK L35
aj

Here, thes,j(r) may be selected to form an orthonormal set. (s1/5)" = (8, = &)/, = [0%(Dy — Dy) + K1(C, — € /K10,
The two defect species have concentrations defined by (23

similar expansions but with different constaitg in a ratio

fixed by the eigenvaluev(q), as evaluated here. Fd¢;  Both ratios are largénote that the second is inverdegro-

=K,=0, Egs.(6) read vided thatD, # D, so that the two modes largely comprise
. . separate diffusion of defects 1 and 2 to their fixed sinks. In
[-W(a) + °Dy + KyC,]8, = — K1 0183 each case the corrections to this limiting behavior concern
(17)  ratios of recombination to diffusion, as expected. The disper-
[—wW(Q) + 9D, + Ky €1 ]S, = — K1 2G5S, sion curves for this case are shown as functiong of Fig.

_ _ 1(a) for the exampleD,/D,=3. The flow corresponding to
whence for the two modes the two species have relative amsuch modes is represented below by the arrows near the equi-

plitude given by librium point in Sec. 1l B, Fig. 6a).
- 112
st =(s)/s)* = alz—baz{l + <1 + (4b—1b2)2) } . (18 2. Equal diffusion
a - a
' T WhenD;=D,=D the exact results are obtained precisely
in which as above:
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—_ FIG. 1. Dispersion relations for relaxation in
-‘g + several cases(@ Independent diffusion of the
S . two species to sinks arises when recombination is
g * negligible compared to diffusiorib) Equal diffu-
= sion and recombination rates of two species leads
O . .
= to one branch purely diffusion and orfeppe)
;’ mixed recombination and diffusiorc) When dif-
§ - fusion and recombination compete in midzone
- - the dispersions exhibit an avoided crossing. At
the zone center the two branches are pure diffu-
sion and pure recombinatidsee texk
r X T X T X
(a) (b) (©
1 1 _ q°(Dy - D)
W, = 7D + SKya(Cy +C) £ K€ +Cp); (Sfs)t=1-"————=,
2 2 K1a(Cy +Cp)
e (24) - (27)
o= 01‘02[1+ Cl+CZ:| W= q°(D1C; + DC)K 1+ *DiD,
2¢, C1—C K15(Cy +Cp) +g*(Dy + D)
so that
2
_ - — = gD, -Dy)
W, =D +Ky(Cr +Cp);  (Spfs)*=1; (Spfs)” == c2/c1<1 -,
K12(C1 +Cp)
(25
— 2N - -
W-=0D; (/s ==ColCy. where the results fas are for smallg. Both * results warrant
These dispersion relationships are shown in Fi@p).1Evi- comment. The + mode has the decay rate of whichever pro-

dently the + mode comprises recombinatiovhich causes C€sS is dominant. Agl—0 it becomes the recombination
equal decays of the two spediesith diffusion (for qg#0)  t€rm Ky,(C1+C,) alone, and accordingly the ratio of defect
while the — mode decays entirely by diffusion. In this regarddensities becomes unity. On the other handgas0, the -
note that the — mode corresponds to equal but oppérsite mode identifies an effective diffusion coefficient,

tional departures from equilibrium for the two species. As

such it is consistent with the two species responding to a (D1Cy + DyCy)
common but inhomogeneous chemical potential in the lattice eff = —(El+?2) . (28)

(see also below and Sec.)ll

comprising the mass diffusion coefficiefiess correlation
factor9 divided by the net defect concentration. This is the
When, as must normally occur, one loss rate from diffu-diffusion coefficient with which the reacting defect assembly
sion or recombination greatly exceeds the other three termsesponds to a gradient of defect chemical potential, accord-
the equations are best rearranged so the roots can be 6x¥g to the Nernst-Einstein  equation J=-[(c;
panded to provide immediate approximations to the eigen+c,)D 4/ QkgT]V w. It is analogous to the “thermal equilib-
values and the amplitude ratios. Thus rium” Dy Obtained?® for reacting vacancies that maintain
}1/2} local equilibrium. For the — mode as— 0, the ratio of de-

3. One loss term dominant

4(b,b, — a;a)

. fect amplitudes becomes;/s,=—c,/c;, which is consistent
(a3 +ay)?

1
w, = —(a; +ay) 11{1+ i > :
2 with the defect fluxes driven by a common chemical poten-

tial. The relaxation modes have the dispersion relationships
4(b1b2—a1a2)]1’2} shown in Fig_.. 1(;), and.for.q—>0 are indipated by arrows
—_— near the equilibrium point in Sec. Il B, Fig(16).

The condition that a single rate term is largest may be

(26) valid only over some range a@f as, for example, when thg
i ) } dependence of the diffusion terms overtakes recombination
With only one term large, anb, andb, also contained iy terms with increasingg. In the exact dispersion curves
and a,, respectively, the ratio inside the root is small. By shown in Fig. 1c), one diffusion coefficient is a factor of 10

2b,

1
§:_{(a1_a2) + (a1+a2)|:1+ (a, +ay)?

expansion one finds larger than the other. It crosses the larger of the recombina-
o — _ — 0 tion rates halfway to the Brillouin zone boundary, with the

=3 (D1C2+D§1) +_K12(C_1+CZ) ; smaller recombination rate fixed an order of magnitude
(cr+cy) smaller. As evident in Fig. (t), the exact dispersion curves

085422-5



C. P. FLYNN PHYSICAL REVIEW B 71, 085422(2005

exhibit an avoided crossing where the rates of the faster dif- 0
fusion process and faster recombination process becom
equal.

'
o
T

’/s)

2]
D. Relaxation of surface and bulk defects 5 -0} N\g 5}~
We now compare and contrast reactions among therma% %
defects on close-packed surfaces with those in the bulk of 10k
metals. One purpose is to clarify and illustrate the results of
the preceding sections by application to typical materials. In
particular, the complexity of surface diffusion, as defined by ~ -20 A

the standard close-packed surface, becomes clearly apparer
Also, the equilibrium properties recognized here establish a
base for a future discussion of the reactions that take place FIG. 2. Relative diffusion and recombination for bulk defe@s
when these systems are driven by particle irradiation. and surface defectth) evaluated for standard metal, with 1én

The four parameters that enter into the reaction kinetics?ulk sink spacing and 100 nm surface sink spacing. For each defect,
according to Eqs(7), are qul and K,.c, for added atom Dis thg dnffusmn coefficient andR measures the relative rate of
defects andj?D, andK.c, for vacancies. To show generally "écombination forg=1 (the longest wavelength mogeFor the
how these behave, Fig(& for bulk defects compareB, b_ulk,_majorlty defectgvacanciesonly just gchleve reaction limited
with R1=K12C2/q2 (broken lines, and D, with R, kinetics atT,, whereas surfaces are reaction controlled aligyeS

=K,,¢,/9? (solid lines. The choice made here foq even with the smaller sink spacing.

~nw/L is the smallest eigenvalugr=1) for a region of ergies were obtained in Appendix A by assigning to them
length L=10 um, a relatively large sink spacing, selected most of the activation energy for mass diffusion, as actually
here to enhance bulk reactions relative to defect diffusion t@bservedat T>T,/2, it is hard to see how actual defect
fixed sinks. Even soD, and R, for the dominant vacancy densities could be much smaller than those described here.
defects become equal only just beldyy. Thus, for the stan- Given the many possible triplet configurations, and that some
dard metal, the majority defects form mostly at sinks, exceptnay be strongly bound, the total occupation of the surface by
in the range~T,, to 0.8T,,, where pairs in the bulk mainly adatoms af,, is generally large, and may be poorly defined
form by spontaneous fluctuation. It is of some interest thafor the parameters of a standard close-packed surface. Cer-
even this limited range of reaction-controlled conditionstainly, in the bulk, defect concentrations larger than about
could not be identified before the recent discovery that interi% [e.g., for Agl (Ref. 3] cause the relevant sublattice to
stitial formation entropies are so laf§é’ (see Appendix A becoméliquidlike.

A similar calculation for surface species is shown in Fig. Experimental observation of liquidlike behavior in the
2(b). The eigenvaluey is chosen for sinks separated by surface layer has been reported for some metal surficées.
=0.1 um, appropriate for step edges on a surface miscut byn regard to diffusion, it is known that even large, compact
0.1°. The large diffusion rates of the surface defects moréslands remain mobile on close-packed surfdfes a com-
than compensate for the factor?lid sink spacing between plete treatment must certainly include complexes and reac-
the surface and bulk systems, chosen for this comparisonions. For less smooth surfaces, with smaller formation ener-
The estimated crossings BfandD for surface species occur gies, the defect densities are still larger, and the contribution
near 0.3, and 0.4, for (majority) adatoms andminority) of complex processes to defect flow must accordingly be still
advacancies, respectively. Evidently surface antidefects armgreater.
controlled by pair reactions over most of the temperature These conclusions have significant consequences. Surface
range belowr, diffusion is a critical process that facilitates epitaxial growth,

We conclude that significant distinctions separate bulksurface fluctuations and smoothing, and other technically im-
and surface kinetics. Spontaneous creation of pairs on thgortant phenomena. The present discussion suggests, for
terraces dominates surface defect processes on low miscuT,,,/3, that measurements of surface mass diffugimg.,
surfaces at temperatures abové,,/3 whereas, in the bulk, by step fluctuation spectroscopyand all processes deter-
the majority defects become reaction controlled only just bemined by mass diffusion, are likely to involve an effective
low T, diffusion coefficient for the reacting assembly, as in &8),

Also owing to the large concentration of surface defectsrather than activated linear diffusion of one independent de-
defect multiples occur on surfaces at high temperatures to thfect species. At the highest temperatures, and for less smooth
degree that it may possibly become impractical to describgurfaces, it is likely that sizable defect clusters contribute to
the total defect population by building blocks of defect mul- mass flow, and a more careful and complete theory of mass
tiplets. The adatom concentratidfeq. ((A7))] c;~3exp  flow is therefore needed.

(-4.5T,,/T) reaches 3.3 102 at T,,. The density of adatom
pairs at T,,,, given an estimated pair binding energy one-third
of the adatom formation energy, is theni@xp(—l.Srm/T)
~1.5X10°% thus about as many adatoms are bound in pairs Our concern here lies with reacting defects in nonequilib-
as exist singly on the surface. Because defect formation emum assemblies; the local values@f c, then may generally

IIl. TEMPERATURE AND CHEMICAL POTENTIAL IN
REACTING ASSEMBLIES
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differ from the thermal equilibrium values , c,. In this con-  sudden changes of temperature. The relationship to the nor-
nection it is useful to recafl for the added-atom defect in the mal relaxation modes derived in Sec. Il is then discussed for
dilute limit (c<1), that theequilibrium densities of thermal bulk and surface systems.

defects are

¢, =exp—f/kgT=exd— (F; — w)/kgT1; (299 A. Pair generation remote from sinks after quenching

similarly, At equilibrium, the spontaneous annihilation, that occurs
— _ as antidefects encounter each other in the lattice by diffusion,
co=exp—folkeT=exi- (Fo+ w/kgT] (290 s precisely compensated by the creation of antidefect pairs

for vacancy type defect. In these equatidhand u are the by spontaneous fluctuations of the perfect lattice. No local
equilibrium temperature and chemical potential of the lattice Precursor structure is necessary for this latter process to op-
F, is the work required to place an atom from infinity into erate. When temperature changes occur, the creation pro-
the site occupied by the extra atom, aRg is the work  Cesses respond accordingly with changed rates appropriate to
needed to remove an atom to infinity from a site of the perthe new temperature. However, annihilation continues at a
fect lattice, in order to create a vacanitiie number of sites rate fixed by the existing defect site occupancies in @By

per lattice site for added atom defects can be incorporatedlbeit with kinetics adjusted to the new temperature. A char-
into F,). f, andf, are thus the free energies of defect forma-acteristic evolution of defect populations occurs by reaction,
tion, which have energy and entropy components quantifie@0th on terraces and in the bulk, to a state of kinetic equilib-
explicitly in Appendix A. Finally » is the average worka ~ fium determined by the new temperature. While all such pro-
negative quantityrequired to add one atom from infinity to C€sses may be modeled by computation, it turns out that an
a typical bound site of the solid, exemplified as the bindingéXxact solution can be written down for the particular prob-
energy at a kink site at a surface step. This latter definitionem. This section summarizes the result and its consequences
provides a sink that remains unchanged by the process, othf the defect temperature and chemical potential.

than by a translation that has no consequence for the free We consider a lattice with uniform occupancies,c,, of
energies(i.e., the kink site has the average energy of thedefects corresponding to equilibrium at the initial tempera-

atoms of the crystal ture, perturbed by a temperature change for which the equi-
Whenc, andc, differ locally from their equilibrium val-  librium occupancies now beconeg, c,. This problem can be

ues, we can regard the temperature and chemical potential §plved exactly. In the absence of sinks, E@.for the evo-
the defect system as taking effective valisand x* de-  lution both read
fined by

¢, =exd— (Fy— 1)ksT'; K135=C1C, = (C1 +9)(Co +9), (32

(30)
c,=exd— (Fp+ u')/ksT'], in which s(t) is the added occupancy for both species due to

reactions at the new temperature. Our concern here is to find
t) and the consequent defect propertiet) and u'(t).
quation(32) may be integrated and a constant of integration
selected to fit the initial conditions, yielding

in which ¢, , ¢, replace the equilibrium values, c,. ThusT"
and u" are the lattice temperature and chemical potentia
with which these defect densities would be in equilibrium.
Then from Eqs(30):

«_pihcc, cotht/n) + 1
T=T, (319 t :C[;_ } 23
In €46, sV &+ coth(t/7) el (33
* 1 * — . h. h
M _MzékB[T In(cy/cy) = Tn(c,/cy)] In whic
1 In c;,¢, In(cy/cy) . =C6+(Ci— )24 7l=cKyy
=35 ——— = —In(¢/cy) |, (31b 162 1~ Cp)4; 12
SKs e, (c/cy) |, (31b) 34

after elimination of T". Note thatT" and u" represent the &= (G +cy)fzc.

temperature and chemical potentadl the defect system it-

self they determine, for example, energy and particle flowThuss—0 att=0; ands—c(1-g)=c—(c,+Cy)/2 ast—,

between parts of the system, and between the defect systesthich givess— (c,¢,)Y2 if ¢,¢c,>c;c,, When the system is

and the lattice. Of course, the values Bf, " may differ  heated, and— —c, or —c,, depending on the sign of the root,

from the lattice valued, u, whenever the defect system is when the system is quenched, wift,<c;c,.

driven by forces that affect the defect system independently, The changes of the defect chemical potentialcaused

as in the cases of irradiation, rapid change of lattice temperaby the evolution of the defect system are of special interest

ture, or mechanical work. as they promote defect precipitation, creating new sinks,
As an illustration in what follows we consider first the wheny" departs sufficiently from the lattice chemical poten-

way T" and i* evolve with time as the lattice undergoes tial u. x" is obtained from
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FIG. 3. Time evolution of bulk
defect concentrationgtop) for a
standard metal that is instantig)
upguenched and (b) down-
quenched from T=0.5T, to
change the final equilibrium value
of c,c, by factors of 182 The

concurrent changes af and u'

0.53
0.52
E 0.51

0.50

—p are shown below. The latter
exhibit instantaneous changestat
=0 due to the temperature depen-
dence ofF. Note that the small re-
quired changes ofT still cause
nonlinear response, readily visible
from the differing timescales in

(a) and(b).

1 * [~
W= EkB[T In(c, +9)/(cy+ ) — TIn(cy/cy)];
(35
In(c, +s)(Co+9)

using

(cy+9) _cyfcotht/7) + e]+c(1-&?)
(c,+5) cjcotht/n) +e]+c(l-¢?)’

(36)
C1Cy— C1Cp

[cosht/7) + & sinh(t/ D) ]2

(cy+9)(c+9)=CiCp

In verifying these results, note that the first of E{36)
clearly gives c;/c, as t—0, and ast—o gives [c;

+5(o0)]/[c,+5(0) ] with s(«¢) =c(1-¢), as required. The prod-

uct in the second equation beconugs, ast— 0, andc,c, as
t—oo0, again as is necessary.

Figure 3 shows the evolution af, c,, »*, andT" for a
standard metal initially aT =0.5T,, for two cases in which

new lattice temperature, with a response timecK;3. The
initial jump arises from the dependence Bf+F, on T in
Egs.(30) (i.e., the defect formation entropjedNote that the
factors 16 in c;,c,, from even these small fractional tem-
perature changes, place the response far outside the linear
regime, so that the actual response&irand(b) differ by an
order of magnitude in duration.

After a similar initial small jump, the chemical potential
" of the defect system relaxes back throygland departs
progressively further as the reaction takes place. This behav-
ior of " can readily be understood from the fact that the
relative proportions of the defects change as the defect popu-
lations evolve under the reaction constraint that additional
defects of the two types form or annihilate in equal numbers.
Temperature increase then creates a relative excess of the
minority defect(for that temperatupewhile, after quenching,
the majority species consumes the minority and results in a
minority deficit. The defect chemical potential therefore
departs fromu in the opposite sense for the two cases. A
point of special interest is that the results shown in Fig. 3 are
universal, applying to all metals, in the approximation of
Appendix A; indeed, the decay times for different metals are

the reacting defects pass toward a kinetic equilibrium after gdentical function ofT/T,, (see below and Appendix)B

sudden temperature change. In Fi¢g)3c,c,=10c,C,, as a
temperature ris@T/T~0.03T,,, increasegshe defect popula-
tion, and in Fig. &), ¢,c,=10"°c,c,, when a quench of simi-
lar magnitude decreasesthe concentrations.c, hardly

The change of chemical potential caused by pair creation
allows the lattice to access new channels for relaxation.
When y" differs sufficiently from the lattice valug, a sys-
tem can lower its free energy by new channels when defects

changes because the steady state is achieved by variationsrefct to nucleate fresh sinks, such as dislocation loops in the

c, by factors of ~10%*2. Initially T* jumps slightly in the

bulk, or step edges on the surface; these serve as centers at

opposite sense from the initial lattice temperature in bothwhich, for each species, the thermal excess defects may be
examples, and then changes smoothly to equilibrate at th@nnihilated and deficient species created, thereby restoring
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12 T 12 0
14 40 N
C,— FIG. 4. Time evolution of bulk
16 8ok dio defect concentrationgtop) for a
O S standard metal that i®) instantly
3 $ upquenched from 012, to 0.9T,,
18 120 «—C, 12 and (b) downquenched from
Hon 0.9T,, to 0.2ZT,,. The concurrent
% % upquench downquench changes of T" and u'-u are.
obs 3 1o0 1601 14 shown below. The latter exhibit
1 l ________ instantaneous changestatO due
: ‘ to the temperature dependence of
_____________ 4 ' ' ' 12 F. On the upquenctg, andc, are
«—T* equal from very short times be-
0.8~ cause, after the temperature in-
712 crease, the lattice creates equal ex-
cesses, and the chemical potential
0.6 :m is thereby pinned (see texk
£ - 10 Steady state after the downquench
E ‘ﬁ' requires many multiples of the re-
0.4 laxation time 7 because c¢;
§ 12 changes by so many orders of
X magnitude.
0.2
w— 14
0, ! | H 0 | ] |
0 0.2 04 0.6 0.8 0 20 40 60 80
(a) t/t {b) t/t

true equilibrium. Such nucleation events may require subAu metal this is over 1 eV, which is amply sufficient to
stantial chemical potentials which, for the small temperaturenfluence nucleation of new sinks. The negative sign of the
changes examined in Fig. 3, are not available, With- u| final u" indicates that vacancies have become more preva-
< 0.1 eV in typical cases. Much larger potentials are availdent, at the expense of interstitials, which are suppressed by
able for larger temperature changes. The following illustrathe large negativg.” [cf. Egs.(30)].
tion is chosen to clarify the utility of th&", x* formulation. Note that precisely the same magnitud@eBkgT,, can be
Consider then the changes that occur when the bulk of abtained when, instead, theterstitial chemical potential is
standard metal in equilibrium at 0.2 is suddenly heated to written, as is customanAu;=kgT In ¢;/¢c;=-7.8&gT,, With
0.9T,, and also the reverse process of quenching fror 0.9 ¢, the final defect occupation after reacti@in this caseT
to 0.2T, (the latter is typical of experiments to study vacan-and T° are equgl The analogous result for vacancies is
cies in metals such as Au, with 0.2 near room tempera- Au,=kgT In c,/C,=+7.&gT,, with ¢, andc, the equilib-
ture). The evolutions ofy, ¢, T, and ™ are shown in Fig.  rium and final vacancy concentrations. These opposite results
4. On the up-quencfFig. 4@)] the final interstitial density for Aw; and A, do show correctly that, at sinks where
exceeds the initial vacancy density, so both species are geny;,Au,=0, vacancyannihilation and interstitial formation
erated in the lattice and quickly achieve essentially equare equally enhanced in the steady state defect configuration.
concentrations. The initial defect population c,, when first The distinction between thdu;,Au, notation and the
present at the final temperature, giveS-u=-2.0ksT,,  presentT",u” formulation becomes clear from the values
which rises to 3.8sT,, as new defects then form to reach after the quench bubeforethe reaction occurs. The results
their steady(but nonequilibrium state at 0.9, The increase areApu, = +7.8gT,, (unchanged, since the number of vacan-
favors excess interstitials and here representsntaeimum  cies hardly changes in the reaction with interstitiakgile
increase, which makes the densities of the two species essefiy; = +11.%gT,,. An inference from thgalmost unchanged
tially equal (for which u* - u=(10-7.17/TkgTyy this is  majority (vacancy population, and consequesi,, that the
the value, for example, when irradiation creates essentiallyendency of the majority defect to precipitate remained un-
equal excesses of the two antidefe¢cls the case of Fig. changed through the reaction would, unfortunately, be in er-
4(b) for the down-quench to 012, from 0.9T,,,, the vacancies ror. In fact, the balance of defect stability evolves from in-
consume almost all the interstitials, and the density reductiorerstitial precipitation to vacancy precipitation as the defect
by so many orders of magnitude takes correspondingly mangeaction progresses at 0,2 Specifically, before the reac-
multiples (~160 of the response time. In Fig. 4b), the tion, the force driving interstitiaannihilationis even greater
initial value at 0., is u —u=3.%&gT, Which then de- than the analogous force for vacancies, so that new lattice
creases to —7IRT,, at the steady state. For the example ofsites(e.g., interstitial loopsform rather than disappear. Note
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12 ' ' ' ' the use of these ideas, and the access the system acquires to
new pathways for relaxation, is not restricted to temperature
change, but instead is common to all pair creation phenom-
ena including, for example, irradiation events which cause
local modifications of chemical potential that nucleate new
sinks such as interstitial loops in the bulk, and activate step
edge flow on surfaces. A specific discussion of this nucle-
ation and subsequent flow is deferred to a separate publica-
tion.

We note finally that botil™ and & remain finite asT
—0 even when defects remain present. This may offer a
basis for the discussion of simulations of defective driven
system&' in which questions of free energy and phase
change remain interesting at 0%K.

B. Application to surface and bulk relaxation modes

Here we place the relaxation modes of bulk and surface
defect systems, as described in Sec. I, in the context of the
. temperaturel” and chemical potentighk” of the defect sys-

FIG. 5. Relaxation rates for surfa¢g) and bulk(b) defect sys- o insroduced in Sec. IIl. To interpret any particular case
tems for a standard metal, shown as functions of temperature. In * . .
this approximation, the™* are universal functions 6f/ T, note t_hatT IS co_nst:’mt for fixed values ahc,. The _defeCt

chemical potentialw” is constant when In;=« In cy; then
that, in contrast, the actual switch during reaction from netw’ —u=(kgT/2)[(1-a)/(1+a)]in cic,=In(c;/cy), with a a
interstitial to net vacancy precipitation is correctly monitoredconstant. On a graph with axesdpand Inc,, constantu
by the potentialy” which changes from 2KLT,, through appears as a straight line through=c,=1, both logarithms
zero, to -7.83T,,, as the defects evolve to a steady state athen being zero. Constaffit occurs instead for straight lines
T=0.2T,, In short, theT", " formulation fulfills its purpose  of slope —1. The cases shown in Fig. 6 employ a modifica-
of monitoring thenet reactivity (chemical potentialof the  tion of this scheme with coordinates (tq/c,),In(c,/c,).
compositedefect system. With this choice, thermal equilibrium is shifted to the point

We can predict the bulk and surface relaxation times from0,0), and the straight lines of constant now converge at
small perturbations, for both bulk and surface processes, afe point Inc;*,In c,.
functions of temperature. These are universal functions of These plots may be employed to display the different be-
T/Ty within the standard metal approximations. Whenhaviors of reaction-controlled and independently diffusing
C1,C2=~C1,C,,C—(C1+Cp)/2 in Eq. (34), so 7'—Kylc;  defects. Figure @) shows the example, typical of bulk de-
+c,)/2. For the bulk,c,>c;, and D;>D,, so that7! fects atT,/2, for which the standard met&hppendix A
—\c,D4/2a%. The result for the bulk shown in Fig. 5 is givesc,<c,~10°8. Lines of constanf are shown, with a
obtained with\=50,a=4x 108 cm, and the values a,D;  common slope, and lines of constgmtwhich converge to
given for a standard metal in Appendix A, so that the processhe point described above are labeled in unitskgf/2
is activated with an energy 15T, If, for surfaces, ada- =kgT,,/4. In addition, a thick broken line shows for this case
toms are both the more prevalent and the more mobile, thethe changes near equilibriurtat the coordinate origin
the result for surfaces is approximatety* — \c,D,/2a? in caused by Frenkel pair formation or recombination.
which the surface mass diffusion coefficiemD;~5 Our interest centers on the relaxation modes revealed in
X 1074 exp(-6T,,/T) cn?/s. With \ ~ 25 for the smaller sur- the linear response formulation. As explained in Sec. Il, the
face atom coordination, the relaxation time in Fig. 5 corre-mode character depends on the separation of free sinks. For
sponds to an activation energy dfd .. As seen in Fig. 5, reasonable sink separationrslO um, and defect properties
the bulk and surface times @f, are 30 ns and 10 ps, respec- for T,,/2 given by the standard metal, the recombination
tively, and the former remains the smaller at all temperaturedurns out to have negligible effect. Then the two relaxation
They pass through laboratory timesl s at about 0.%,and modes reduce to the independent modes in which the two
0.2T,,,, respectively. Note that these are now decay times irdefect species diffuse separately to the free sinks. Figae 1
linear response for small perturbations, in which equilibriumshows dispersion relationships typical of this type of behav-
defects dominate the reaction. Of course, these results magr. Small arrows near the equilibrium poitt,0) in Fig. 6(a)
need refining as data accumulate, and in any event will diffemdicate the displacements of these normal modes from equi-
to some extent from one actual metal to the next. librium.

Two further comments on the use ®f, u" follow. First, The bulk behavior aff,,/2 documented above is con-
upon quenching surface defects, the changes of chemical ptrasted in Fig. &) with the typical case for defect relaxation
tential are much smaller than for the bulk because the formaen surfaces atT,,,/2 where concentrations ,c,, ~107* are
tion energies are smaller; and also the equilibrium occuparexpected for a standard metal surface. For a separation
cies for the two antidefects are more comparable. Second;0.1 um between sinks, the recombination terms are now
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component terms related to diffusion and to recombination.
These lead to modes with limiting behavior either for sepa-
rate diffusion to sinks of the two species, or to recombination
and joint diffusion to sinks. The specific forms of the eigen-
functions and the values of the associated eigenvalues natu-
rally depend, in addition, on the particular boundary condi-
tions that prevail at the sinks. A subtlety connected with
these matters, left undefined in Sec. Il, is briefly clarified in
what follows.

The point to be made is that the boundary conditions must
certainly be consistent with the character of the modes they
define. In the case of separate diffusion to the sinks by the
two defect species, each must satisfy conditions pertinent to
that species, and there is no evident requirement that the sink
parameters be the same for the two species. Dissimilar inter-
actions with a particular sink may, for example, give that
sink an apparently different volume or shape for one species
than for the other species. Correspondingly, somewhat differ-
ent eigenfunctions may be required to describe kinetics for
the two species.

This cannot be the case when dominant reactions couple
the two species so that their correlated variations are the
dominant feature. Eigenfunctions must then be selected that
describgoint behavior, and this requires that the species sat-
isfy common boundary conditions at the sink. This is impor-
tant both for recombination modes in which defect densities
must change equally in space and time, and also for diffusive
A modes in which the excess species decay together under a
LN common chemical potential gradient.

10 0 5. 10
(b) 6 (C,C,) IV. SUMMARY

-10

(a)

t (C,/C,)

This paper treats reacting antidefects in crystals and on
standard bulk metdh) and the standard close-packed metal surfaceCryStaI surfaces. It is SthQ how the relaxation mo‘?'es of
(b). Lines of constan” have a common slope, and lines of con- thermal defects near equmbr_lum de_pend on a comparison of
stant x, marked in units ofksT/2 converge to the point the rate defects diffuse to sinks with the rate of antidefect
Inc;,Inc;L. A heavy broken line indicates Frenkel pair formation r€action. When sinks dominate, the relaxation modes com-
near equilibrium, at0,0). The orthogonal relaxation modes, calcu- Prise separate diffusion of the two species to sinks. When
lated in Sec. II, and indicated by arrows @,0) in the figure, reactions are dominant, the modes in the long wavelength
correspond to separate diffusion of the species to sink@jrand in  limit respectively describe recombination and mass flow by
(b) to Frenkel pair reactions and joint isothermal diffusion down aboth species together to sinks. Using models of standard
chemical potential gradient. The difference arises from typical deimetal behavior, developed in Apperdh , it is shown that
fect concentrations relative to typical sink spacings for the twobulk metals near equilibrium remain in the regime of inde-
cases. pendent diffusion at almost all temperatures, while surface
defects on close-packed surfaces are reaction-dominated for
dominant, and the two relaxation modes fipr+0 in Fig.  temperatures above-0.4T,. A definition is given for the
1(c) haves,=s, ands,/s,=—c,/¢c, (constanfT) as explained temperaturd” and chemical potentigt” of the reacting de-
in Sec. Il. As indicated by fine arrows ne@;0) in Fig. &0b), fect assembly. This is employed to monitor the defect assem-
the modes now, respectively, describe Frenkel pair creatiohly during reactions such as those that occur after rapid tem-
and isothermal recovery by diffusion of both species downperature change. Thef' and x* differ from the lattice
the chemical potential gradient. temperaturelT and chemical potentiak, to an extent that
Within the validity of the model of metals described in measures the propensity of the defect system for energy and
Appendix A, the behaviors indicated in Fig. 6 are universal.particle transfer in such processes as sink nucleation and pre-
The modes in Fig. @ pertain to all metals near equilibrium cipitation. The significance of these concepts for the selec-
at almost all temperatures, and those in Fifp) Bepresent all  tion of boundary conditions on relaxation modes is dis-
close packed surfaces for temperatures above aboti,0.4 cussed, and the respective relaxation modes of bulk and
surface defects identified using the models of bulk metals
C. Boundary conditions on relaxation modes and close-packed metal surfaces developed in Appendix A.
The general character of the relaxation modes that solvAppendix B introduces universal properties of defect sys-
Eq. (9) is seen above to follow from the relative values of thetems that follow for these standard metals.

FIG. 6. T" and " shown as functions af; ,c, at T=T,,/2 for the
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Rajappan for helpful discussions. two atoms occupying a single site symmetrically. The forma-

tion energies of interstitials are typically a factef3 larger
than those of vacancies, er30kgT,, At the same time, the

APPENDIX A: MODELS OF THERMAL DEFECTS FOR complexity of the highly distorted lattice near the defect re-
STANDARD METALS AND CLOSE-PACKED sults in many very similar saddlepoints for motion. Related
SURFACES to this same feature is the low activation energy for intersti-

tial migration, typically less thakgT,,. The activation energy
Vor diffusion by interstitial hopping thus typically remains
almost twice that for vacancies, which explains the preva-
lence of vacancy-facilitated diffusion in metals.
Only recently has it been recognized that the flat energy
ndscape for interstitial motion has further consequences.

There is a considerable degree of regularity in the beha
ior of thermally activated defects in bulk metallic crystas.
comprehensive review is available, with critical selection of
datal? The regularity is most apparent in the bulk diffusive
properties, and extends, remarkably, to crystals of the rar
gases, but not to the elementa[ semmonductors diamond, ne is that interstitials possess resonant vibrational mtides,
and Ge, which have low coordination numbers. All the ma-

ials with simil ) domi i deep in the Debye vibrational tail, whose excitation drives
terials with similar properties support dominant vacancy 'Sinterstitial diffusion. Important here is the phonon entropy

order in the bulk, and a resulting vacancy-dominated atoMiG_v |1 w/w’. the sum extending over all modes with/
| ’ IR

diffusion. Our purpose here is to collect and correlate they,q yithout v, an interstitial. For interstitials appears to be

properties of th_ermal defects, first of the bulk, to model thevery large, mainly as a result of the low-frequency resonance
average behavior as standard metaland second to carry modes. Values o~ 16k; are cited from experiments and

through a similar assessment for defect properties of its C|05€F]eory36,37,44 and these produce interstitial concentrations

packed surfaces, to modelstandard close-packed surface larger than otherwise expected by a factor of.IThus in-
These prove to be of value in the text by facilitating an, ctitials have

assessment of typical regimes of response for defect species
in metals. ¢ ~ 10" exp(— 30T,/T). (A4)

Still fewer details are known about interstitial motion,
1. Bulk defects other than the easy activation. One useful source of informa-
tion is computer simulation with interatomic potentials
which, while fitted to particular cases, actually are generic,
The important facts are that diffusion coefficients in met-so that the results, when scaled, pertain well to other metals.
als typically fall within an order of magnitude of 1cn?/s  Such treatments reprodiiéean interstitial concentration at
at the melting temperatured,,,. With activation energies Tm (for Cu) of just below 10°, in agreement with Eq(A4).
about 1kgT,,, and with prefactors within an order of magni- Interstitial hops appear complex since the activation energy
tude of 0.3 cri/s, the diffusion coefficient approximately is low and the dwell time accordingly short. From simula-
obeys tions, the interstitial-driven component of diffusion By, is
close to 10'° cm?/s. With the small hopping energy the dif-
D(T) = 0.3 exg— 17T,/T) cn¥/s. (A1) fusion is only weakly activated, and the resulting interstitial
mobility consistent with Eq(A4) is

a. Bulk vacancy

Inspection of documented cadéséreveals that the activa-
tion energy typically arises from a vacancy formation energy D; = 10"* exp(- 0.5T,/T) cn/s. (A5)
of ~10kgT,,,, with an entropy~1 to kg,

w "o . S0 that the vacancy The unusually small prefactor may in part be a further con-
concentration is approximately

sequence of the resonance modes, which result in a small
attempt frequency.

The concentrations,,c, of bulk defects for a standard
metal behave as the functionsTj/ T shown as broken lines
in Fig. 7. A characterization of the consequences for the re-
action kinetics in the equilibrating defect assembly is pro-
vided in Sec. Il D.

c,(T) =6 exg— 10T,/T). (A2)

A comparison of Eqs(Al) and (A2) gives the hopping rate
as

D,(T)=5X 102 exp(— 7T/T) cn¥/s. (A3)

In fact motion energies actually relate more closely to the
lattice phonon modes that activate atomic hops, and so the
link to cohesion and hencg&,, deteriorates for the special Here we turn to the comparative properties of adatoms
case of the alkali metals, which display very low shearand advacancies. There is no current demonstration that sur-
moduli2*? Otherwise Eq(A3) provides a useful estimate of face behavior exhibits a regularity comparable with that of
vacancy motion in metals. the bulk, although the possibility has been introdutebh-

2. Surface defects
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0 - - ' - fcc (111) and bce(011), the hopping energy is perhaps 1 to
2kgT,,, and the formation energy 4 tk5T,,, Detailed experi-
\\ mental studies of hopping confirm for adatoms that the for-
N mation portion is generally much larger. These results appear
v N C.. consistent with surface defects on the smoothest surfaces

s \\ AN Ca having formation energies in the range 45, and with
10 10 S < \ entropies of~1 to Zg. We thus estimate

\ N c~ 3 exd—4.5T,/T) (A7)

for adatoms; the observed diffusion coefficigit6) now
\ \ identifies a hopping mobility

20 N N D ~ 2 X 10%exp(— 1.5T/T) cn¥/s. (A8)

-logc
O

|
-
4

\ Model force Monte Carlo calculations also suggest a system-
\ atic variation of hopping energy with host propertiparam-
\ etrized by a Lennard—Jones potentialith much the same
! magnitude as in Eq(A8).48
| | v ; Here two points warrant specific comment. It is interest-
300 1 2 3 4 5 ing first that the adatom on smooth surfaces and the bulk
TJT interstitial both have small prefactors10~* cn?/s to match
their small activation energies for hopping. This may derive
FIG. 7. Concentrations of thermal defects for a standard metain part from the low frequencies of phonon modes that drive
(broken line and on close-packed surfadeslid lines. The nota-  the process, as mentioned above. It seems possible for ada-
tion is (v) vacancy{(i) interstitial; (av) advacancy; antad adatom.  toms that the formation entropy could in fact be larger for
The horizontal lines mark the conditioa®=1 for sinks separated this same reason, and the migration prefactor correspond-
by ~10° steps and~10° steps, withN the number of atomic jumps  ingly smaller still. Careful measurements for more strongly
required in the average defect lifetime. bound surface species with larger activation energies gener-
ally give larger prefactors than 10cn?/s, as again appears
deed, details of atomic mobility on surfaces must evidentlyreasonablé? Second, adatom formation energies are be-
depend on the particular orientation of the surface considlieved to be generally still smaller on less smooth crystal
ered. Also, broad studies of equilibrium mass surface diffufaces, so that the large defect populations ngggiven in
sion are at present lacking, so there has existed no purpose &ec. lll of the text using EqA6) probably underestimate the
seeking trends among metals. Nevertheless, the data cuaetual defect densities for surfaces other than the smoothest.
rently available for close-packed surfaces differ strikingly As it is poorly established which surface species domi-
from bulk results, to an extent that presents a significanhates diffusion in most cases, there is correspondingly little
pattern in itself. Specifically, there is a qualitative differenceinformation available about the contributions of minority
in bulk and surface behavior that is established in a crediblspecies, perhaps often advacancies. Pair bond models predict
manner by the existingf few) results. This encourages the identical formation energies for the two surface species and
following characterization of atandard close-packed sur- are typically incorrect by a factor of 3 or more in absolute
face energy, owing to relaxation near the surface. Entropic factors
certainly favor adatoms with low-frequency modes in the
a. Adatoms and advacancies surface plane. Given that advacancies are the minority spe-
cies, reasonable guesses for vacancylike behavior on smooth
Qurfaces are

In several cases surface mass diffusion coefficients o
metals have been established by direct experirffeiit*’

Reliable prefactors for mass diffusion appear to be c~ 3 exd-6TyT); (A9)
~10%-10"3 cn?/s, rather than the bulk value0.3 cnf/s.
Activation energies for diffusion also are much smaller at D ~ 3 X 10%exp- 2T/T) cné/s. (A10)

~6kgTm, in place of 1kgTr, for the bulk, giving The characteristics of a standard close-packed surface

D ~ 5 X 1074 exp(- 6T,/T) cné/s. (A6)  (SCPS as assessed here present a picture strikingly different
from that for bulk defects. The solid lines in Fig. 7 show

Adatoms are thought to be generally the more mobile defectoncentrations of surface defects that are much larger than
dominating diffusion on close-packed surfaces in manythose of bulk defects, and remain as large~d€® down to
cases, although accurate information is scarce. The diffusiotlemperatures as low as,/3.
energy of~6kgT,, must be apportioned between formation = The meaning this difference lends to defect reactions is
and motion energies. Force model calculatf§r¥show that  clarified by consideration of the typical life cycle when sinks
the adatom formation energy is greatest on the smoothesre ~10° atom-spacings distant. Examples are films
(close packedsurfaces, as appears reasonable from the sur~0.2 um thick, for which the surfaces act as the sinks for
face stability and large surface energies. For such cases bslk defects, or when a crystal surface is miscutbg.1° to
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give a similar spacing of surface steps, which act as sinks fdiollows, several further relationships in diverse contexts are
surface defects. Then, in each example; 1P steps are identified.
needed in a typical random walk of a defect lifespan from
sink to sink. SincecN>1 at all temperatures abovi,/3,
Fig. 7 shows that a surface defect will normally encounter its
antidefect and annihilate long before the walk is complete. In the growth of single crystal films by molecular beam
Therefore reactions on terraces provide the dominant procegpitaxy, it is desirable to have the diffusion of surface atoms
of annihilation in the defect life cycle. It follows from de- fast enough for added atoms to reach steps, say 10 nm dis-
tailed balance that creation of defect pairs spontaneouslant, during deposition of a monolayer, requiring perhaps 10
from fluctuations on the terraces must, under the same cors. At the same time bulk diffusion must be sufficiently slow
ditions, correspondingly be the dominant mechanism byhat mixing through one monolayer of penetration requires
which thermal defects also form, together with a small frac-more than the net growth time of perhaps* $0 We solve
tion created singly at the sinks. This conclusion may holdEq. (A5) for T given the required surface diffusion to find
down to still lower reduced temperatures fapn-close- T>0.28T,, this would be higher on rougher surfagddpon
packed surfaces, owing to the larger densities of thermal desolving Eq.(A3) for the necessary bulk diffusion we fifd
fects they supportsee above <0.391,,,. Evidently the necessary growth conditions occur
These distinctions concerning the defect life cycle point tofor T~ 0.33T,,,. This result is consistent with an experimental
the need for treatments of defect flow that describe interactdeterminatiod™® that optimal growth for normal metallic
ing defect assemblies, particularly for surface-related pheerystals occurs fo ~ 3T,,/8.
nomena. The extension to circumstances where external driv-
ing processes, such as irradiation, cause the system, e'th_PZr. Competition between bulk and surface diffusion in surface
bulk or surface, to develop excess defect populations, also is
processes
deferred to a later work:
In equilibration, the product of the two thermal equilib-  The flow of atoms required to smooth surface scratches or
rium concentrations is an important quantity. For the stanto support fluctuations of step edge profile may be supplied

1. Epitaxial growth

dard metal defined above these are by diffusion of defects across terraces or by diffusion of
_ . defects through the bulk. The larger activation energy of the
Bulk: ¢1¢, =6 X 10" exp(- 40T/T); bulk process opens the possibility that a crossover occurs
o (All)  from a surface dominated process at low temperature to a
Surface:c,c, =9 exfd— 10.51/T). bulk-dominated process at high temperature. In the case of

One further point, pertaining to the bulk and surface for-Step edges the effective diffusion coefficierffis

mation energies estimated above, is that both bulk vacancies D ~ Dy, +qaDs, (B1)
and bulk interstitials bind strongly to ordinary surface sites to _

form advacancies and adatoms on the surface terraces in tMéth q the wave vector of the fluctuation along the siefhe
two cases. By subtracting the surface formation free energied0mic spacing along the step, and subscifipaads identi-
from the bulk values one finds that the binding free energieéying bulk and surface mass diffusion coefficients. For fluc-
to the surface are-kg(4T,,~T) and ~kg(25T,,,—15T) for va-  tuations qf Wa_lvelength m, solthatqa~ 1073, the bulk anq
cancies and interstitials, respectively. These are the free efrface diffusion coefficients given in Appendix A now yield
ergy differences that must be accommodated in the detailegdual contributions  when ®exp-11T,/T)=1, or T

balance of the transition rates between bulk and surface dé=0-6Tm- Experiments for fluctuations of this wavelength us-
fect species. ing low energy electron microscopy have identified the

crossover from surface- to bulk-driven fluctuations for Pt
(111) precisely in this predicted temperature raf§Eor sur-
APPENDIX B: UNIVERSAL BEHAVIOR IN THE facg scratches thg dgpendenqe .diﬁers but the crossover
RESPONSE OF THE STANDARD METAL again occurs as predictéti?® Similar crossovers are pre-
dicted for all metals in the same temperature range, for both
Both the kinetics and the equilibrium configurations of thestep fluctuations and scratch annealing, on all close-packed
standard models outlined above depend onlyTém,,. This  surfaces, according to the standard model described here.
leads to remarkable predictions of behavior that are universal
for all metals at the homologous temperatures, merely scaled
from the actual temperature by, As an example, the
guenching characteristics discussed in Sec. Ill A fall in this An irradiation flux creates Frenkel pairs in the bulk, and
category. In particular, different metals are expected tdhe additional defects so created enhance the diffusion of
evolve along similar paths given the same fractionalatoms through the bulk. The diffusion in all unirradiated
guenches. Furthermore, since the model kinetics are definedetal is vacancy dominated, and it turns out, since
by similarly homologous behavior, with fixed prefactors, andirradiation-induced interstitials precipitate, that diffusion is
activation energies that scale with, the time evolutions of enhanced by the ratio of the total to the equilibrium vacancy
different systems under homologous conditions are predictedoncentration. For a film of thickneds vacancies drain to
to exhibit identical response times, as in Fig. 5. In what the surfaces with time constamt'=¢°D,, with q=/L, so

3. Radiation-enhanced bulk diffusion
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that a creation rat& per site causes a steady state excess

occupationc=K/g?D,. Thus the coefficient of mass diffu-
sion required to double the vacancy concentrationDis
=K/@? and, from Eq.(Al), the temperature at which the
irradiation fieldK doubles the vacancy concentration is

T~ - 17T,/In(KL?/3). (B2)

PHYSICAL REVIEW B 71, 085422(2005

4. Beam-assisted growth

It may be appropriate to terminate these speculative com-
ments with a prediction. Suppose that a beam of self-ions
were employed to speed up surface kinetics; what conditions
would be needed to promote measurable results—say a dou-
bling of surface defect density and hence diffusion also? We
use a beam energy that creates one defect pair per incident

This result is, once more, universal. Taking the temperaturgarticle, and a readily achievable ion beam current of

T, as an example, all thin films of pure metaluin thick

requireK~12 st in order to double the vacancy concentra-

tion, the excess being greater at lowe« T,,,. Similarly, for

a 0.3um film with K=1.5X 107° s7! (the experimental maxi-
mum that avoids blisteringEq. (B2) predicts that the va-
cancy concentratiorfand hence the mass diffusion coeffi-
cient alsg is doubled aff ~0.53T,, For CyAu, Leeet al33
find that the experimental value is0.58T,, in reasonable
accord with the universal prediction.

1 uAcm?(~108 cm?storK=102s"), for a crystal
with surface miscut by 0.1°, so that the surface sinks are
steps spaced byL=100 nm. The required conditiorK
~@’D=(w/L)?D is achieved for a surface mass diffusion
coefficient D=10"1 cn?/s, which from Eq.(A6) requires
T~0.3T,, Evidently a somewhat larger flux density than
1 uAlcm? may be required to accelerate kinetics signifi-
cantly at the slightly higher temperature3T,,/8 at which
single crystal films of metals are often grown epitaxially.
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