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cant and are also shown in Fig. 3. 3£ increases as the tem-
perature is lowered, and attains saturation for 7'< 60 K.
There is no magnetization compensation for this alloy in the
range of temperatures studied here. Ku increases as the T'is
lowered and more so for T < 80 K. In Th-Fe alloys, besides
the one ion contribution from Tb there could also be a strong
coniribution from magnetoelastic interaction. It has recent-
1y® been shown that, for a composition of Tb,, Fe,,, most of
the measured Ku could be attributed to the magnetoelestic
energy. So the measured Ku = Ku' + Ku (ME), where Ko’
is the random omne ion anisotropy® and Ku (ME) = — 3/2
o/, where ¢ is the stress and A the magnetostriciion. The
sputtered films, in general, are in compression (o <0) and
A >0, therefore, Ku (ME) > 0 and, hence, additive. As the
temperature is lowered, due to the stronger contraction of
metailic film as compared to that of the glass substrate, the
film would experience more and more tension (¢’ > () and,
hence, lesser compressive stress. As the initial value of o is
itself strongly dependent on Ar pressure, this parameter will
greatly influence the situation at low 7. Because 4 would
strongly increase at low 7, this could compensate for the
eventual decrease in the compressive stress. If the resultant
stress at low T were to become 2 tensile one (o> C) then
Ku(ME) would even change the sign, thereby decreasing
the measured K. Our results show that Xu is still increasing
strongly at lower 7. This could mean that Ku(ME) is still

positive and is additive. Under these circumstances, it is not
casy to verify the theoretical models for the temperature de-
pendence of Ku. Qur results would show that Ku varies as
M ? which could be fortuitous as well. Our analysis would
then explain why, in some cases, Ku tends to decrease or
change signs at low temperatures. Since the type of sputter-
ing techniques (rf diode, triode, and planar magnetron), are
known to strongly affect the microstructure, it is hazardous
to generalize the resuits. To be able to test the thecry it would
be necessary 1o work on compositions where A is negligible,
which means that Th may not be the best candidate. One
could also envisage, preparing samples with minimum resid-
ual stress, by properly choosing the sputtering conditions.
Work on these lines is being planned for the future.
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Very thin films of Ni, Ta, W, Pb, and Bi in a Ag matrix were irradiated at 77 K with 330 keV
Kr ions at doses from 3 to 7 X 10" ions/cm” and analyzed at room temperature by
backscattering of 1.9 MeV He™. The measured mixing efficiencies, Dt /¢F;,, for the various
tracers correlate with their respective tracer impurity diffusion coefficients and impurity-
vacancy binding energies in Ag. The results concur with previous ones with a Cu matrix and
further support the idea that the parameters that are important for thermal diffusion are also

important for ion mixing in a thermal apike.

It is well established that for low temperature ion mix-
ing, a thermal spike mechanism can contribute significantly
to the atomic displacements.'™ The degree to which other
mechanisms also contribute depends on the various param-
eters of target and impinging ions. For irradiation with light
ions of target systems with high cohesive energy and low
mass, the cascade energy density is small and the collisional
mechanism is expected to play an important role as the ther-
mal spike mechanism. For a dense cascade, however, the
thermal spike mechanism dominates.®™

2449 J. Appl. Phys. 63 (7), 1 Aprii 1688

0021-8979/88/072449-03%02 40

We investigate the effect of the thermal spike mecha-
nism for ion mixing of tracers in Ag. It has been previousiy®
shown that the ion mixing results of tracers in Cu correlate
with the thermal diffusion of tracer impurities and the va-
cancy-impurity atom binding energies in Cu. These findings
suggest that the transport mechanism in a thermal spike is
related to that of thermal diffusion. Ag, like Cu, has a low
cohesive energy, which favors the creation upon irradiation
of high point defect concentrations with high defect mobili-
ties.* Ag also favors cascades with high energy density which
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FIG. 1. Typical 1.9 MeV He™ backscattering spectra showing the spread-
ing of a Ta tracer in Ag matrix.

jead to a high effective cascade temperature and perhaps
even 10 melting.*” These factors promote thermal spike dif-
fusion. Furthermore, Ag is isoelectronic with Cu. Thus, the
importance of thermaochemical properties in ion mixing can
be further tested with Ag.

The tracer marker samples were prepared on thick { ~ 1
pm} SiQG, layers grown on Si wafers by thermai oxidation.
These inert substrates were used to prevent interactions be-
tween the sample and the substrate during irradiation. The
vacuum was better than 2 X 1077 Torr during evaporation.
Ag matrices and tracers were deposited sequentially without
breaking the vacuum. The elements Ni, Ta, W, Pb, and Bi
were selected as tracers because their diffusivities in Ag span
a wide range of values. The tracers had nominal thicknesses
of ~10 A and were located at the mid-plane of the 600 A
thick Ag. All samples were covered with a layer of about 40
A Si to minimize reactions with the ambient gas and to re-
duce sputtering. The samples were irradiated at 77 X with
330 keV Kr to doses ranging from 3 to 7 X 10"° Kr/cm? and
analyzed at room temperature with 1.9 MeV He™ back-
scattering spectrometry. The analyzing beam was incident
along sample normal and had a typical spot size of a few
mm?. The scattering angle was 170°.

TABLE I. Compilation of ion mixing results for tracers in Ag matrix.

Tracer D/¢ By g,

in Ag F (A%/eV)y Source (10° A%/s) (kJ/mol)
W 19# This work e — 62
Ta 25 This work e - 47
Pt 59° Ref. 5 S —123
Ni 83* This work 44 — 18
Cu 138° Ref. 10 84 -5
Al 93" Ref. 5 232 —2
Po > 160* This work 402 6
Bi > 1607 This work ~400 7

* Value used for F,, for 330 keV Kr at the depth of the tracer layer in Ag was
212 eV /A, as calculated from the computer simulation, TRIM.

®The samples were irradiated with 650 keV Kr at 7 K with in situ back-
scattering analysis. &), at the depth of the tracer layer was 197 eV/A.

¢ The samples were irradiated with 750 keV Kr at 77 K with in sity analysis.
F,, at the depth of the tracer layer was 146 eV/A.
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Typical backscattering spectra for a Ta tracer are shown
in Fig. I. The sample configuration is depicted in the insert
of the figure. The observed tracer signals are fitted weil by
Gaussian profiles. The difference in the variances of these
fits to the tracer signals in the spectra before and after the
irradiation, 25, is taken as measure of the mixing, as de-
scribed in detail elsewhere.® The data for 2D are then con-
verted to mixing efficiency by dividing by 2¢F,, where ¢ is
the dose, and £, is the deposited damage energy-per-unit
fength normal to the surface. Values of £, calculated from a
computer simulation TRIM,’ are given in the footnotes of
TableI. The measured variances 2Dt for most of the samples
increased linearly with dose. The measured mixing efficien-
cles are summarized in Table I, with additional data from
Refs. 5 and 10. The data from the references have been ob-
tained under experimental conditions somewhat different
from the present ones (also see the footnotes of Table I for
details}. These differences, namely the irradiation at 7 K
rather than at 77 K or the /n sifty analysis rather than at room
temperature, are known to have very small effects on ion
mixing efficiency.”®'! The table also includes the two pa-
rameters that we try to correlate with ion mixing, namely the
thermal tracer impurity diffusion coefficient in Ag, D, , and
the vacancy-impurity binding energy in Ag, H,.

The samples containing Pb and Bi tracers are unusual in
that these tracers undergo significant diffusion through the
Ag already in the as-deposited samples without irradiation.
The backscattering specira revealed that in these samples
two additional tracer peaks arising from Pb (or Bi} ap-
peared at the Si0, substrate/Ag interface and the sample
surface, respectively. This impurity distribution is charac-
teristic of grain boundary diffusion.’>** After the lowest ir-
radiation dose of 3 X 10" Kr/cm?, most of the tracer atoms
near the sample surface are sputtered off, while the other two
tracer peaks broaden widely and overlap. Gaussians were
fitted to these barely discernibie tracer signal peaks. The ion
mixing amounts so derived, however, contain large uncer-
tainties. Thus, we have quoted in Table I only a minimum
value for the mixing efficiencies of these two tracers in Ag,

The tracer impurity diffusion coefficient values in Ag,
D, indicated in the table were obtained by extrapolating the
literature data'? to the melting point of Ag (T, = 1234 K.
We were not able 1o find the diffusivities for W, Ta, and Biin
Ag. The diffusivity of Bi in Ag was assumed 1o be similar to
that of Pb in Ag since these two tracers have similar atomic
properties.

A comparison of the thermal diffusion coefficients and
the tracer ion mixing efficiencies in Table I shows that as the
impurity thermal diffusion increases, the ion beam induced
mixing also increases. This trend suggests a correlation be-
tween the two phenomena. It has been shown both conceptu-
ally""® and experimentally™® that during ion mixing in a
thermal spike, thermally aided processes for atomic dis-
placements are stgnificant. In Ref. 15, a thermal spike model
was proposed that explicitly shows a connection between the
thermal diffusion of an impurity and ion mixing. In this
model the high concentration of point defects created in the
collisional phase of the cascade enhances the diffusion at the
transiently high temperatures of the thermal spike. This is
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the reason why we quote D,,, in Table I at the melting point
of Ag. The scatter in the trend between the thermal diffusion
and the mixing efficiency can be attributed, at least partly, to
the extrapolation of D, to the melting point of Ag, and to
the fact that the point defect concentration in the highly
transient state of the thermal spike differs from that under
the condition of thermal eguilibrivm. In Refs. 5 and 7, it is
suggested that melting may occur during the thermal spike.
En such a case, tracer diffusion coefficients in Hquid Ag could
be more appropriate. The diffusion coefficient data in liquid
Ag for many of our tracers are not available in literature.
However, & brief survey of the available data'® suggest that
the tracer impurity diffusion coefficients in liquid Ag (e.g.,
the activation energy) behave similarly to those in solid Ag.
Such a correlation has also been noted in the case of Cu.>’
Although the theory of diffusion in liquids is not well found-
ed, it is not suprising that impurity diffusions in a liquid
metal and in the solid metal at the melting point are alike.
Thus, the data would be consistent with a point defect model
of diffusion in a cascade or liguid diffusion.

If the ion mixing mechanism is indeed related to that of
the thermal diffusion in solid Ag, then the mixing efficiencies
should also correlate with the point defect properties that are
germane to the thermal diffusion of the impurities. It is
known!” that the vacancy mechanism is dominant for impu-
rity diffusion in Ag. Thus, from the electrostatic diffusion
theory!”"® an impurity with positive excess valency in Ag,
such as Al, Pb, or Bi should mix more than those with nega-
tive valency such as Ni, Ta, W, and Pt. We indeed, observe
such a trend from Table I, suggesting that the vacancy mech-
anism is important during ion mixing. To further substanti-
ate this observation, we have tried to correlate the mixing
efficiencies with the vacancy-impurity binding energy, 5.
H, was calculated from the approximate empirical formulas
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of Ref. 19 H, = (H, — Hy — H*)/Z,, where H, and Hy
are the cohesive energies of the solvent and solute atoms,*”
H ° is the heat of solution,” and Z, is the number of nearest
neighborsin Ag { = 12). The &, values we obtained are also
listed in Table I. In Fig. 2, the mixing efficiency of each
tracer is plotted against the vacancy-impurity binding ener-
gy H,. if the vacancy mechanism dominates during a ther-
mal spike phase of ion mixing, then large mixing efficiencies
should correlate with large positive H, while the small mix-
ing efficiencies should correlate with large negative H,. Fig-
ure 2 does indeed, establish such a correlation, again indicat-
ing that a mechanism important during thermal diffusion is
also important during the thermal spike phase of ion mixing.

In conclusion, this experiment for a Ag matrix corrobo-
rates the results obtained for 2 Cu matrix® and lends further
support to the notion that for ion irradiation at low tempera-
tures, the ion mixing in the thermal spike correlates with the
thermal diffusion properties in the metal, whether the metal
be solid or liguid.
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