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Antistructure and Point Defect Response in the Recovery of lon-Irradiated CuzAu
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The response of the point defect and antistructure systems to ion beam irradiation is investigated using
methods of linear response on thin single crystals of ordered CusAu grown by molecular beam epitaxy.
We demonstrate that antisite evolution, as measured by electrical resistance, quantitatively determines
both the defect populations and diffusion in the irradiation field, and we explore new linear and nonlinear
response processes as the antistructure system is driven from equilibrium.

PACS numbers: 61.80.Jh, 61.72.Ji, 66.30.—h

Irradiation effects and damagein crystalsare critical fac-
tors in energy research but for decades their detailed un-
derstanding hasremained an elusive goal. Defect processes
have been treated by mean field theory and by computer
simulations but both fail to describe defect interactions and
the defect life cycle with sufficient accuracy, mainly be-
cause the defect sink strengths are hard to predict [1,2].
In the present research we control the sinks by thin film
methods using Cu;Au crystals grown by molecular beam
epitaxy. These are sufficiently perfect that the free surface
aone provides the dominant sink at which defects equili-
brate, typically after random walks of ~107 jumps[3]. By
varying the irradiation flux we control whether point de-
fects annihilate each other or at the sink. Methods of linear
response are employed to track the evolution of irradiation-
induced antistructure in response to damage pulses. We
establish that this evolution provides a quantitative mea-
sure of radiation enhanced diffusion that agreeswith earlier
measurements of mean square displacements. Close anti-
structure pairs created in the initial state of damage can
be identified explicitly in the recovery, as well as differ-
ences of damage caused by different irradiation sources.
Furthermore, the measurements afford a quantitative de-
termination of both the thermal and irradiation-induced
concentrations of vacancies as functions of ion flux.

Specimens were prepared lithographically from thin
single crystal films of Nb and CusAu grown successively
on sapphire substrates by methods that are described
elsewhere [3,4]. With the entire sample restricted to
a sguare 0.25 X 0.25 mm?, large beam currents could
be used without significant sample heating. The lower
inset of Fig. 1 shows the resistance increases caused by
irradiations for 8 s with 50 nA of 0.6 MeV He" ions at
two temperatures, together with the subsequent recovery.
The recoveries fit well to simple exponentials that define
time constants = for the process. The amplitudes of the
transients and their characteristic times 7 both contain
important information.

Figure 1 shows 7 for CusAu asafunction of temperature
and irradiating ion. Data for Kr, Ne, “*He, and ?H are
included here; further results for Ar, 3He, and 'H follow
precisely the same pattern and will be reported elsewhere.
The results are highly systematic: different ions give very
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similar temperature dependences of 7, merely offset to
larger 7 the larger the mass of the irradiating ion. The
solid linesin Fig. 1 indicate the same T dependence, with
an offset, fitted to the data for each ion. The model that
underlies the fit is explained in what follows.

Irradiation creates point defectsin the form of vacancies
and interdtitial atoms, i.e., Frenkel defects, and also antisite
defectsin which Cu and Au occur on the wrong sublattices
of the CusAu L, structure[5]. The resistance changes ob-
served here are too large by afactor of 10 for the expected
number of Frenkel defects [6,7] and they evolve over time
intervals too long by a factor of 10° for vacancy or inter-
stitial migration to the known free-surface sink [3,8]. Suf-
ficiently few ions are employed here that each creates its
separate region of damage in the lattice. Such regions are
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FIG. 1. The main figure shows time constants 7~! for resis-
tance decay after pulses of 2H, *He, Ne, and Kr irradiation at
various temperatures. Lines through the data are predictions de-
scribed in the text. The lower inset shows for two temperatures
the resistance transient following 8 s pulsesof 1 MeV He™ ions,
which fit well to exponentias. The upper inset shows the num-
ber of jumps that occur during this relaxation time for Kr and 2H
ions, as deduced from the known diffusion coefficient. At low
temperatures 2H damage is seen to heal after only two jumps.
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known to vary in form with projectile mass and energy,
with compact disordered (fcc) volumes (thermal spikes)
containing 10* atoms created by the present Kr irradiation,
while the lighter bombarding ions mainly cause chains of
isolated antistructure pairs [1,9]. The two critical infer-
ences here are, first, that virtually al excess point defects
are eliminated before the observed recovery begins and,
second, that excess resistance is due amost entirely to the
retained antisite disorder. Therefore the decay of resistance
with time during recovery must measure the annihilation
of antisite disorder by steady state diffusion in the crystal.
This deduction, further confirmed below, provides the ba-
sis for all the results that follow.

A remarkable feature of the damage is revealed when
the number n of jumps that occur in the recovery time 7
is calculated from the known diffusion coefficient [3,4],
using n = (12D7/a}), with a} /2 the squared jump length
and a, the lattice parameter. Results for ?H and Kr are
shown in the upper inset of Fig. 1; those for other ions
fall systematically in between. It is a fact, established
by this graph, that the decay of antisite disorder from *H
irradiation at low temperature requires only ~2 jumps per
atom. This demonstrates unambiguously that the disorder
isrestricted amost entirely to antisite pairswith the defects
nearest neighbors. The increase of n at high temperatures
reveals that the ordering energy is less effective there in
biasing jumps, so that fewer direct annihilation sequences
now take place. The recovery of damage from heavier ions
issimilar to that for light ions, but with the larger n caused
by the greater number of jumps per atom in the thermal
spike, and the consequent loss of close pair correlationsin
the antistructure.

We model the behavior of the recovery following theion
pulses by noting first that the ordering energy decreases
towards the critical temperature T, (= 663 K) so the en-
ergetic bias of jumps towards recovery therefore weakens.
Suppose that the bias is an energy e,, with e, /2 decrease
of hopping energy for decay of antistructure, and /2 in-
crease for jJumps that make antistructure persist, so that the
resulting flow has a net relaxation time

7l othanh[;;(ToT_o Tﬂ )

Here, &, has been written as ¢,(Ty — T)/T, so that the
bias vanishes at some temperature T, where the crysta
is disordered. Fits to this heuristic form are shown in
Fig. 1. They are reasonably satisfactory for all ions with
To=T, =2Kandeg, = 1000 K.

The validity of this interpretation has been verified by
further experimentsthat drive the antistructure system from
equilibrium using transient fluxes of irradiation. First,
Fig. 2 shows the transients observed at two temperatures
when steady irradiation with fluxes of 1 MeV “He" is
switched off. The resistance decays are almost indepen-
dent of flux. This verifies that the decay relates to the
equilibrium vacancy levels and diffusion, rather than to
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FIG. 2. Following steady states established at various irradia-
tion levels, the transient decays in zero flux follow almost iden-
tical time evolutions. It isinferred that the decays are driven by
the equilibrium point defect levels present after the irradiation
is switched off, which do not depend on the flux in the earlier
steady state.

irradiation-induced processes. Second, when the transient
response occurs during irradiation, using small changes of
an ambient flux, the resulting transients now occur in the
presence of irradiation-induced point defects.
Correspondingly, the measured time constants 7(¢ ) now
depend strongly on irradiation flux, and differ as functions
of temperature from those, 7(0), the zero flux. Figure 3
shows the dependences on T first of 7(0), the recovery
at zero flux, and second of 7(¢,,), the recovery at flux
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FIG. 3. The antistructure decay rates for zero flux (squares)
and for flux ¢ (circles) shown as functions of 7!, together
with their ratio R. Inset: diffusion coefficients D and irradia-
tion enhanced diffusion Drgp, measured from mean square dis-
placements [3], and also the prediction of Drgp obtained from
D using R.
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dm = 6.5 uA/cm? of 1 MeV *He' ions; also shown is
theratio R of thefirst to the second data sets. Note that the
deviation from activated behavior in Fig. 1 cancels from
theratio R inFig. 3. Thelinethrough the datafor R hasan
activation energy of ~0.5 eV, which agrees well with
the expected magnitude of half the vacancy migration en-
ergy, E,,/2 ~ 0.4 eV, predicted by mean field theories of
vacancy migration on the Cu sublattice [3,8].

A convincing test of this discussion can now be made.
The ratio R in Fig. 3 is the ratio of diffusion in equilib-
rium (¢ = 0) to the diffusion in the irradiation field ¢,,,
as determined from antistructure evolution. Therefore it
should equal the ratio of D to Drgp, as measured under
the same two conditions in earlier, time-consuming deter-
minations of mean square displacements. The value of
Drep predicted from D, using the ratio R measured here,
is compared with the actual measured values in the inset
of Fig. 3, where the two agree as functions of temperature
to within a factor of 2. We judge this agreement to be
very satisfactory. Details of the separate contributions to
diffusion from the two sublattices that are neglected in the
preceding discussion can undoubtedly affect the results by
a small numerical factor.

One main goal of irradiation research is to understand
the dependence on flux ¢ of quantities like Drgp and de-
fect populations. Here we report the first measurements us-
ing the present techniques that reveal processes nonlinear
in ¢. A normal expectation [2,10] is that diffusion should
increase at first linearly with ¢, and then as ¢'/2 in the
regime of second order point defect kinetics. As the am-
plitude A of resistance change is more easily determined
than the kinetics, we phrase the following discussion in
terms of A. Suppose then that to the equilibrium vacancy
diffusion D, irradiation adds aterm a(¢) dependent on ¢ .
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FIG. 4. Measured fractional changes of A(¢)/¢ as functions
of irradiation flux, at two temperatures, shown both on a log
scale and on alinear scale (inset). The line through the data for
607 K is afit to mean field theory that yields¢, = 1 X 1078,
At 635 K the behavior is amost linear so no value of ¢, can be
determined.
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The time-dependent contribution to the resistance caused
by any particular event must then take the general form
I'{{D + a(¢)]r}. By summing over events that occur at
rate k¢, beginning at + = 0, we find the steady state re-
sistance change for linear response as

Ap = [ koD + atoiar

_ k¢

=D+ a@) G(), @)
in which G istheintegral of I" [11]. Thus the amplitude
factor A(¢p) = ko /[D + a(¢)]that occurson theright of
Eq. (2) determines the ¢» dependence of

Drep = D + a(¢) = k¢ /A(¢) « 7(¢)~',  (3)
in which 7(¢) = [D + a(¢)]"! is the time constant of
the response I'(¢/7). Equation (3) shows how either the
time constant (¢ ) of the response or the amplitude A(¢)
of the response to an irradiation level ¢ alows the net
diffusion D + a(¢) and hence the vacancy concentration
¢, to be tracked with changing ¢.

Figure 4 presents measured values of ¢ /A(¢) for two
temperatures, shown as functions of ¢, and normalized by
values for zero flux; these are more easily determined than
values of 7. It isknown [3,12] that the decay of antistruc-
ture occurs almost entirely by vacancy diffusion. Then
Drep/D from Eq. (3) aso represent values of c¢,/c,,
with the denominator the vacancy concentration for ther-
mal equilibrium. As expected, ¢, depends linearly on ¢
for small flux, but this dependence slows for ¢, > ¢, in
the regime of second order kinetics (see Fig. 4, inset). The
precise criterion for the transition is that interstitials anni-
hilate more with vacancies than sinks. This occurs roughly
where the interstitial loss rate to the surface, D; 7%/(2L)?,
with L the film thickness, equals the annihilation rate with
vacancies, namely 4w D;c,d /), with () the atomic vol-
ume and d the distance at which vacancies and inter-
stitials recombine [3]. Because the vacancy behavior is
balanced against the known sink loss, it allows the abso-
|ute vacancy concentrations to be determined whenever ¢,
issmall enough that vacancies annihilate only asmall frac-
tion of interstitials. The quantity d has not been measured
by experiment but is known to be ay well within a factor
of 2. For simplicity above we do not distinguish between
thermal and induced vacancies, but this distinction can be
included exactly (in mean field theory) to give [3]

co/Ty = A1 + [AT + (1 = 24) (1 + 43)]'% (4
in which
A = 3[1 = (m/2L)? 47lc,/Q],
A3 = o¢/(m/2L)’D,

D, is the vacancy diffusion coefficient, and o is the
ion cross section for creation of vacancy-interstitial pairs
[3]. The lines fitted to the data points in Fig. 4 yield
o = (1 £05) x 1078 for T = 607.7 K, while for
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T = 635.5 K the dependence of ¢, on flux is linear
within the uncertainties, and so no value of ¢, can be
obtained.

Vacancy populations for metals are believed to vary sys-
tematically so that they may be estimated with reasonable
accuracy. An earlier estimate [3] of this type for CuzAu
isc, = 7exp(—12000/T) = 2 X 1078 at 607 K, which
iswithin a factor of ~2 of the valuesfitted in Fig. 4. This
is an important demonstration that absolute vacancy popu-
lations can be determined by the present methods. It aso
provides one more check that the comprehensive descrip-
tion of defect kinetics provided by the present framework
is self-consistent, within the precision of a numerical fac-
tor of order 1. In addition, the defect production rate can
be obtained from Az, if an independent measure of D is
available [13].

In summary, we have employed thin film methods to in-
vestigate the response of thermal defects and antistructure
of CusAutoirradiation fields of diverseions. Owing to the
control provided by tailoring samples, it has been possible
to quantify the effects of irradiation well beyond the limits
of any previous investigation. The effects of bombarding
ion mass on the recovery process and the important con-
tribution of close antisite pairs are both clearly reveaded
in the transient electrical resistance. We demonstrate that
antistructure recovery accurately monitors the ambient dif-
fusion, and have been able to predict quantitatively from
these observations the radiation enhanced diffusion mea-
sured in earlier studies of rms atomic displacements. The
dependence of radiation enhanced diffusion and vacancy
concentration on irradiation flux have also been deter-
mined. For the future it is clear from the results described
above that resistive measurements of transient antistructure
evolution, together with thin film growth, offer a powerful

new means for determining irradiation-induced diffusion,
herein accurately linked to the rms displacement of atoms.
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