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Thermal and radiation-enhanced diffusion in Cu3Au
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Thermal and radiation-enhanced diffusion in thin films of the order-disorder alloy Cu3Au have been ana-
lyzed above and below the transition temperature. It is demonstrated that thin films grown by molecular beam
epitaxy are uniquely suited for such experiments as the surface provides a dominant and well-characterized
sink for migrating defects. The analysis is applied to recent experiments. Quantitative predictions of radiation-
enhanced diffusion agree closely with experimental values. Analysis of the tracer-impurity thermal diffusion
experiments provide host diffusion coefficients in a temperature regime through the transition temperature
which were heretofore unavailable.@S0163-1829~99!13725-1#
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I. INTRODUCTION

Irradiation of solids with energetic particles leads to t
displacement of atoms from their lattice sites through en
getic recoil processes. Most displaced atoms quickly reloc
back onto nearby vacated lattice sites, but a small frac
remain as interstitials, with a compensating number of
filled vacancies left behind. Since the characteristic ene
for displacements far exceedskTm (Tm is the melting tem-
perature! atomic relocations occur in absence of significa
influences from thermodynamic forces in most system
evoking the descriptive term ballistic mixing. In ordere
phases and compounds, ballistic mixing results in chem
disorder, and in some cases amorphization as well. At
evated temperatures, point defects are mobile and there
diffusional processes are enhanced by irradiation. Therm
activated diffusive processes tend to restore a system t
equilibrium state.

While experiments and computer simulations have n
provided a firm background for understanding the defect p
duction process during irradiation of crystalline solids,1 pre-
dicting the microstructural development of irradiated allo
during prolonged irradiation at elevated temperatures
mains a difficult problem and largely unsolved. Much of t
reason for this is that many kinetic pathways are opened
the energetic displacement process and they are separat
only small energy differences. In attempts to clarify the
netic behavior of irradiated alloys, it has long been realiz
that irradiation studies on order-disorder alloys are espec
illuminating.2 Following these past studies, we have begu
series of irradiation experiments on these systems, but
the added feature that we employ highly perfect thin-fi
specimens. As we will show, our ability to control the sin
structure for migrating defects through the film thickne
greatly enhances the information that can be drawn fr
these experiments. In the present study, we investigate
mal and radiation-enhanced diffusion in Cu3Au both above
and below the critical temperature for ordering,Tc , and
thereby clarify the effects of order on these diffusion p
cesses. The experimental data presented here have be
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ported previously;3 the primary purpose of the present pap
is to provide a thorough analysis of these data and to ill
trate the potential of thin-film experiments for future inve
tigations.

II. EXPERIMENTAL PROCEDURES

The experimental procedures employed in obtaining
various diffusion coefficients are described elsewhere,3 and
we simply state here those features necessary for com
hending the analysis that follows.

~i! The measurements were of tracer impurity diffusio
Ni and Pd, in Cu3Au. Ni resides on the Cu sublattice and P
on the Au sublattice.

~ii ! The samples were grown by molecular-beam epita
~MBE! methods. They consisted of'300 nm thick layers of
Cu3Au grown epitaxially in the ~111! orientation on
Nb~110!. Thin tracer layers~'4 nm! of either Cu6AuPd on
Cu2NiAu were introduced at the midplanes of the Cu3Au
films.

~iii ! The composition of the films were within'1% of
correct stoichiometry.

~iv! The radiation-enhanced diffusion coefficient refers
the total diffusion coefficient under irradiation less the co
tributions from thermal diffusion and ion beam mixing.

~v! The ion doses are provided in units of displaceme
per atom~dpa! which were determined usingTRIM91 ~Ref. 4!
for simulation. The displacement rate for the He irradiatio
~dpa s21! was calculated to be 7.631025 using an assumed
displacement energy of 25 eV. The total ion fluence e
ployed in these experiments was 231017cm22, which cor-
responds to 0.2 dpa.

III. EXPERIMENTAL RESULTS

A. Thermal diffusion coefficients

Thermal diffusion coefficients for Ni and Pd in Cu3Au are
shown in Fig. 1 in an Arrhenius plot ofD againstT21, along
with other data to be discussed in Sec. IV. The signific
features of these data are as follows. Above the orde
881 ©1999 The American Physical Society
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temperature the diffusion coefficients for Ni and Pd,DNi and
DPd, have the same value to within the experimental unc
tainties,'30%. The activation enthalpy for diffusion in thi
regime is 2.360.3 eV. Below the transition temperatureDNi
is larger thanDPd, with respective activation enthalpies o
2.1560.3 eV and 2.960.4 eV. Also noteworthy is that as th
temperature is lowered through the transition temperat
DNi andDPd, appear to drop discontinuously, by a factor
'2.3 for Ni and a factor of'4.5 for Pd.

B. Radiation-enhanced diffusion

The results for the radiation-enhanced diffusion coe
cients,DNi

RED andDPd
RED, are illustrated in Fig. 2 for both N

and Pd. These data were obtained, as described in Ref.
subtracting the contribution of ion beam mixing from th
measured mixing profiles. This was done since ion be
mixing arises from the defect production process and is
tinct from diffusion mediated by the motion of radiation
induced point defects. The RED behavior mirrors the therm
diffusion behavior in several ways:DNi

RED and DPd
RED have

FIG. 1. Thermal diffusion coefficients from Ref. 5~filled
squares!, Ref. 6 ~open squares!, and the present tracer impurit
diffusion coefficients~open and filled circles connected by sol
lines!. Predicted host diffusion coefficients are indicated by op
and filled triangles connected by dashed lines.

FIG. 2. Radiation enhanced diffusion coefficients of Ni and
in Cu3Au during 1.0 MeV He irradiation. Also shown are predi
tions for enhanced diffusion coefficients of Ni using Eq.~7!.
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equal values above the transition temperature; they then
abruptly on ordering atTc , in this case by a factor of'4.6
for both Ni and Pd; and finally they diverge as the tempe
ture is lowered belowTc . The apparent activation energie
in the low temperature regime are 0.3860.06 and 0.62
60.09 eV for Ni and Pd, respectively.

It may be noted that the error bars assigned to the data
greater aboveTc than below it. This asymmetry arises from
the increasingly larger fraction of the thermal contribution
the total diffusion coefficient. At 1000/T51.4, for example,
equilibrium thermal diffusion is more than twice radiatio
enhanced diffusion. Owing to this experimental difficult
we disregard the slope in these data aboveTc and rely only
upon the magnitude of the data in this regime for our int
pretation. BelowTc , the thermal contribution is less tha
'20%.

IV. DISCUSSION

A. Thermal diffusion in Cu 3Au

In Sec. III A we summarized measurements of Ni and
impurity diffusion in Cu3Au. Earlier research has examine
Au tracer diffusion above the ordering temperature, and
average of Cu and Au diffusion belowTc . Our purpose here
is first to compare the present results with the earlier work
order to understand the relationship between the impu
and host diffusion, and second, to discuss the significanc
the present observations with regard to the effect of orde
on the diffusion process.

Figure 1 shows in addition to our own impurity diffusio
data, represented by open and filled circles, two other av
able sets of data for diffusion in Cu3Au. Filled squares rep-
resent the results of Au tracer measurements by Benciet al.5

through the temperature range extending from near the li
dus down to'500 °C, or about 155 °C aboveTc . Open
squares at low temperature, belowTc , represent diffusion
rates inferred by Hashimoto and Yamomoto from obser
tions of vacancy evaporation from voids.6 In brief summary
of these collected results we note first that the two sets
host diffusion data are in rough agreement in overall tre
although the activation energies the authors quote from
separate apparent slopes of their data sets differ widely. S
ond, the present results for impurity diffusion lie marked
below the joint trend of the host diffusion results. In wh
follows, the discussion focuses initially on this differen
between the reported host and the current impurity diffus
rates.

Differences between host and impurity diffusion in meta
have been recognized for five or more decades and have
treated by semiquantitative theories.7 There are two main
effects. Both impurities and vacancies disturb the perf
metal and, when in close proximity, these two defects ex
rience an interaction that modifies their energy and hence
probability with which the vacancy is found as a neighbor
the impurity. This affects the impurity diffusion rate directl
and also through the fact that binding causes the two to
ger together and increases the probability of immediate
turn jumps. A further effect is that the impurity has vibr
tional structure that differs from that of the host, and both
frequency factors and migration energies may thereby dif
As a result of these several processes, it is commonplace
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impurities in metals to differ from host species by sm
increments in both the activation energy and the freque
factor.

For the cases of Ni and Pd interacting with Cu and Au
body of information is available.8 We now employ these re
sults to improve the understanding of the diffusion data
Fig. 1. Ni impurities are observed to diffuse a factor of abo
27 times slower than host Cu atoms in pure Cu near 395
while, in extrapolated results, Pd atoms at 395 °C diffu
about 50 times slower than host Au in pure Au. In both ca
the activation energy of the impurity exceeds that of the h
by about 0.26 eV. Both cases conform well to a geometr
average:

Dh

Di
537e~0.26 eV/k!~T212Tc

21
!, ~1!

where Dh and Di refer to host and impurity diffusion, re
spectively. In contrast Au diffusion never differs by as mu
as a factor 2 from host Cu over the entire temperature ra
down from the melting point to 395 °C, and the same ho
in the extrapolated results for Cu in Au. Our own resu
similarly show closely equal diffusion rates for Ni and P
above the ordering temperature in Cu3Au.

The strongly systematic chemical character of these
sults is further confirmed when Eq.~2! is now employed for
Cu3Au to predict host diffusion rates throughTc ~which re-
main unknown! from the present Ni and Pd impurity result
These predictions are shown by open and closed tria
symbols connected by a broken line in Fig. 1. Above
transition the diffusion coefficients, with corrections for im
purity effects estimated in this way, agree quite well with t
trend of the actual measurements of Benciet al. The abrupt
changes remain at the ordering transition, and the diffus
belowTc reproduces much as before but with smaller slop
In the absence of direct measurements we believe that
corrected impurity rates in Fig. 1 provide the best pres
estimates of the Cu and Au diffusion through the region
the transition.

The corrected diffusion data maintain the discontinuit
of the impurity results atTc , which means that the estimate
Cu diffusion decreases by a factor 2 at the transition wh
that of Au decreases by a factor 5. The different behavior
the two tracers is convincing proof that they reside mainly
separate sublattices, as intended. In interpreting the obse
tion for Cu we note that Itoet al. give the correlation factor
for vacancy diffusion on the Cu sublattice of Cu3Au as 0.689
as compared to the fcc value of 0.781.9 In addition, however,
the ordering decreases the number of nearest neighborin
sites from 12 to 8, decreasing the number of jump paths b
factor 3/2. In all, the diffusion rate in the fully ordered stru
ture is thus decreased by a factor 830.689/1230.781
50.59, which is reasonably consistent with the observed
tor 0.5.

A comparable treatment of Au would predict that its d
fusion is entirely suppressed belowTc since, in the ordered
structure, no Au first neighbors remain through which A
diffusion can proceed. Huntington showed that the int
change of two Au atoms in fully ordered Cu3Au atoms re-
quires at least six vacancy jumps, with transient Cu oc
pancy of both Au sites, and with Au passing throu
l
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intermediate Cu sites.10 Mechanisms of this type have bee
discussed by several researchers.11–13Not only are the paths
complicated but energetic factors from the necessary ant
occupancy also inhibit Au diffusion in a way not present f
Cu diffusion. Indeed, the Au effective activation energy
2.9 eV belowTc is larger than the value 1.9 eV for C
~values corrected for impurity effects! for precisely this rea-
son. It might be thought that this impediment to diffusio
could cause a much stronger suppression on the Au su
tice than the factor 5 actually observed. The explanation
that the lattice is not in fact fully ordered but that Au occ
pies Cu sites with a probability that is estimated from x-r
measurements at about 20% atTc ~Ref. 14! and with consid-
erably larger estimates still from resistance measuremen15

Since the Au diffusion rate is only 40% of the Cu rate, th
means that half or more of the Au diffusion in the order
phase nearTc can be identified directly with Au atoms jump
ing among Cu sites. A more detailed analysis is hampered
uncertainty in the degree of equilibrium order. It is neverth
less clear that the discontinuities in diffusion that take pla
at Tc compare well in general magnitude with the expec
tions of simple models related to the jump paths and
occupation probabilities that describe the ordered phase

An interesting perspective on the increased Au activat
energy belowTc is obtained by comparison with the case
RbAg4I5. In this material an order-disorder transformatio
occurs by a divergence in Frenkel pair formation, in effe
liquefying the Ag sublattice above its critical temperatu
with a phase transition which is closely of second order. T
is a fortunate example in that the diffusion coefficient can
determined simply and accurately from the electrical cond
tivity. Combined resistance and heat capacity measurem
revealed that the activation energy for diffusion contain
the ordering energy of the lattice, which related the diffusi
anomaly to the specific heat anomaly in a quantitative wa16

The present example of Cu3Au is less convenient because th
diffusion can be measured only in a small temperature ra
nearTc , and then only with some effort. Nevertheless, t
larger activation energy for Au diffusion must in part refle
the ordering energy, in analogy with the case of RbAg4I5.
The fact that the Cu3Au lattice undergoes such a small fra
tional disordering belowTc presumably reduces the extent
which the degree of order modifies the energetics of the
served diffusion, and the discontinuity atTc measures the
main effect.

B. Radiation-enhanced diffusion in Cu3Au

We turn now to an interpretation of the results presen
in Sec. III B for radiation enhanced diffusion caused by 1
MeV He irradiation of Cu3Au. A convenient feature of the
present work is that we can identify with some confiden
the regime of enhanced diffusion produced by the pres
level of ion beam flux. Specifically, at the highest tempe
tures employed here, the ion flux is only just sufficient
enhance the diffusion by a small factor of order unity. Th
evidence that the excess defect populations added by irra
tion at T;730 K are modest in fractional size proves suf
cient, given the remaining results, to provide a compreh
sive overview of the effect of irradiation on the defe
populations. It is to a discussion of this matter that we tu
first.
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The effect of an ion beam in creating point defects in a
given material in now quite well understood;1,17 it is the
further complications from mobility and defect reactions th
remain still to be unraveled in most instances. As noted p
viously, the calculated displacement rate for the 1 MeV
irradiations in these experiments was 7.631025 dpa s21.
Past experimental work18 and recent molecular dynamic
simulations1,17 have shown that under the irradiation cond
tions employed here, the Kinchin-Pease expression over
mates the true defect production by a factor of'2.5. The
resulting displacement rate is reduced another factor of a
two owing to immediate recombination of close Frenk
pairs.1 The net formation rate of defects that contribute to
diffusion process is thus'20% of the Kinchin-Pease value
or '1.531025 Frenkel pairs per atom in the current situ
tion. The state of understanding is such that the estimate
be relied on to within a factor of 2.

The analysis of the results that follows turns on a sin
physical point which is of critical importance. Specificall
the defect production rate calculated above, for the flux e
ployed in the experiments, is so small that our observatio
radiation enhanced diffusion at temperatures above the
dering temperature can result only from particular, we
defined conditions of the defect system that exists in
irradiated sample. The degree to which irradiation cau
defect populations to be enhanced depends on the dista
defects must subsequently diffuse before annihilating:
longer the required diffusion path the greater the result
concentration increase caused by a given level of irradiat
What we now show is that the defect enhancement
aboveTc , signaled by the observed enhanced diffusion
uniquely consistent with diffusion lengths corresponding
the most remote known sinks. These are the sites of de
sinks offered by the front surface of the sample. If clos
fixed sinks existed in the bulk of the sample, or if a sign
cant fraction of the defects decayed by recombination, t
the diffusion path would be reduced and the concentra
reduced such that it would no longer be possible to interp
the observed radiation enhancement of the diffusion.

The principle of this demonstration is conveyed in simp
fied form by considering a uniform concentrationc of defects
that drain by diffusion to sinks with time constantt accord-
ing to the equation

dc/dt5K2~c2 c̄!/t. ~2!

HereK is the creation rate due to the radiation field andc̄/t
the thermal creation rate from fixed sinks required to obt
the thermal equilibrium concentrationc5 c̄ for K50. The
steady state solution~for dc/dt50) with KÞ0 is

c2 c̄5Kt. ~3!

This shows that the largest possible enhancement occur
the largest possible value of the time constantt, as stated
above. Smaller values oft which might result, for example
from closer sinks, or added losses from recombinati
would both increase the loss rate and decrease the enha
defect population.

We now show that the observed enhancement co
sponds to diffusion of point defects all the way to the fr
epilayer surface; any shorter diffusion path would suppr
y
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the irradiation-induced defect population in contradicti
with the observations. Diffusion to fixed sinks is treated
an expansion in orthogonal eigenfunctions of the diffus
equation,ci(r ,t)5ci(r )exp2t/ti , in which the spatial factors
have mean square displacements from the sinks that sa
^r 2& i;Dt i . In an Appendix it is shown for vacancy diffu
sion from an epilayer of thicknessL to the single free surface
that the longest time constant, which describes most of
annealing, is given by

t215k0
2Dv , k0

25~p/2L !2. ~4!

Hence the defect loss ratec̄/t per site in thermal equilibrium
is k0

2Dvc̄5k0
2D/ f v , in which D is the ionic diffusion coef-

ficient andf v50.781 is the correlation factor for ionic diffu
sion by the vacancy mechanism in the fcc lattice. In Fig
we show k0

2DCu/ f v as a function ofT21 using the mea-
sured hostDCu, as estimated in Fig. 1, and the valuek0

2

52.7431013m22 corresponding to a 300 nm film. Also
shown as a broken line in the figure is the valueK051.5
31025 s21 cited above for the vacancy creation rate by irr
diation. The loss rate crosses the creation rate atT'700 K or
just above the ordering temperature. This is neatly consis
with the fact that radiation enhanced diffusion is indeed o
served above the transition, which of course requires th
significant fractional increase of vacancy concentration
caused by the irradiation-induced defects, and which is p
sible only when the creation rate is comparable with
greater than the equilibrium loss rate to fixed sinks. A
larger equilibrium loss rate caused, for example, by clo
sinks or paths reduced by recombination, would reduce
fractional change of diffusion attributable to irradiation. N
tice conversely, that the nearly equal values of radiation
hanced and thermal diffusion coefficients at 700 K lend s
port to the accuracy of our values ofK0 andk0 . To illustrate
this point further we note that even a reduction of film thic
ness from 300 nm to 100 nm would increasek0

2 by a factor 9
and make any enhancement extremely difficult to obse
aboveTc , in contradiction with observation.

To progress further it is convenient to examine the or
of the kinetics that determines the defect behavior un
these experimental conditions. A typical defect requi
about 53105 steps in its random walk from the bulk t

FIG. 3. Temperature dependence of the production of ther
vacancies. The temperature at which this rate equals the gener
rate induced by ion irradiation, 1.531025, is indicated by the in-
tersection of the two lines.
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PRB 60 885THERMAL AND RADIATION-ENHANCED DIFFUSION IN Cu3Au
its annihilation at the front surface of a 300 nm film. If
inspects;10 new sites each jump, any specific migrati
defect needs a concentration;231027 of opposite defects
to offer equal chances of pair recombination and annihilat
at the surface. In the Appendix it is shown that in the pres
instance of dominant vacancy disorder, the transition fr
first order to second order kinetics takes place whencv in-
creases to a level determined by a parameterx @see Eqs.
~A17! and~A18! in the Appendix#. The numerator ofx is the
interstitial loss rate to recombination, and the denominato
the interstitial loss rate to fixed sinks, both evaluated
thermal equilibrium defect concentrations. Thusx measures
the fraction of interstitials that recombine under conditio
of weak or zero irradiation. Recombination must domin
for second order kinetics to prevail.

To find x we need the equilibrium vacancy concentrati
c̄v . An estimate can be made on the basis of general kno
edge as

c̄v~T!57 exp@212000/T~K!#. ~5!

This employs a typical formation entropy factor;2kB as the
prefactor and an activation energy scaled to those of Cu
Au, so that the concentration is a typical value of abo
331024 at the melting point. The specific prediction forT
5700 K ~just aboveTc) is a thermal vacancy concentratio
c̄v52.531027, which is probably correct to within an orde
of magnitude. Measurements on the mobility of vacancie
Cu3Au along with the present thermal diffusion measu
ments, indicate, in fact, that this estimate is correct to wit
a factor of'3.19 The value ofc̄v is shown at a function ofT
in Fig. 4. By means of a broken horizontal line the effecti
concentration of competing fixed sinks is also shown in F
4 as obtained from the sample thicknessL together with an
estimate that the interstitial encounters 10 possible vaca
sites for recombination each jump. The intersection of th
lines permits the identification, in the figure, first of the hi
temperature regime in which interstitials produced un
very weak irradiation recombine, on average, with therm
vacancies, and second the low temperature regime in w
the interstitials instead annihilate on average at fixed sin
The crossover from one regime to the other occurs in
region nearTc ~'685 K!; the figure indicates that, just abov
Tc , the interstitials created by weak irradiation of Cu3Au

FIG. 4. Temperature dependence of the equilibrium concen
tion of vacancies. The horizontal line represents the equiva
number of vacancies required to present an equivalent sink stre
for interstitials at the surface.
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have equal chances of reaching the surface or recombi
with equilibrium vacancies. Since the radiation-enhanc
and thermal diffusion coefficients in the experiments a
lyzed here are equal at'700 K, interstitials have nearly
equal probabilities at this temperature of recombining w
thermal vacancies or radiation-induced vacancies, or ann
lating at sinks. At higher temperatures, they recombine w
thermal vacancies and at lower temperatures they recom
with radiation-induced vacancies.

By these several arguments we are thus led to conc
first that the kinetics become linear just aboveTc for the
irradiation field employed in this research and, second,
at '700 K, the migration to free surfaces represents the ch
acteristic diffusion length for annihilation of vacancies a
interstitials.

Given these conclusions from semiquantitative arg
ments, let us nowassumethat the free surface alone is th
dominant sink at'700 K, and that the kinetics indeed re
main first order above this temperature. Equation~A21! now
gives a quantitative prediction of the radiation-enhanced
fusion aboveTc @see Eq.~A21! in the Appendix#. When
evaluated this gives 2.2310215cm2/s if f i50 and 3.5
310215cm2/s if f i50.5. This prediction is to be compare
with the observed value ofDRED from Fig. 2 of about 6
310215cm2/s ~when the value of 2310216cm2/s for the
tracers is increased by the factor of 37 from Sec. IV A
obtain equivalent values for the host species!. This degree of
agreement between the observed enhanced diffusion a
prediction derived solely from the sample thickness and
irradiation rate is, of course, very satisfactory, and adds
the confidence warranted by the interpretation.

The prediction of the radiation-enhanced diffusion est
lishes that at'700 K diffusion to the front surface of the
sample represents the path length for vacancies to annih
in the MBE grown thin films employed in the present r
search. This is an important result and of central interest
the design of future experimental studies of irradiatio
induced defects using thin film samples. For example, un
irradiation conditions where vacancies annihilate at
specimen surface, as in the present case just aboveTc , the
measured diffusion coefficients yield directly the absolu
production rate of freely migrating defects, which was not
above. We also point out that the quality of materials p
duced by molecular beam epitaxy must be judged satis
tory in that internal defects that might compete as sinks
manifestly lacking. Note that interstitials cannot possib
have sinks that are more distant than the external sur
identified here as the sink for vacancies, and that their tra
tories from creation to annihilation can therefore contribu
no more than those of vacancies to the net diffusion~see the
Appendix!. Therefore the conclusion that at'700 K the
front surface acts as the dominant vacancy sink seems q
firm.

A second conclusion pertains to irradiation effects. T
plot of DRED in Fig. 2 shows that the extra diffusion cause
by the radiation field decreases systematically with decre
ing temperature, first abruptly at the ordering transition, a
then progressively further as the temperature is decrease
the ordered state. But the defectproductionby irradiation is
essentially temperature-independent. Furthermore, in
steady state, all defects necessarily pass through a com
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886 PRB 60Y. S. LEE, C. P. FLYNN, AND R. S. AVERBACK
life cycle from creation to annihilation; the magnitude of t
enhanced diffusion simply reflects the creation rate a
length of random walk each of the defects created per sec
defect undergoes in this life cycle. Therefore the obser
reduction of the enhanced diffusion can only mean that
total diffusionper defectdecreases as the temperature is lo
ered. Above we deduce that the kinetics just aboveTc are
first order, with the preponderance of interstitials anneal
to fixed sinks near 700 K and with thermal vacancies
higher temperatures. Obviously this cannot remain true
the reducedDRED at lowerT. Provided that the free surfac
remains the dominant fixed sink, and the length of rand
walk it requires is not changed, we are thus drawn to c
clude that recombination of vacancies with interstitials mu
asT is lowered, overtake the drainage of defects to the fr
surface sink and becomes the dominant limit on the diffus
path length. For example, the factor 5 decrease ofDRED at Tc
must mean that the defect kinetics belowTc for this level of
irradiation enter the ‘‘second order’’ regime in which recom
bination dominates the defect life cycle.

We turn now to a quantitative discussion of radiation e
hanced diffusion belowTc . The vacancy contribution (cv
2 c̄v) f vDv to the enhanced Cu diffusion may be writte
according to the Appendix,

D5@~11A!1/221#
11x

2x
c̄v f vDv , ~6!

with

A5B
4x

~11x!2
~6a!

in which

B5
K0f v

k0
2DCu

. ~6b!

Here, we may write

x5Kivc̄i c̄v /Kisc̄i5 c̄v~T!/ c̄v~T0!. ~6c!

In this equationT0 is defined as the temperature at whi
recombination and flow to sinks are equally effective in a
nihilating a dilute population of interstitials. This form ofx is
convenient since the true vacancy concentration can onl
guessed while its temperature dependence can be estim
reasonably reliably. Note that precisely the same binding
mobility factors enter into both the diffusion and the e
hanced diffusion of Ni. It is therefore reasonable that
ratio of enhanced diffusion to diffusion for Ni is the same
that of Cu, so that the enhanced diffusion is obtained as

DNi
RED5@~11A!1/221#

11x

2x
DNi . ~7!

This equation provides a basis on which experiment can
compared with prediction. Note that the vacancy contrib
tion alone is calculated. Since the steady state condition
quires that equal numbers of vacancies and interstitials
fuse to the front surface, however, interstitials mu
contribute a similar factor which differs only in the differe
correlation factors with which vacancies and interstitials
d
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duce atomic transport. Given an interstitialcy mechani
with correlation factor 0.422 the diffusion is expected to
larger by a factor of about 1.4.

Comparison of the observed RED for Ni with the calc
lated behavior over the range for which diffusion data a
available is illustrated in Fig. 2. For this purpose onlyDNi
and the constantB are needed, withDCu obtained fromDNi

as in Sec. IV A, and with the values ofK0 andk0
2 as given

above. Predictions are shown for the two cases in which
crossover occurs atT05670 K, just above the transition, an
T05730 K, well above the transition. The results do not d
pend strongly on the crossover temperature, and are ge
ally within a factor 2 of the observed values. In particula
the weak temperature dependence is echoed in the pre
tions. The semiquantitative agreement is achieved with
fitting parameters other thanT0 , to which the results are
evidently quite insensitive.

With regard to the temperature dependence ofDRED we
note that, in the second order regime, the overall tempera
dependence of host Cu follows the square root of the mo
ity of the less mobile defect, in this case the vacancy. Si
jumping of Ni atoms requires slightly higher activation, th
temperature dependence becomes somewhat more com
Given the estimate in Eq.~6! of 1.05 eV for the vacancy
formation energy, and the activation energies of 2.15 eV
1.9 eV for Ni and Cu diffusion, respectively, from Fig. 1
one expects an activation energy of'0.65 eV. For compari-
son, the activation energy forDRED of Ni below Tc is ob-
tained from Fig. 2 as about 0.4 eV. For Pd RED the appar
activation energy is 0.7 eV which is to be compared w
half the hopping energy, which gives 0.95 eV. While n
identical, the two sets of measured and calculated values
sufficiently close for the explanation to remain reasonab
given the experimental complexities. Specifically, the ve
weak temperature dependence of the Ni RED, and the
served difference between Pd and Ni RED, are both rep
duced satisfactorily without use of fitting parameters. Clo
agreement is further inhibited by the variation of order p
rameter with temperature, which has not been included
this model. We comment on this point presently.

A marked failure of the predictions is that the calculatio
do not reproduce the large decrease ofDRED as the alloy
orders atTc . On both sublattices the observed enhanced
fusion is decreased by a factor 5, while the prediction
creases along with the thermal diffusion only by a fac
closer to 2. This is a matter of great interest because
calculations are insensitive to free variables, and any p
nomenon that affectsD must equally affectDRED. It is an
important point that the reverse isnot true, because the irra
diated material contains heterogeneities associated with d
age that have no counterpart in the unirradiated mate
Therefore phenomena that changeDRED may nevertheless
leaveD unchanged. An explanation for the larger discon
nuity in DRED at Tc could be that the influence of heterog
neities induced by irradiation differs in the ordered and d
ordered materials. An example is the observation by La
et al.19 that point defects trap in the disorder surrounding
damage event in the otherwise ordered alloy. In unpublis
research they show that the defect lingers until the damag
partially healed before escaping to reach a fixed sink. T
behavior is not totally unexpected since the vacancy form
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tion energy increases with chemical order in Cu3Au. In this
case the kinetics of the defect can no longer be predic
from the thermal diffusion and the sink geometry alone, a
the radiation enhancement is changed. It seems possible
future studies of transient behavior will provide much add
information about equilibrium under irradiation.

V. SUMMARY

In this paper we have shown that thermal and radiat
enhanced diffusion in intermetallic compounds can be st
ied successfully using thin metal films grown by molecu
beam epitaxy. As in earlier research on semiconductors,
time evolution of tracer profiles from buried layers can
examinedpost factoby secondary ion mass spectrometry f
different annealing temperatures, and the diffusion dedu
from the spread of the tracer. In the present case of Cu3Au
this works well both for thermal diffusion and for diffusio
enhanced by an irradiation field, in this case provided by
ion beam. A fortunate feature of the present research is
irradiation levels below those that heat the sample or ind
blistering are sufficient for radiation induced defects to att
concentrations comparable with those for thermal equi
rium, even above the ordering temperature. This can only
expected more generally for sufficiently low ordering te
peratures.

The thermal diffusion determined here for temperatu
above the ordering temperatureTc fits quite well with earlier
results for higher temperatures, so that a consistent pictu
now available for the entire range fromTc to Tm . This
agreement requires that our results for Ni and Pd tracer
corrected for impurity-vacancy interactions by a factor;30
that is consistent with actual observations for the diffusion
these elements in pure Cu and Au. We find an abrupt
crease in thermal diffusion atTc that amount to factors of 2
and 4 on the Cu and Au sublattices, respectively. The dif
ence is related in part to the geometrical fact that the
sublattice lacks diffusion pathways that are confined to fi
neighbor jumps between Au sites. Au diffusion is therefo
suppressed more than Ni belowTc by the need for antistruc
ture configurations in diffusion pathways. This impedime
causes a progressive depression of mobility as the temp
ture is decreased in the ordered phase. Some part of
reductions may arise from increased trapping of migrat
defects at antistructure.

An important feature of this work is the experimental i
ference from measurements in a radiation field that the fr
surface of the sample is the dominant sink for vacanc
This has afforded a clear understanding of the kinetic
gimes under which the experiments with He irradiation ha
been conducted. Under the experimental conditions there
transition from marginally first order kinetics above the o
dering temperature to increasingly second order kinetic
temperatures belowTc . There follows from this basis a
semiquantitative description of the decrease of irradiation
hanced diffusion that take place as the temperature is
duced.

An exception to this general understanding is the decre
of DRED at the ordering temperature itself, which for H
irradiation exceeds the observed factor 2 reduction of th
mal diffusion by a further factor of 2. This points to mech
d
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nisms that exist in the irradiated material that are both abs
from the equilibrium alloy and, moreover, differ between t
ordered and disordered phases. One possible example i
trapping of defects in disordered regions near a dam
event in the ordered alloy.
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APPENDIX: DEFECT EQUILIBRIUM IN AN IRRADIATED
THIN FILM

Here we formulate an accurate description of reaction
netics that is explicitly adapted to the present interest in t
film systems. The discussion is based on a body of ea
work.20 In what follows we first set up the kinetic mean fie
equations for spatially uniform defect populations in an e
plicit form, and then obtain expressions that describe ste
state configurations.

In the present case, the dominant sink for freely migrat
defects is believed to be the front surface of the film az
5L. For a uniform distribution of defects created by th
radiation field the eigenfunctions of the diffusion equatio
when the front surface alone acts as a sink, arecn(z,t)
5Cn exp(2t/t)cos(2n11)pz/2L, with the n50,1,2, . . .
positive integers, and with eigenvaluestn

215@(2n
11)p/2L#2D. TheD are defect diffusion coefficients. From
explicit coefficientsCn it is found that fractions 8/p2(2n
11)2 of the total defect production fall into different term
n. It will suffice for the present purposes to consider only t
first term, with

dc0 /dt52~p/2L !2Dc0 , ~A1!

and which contains'80% of the production, recognizing
that the remaining fraction starts closer to the sink and an
hilate somewhat faster.

In addition to the sink terms it is necessary to repres
recombination. Assume that the faster moving defects, s
cifically interstitials, move with diffusion coefficientD
through a random distribution of opposite defects~vacancies!
located at fixed sites with uniform fractional concentrati
ci . The interstitial undergoes uncorrelated jumpsw times
each second with a jump distancel, so its mean square dis
placement is^R2&56Dt5wl2, and thereforeD5wl2/6.
This random walk achieveswt steps in timet, and per-
mits the vacancy to inspect a numberwtl•pr2/V
56Dt•pr2/ lV of sites for possible recombination with in
terstitials. HereV is the atomic volume andr is the radius of
the tube inside which interstitials recombine with vacanci
Upon including an analogous term because vacancies
jump we find that the concentration decays by recombina
as

dcv

dt
5

dci

dt
52

lvDv1l iDi

a2
cvci , ~A2!
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in which a is the lattice parameter and thel are geometrical
factors. Specifically for the vacancyl 5a/&, V5a3/4, and
as the recombination distancer is not known we write itr
5«a, as a multiple« of the lattice parametera, in the ex-
pectation that«;1. A further term arises from the self
intersecting character of the random walk which reduces
recombination efficiency in two ways. First, the short-ran
character of random walks causes the volume fac
wt• lpr2 to be an overestimate by a factor that depends
the ratior/ l . An immediate return jump, for example, elim
nates two successive jumps and this happens one twelf
the time; successive jumps in directions that differ by m
than 90° likewise are less effective, and this occurs four
twelve times. In addition to short range terms of this type
sometimes happens that the random walk intersects itsel
ter numerous intervening jumps, and these cause furthe
ductions of the predicted recombination. Without detai
accounting we estimate that these several contributions
duce the values of thel by about a factor 2 to leave finally

lv;12&p«2553.3«2. ~A3!

This analysis yields a value very similar to that suggested
Damask and Dienes.21 The detailed structure of the constan
l j does not affect the interpretation of the present result

We can now write down the mean-field equations for h
mogeneous reaction among concentrationscv ,ci , of vacan-
cies and interstitials which are being produced by irradiat
at a rateK0 per site. They are

dcv

dt
5K02Kivcicv2Kvs~cv2 c̄v!1Kivc̄i c̄v , ~A4!

dci

dt
5K02Kivcicv2Kis~ci2 c̄i !1Kivc̄i c̄v . ~A5!

Here,

Kiv5
lvDv1l iDi

a2
, ~A6!

Kvs5~p/2L !2Dv , Kis5~p/2L !2Di . ~A7!

In these equations the terms involving the equilibrium co
centrationsc̄v ,c̄i , are introduced to ensure that these sa
defect levels are indeed the steady state solutions in the
sence of radiation whenK050.

The steady state solution, obtained by subtraction a
setting the time derivatives to zero is

Kvs~cv2 c̄v!5Kis~ci2 c̄i !, ~A8!

which when used to eliminateci gives

KivKvs

Kvs8 Kis

~cv2 c̄v!21~cv2 c̄v!2
K0

Kvs8
50, ~A9!

in which

Kvs8 5Kvs1Kivc̄i1
KivKvs

Kis
c̄v . ~A10!
e
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Note that these equations describe theexcessvacancy con-
centration over and above the equilibrium level. An ana
gous equation for interstitials is obtained by substitution
(cv2 c̄v) in terms of (ci2 c̄i), using the relationship~A8! for
the steady state given above. When the equilibrium levels
zero the same relationships hold but withKvs8 andKis8 reduc-
ing to Kvs andKis , as made apparent by Eq.~A10!.

Equation ~A9! is easily solved to yield the irradiation
induced populations

cv2 c̄v5@~11A!1/221#~Kvs8 Kis/2KivKvs!

5~ci2 c̄i !Kis /Kvs , ~A11!

with

A5
4KivKvsK0

~Kvs8 !2Kis

. ~A12!

This reduces forA!1 ~first order kinetics! to

cv2 c̄v5K0 /Kvs8 , ci2 c̄i5K0 /Kis8 , ~A13!

and forA@1 ~second order kinetics! to

cv2 c̄v5S K0Kis

KivKvs
D 1/2

, ci2 c̄i5S K0Kvs

KivKis
D 1/2

. ~A14!

It is frequently important to identify the transition from
first order to second order behavior, which occurs when
first term in Eq.~A9! exceeds the second term:

KivKvs

Kvs8 Kis

~cv2 c̄v!.1. ~A15!

In comparing the second and third terms forKvs8 in Eq.
~A10!, that for the dominant defect is always the larger,
the present case of dominant vacancy disorder the last t
giving

Kvs8 5Kvs~11Kivc̄v /Kis!. ~A16!

The condition for the transition to second order may now
written

x

11x

cv2 c̄v

c̄v
.1, ~A17!

with

x5Kivc̄i c̄v /Kisc̄i . ~A18!

In Eq. ~A18!, the numerator is the rate at which interstitia
recombine with vacancies and the denominator is the rat
which they reach sinks, both evaluatedfor thermal equilib-
rium. Thus when vacancies are so plentiful in equilibriu
that they trap interstitials more effectively than the sinks c
(x.1), the transition then occurs when irradiation increa
the vacancy population by a factor;2. When, on the other
hand, the sinks provide the more effective drain on the in
stitial concentration, thenx,1, and the vacancy populatio
must be increased by a factor;x21 before the vacancies ca
annihilate more interstitials than do fixed sinks, and the tr
sition to second order kinetics occurs. In the calculations
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Sec. IV, all details of the rate constantsKi j cancel other than
the ‘‘crossover temperature’’T0 at whichx51.

The additional radiation-induced diffusion in excess
the equilibrium contribution, viz.

D5 c̄v f vDv1 c̄i f iDi , ~A19!

is

DRED5~cv2 c̄v! f vDv1~ci2 c̄i ! f iDi . ~A20!

Here, f v and f i are correlation factors that relate the defe
diffusion to the resulting atomic diffusion. The general for
is obtained by insertion of Eq.~A11! in Eq. ~A20!. For the
two limits of small and largeA specified in Eqs.~A13! and
~A14! the results are
, J
f

t

DRED5K0S f vDv

Kvs8
1

f iDi

Kis8
D ~first order kinetics!

~A21!

and

DRED5 f vDvS KivKis

K0Kvs
D 1/2

1 f iDi S KivKvs

K0Kis
D 1/2

~second order kinetics!.

~A22!

In both cases the two defect species contribute equally to
diffusion, given equal correlation factors, provided that th
sinks are equally effective. This is made evident by the f
the sink efficiencies contain the diffusion coefficients, a
the cancellation makes the two terms depend identically
Dv ,Di .
a-
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