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Phase separation behavior in thin Cu1−xCox films under irradiation �1.8 MeV Kr+ ions� at different tempera-
tures has been systematically studied for 0.10�x�0.20. The development of phase separation in irradiated
films �estimates of the average size of Co precipitates and concentration of Co in solution� was monitored using
magnetic measurements. Analysis of magnetization data in the framework of superparamagnetic theory has
shown that at irradiation temperatures T�330 °C, phase separation in Cu–Co films of all compositions
stabilizes at high doses ��1�1016 cm−2�, indicating the existence of temperature-dependent dynamic steady
states. At temperatures higher than �350 °C, indications of thermodynamic-like coarsening are observed.
Below �300 K FC/ZFC �field-cooled/zero-field cooled� measurements clearly show the randomizing effect of
irradiation. The observed phase separation behavior of Cu–Co system under irradiation agrees qualitatively
well with kinetic Monte Carlo simulations performed in this work and with theoretical predictions of phase
evolution in irradiated immiscible alloys.
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I. INTRODUCTION

Engineering alloys are traditionally processed by first ex-
citing them above their ground states and quenching them
into a metastable or even unstable configuration. Then, using
time and temperature as process variables, the alloys are re-
laxed into their desired states. For nanotechnology applica-
tions, recent examples of this approach include the formation
of precipitates in host matrices by combining either ion im-
plantation or vapor condensation of immiscible alloy compo-
nents with subsequent thermal annealing.1,2 A scheme has
been proposed where external driving forces are applied to
the system as it undergoes thermal relaxation.3–5 The driving
forces in this scheme impose sustained fluxes of energy and
mass between the material and its environment. In such dis-
sipative systems, a delicate balance is established between
the externally imposed dynamics and the internal dynamics
of the material, and this balance controls the structural evo-
lution of the material. By varying the relevant parameters
during the processing, one can alter the competition between
these dynamics and thereby controllably induce dynamical
transitions from one steady state to another.6 This general
concept of driven systems applies to a wide range of process-
ing conditions, such as ion implantation, ball milling, wear,
ion sputtering, and others, as has recently been reviewed.7

A generic property of such driven materials is that they
often self-organize into patterns with nanometer length
scales. The precise length scale, moreover, is determined by
the nature and intensity of the driving forces. It has been
shown that the origin of this self-organization derives from
the different length scales at which the competing internal
and external dynamics are operating: short-range jumps of
point defects by thermally activated diffusion �internal dy-
namics�, and long-range forced �ballistic� jumps, such as in
displacement cascades or sheared regions, which induce
atom relocations over distances ranging from some tenths to
several nanometers �external dynamics�.8 While the founda-
tions for the theory describing this behavior are now estab-

lished, it is presently unknown whether these idealized mod-
els are sufficiently robust to describe the behavior of even
simple binary alloys, much less, complex engineering mate-
rials. One systematic study on ball milling of Ag–Cu alloys
shows good qualitative agreement with the model,9 however,
quantifying the control variables has not been possible in
such studies. The goal of the present work is to provide a
systematic test of the predictions of this theory in a situation
where the driving forces are reliably characterized, viz. ion
beam irradiation. For this study we also employ a model
alloy system, Cu-rich, Cu–Co alloys, which has long been
employed for basic studies of precipitation behavior.10 The
system is particularly useful here since Cu and Co have very
similar atomic sizes so that they form coherent precipitates.
This greatly facilitates comparison with our kinetic Monte
Carlo simulations on a rigid lattice.

The method employed here for testing the model calcula-
tions is illustrated by the schematic, dynamical phase dia-
gram in Fig. 1. This diagram represents an alloy system such
as Cu–Co, and shows the phase behavior as a function of
two dynamical variables, the ratio of ballistic jumps to ther-
mally activated jumps � and the relocation distance R. Tem-
perature, pressure, and composition are held constant. Ballis-
tic jumps in this theory refer to the random displacements of
atoms that occur during the energetic displacement process
in cascades. For alloys that form miscible liquids, such as
Cu–Co, it also includes the random jumping of atoms in the
thermal spike phase of a cascade. The relocation distance in
this theory refers to the distance that an atom is displaced
during one displacement cascade. For a specific alloy com-
position, ion projectile and ion energy, the relocation dis-
tance is very nearly independent of temperature.11,12 Ther-
mally activated jumps refer to the atomic motion that occurs
during chemical interdiffusion at the ambient temperature of
the sample; in metals these jumps are mediated by point
defects. In an irradiation environment, the defects created by
the irradiation, itself, dominate the thermally activated diffu-
sion process.
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We test the validity of the dynamic phase diagram in Fig.
1 in this work by varying the parameter � while keeping
constant the other control variable R. This is indicated by the
dashed lines in Fig. 1. We can move along the line in Fig. 1
by either changing the irradiation flux or the irradiation tem-
perature; the former changes the frequency of ballistic jumps
and the thermally activated jumps �through the creation of
point defects� while the latter varies predominantly the ther-
mally activated jumps. We therefore chose to change the
specimen temperature and assume that the small change in
temperature required to dramatically change the number of
thermally activated jumps does not much affect the ballistic
jumps or the phase separation in the equilibrium phase dia-
gram. The first assumption is well established for metals, in
general. The second assumption is valid for Cu–Co, since
the temperature range of interest is small. In addition, the
large effect of temperature on radiation-enhanced diffusion
in Cu is well documented.13

II. EXPERIMENTAL METHODS

Cu1−xCox samples with x=10, 15, and 20 were grown
by sputter deposition with a typical base pressures of
�3�10−8 Torr. Irradiations were performed with 1.8 MeV
Kr ions using a Van de Graaff accelerator. The thicknesses of
Cu–Co films in this study were �250 nm, which is less than
the range of the Kr ions �300 nm. The deposited damage
energy is, in fact, quite uniform, linearly increasing by
�20% from the front to the back of the sample. Typical
irradiation currents were 70–80 namps, which is sufficiently
small to avoid beam heating. The base pressure in the target
chamber was less than �2�10−8 Torr. Annealing of several
sets of samples at temperatures up to 600 °C was performed
using a high-temperature furnace with flowing Ar-2% H2
gas. Analysis by Auger electron spectroscopy showed no evi-
dence of segregation at the surface in the as-prepared, ther-
mally annealed, or irradiated specimens.

The sizes of Co precipitates in Cu were determined from
magnetization measurements within the widely used assump-
tion of superparamagnetic response.14,15 This analysis is

based on the Langevin equation, although, simple corrections
were included here to account for a distribution of cluster
sizes. For thermal annealing studies, it is sometimes assumed
that the precipitates sizes are described by a log-normal dis-
tribution, and in this case the average size and variance can
be obtained from fits to experimental curves.16 It is also pos-
sible, of course, to fit experimental curves using a sum of
Langevin functions with each representing a different par-
ticle size.17

For the present study we will show through kinetic Monte
Carlo �KMC� simulations that a log-normal distribution is a
poor representation of the true size distribution of Co pre-
cipitates in Cu under ion irradiation. We therefore employ
the second method. In our case we find that the experimental
data are well fit assuming only two particle sizes. The total
expression for the fitting function, therefore, was

M�H� = M1�coth�AN1H� − 1/AN1H� + M2�coth�AN2H�

− 1/AN2H� + C , �1�

where M1 and M2 are the values of total magnetizations of
all particles with atomic sizes N1 and N2, respectively, and C
is a constant representing a residual magnetization at zero
applied field, i.e., the remanence. The remanence is usually
associated with the “blocking” of individual particles. At
300 K, only Co particles larger than �12.5 nm in diameter
become blocked, i.e., they contain more than �9�104

atoms.18 At 100 K, this number falls to �3�104. For the
two less concentrated alloys, blocking will be seen to have
only small relevance in this work. The constant A in Eq. �1�
is equal to �1 /kBT, where �1 is the moment of a single
magnetic Co atom ��1.7�B�. The volume averaged particle
size and the saturation magnetization were calculated accord-
ing to the formulas

N̄ =
N1M1 + N2M2

M1 + M2
, �2a�

Mtot = M1 + M2 + C . �2b�

We use the volume average particle size since it best rep-
resents the physical measurements, i.e., many very small par-
ticles can strongly influence the numerical average size, but
they have little effect on the magnetization, which is mea-
sured. This will be discussed in more detail, below. The Co
atoms in solution do not contribute to the magnetization of
the sample; therefore, a measurement of the saturation mag-
netization MS relative to the total magnetization of the
sample when all of the Co is precipitated MT, i.e., MS /MT,
yields information on the fraction of Co in solution. The
magnetization measurements were performed between 5 and
300 K, using a SQUID 1 T magnetometer from Quantum
Design. Reproducibility of particle size determination from
magnetic measurements improves with increasing particle
size, the error ranging from �5% for the larger sizes to
�10% for the smaller sizes.

Finally we note two additional assumptions in Eq. �1�,
relevant to the current work. The first is that magnetic mo-
ment per Co atom is independent of the size of the Co pre-
cipitate. For precipitates smaller than �10 atoms, this as-

FIG. 1. Steady-state regimes of an immiscible A50B50 alloy as a
function of the forced relocation distance R and the relative ballistic
jump frequency �. Horizontal line R=R�Kr� schematically shows
the phase-probing trajectory when the temperature is varied. Insets
are �111� sections of actual three-dimensional kinetic Monte Carlo
simulations. Adapted from Ref. 4.
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sumption breaks down; however, since the precipitate sizes
of interest here are much larger, this assumption introduces
only an insignificant error. The second assumption involves
magnetic �dipole-dipole� interactions between the particles.
This effect is presently not well understood, and while it may
lead to some uncertainty in the absolute sizes of the Co par-
ticles, less than �25% in precipitate diameter, we will show
later that it does not influence the main conclusions of this
work.

III. RESULTS

A. Effects of thermal annealing

Since our procedure requires varying the temperature of
the specimen during irradiation, it was necessary to first
characterize the kinetics of phase separation in our Cu1−xCox
films during thermal annealing. These preliminary measure-
ments also helped to identify the limitations of the superpara-
magnetic theory for the irradiation study. The Cu90Co10 and
Cu80Co20 alloys, were employed for this part. The results for
the magnetization behavior of the Cu90Co10 samples are
shown in Fig. 2�a� as a function of annealing temperature in
the range T=100 to 600 °C. The holding times at tempera-
ture were �1 h.

Two features in these data indicate that the as-grown films
are not perfectly random alloys. First, the films have a sig-

nificant magnetization prior to thermal annealing above room
temperature, and second, annealing affects the magnetization
at temperatures as low as 200 °C. Since bulk diffusion be-
comes significant only at higher temperatures, some Co must
be located in grain boundaries, enabling it to precipitate at
these low temperatures. The grain sizes of the samples were
estimated from x-ray diffraction measurements using the
Scherrer equation to be �25 nm, for both the Cu90Co10 and
Cu80Co20 films.

According to the theory of Martin,19 and corroborated by
a number of experimental studies,12 alloy samples can be
randomized by irradiation at sufficiently low temperatures.
We therefore attempted to homogenize one set of Cu90Co10
samples by pre-irradiating them at room temperature, using
an ion dose of 5�1015 cm−2. Magnetization curves of the
annealed samples from this set are shown in Fig. 2�b�. The
two expected results were achieved by preirradiation: the
saturation magnetizations of the as-grown samples decreased
substantially, and the onset of phase separation shifted to
higher temperatures. Evolutions of the sizes of Co precipi-
tates in as-grown and preirradiated Cu90Co10 films are shown
in Fig. 3 as a function of annealing temperature. It is seen
that preirradiation has made these samples more resistant to
annealing for temperatures �500 °C; above 500 °C bulk
diffusion becomes significant. The grain size in our films
grew to �33 nm during irradiations to high dose, but it re-
mained unchanged during thermal annealing.

The magnetization measurements of the Cu90Co10
samples reported above were all performed at T=100 K,
rather than room temperature �RT�, to increase the sensitivity
of the magnetometer to the small precipitates in our small
samples �see Eq. �1��. Measurements were also performed,
however, at RT. They show that for both the Cu90Co10 and
Cu80Co20 samples, H /T scaling is not obeyed, with sizes
determined at the lower temperature being approximately
three times smaller �Figs. 4�a� and 4�b��. We attribute these
deviations to the magnetic dipole interactions alluded to ear-
lier. These interactions become increasingly important with
decreasing temperature.20 The effect of blocking also be-
comes important in the Cu80Co20 at 100 K, as suggested by a
large remanent magnetization ��30%MT� that was observed

FIG. 2. Magnetization curves of Cu90Co10 samples annealed for
1 h at different temperatures: �a� as-grown and �b� preirradiated
�5�1015 cm−2� at RT �measurement at T=100 K�.

FIG. 3. Evolution of sizes of Co precipitates in Cu90Co10

samples with the annealing temperature for both as-grown �solid
circles� and RT �5�1015 cm−2� preirradiated �open diamonds�
samples �measurement at T=100 K�.
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in these samples. It should be noted that blocking can also
give rise to a “too-small” apparent particle size distribution
since only the smallest particles are unblocked �Fig. 4�b��.
Measurements of the Cu80Co20 samples at 100 K, therefore,
will not be considered further.

An additional purpose of the thermal annealing measure-
ments was to determine the saturation magnetizations of the
samples after all of the Co atoms were in large precipitates
MT. This value serves as a check on the total content of Co in
the samples. The values obtained were consistent with our
estimates of total Co content in the films, using the accepted
magnetic moment of 1.7 Bohr magnetons per Co atom. All
films in this study were corrected for a small diamagnetic
contribution from the Si/SiO2 substrate.

B. Dissolution of Co precipitates in Cu85Co15 alloys by ion
irradiation from FC/ZFC curves

Dissolution of Co precipitates at room temperature in as-
grown Cu85Co15 samples was studied by determining the
blocking temperature as a function of ion dose. The blocking
temperature was obtained by acquiring magnetization data
under conditions when specimen had been cooled either in
an applied magnetic field, i.e., field cooled �FC� or in ab-
sence of a field, i.e., zero field cooled �ZFC�. The tempera-
ture at which these curves diverge yields the maximum
blocking temperature. As illustrated in Figs. 5�a� and 5�b�,

irradiation leads to a continuous reduction in the blocking
temperature TB starting at 90 K for as-grown samples, and
decreasing to 15 K for samples irradiated to 2�1016 cm−2.
Based on the Bean-Livingston formula, which relates the
size of precipitates V to the blocking temperature TB via an
anisotropy constant KA, KAV�25�kBTB, we interpret the
reduction in the blocking temperature as direct evidence for
irradiation-induced dissolution of Co precipitates. The peak
in the magnetization data at 15 K concerns the magnetic
glass transition in this alloy, but since it is not relevant to
understanding the present work, it will not be discussed fur-
ther, here.

C. Ion irradiation of Cu1−xCox samples with x=10, 15, and 20

1. Cu90Co10

The irradiation studies on Cu90Co10 employed samples
with three different initial microstructures: as-grown, preir-
radiated, and preannealed samples. The purpose of studying
these different samples was to test the theoretical prediction
that the long term patterning structure of irradiated alloys
was independent of the initial alloy microstructure. Preirra-
diation, which was performed to randomize the alloys, con-
sisted of an irradiation dose of 5�1015 cm−2 at RT. Prean-
nealed samples were obtained by annealing at TA=500 °C
for one hour.

FIG. 4. Dependence of the sizes of Co precipitates on measure-
ment temperature in annealed Cu–Co samples. T=100 K �solid
circles� and T=300 K �open diamonds�: �a� Cu90Co10 and �b�
Cu80Co20.

FIG. 5. �a� Examples of FC/ZFC curves for as-grown Cu85Co15

samples irradiated at RT and �b� the dependence of the maximum
blocking temperature on dose.
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The results for the as-grown Cu90Co10 samples measured
at 100 K are shown in Fig. 6 for a series of irradiation tem-
peratures. For a given temperature, all of the samples, in-
cluding the unirradiated one, were held at the irradiation
temperature while the irradiations were performed. Thus all
of the samples at a particular temperature have been held at
the irradiation temperature for the same length of time. For
this reason, the microstructure of the unirradiated samples
varied somewhat since they were held at different irradiation
temperatures, and some thermal annealing occurred. On the
whole, however, the data show a convergence of both the
average sizes of Co particles and magnetizations to steady
state values. The steady states, however, depend on the irra-
diation temperature. This trend is particularly clear for the
normalized saturation magnetizations MS /MT which ap-
proach a steady state by a dose of �2�1015 cm−2. The small
decreases in MS /MT at higher doses can be accounted for by
the loss of Co atoms from sputtering.21

Unlike the magnetizations, the average sizes of the Co
particles do not approach their steady-state values monotoni-
cally, but rather they show significant transient effects. For
the higher temperature irradiations, the average particle sizes
increase to about twice their initial values, before decreasing
toward the steady state value. By a dose of 1�1016 cm−2,
the average particle sizes become almost constant. This tran-
sient presumably derives from the broad range of precipitate
sizes in the as-prepared samples, large precipitates at grain

boundaries, and small precipitates in the grain interiors. Dur-
ing irradiation, the small particles dissolve quickly, relative
to the larger particles, initially increasing the average particle
size. Only at later times, when the larger particles at the grain
boundaries dissolve, does the system come into a global
steady state. This explanation is supported by the monotonic
reduction in total magnetization. We are uncertain why this
transient behavior is not observed in the specimen irradiated
at room temperature, but since this sample was not thermally
annealed, there are presumably fewer large precipitates �see
Fig. 4�, and thus a more uniform initial size distribution.

Results for the evolutions of the average particle sizes,
and saturation magnetizations during irradiation of the preir-
radiated �randomized� samples at 200, 350, and 400 °C are
shown in Figs. 7�a� and 7�b�. The data for the sample irradi-
ated at 200 °C do not show the strong a transient effect
observed for the as-grown samples, presumably because the
large grown-in precipitates were dissolved during the preir-
radiation treatment at room temperature. The steady state
microstructure of this sample, on the other hand, is similar to
that of the as-grown sample undergoing similar irradiation
conditions; this is indicated by both the “steady state” values
of the average particle sizes and the saturation magnetiza-
tions.

The films irradiated at T=350 and 400 °C behave quite
differently from the others, appearing to be in the regime of
driven, macroscopic phase separation. This is indicated pri-
marily by the continued growth in particle size at these tem-

FIG. 6. Irradiation of as-grown Cu90Co10 samples at different
temperatures: �a� particle sizes and �b� normalized magnetizations.
Measurement at 100 K.

FIG. 7. Irradiation of preirradiated Cu90Co10 samples at differ-
ent temperatures: particle sizes �a� and normalized magnetizations
�b�. Measurement at T=100 K.
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peratures, showing no signs of saturation even after a dose of
2�1016 ions/cm2. The maximum average particle sizes in
these systems are �3700 atoms.22 Since no changes in the
remanent magnetizations were found in these samples
�data not shown here� even at the highest irradiation dose
2�1016 cm−2 and temperature T=400 °C, we can conclude
that the effects of blocking are not important, which is as
expected. Lastly, MS /MT in these samples irradiated at T
=350 and 400 °C approach steady state values 0.6 and 0.7,
respectively. This implies that a significant fraction of Co
atoms remains in solution at these temperatures in dynamic
equilibrium.

Prior to irradiation, the preannealed samples had an aver-
age particle size of �2000 atoms22 and a saturation magne-
tization of �3.0�10−5 emu/mm2 �MS /MT=0.86�. These
samples were irradiated at temperatures of 200, 270, 330,
and 350 °C. Evolutions of the average particle sizes and
magnetizations with dose are plotted in Figs. 8�a� and 8�b�.
These preannealed Cu90Co10 samples follow the same gen-
eral trend as the as-grown and preirradiated samples. The
only discrepancies in these measurements were slightly
larger particle sizes and magnetizations for samples irradi-
ated at T=200 °C than for samples irradiated at T=270 °C.
The difference between the corresponding curves, however,
is small and most likely derives from a small variation in the
initial compositions of the films.

For irradiations at temperatures below a certain threshold
temperature, the average particle size and magnetization ap-

pear to decrease to characteristic steady-state values, while
above the threshold temperature, macroscopic precipitation
begins, assisted by ion irradiation. While the irradiations of
the randomized Cu90Co10 films indicate that the threshold
temperature marking the transition between the regimes of
microscopic patterning and macroscopic phase separation, is
somewhat below T t

max=350 °C, the irradiations of the pre-
annealed samples appear to narrow the possible range to
330 °C�Tt�350 °C. Indeed, while the average particle
size at T=350 °C shows continuous growth, at T=330 °C
the average particle size is already shrinking.

Finally, to support the assertion that regardless of their
initial state, driven alloy systems with the same composition
arrive at the same steady state, the dependencies on dose of
average particle sizes and saturation magnetizations of our
three types of Cu90Co10 specimens, as-grown, preirradiated,
and preannealed, are plotted together in Fig. 9. For this com-
parison, data for the irradiation at T=200 °C are shown. It
can be seen that there is a remarkable convergence for both
particle sizes and magnetizations in these systems.

Up to this point, only results obtained by magnetic mea-
surements performed at 100 K were reported. As indicated
previously, better sensitivity is obtained at low temperatures.
We tacitly assumed that while magnetic dipole interactions at
100 K may distort the absolute sizes of the particles, yielding
sizes that are too small, they should not significantly affect

FIG. 8. Irradiation of preannealed Cu90Co10 samples at different
temperatures: particle sizes �a� and normalized magnetizations �b�.
Measurement at T=100 K.

FIG. 9. Comparison of the evolution of particle sizes �a� and
normalized magnetizations �b� with the dose at Ti=200 °C for three
sets of samples: as-grown, preirradiated, and preannealed. Measure-
ment at T=100 K.
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the relative sizes. To verify this assumption, we performed
additional measurements at 100, 200, and 300 K on a second
set of irradiated samples. These samples were all randomized
by preirradiation at 300 K. The results are shown in Figs.
10�a�–10�d�. Aside from a variation in the absolute values of
size, the data are not sensitive to the measurement tempera-
ture. This is clearly seen in the inset of Fig. 10�d� for the
sample irradiated at 400 °C, since the results of the measure-
ments performed at different temperatures overlap when
scaled by a simple multiplicative factor. Similar behavior is
observed for the other irradiation temperatures. The data are
thus related by a simple temperature-dependent scaling fac-
tor that is independent of the average size of the particle. We
conclude, therefore, that while the average sizes of the par-
ticles are influenced by magnetic interactions, the trends that
we have reported, are not.

2. Cu85Co15

Irradiations of Cu85Co15 films were performed at liquid
nitrogen temperature �LNT�, RT, 150, 200, 270, 330, and
400 °C. All samples irradiated at temperatures above RT
were first randomized by preirradiation at RT. Average par-
ticle sizes and magnetizations calculated from the magnetic
curves of these samples obtained at 100 K are presented in
Figs. 11�a� and 11�b�. The figures show that irradiations at
LNT, RT, and 150 °C have driven the system to steady
states, systematically varying in the values of the average
particle size and saturation magnetization. At intermediate
temperatures, 200 and 270 °C, it appears to require some-
what larger doses for the Co particles to equilibrate at their
corresponding steady state sizes. Saturation magnetizations
again equilibrate much faster than size distributions, which is
expected since equilibration between large particles is slow

compared to the initial stages of precipitation. Evolutions of
the average particle size for irradiations performed at T
=350 and 400 °C are again suggestive of macroscopic
growth in particle size. By the highest dose of 2�1016, the
average particle size in irradiations at both temperatures
reaches �3700 atoms.22 While these measurements are use-
ful for illustrating the systematic behavior, magnetic interac-
tions again influence the absolute sizes. We therefore focus
on the results obtained during measurement at 300 K.

The results of the magnetic measurements on the same
Cu85Co15 samples, but now measured at 300 K, are shown in
Figs. 12�a� and 12�b�. Data for the same irradiation tempera-
tures are shown. The particles sizes are not shown for irra-
diations at LNT and RT, since the magnetizations of the
samples at high doses are too low ��0.1MT� to obtain accu-
rate values. It can be seen that the high temperature measure-
ments yield qualitatively the same pattern of phase separa-
tion of Cu85Co15 films under ion irradiation as do the low
temperature measurements, Figs. 11�a� and 11�b�. Notewor-
thy in these data is the continued increase in particle size
with dose for irradiation temperatures above �350 °C, again
indicating that the system has crossed the boundary between
patterning and macroscopic coarsening at a temperature
above �300 °C. The growth of the precipitates appears
somewhat slower in the measurements performed at 100 K;
we will show in our discussion of absolute particles sizes,
below, that this is likely due to the largest particles becoming
blocked in the 100 K measurements. The low values of
MS /MT for irradiations at RT and below illustrate that most
of the Co is in solution. The somewhat larger values of
MS /MT obtained for 100 K measurements is a consequence
of the greater sensitivity of these measurements to the very
small particles.

FIG. 10. Particle sizes of preir-
radiated Cu90Co10 samples irradi-
ated at different temperatures and
measured at T=100, 200, and
300 K. In the inset of �d�
�400 °C� the curve for 100 K is
scaled up by a factor of 3.4 and
that for 200 K is scaled up by a
factor of 1.6.
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3. Cu80Co20

The data collected on Cu80Co20 are presented in Figs.
13�a� and 13�b�. The samples irradiated at temperatures
higher than RT were initially randomized by irradiation at
room temperature. The range of irradiation temperatures for
Cu80Co20 samples was LNT through 375 °C. As revealed by
the annealing study of Cu80Co20 films �Fig. 4�b��, annealing
at temperatures higher than 300 °C is already sufficient to
produce many large precipitates that are magnetically
blocked. Analysis of magnetization curves of Cu80Co20
samples irradiated above Ti=270 °C, indeed showed in-
creased blocking. Therefore, evolution of the average par-
ticle size with dose is presented here only for samples irra-
diated at temperatures lower than 270 °C. On the whole, the
particle sizes and magnetization data shown in Figs. 13�a�
and 13�b� behave consistently with the previous results ob-
tained for Cu90Co10 and Cu85Co15 samples. Perhaps due to a
larger fraction of Co, Cu80Co20 samples approach steady
states even faster than the Cu85Co15 samples. Evidence for
the existence of steady states is strong for samples irradiated
at the temperatures up to 200 °C. It is, however, not possible
to determine the transition temperature between the pattern-
ing and macroscopic growth regimes for Cu80Co20 samples
by our magnetization measurements, due to the strong par-
ticle blocking. On the other hand, the magnetization data
show that even in this high concentration alloy, a significant
fraction of the Co, 30%, goes into solution during irradiation

at 375 °C. This value is quite similar to those found for the
Cu90Co10 and Cu85Co15 samples.

D. Kinetic Monte Carlo simulations

Kinetic Monte Carlo �KMC� simulations have been per-
formed on a model fcc binary alloy A1−cBc, to help to eluci-
date the experimental results. The heat of mixing of the alloy
was chosen to be �Hm=7 kJ/mol, which is similar to that of
Cu-Co. In previous theoretical investigations,3,8 we used
KMC simulations to demonstrate that for such an alloy the
dynamical competition between ballistic mixing induced by
displacement cascades and thermally activated decomposi-
tion can force the stabilization of compositional patterns.
That work showed that a first requirement for patterning is
that the frequency of the forced atomic exchanges � be simi-
lar to that of the thermally activated atomic jumps. It is also
required that the average atomic relocation range R exceed a
threshold value Rc. These past studies, which led to the con-
struction of Fig. 1, considered only the equiatomic composi-
tion. We have extended these calculations to the lower B
concentrations; we report here the results for the 10% alloy.

The simulations were performed using a rhombic simula-
tion cell containing 643 lattice sites. The average relocation
distance was set to R=1.73aNN, where aNN is the nearest-
neighbor distance. This value of aNN was determined using
molecular dynamics simulations of Cu50Ag50, irradiated with

FIG. 11. Irradiation of preirradiated Cu85Co15 samples at differ-
ent temperatures: �a� particle sizes and �b� normalized magnetiza-
tions. Measurement at T=100 K.

FIG. 12. Irradiation of preirradiated Cu85Co15 samples at differ-
ent temperatures: �a� particle sizes and �b� normalized magnetiza-
tions. Measurement at T=300 K.
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1 MeV Kr ions.11 A similar value should hold for more dilute
Cu-Co alloys irradiated with heavy ions. All other simulation
parameters, as well as the kMC algorithm, are identical to
those used in Ref. 8.

The low concentration of B atoms in the 10% alloy en-
abled us to measure the sizes of the B-rich precipitates in this
system employing the Stillinger connectivity criterion for
counting clusters, i.e., an atom is considered to belong to a
cluster if it has at least one of its neighbors belonging to the
cluster.23 Sampling of the phase space was conducted by
fixing the temperature at T=200 °C, and systematically in-
creasing �. This method holds the rate of thermally activated
jumps constant and therefore increases the ratio of the fre-
quencies of ballistic and thermal jumps �. The results of the
simulations are summarized in Fig. 14, where the volume-
weighted sizes of B precipitates at steady state as well as the
boundary between the macroscopic growth and patterning
regimes are plotted. In these simulations, two different initial
states, a random solution and a thermally precipitated state,
were used to make sure that the same steady state was ob-
tained. This was indeed found, as illustrated in Fig. 14.

Patterning was identified in this work, as in Ref. 8, by the
presence of a peak in the structure factor at a nonzero k wave
vector. Beyond the crossover point between the macroscopic
growth and patterning, evaluated at �* �2–3 s−1, the sys-
tem develops nanoscale compositional patterns. The micro-
structure of the alloy in steady state, shown in Fig. 15, in-
cludes both B precipitates and a large fraction of dissolved B

atoms. It is noteworthy that while it is not known whether Rc
is sensitive to composition, the same value of R that induced
compositional patterning for c=50% �Ref. 11� was sufficient
to produce patterns for c=10%.

For the estimates of cluster sizes in Fig. 14, a minimum
threshold cluster size has been introduced, i.e., clusters of

FIG. 13. Irradiation of preirradiated Cu80Co20 samples at differ-
ent temperatures: �a� particle sizes and �b� normalized magnetiza-
tions. Measurement at T=300 K.

FIG. 14. Steady state sizes �volume-averaged� of B-rich par-
ticles in the patterning regime as a function of � �frequency of
ballistic atomic relocations�. Two sets of overlapping lines show
sizes from two initial states: a random solution �triangles�, and a
precipitated phase �circles�. Minimum cluster size is 5 atoms for the
lower set of curves �solid lines�, and 11 atoms for the upper set of
curves �dash lines�. The dotted vertical lines denote the boundaries
between the macroscopic growth, patterning and random solution
regimes, and the horizontal line shows the average cluster size �for
clusters with five atoms and larger� for an ideal 10% random
solution.

FIG. 15. Appearance of the steady state microstructure of
A90B10 alloy under irradiation conditions given by T=200 °C and
�=3. For better visualization, the system is shown with comple-
mented boundary conditions, i.e., lighter colored atoms were added
by translation of darker atoms across the boundaries.
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smaller size were not included. This threshold prevents ran-
dom congregations of a few connected atoms in solution
from being counted as a precipitate. For comparison, two
sets of curves corresponding to a minimum cluster size of 5
or 11 atoms are plotted �Fig. 14�. The curves nearly overlap,
with only a small deviation at large �, where the cluster size
is quite small. We employ the threshold of 5 atoms for the
discussion that follows.

The precipitate size in the steady state microstructure is
observed to gradually change from �2500 at �=3 to �15
atoms at �=200. At ��70 the curve for the average particle
size exhibits a change in slope, which may be indicative of a
phase transition from patterning to solid solution. For com-
parison, the volume-weighted average cluster size in an ideal
10% random alloy was calculated �shown with a horizontal
dotted line in Fig. 14�; it is �8.9 atoms.

We also employed the simulations to check the validity of
our use of two-particle size fits of magnetization curves used
in the experimental part of this paper. For this purpose, the-
oretical magnetic response M�H� of our model A90B10 alloy
system was first calculated using the actual distribution of
B-rich particles obtained in the KMC simulations for Ti
=200 °C and �=3. As shown in Fig. 16 this curve agrees
very well with the magnetization curve derived from a two-
particle fit to the same simulation data. Of importance to this
study is that the volume-averaged particle size �in atoms� is
very nearly the same for the model curve NV=2340 at., and
for the two-particle size fit NV=2450 at. The nonweighted
average sizes, in contrast, are very different, with values of
640 at. for the model curve and 1730 at. for the two-particle
size fit. A single particle size fit �not shown� also provided a
good estimate of the volume-averaged particle size �2270
at.�, however the quality of the fit was poorer and significant
magnetization from smaller particles was lost �the loss of
total magnetization was �12% compared with �7% for the
two-particle size fit�.

Our analysis of the cluster size distributions at steady
state for different �’s provides an estimate of the solubility
of B atoms in the A-rich matrix during irradiation. The re-
sults of such analysis are shown in Fig. 17, where the graphs

of integrated fraction of isolated B atoms and precipitated B
in all clusters smaller than size N are plotted as a function of
N. Based on these dependencies, the dissolved fraction of
B-rich phase in A matrix can be calculated as a function of �.
Since a continuous transition in magnetic properties is ex-
pected, going from isolated nonmagnetic Co atoms to large
superparamagnetic clusters, we assume that Co clusters com-
posed of only a few atoms are in solution. Since the precise
value for this transition cluster size is unknown, we plot two
solubility curves, one including both isolated B atoms and B
clusters of two atoms, and another including isolated B at-
oms and all B clusters with sizes up to 10 atoms �inset of Fig.
17�. This graph demonstrates that the effective solubility de-
duced from the experiments depends rather strongly on the
magnetic properties of the smallest clusters due to their rela-
tively high populations, particularly for cases with large �.
For the steady state with �=100, for example, an increase in
the magnetic threshold from two B atoms to ten-atom clus-
ters results in a twofold increase in the dissolved fraction of
B atoms, from 30–60 % �i.e., solubilities increasing from
3–6 %�.

IV. DISCUSSION AND CONCLUSIONS

This study examined the nature of phase separation in
Cu1−xCox alloys during ion irradiations. The primary issues
concerned the existence of steady state microstructures, com-
positional patterning and the details of the dynamic phase
diagram of the Cu1−xCox alloy system. Magnetic measure-
ments were employed to measure the size of Co precipitates
and the Co solubility in a Cu matrix. In addition, KMC simu-
lations were performed on a model system, comparable to
Cu90Co10 to determine a “theoretical” dynamic phase dia-
gram for this system. The simulations, however, contain few
of the complexities of real alloys, such as grain boundaries
and dislocations, as well as the possibly important role of

FIG. 16. Model superparamagnetic response of Cu90Co10 alloy
with microstructure drawn from KMC simulations with T
=200 °C, and �=3 �solid line with symbols�, and the two-particle
size fit to it �dotted line�.

FIG. 17. Integral fraction of B atoms in clusters smaller than
size n as a function of n for steady states reached at different relo-
cation frequencies �. Curve RS represents the random solution.
Initial values �at size equal to one atom� show the concentration of
isolated B atoms �dissolved B�. Inset: Variation of the steady state
dissolved fraction with � considering cluster sizes up to 2 atoms or
up to 10 atoms for the dissolved phase.
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interstitial atoms that are produced by irradiation. Thus, a
comparison between the experimental results and the simu-
lations provide a test for the robustness of the KMC model,
and more generally for our understanding of phase separa-
tion alloys under irradiation.

The first important result of the experimental study is that,
indeed, the Cu1−xCox alloys �x=10 or 15� approach steady
state sizes over a wide range of temperatures, RT�T
�330 °C. For the Cu90Co10 alloy the size increases from
�2000 atoms �diameter�3.4 nm� at RT to �9000 atoms
�diameter�5.7 nm� at 300 °C. For the Cu85Co15 alloy, the
sizes increase to a slightly larger value �10 000 atoms
�diameter=5.9 nm� at 270 °C, before macroscopic coarsen-
ing begins. Above 350 °C the sizes appear to continue to
grow, although we cannot entirely exclude the possibility
that they reach a steady state at some much higher dose. Our
measurements are also not conclusive on whether complete
solid solutions are formed during irradiation at 80 K. For the
Cu90Co10 alloy, the magnetization was too small to measure,
indicating complete solubility. For the Cu85Co15 alloy mea-
sured at 100 K, a small magnetization is observed �MS /MT

�0.2�, but this can be due to either magnetic interactions of
Co in solution, or very small clusters forming during warm-
ing to 300 K.

The above precipitate sizes are all based on measurements
at 300 K. The value for the Cu90Co10 alloy irradiated at room
temperature was obtained by scaling the 100 K measurement
to 300 K using Fig. 10. While the primary purpose of this
work has been to test the predictions of the dynamic phase
diagram in Fig. 1, which does not depend on the actual size
of the precipitates, it is useful to assess the accuracy of the
magnetic measurements in view of the uncertainties arising
from magnetic interactions. The absolute values are also of
interest for a quantitative comparison with the KMC simula-
tions. Past studies of magnetic interactions on Cu90Co10
alloys18 have shown that these interactions are weak at
300 K, and that small Co precipitates in such samples be-
have as nearly ideal superparamagnets. The estimated error
in Ref. 14 is less than a factor of 2 in particle volume �25%
in diameter�. This general conclusion was also obtained by
Lopez et al. from a study comparing the precipitate sizes in
Cu90Co10 alloys determined by magnetic measurements and
transmission electron microscopy �TEM�,24 although uncer-
tainties in the TEM measurements were a factor of �2 in
diameter. We can also provide a rough estimate of the maxi-
mum possible errors from our measurements on our
Cu85Co15 samples. The 300 K measurements on samples ir-
radiated to high doses at 400 °C show no signs of magnetic
blocking. The average sizes of these particles are �17 000
atoms using a two-particle size fit. The two sizes obtained
from the fit were �3900 and 29 000. Since particle blocking
at 300 K is expected for sizes greater than �90 000 atoms,
the maximum error is a factor of �3 in volume. On the other
hand, the particle blocking at 100 K occurs at sizes of
�30 000 atoms, which is about the size of larger particles in
the two particle size fit. Since some particles will be larger
than this value, we expect some indication of particle block-
ing in our 100 K measurements, and indeed we find a weaker
growth law for the 100 K measurements. If the particle size

was much higher than our estimate, moreover, a large rema-
nent magnetization should have been observed in the low-
temperature measurements, but it was not. It appears, there-
fore, that the uncertainties in our sizes arising from magnetic
interactions are not larger than a factor of �2 in particle
volume.

The dynamic phase diagram in Fig. 1 employs � as the
control variable, not temperature. We can estimate � using
the radiation-enhanced diffusion data of Naundorf et al.13 for
Ni in Cu, by comparing diffusion arising from ion beam
mixing and diffusion at a given temperature. At 80 K,
�→	 since diffusion is due entirely to ion beam mixing. By
270 °C � decreases to �0.1, with the decrease occurring
mostly between RT and 150 °C. At temperatures between
150 and 270 °C, the results in Ref. 13 show a nearly con-
stant diffusion coefficient. This agrees with our results for
both the Cu90Co10 and Cu85Co15 alloys; the sizes of the pre-
cipitates change very little in this temperature range.
Radiation-enhanced diffusion measurements above 270 °C
are not currently unavailable on this system, but we note that
density of defect clusters, in the form of dislocation loops,
decreases rapidly with temperature beginning at �300 °C.25

The loss of defect clusters, which are sinks for migrating
point defects, would give rise to a large increase in the
radiation-enhanced diffusion coefficient, and hence a signifi-
cant reduction in �. This would explain why the system
crosses the phase boundary to macroscopic coarsening some-
what above �300 °C. Radiation-enhanced diffusion mea-
surements above 270 °C, however, are clearly needed.

We lastly consider the solubility of Co in Cu. As noted
above, the magnetic moment of small Co clusters and pre-
cipitates in Cu is not precisely known, but it is expected to
decrease below the value 1.7�B/atom with decreasing cluster
size below �10 atoms. If we make the assumption that par-
ticles are in solution if they are not superparamagnetic, then
the data show that the dissolved fraction in the region of
patterning decreases as a function of irradiation temperature
from �80% at RT, 60% at 270 °C, and �40% at 330 °C. In
the region of continuous growth, the dissolved fraction de-
creases further, to �25% at 400 °C. These results are in
good qualitative agreement with KMC simulations. With the
assumption that particles containing less than 10 Co atoms
are in solution, it can be seen for the A90B10 alloy that the
dissolved fraction decreases from �60 to �8 % in the region
of patterning, i.e., � decreasing from 70 to 3. We cannot
explain presently why the dissolved fractions of Co are
smaller in the KMC simulations than the measured ones, but
part of the reason must derive from our inexact knowledge of
the magnetic properties of small clusters and our approxi-
mate method for determining the region of patterning. An-
other possibility is that Co atoms are trapped in small immo-
bile defect clusters that are not fully magnetic. The clusters
thus behave magnetically as if they were in solution. Such
trapping reactions are not presently included in the KMC
simulations. Despite this quantitative discrepancy between
KMC and experiments, it is quite clear that in the regions of
patterning and continuous growth, a considerable fraction of
the Co remains in solution. In a similar context, we note that
even when compositional patterning is clearly observed, the
size distribution of clusters is quite broad in the KMC simu-
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lations. The need for a two particle-size fit in the magnetic
data suggests that the experimental distribution of sizes is
similarly broad.

Finally we summarize the main conclusions of this work
as follows.

�1� Prolonged irradiation of Cu1−xCox alloys with MeV Kr
ions, for x=10, 15, and 20 %, leads to steady state micro-
structures for T less than �330 °C.

�2� Between RT and �330 °C �� ranging from �1 to
�0.1� these alloys show mesoscopic patterning, in that a
specific steady state size distribution of precipitates devel-
ops. For Cu90Co10 the average volume weighted size is
�2000 atoms at RT and �9000 atoms at 300 °C. Steady
state sizes for Cu85Co15 at 270 °C is �10 000 atoms. Strong
interference of magnetic interactions between the particles
and blocking prevented a similar determination for Cu80Co20.

�3� At temperatures greater than 330–350 °C the sizes of
the precipitates do not saturate with dose, signaling the tran-
sition into the regime of macroscopic growth. At the lowest
temperature probed in this study �LNT�, the state of random
solution is reached. The onset of macroscopic growth at
330 °C coincides, approximately, with a dramatic decrease
in production of dislocation loops in energetic displacement
cascades.

�4� KMC simulations on a model system resembling
Cu90Co10 are in good qualitative agreement with the experi-
ments, showing the existence of the three regimes of micro-
structure evolution with irradiation dose: patterning, macro-
scopic growth, and solid solution. The simulations, however,
do not show a good quantitative agreement with the experi-
ments, the maximum particle size in simulations being
�2500 atoms compared to �9000 in the experiments. The
transition between the patterning and macroscopic growth
regimes appears to be a first-order transition, while the tran-
sition from pattering to random solution is smooth, charac-
terized by a gradual decrease in the average steady-state size
of Co particles.
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