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Co/Cu multilayers with composition wavelength ranging from 2 to 10 nm have been deposited and
irradiated at various doses from 131014 to 331016 ions/cm2 using 1 MeV Si1 ions. The
ion-beam-induced variation in structural properties such as interfacial mixing, interface roughness,
crystallographic texture, and grain size, are characterized by a variety of x-ray scattering techniques.
Irradiating Co/Cu multilayers generate metastable Co–Cu alloys whose electrical and magnetic
properties have been found to be very similar to the Co–Cu alloys fabricated by other
nonequilibrium methods. Fitting to the low-angle x-ray reflectivity spectra using a standard optical
model yields a mixing efficiency comparable to the prediction of a ballistic ion-beam mixing model,
and interfacial mixing widths consistent with the values estimated from saturation magnetization
measurements. ©2004 American Institute of Physics.@DOI: 10.1063/1.1636529#

I. INTRODUCTION

Giant magnetoresistance ~GMR! in magnetic
multilayers1 has attracted great interest due to their potential
for important technical applications such as disk drive read
heads. Numerous studies show that GMR is closely related
to the scattering of conduction electrons at or near the inter-
faces in the antiferromagnetic phase.2 Therefore, interface
modification techniques are highly desirable either for the
purpose of investigating the origins of GMR or for optimiz-
ing GMR in practice. Among the various techniques avail-
able, ion-beam irradiation has been proved to be a very ef-
fective tool for many GMR multilayer systems, such as
Fe/Cr,3 Fe/Ag,4 and Cu/Co.5 In this context, ion irradiation
has at least two advantages over other techniques: first, it is
able to modify the interface structure of asingle existing
multilayer systematically and controllably; second, the bal-
listic nature of ion-beam mixing at low temperatures makes
it possible to completely mix two elements even in an im-
miscible system with positive mixing heat.6

Co/Cu is the multilayer system revealing the largest
GMR at room temperature and, thus, is one of the most
suitable candidates for industrial applications. In our previ-
ous article,5 we reported preliminary results of the ion irra-
diation effects on the GMR and interlayer antiferromagnetic
coupling in such multilayers. However, the first step towards
correlating such effects to their physical origins is to have a
thorough characterization of structure modification upon ion-
beam bombardment. Conventional methods to obtain infor-

mation on ion-beam mixing include Rutherford backscatter-
ing spectrometry, secondary ion mass spectrometry, and
Auger electron spectroscopy with ion etching. However, the
composition wavelength of a GMR multilayer is typically
less than 10 nm and significant change in GMR can be as-
sociated with angstrom spreads of mixed regions. Probing
such subtle mixing effects using the abovementioned meth-
ods is usually very difficult, especially for multilayers with
little atomic contrast~such as Co/Cu!. By contrast, x-ray
diffraction techniques offer unique advantages for working at
such small scales, including high spatial sensitivity, high
penetration, and nondestructive capability. At high angles,
x-ray diffraction yields structure information on a crystallo-
graphic scale. Ion-beam mixing in textured grains is mainly
reflected in the change of relative intensities of superlattice
satellite peaks. By fitting such changes, the thickness of ion-
beam mixed regions can be determined with angstrom accu-
racy for many multilayer systems.7 However, a major diffi-
culty of applying this method to the Co/Cu system lies in that
the lattice mismatch between fcc Co~3.54 Å! and fcc Cu
~3.61 Å! is less than 2%, which makes the satellite peaks
typically very weak and not well defined. On the other hand,
at low angles, x-ray reflectivity measurements are sensitive
to average modulation profiles of electronic density and ab-
sorption coefficient in a multilayer structure, and do not rely
on contrast in lattice constant. Despite the fact that Co and
Cu elements are very similar in many aspects, our experi-
ments and simulations show that the large contrast in absorp-
tion coefficient between Co and Cu provides low-angle x-ray
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reflectivity measurements with sufficient sensitivity to detect
subtle changes in interface structures of Co/Cu multilayers.
Moreover, by modeling the multilayer structure and compar-
ing the calculated x-ray reflectivity spectra of the modeled
structures with experimental data, quantitative information
about interface modification upon ion irradiation can be ob-
tained.

While the ultimate goal of this work is to have a thor-
ough understanding of the ion-beam irradiation effects on the
electrical, transport, and magnetic properties of the Co/Cu
multilayers, it is essential to have a quantitative characteriza-
tion of the structural evolution of the Co/Cu multilayer with
a wide range of thickness combinations, under a wide range
of ion-irradiation doses. In this article, x-ray scattering tech-
niques and magnetic measurements are applied to investigate
this structural evolution. In a subsequent article,8 the effects
of such structural evolution on GMR and magnetic proper-
ties will be detailed for the Co/Cu multilayers with large
GMR ratios~i.e., tCo;20 Å andtCu near the second~;22 Å!
and the third~;34 Å! peak of oscillatory antiferromagnetic
coupling!.

The remainder of this article is organized as follows. In
Sec. II, experiment details of sample preparation, ion irradia-
tion, x-ray, and other measurement details are described. In
Sec. III, the effects of ion-beam irradiation will be discussed
for multilayers with very thin Co layers to examine the pos-
sibility of the formation of CoCu alloys and the nature of
ion-beam mixing in this system. In Sec. IV, for a multilayer
with thick Co and Cu layers, by combining x-ray reflectivity
analysis and magnetization measurements, the ion-beam
mixing width is estimated as a function of ion dose, and the
ion mixing rate is obtained and compared with existing mod-
els.

II. EXPERIMENT

Multilayer samples with the configuration
@Co(x Å)/Cu(y Å) #N (x55 – 75 Å; y55 – 100 Å; N
510– 50) were deposited on thermally oxidized Si~100! wa-
fers by rf triode sputtering. Most discussions in the following
sections are on a representative multilayer with configuration
@Co~50 Å!/Cu~75 Å!#314, although similar results are ob-
tained for other multilayers with various configurations. In
order to simplify the notation, these multilayers are hereafter
referred to as Co50/Cu75. During deposition, the substrate
was maintained at 2063 °C and sputtering was carried out at
a rf power of 100 W and an Ar pressure of 3 mTorr, starting
from a base pressure before sputtering below 131027 Torr.
These conditions result in deposition rates of 0.8 and 2.2 Å
s21 for Co and Cu, respectively. Total thickness of each
multilayer is typically between 1000 and 2000 Å. Nominal
thicknesses were confirmed by surface profilometry and low-
angle x-ray reflectivity measurements. X-ray reflectivity
measurements were performed in a Philips system with a
4-crystal Bartels Ge monochromator in the 220 configuration
and CuKa radiation ~l51.540 597 Å!; x-ray diffraction
analyses were carried out with an automated Nicolet–Sto¨e
L11 powder diffractometer using CuKa radiation. u–2u
scans were taken to measure the specular reflection signal. In

the diffuse geometry, the direction of the detector is fixed at
2u, corresponding to the position of the first-order superlat-
tice peak, while the incident angle of the x-ray beam is var-
ied, giving a scan of reflected x-ray intensity as a function of
the in-plane component of the scattering vector~rocking scan
or v scan!.

The magnetization was measured at room temperature
using a vibrating sample magnetometer operating at 85 Hz
with a resolution of better than 1024 emu. A number of zero-
field cooled~ZFC! and field cooled~FC! magnetization and
ac susceptibility runs were made using a modified Quantum
Design Model 6000 Physical Property Measurement System.

Ion-beam irradiation at normal incidence was performed
at a pressure near 1027 Torr with 1 MeV Si1 ions rastered
over an area of 2.532.5 cm2 using the Universite´ de Mont-
réal Tandetron accelerator. To avoid sample heating during
irradiation, the beam current was kept below 0.1mA cm22

and the samples were placed in thermal contact with a copper
block maintained at 77 K. The doseF was systematically
increased from an initial value of 1013cm22 to a final value
of 331016cm22 which results in about 0.1–30 displace-
ments per atom~dpa! as estimated by transport of ions in
matter ~TRIM! simulations.9 At each stage, the irradiation
was performed simultaneously on the Co50/Cu75 multilayer
and on reference;1000 Å Co and;1500 Å Cu films, also
deposited on oxidized Si~100! substrates. The ion energy of
1 MeV was selected such that the projected ion range was
much larger than the total film thicknesess~about 1750 Å!;
consequently, a uniform mixing profile throughout the
multilayer is expected. TRIM simulations show that the en-
ergy loss of the 1 MeV Si1 in a multilayer with thickness
around 1000 Å is less than 200 keV~projected ion range of
1.5 mm! and that only a very small fraction~,0.1%! of the
implanted ions remain within the magnetic films, the rest
being transmitted or backscattered. Several of the irradiated
multilayers were annealed at 250 °C for 2 h in avacuum of
131025 Torr.

III. IRRADIATION OF Co ÕCu MULTILAYERS
WITH THIN LAYERS

Intermixing induced by ion beams has been observed for
many multilayers10 but is by no means the only effect in-
duced by ion irradiation. Other effects, such as local defects,
demixing, or phase segregation may also play important
roles. The relative importance of these effects depends on
many factors such as ion mass, ion energy, dose, tempera-
ture, and the nature of the system. For example, while ion-
beam mixing has been observed for many binary systems
with negative heat of mixing, it has also been found that for
systems with very large positive heat of mixing~e.g., Co/
Ag!, the two constituents segregate completely upon ion-
beam bombardment.11

Due to their moderately large positive mixing heat
~;113 kJ/g!12 Co and Cu are strongly immiscible and no
equilibrium phases exist in the Co–Cu binary diagram.13

However, with nonequilibrium techniques such as
evaporation,14 melt spinning,15 and low-temperature
co-deposition,16 metastable CoCu alloys with extended solu-
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bility are attainable. The magnetic properties of such alloys
have been reported.16

The question thus arises whether ion-beam bombard-
ment can produce similar CoCu alloys. To investigate this
possibility, a series of@Co(t Å!/Cu(17 Å)#350 multilayers
with t ranging from 2.5 to 12.5 Å has been grown and sub-
jected to 1 MeV Si1 ion irradiation at 77 K with ion doses up
to 131017 ions/cm2. The Co layers were chosen to be very
thin in order to achieve steady mixing states at relatively low
ion doses. The rest of this section will be devoted to a com-
parison of the structural and magnetic properties of such
multilayers before and after irradiation at various ion doses.

A. High-angle x-ray diffraction

High-angle x-ray diffraction spectra of a@Co~5 Å!/Cu~17
Å!#350 multilayer at different ion doses are plotted in Fig. 1.
The as-deposited multilayer is principally textured in the fcc
~111! direction; other fcc peaks, such as~200!, ~311!, and
~222! are also visible but much weaker. Since the region
between 55° and 75° is dominated by substrate~Si! peaks, it
has been omitted from the figure. It is interesting to note that,
upon irradiation, no evident change is observed in either the
intensities or the linewidths of the peaks, which precludes
significant grain growth induced by the ion beam. The rela-
tive intensities between the peaks are also essentially unaf-
fected and the film maintains a high degree of texture in the
fcc ~111! direction. At all doses, the Bragg peaks are sharp
and well defined, indicating that significant lattice coherence

remains upon irradiation. This observation can be ascribed to
the fact that the lattice constants of fcc Co and fcc Cu are
very close. Finally, irradiation at relatively low ion doses
(,531015 ions/cm2) shifts the peaks toward higher angles.
This behavior might be explained by the mixing of Co into
Cu that slightly reduces the average lattice constant of the Cu
matrix. Irradiation at high doses (.131016 ions/cm2), on
the other hand, shifts the peaks toward lower angles. The
exact reason for such a shift is still not clear, but can be
understood in terms of the voids and inclusions produced by
the implantation, as suggested by Schelpet al.17 Noticeably,
however, all these peak shifts are extremely subtle.

The above observation confirms that, over a wide dose
range, the crystallographic changes induced by 1 MeV Si1

ion irradiation on the Co/Cu system are small, in sharp con-
trast to the changes generated by many other techniques,
such as deposition temperature or co-deposition, and reveals
one of the major advantages of ion-beam irradiation as a tool
to investigate the correlation between interface structure and
GMR. With the morphology unchanged under irradiation,
any change in the GMR of a multilayer can be ascribed to
the variation of the interface structure.

B. Magnetic properties

Owing to the coherency of the Co and Cu lattices, high-
angle x-ray diffraction has limited effectiveness for investi-
gating intermixing or the existence of very small Co clusters
dispersed in Cu matrix. On the other hand, magnetic proper-
ties of Co–Cu films have been found to be very sensitive to
the atomic distribution of Co.18 Depending on the sizes and
the separations of the Co particles, the Co–Cu system may
exhibit ferromagnetic, paramagnetic, superparamagnetic, or
spin-glass behaviors. As a result, the magnetic properties of
this heterogeneous system provide valuable information
about its atomic structure.

Figure 2~a! presents the magnetization curves of the
@Co~5 Å!/Cu~17 Å!#350 multilayer measured at 300 K at ion
doses up to 531015 ions/cm2. Before irradiation, a large part
of the magnetization saturates at very low magnetic field
~,50 Oe!, indicating that the Co layers are continuous or
consist of islands with large lateral sizes. A small tail of the
magnetization, that saturates at relatively high field, is also
observed, arising from a small fraction of the multilayer that
is antiferromagnetically coupled, or a small number of Co
clusters coexisting with the continuous Co layers. Upon irra-
diation, two major features of the magnetization remain un-
changed: first, all the magnetization curves exhibit marked
hysteresis; second, all the magnetization curves are well
saturated at a magnetic field of 1 kOe. For all ion doses, no
sign of superparamagnetic behavior is observed, so that a
significant presence of small Co clusters can be ruled out.
The most noticeable effect of ion irradiation on the magne-
tization is the reduction in saturation level which decreases
progressively with ion dose to 10% of the as-deposited value
at 300 K.

For comparison, the corresponding magnetization curves
of the same multilayer measured at low temperature~50 K!
are shown in Fig. 2~b!. Although ion irradiation produces

FIG. 1. High-angle x-ray diffraction spectra for a@Co~5 Å!/Cu ~17 Å!#350
multilayer: ~a! as-deposited,~b! after irradiation at 131015 ions/cm2, ~c!
after irradiation at 531015 ions/cm2, and ~d! after irradiation at 1
31016 ions/cm2.
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significant changes in the magnetic remanence and coercivity
of the multilayer, in contrast to the room temperature results,
the saturation magnetization is only slightly reduced by irra-
diation. Such a contrast strongly suggests that the irradiation
with ion dose of 531015 ions/cm2 has reduced the magnetic
transition temperature to between 50 and 300 K.

To investigate this effect, the magnetization of the
multilayer has been measured as a function of temperature
from 5 to 300 K, at an external field of 40 Oe. The results are
shown in Fig. 3. For the as-deposited multilayer@Fig. 3~a!#,
both ZFC and FC data show little variation with temperature,
which is characteristic of continuous Co layers or large Co
particles with a Curie temperature well above 300 K. How-
ever, after irradiation at a dose of 531015 ions/cm2 @Fig.
3~b!#, the FC and ZFC curves drop sharply when the tem-
perature is raised about 100 K, indicating a Curie transition
around 190 K. In fact, the temperature dependence of the
magnetization for the irradiated multilayer has been found to
be very close to that of CoCu alloys with similar composi-
tions obtained by low temperature co-deposition.16 Further-
more, the Curie temperature estimated above is also consis-
tent with the magnetic phase diagram of fcc CoCu alloy.16

Such an agreement points to the conclusion that metastable
CoCu alloys can be formed by low temperature irradiation

with 1 MeV Si1 ions. The main difference between the mag-
netic behavior of the irradiated Co/Cu multilayer and that of
a co-deposition alloy lies in the absence of a spin-glass tran-
sition at low temperature for the multilayer. We suggest that
such a difference is connected to the fact that small amounts
of dispersed Co particles remain ferromagnetic at low tem-
peratures. The existence of such Co particles in a heavily
irradiated multilayer is indicated by the residual magnetiza-
tion at room temperature.

In order to investigate how the magnetic moment de-
pends on the Co concentration in ion-beam prepared CoCu
alloys, a series of Co/Cu multilayers with various nominal
average compositions and very thin layers~,15 Å! were
deposited and were irradiated at a high ion dose of
1017 ions/cm2. For these multilayers, low-angle x-ray reflec-
tivity measurements have confirmed that the compositional
modulation is completely destroyed at an ion dose of 5
31015 ions/cm2. Moreover, the saturation magnetization
(Ms) of these multilayers changes only slightly with increas-
ing ion dose above 531016 ions/cm2. Thus, it is expected
that an ion dose level as high as 1017 ions/cm2 should lead to
a steady state of intermixing. In Fig. 4, the normalized mag-
netic moment (M /Mbulk) is shown as a function of nominal
Co concentration, whereM is the magnetic moment per Co
atom for a heavily irradiated multilayer andMbulk is the bulk
magnetic moment of Co as estimated from a 1000 Å Co film.
For a nominal composition smaller than about 25% Co, the
mixed films are nonmagnetic at room temperature. The mag-
netic moment then increases with increasing Co concentra-
tion, and for nominal composition greater than about 50%
Co, the average Co magnetic moment in the irradiated films
is only slightly ~;10%! smaller than the bulk value. These
data are particularly useful in estimating the interfacial mix-

FIG. 2. Magnetization curves of@Co~5 Å!/Cu~17 Å!#350 multilayers mea-
sured at~a! 300 K and~b! 50 K before irradiation~solid line!, after irradia-
tion with a dose of 131015 ions/cm2 ~dashed line!, and with a dose of 5
31015 ions/cm2 ~dotted line!.

FIG. 3. The zero-field-cooled curves~ZFC! and field-cooled~FC! curves,
with the external magnetic fieldHext520 Oe, for@Co~5 Å!/Cu ~17 Å!#350
multilayer ~a! as-deposited and~b! after irradiation with a dose of 5
31015 ions/cm2.
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ing width induced by ion irradiation, as will be discussed in
Sec. IV.

IV. IRRADIATION OF Co ÕCu MULTILAYERS WITH
THICK LAYERS

A. High-angle x-ray diffraction

Figure 5 presents high-angle x-ray diffraction spectra of
a @Co~50 Å!/Cu~75 Å!#314 multilayer before irradiation and
after irradiation at various doses up to 131016 ions/cm2 ~at
which point the multilayer structure is destroyed as indicated
by low-angle x-ray reflectivity measurements!. The spectrum
of the as-deposited multilayer is highly textured in the fcc
~111! direction with a small fcc~200! components. The fcc
~111! peak of the multilayer is located at 2u543.9° between
the ~111! peak of fcc Cu~at 43.3°! and that of fcc Co~2u
544.2°!. Two satellite peaks~2u542.8° and 2u544.4°, re-
spectively! due to superlattice modulation are visible in the
vicinity of the ~111! Bragg peak. Their intensity is very weak
due to the small lattice mismatch between fcc Co and fcc Cu.
However, the positions of the peaks agree well with the pe-
riod of the superlattice~;125 Å!. The appearance of the
satellite peaks, resulting from both the structural coherence
on an atomic scale and a well-defined interface structure,
further confirms the good quality of the multilayer.

In Fig. 5, the most noticeable effect of ion irradiation is
the progressive reduction in the superlattice satellite peaks
with increasing ion dose, in agreement with the picture that
the interfaces are systematically blurred by ion mixing. At
131016 ions/cm2, the satellite peaks are almost invisible.
However, since the satellite peaks are rather weak even for
the as-deposited multilayer, fitting these spectra for quantita-
tive information about the mixing width is not feasible.

Other effects are also visible. For example, at high doses
(.1015 ions/cm2), the ~111! linewidth is slightly reduced
upon irradiation. This change might be related to subtle grain

growth due to the annealing of crystalline defects or grain
boundaries during irradiation, as has been widely observed in
other systems.19 However, it should be noted that, due to the
existence of satellite peaks, it is difficult to determine the
variation in grain size~linewidth! precisely from these data.
Also, upon irradiation, the~111! peak shifts slightly towards
smaller angles. However, the corresponding change in aver-
age lattice constant is less than 1%, which is in contrast to
the observations made for multilayers such as Au/Ni,19 or
Ag/Cu,6 where pronounced shifts of the Bragg peaks upon
irradiation have been recorded. Such a difference is not sur-
prising, since neither the mixing of Co into the Cu matrix nor
the mixing of Cu into the Co matrix is expected to change
atomic spacing significantly. Again, the satellite peak inten-
sity masks the exact position of the main Bragg peak, so that
the precise peak shift cannot be determined reliably. Never-
theless, Fig. 5 shows that the changes in grain size or lattice
constant are not considerable, especially at low doses.

Finally, at doses greater than 1015 ions/cm2, the ~200!
peak is enhanced slightly. Such an effect, however, is hardly
visible at low doses, and even at the largest dose
(.1016 ions/cm2), a high degree of~111! texture is still
maintained. Again, this observation in Co/Cu mulilayers is in
contrast to many other multilayer systems with large lattice
mismatches~for example, Au/Ni multilayers19!. In those
multilayers, ion-induced interdiffusion may reduce the lattice
misfit and thus lattice strain, which favors the coherency be-
tween layers and consequently strongly improves the texture.
In Co/Cu multilayers, this effect is not important given the
fact that the lattice mismatch between Co and Cu is less than

FIG. 4. Normalized magnetization (M /M bulk) at 300 K of a series of
@Co(tCo,15 Å!/Cu(tCu,15 Å)#350 multilayers as a function of nominal
Co concentration@ tCo /(tCu1tCo)# after irradiation at 131017 ions/cm2.
Mbulk is the bulk magnetic moment of Co obtained from a 1000 Å pure Co
film.

FIG. 5. High-angle x-ray diffraction spectra for the@Co~50 Å!/Cu~75
Å!#314 multilayer as a function of ion dose.
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2%, and film texture can simply be suppressed by ion-
induced disorder.

B. Specular low-angle x-ray reflectivity

Figure 6. shows low-angle x-ray reflectivity spectra of
the multilayer before and after irradiation at various doses.
For the as-deposited multilayer, clear superlattice peaks are
observed up to the sixth order, which confirms that the
Co/Cu interfaces of the multilayer are well defined. Note that
the peak of the fifth order is missing, which is expected from
the 2:3 ratio between Co layer thickness and Cu layer thick-
ness. Moreover, the composition wavelength of the
multilayer ~Co layer thickness1Cu layer thickness! can be
determined by the positions of the superlattice peaks. Thus,
the nominal thicknesses of the individual layers can be well
confirmed.

Upon ion irradiation, the positions of the superlattice
peaks remain the same, indicating the modulation period of
the multilayer is not changed. On the other hand, the inten-
sities of the superlattice peaks are progressively reduced as
ion dose increases. At an ion dose of 331016 ions/cm2, only
a weak first-order peak is observed, signaling that the super-
lattice structure is almost completely destroyed. Given the
fact that the intensities of the specular superlattice peaks are
indications of interface sharpness and smoothness in a
multilayer structure,20 interface blurring induced by ion irra-
diation is clearly revealed by these measurements.

To quantify the effect of the ion irradiation, the x-ray
spectra have been fitted with a standard optical model21

~which is equivalent to dynamic calculations22!, in which the
x-ray reflectivity is calculated based on a matrix method. In
this method, any single layer in a multilayer can be charac-
terized by a matrix~232! as a function of layer thickness,
the complex refractive index, and the wave vector of the
incident beam. The multilayer matrix is obtained from the
product of the matrices of individual layers.23

In order to include interfacial mixing, an error function
composition profile at the interface is assumed, and is written
as

C~x!5
1

2
1

1

2
3erfS x2x0

2ADt
D , ~1!

whereC(x) is the concentration of impurity atom at depthx,
x0 is the position of the original interface, and 2ADt char-
acterizes the amount of mixing at the interface. This interface
profile is treated as a sequence of slices~;1 ML!, each with
constant composition. For theith slice, the impurity concen-
tration ci5C(xi), wherexi is the depth of the slice in the
vertical direction. The index of refraction of the slice is de-
duced from its average electron density and linear absorption
coefficient, and is then applied to the appropriate matrix. The
product of the matrices of the individual slices characterizes
the entire interface region. For simplicity, a cutoff condition
is introduced so that the slices with impurity concentration of
less than 5% are treated as pure layers. We found that dis-
carding such mixing tails has little effect on the fitting. In
addition, a global roughness factor has also been incorpo-
rated into the calculation by assuming a Gaussian form~with
a Debye–Waller factor!. Model calculations are fitted to the
data using a nonlinear least-squares procedure.23 In all cal-
culations, bulk values are used for electronic densities and
absorption coefficients of Co and Cu. The modulation wave-
length of the multilayer is obtained from the peak positions
for the as-deposited spectrum, and is kept constant when
calculating all spectra corresponding to various doses.

Although many parameters are involved in the fitting
procedure, convergence to a unique set is obtained in each
case. Parameters, such as thickness of an oxide overlayer
(toxide) and its roughness (sov) as well as the substrate
roughness (ss), influence the overall profile of the reflectiv-
ity curves but have little effect on the intensities of superlat-
tice peaks. Increasingsov andss leads to a faster decrease of
the reflected intensity and to a reduction of the amplitude of
the total thickness fringes as the scattering wave vector in-
creases. As well, the presence of an oxide overlayer intro-
duces extra oscillatory features for which the wavelength is
inversely proportional to the layer thickness.

As shown in Fig. 6, the extra oscillation appears between
the first- and second-order superlattice peaks at a dose of 1
31015 ions/cm2, and corresponds to an overlayer of thick-
ness 7163 Å. Such an effect is commonly observed for in-
termediate ion doses, and can probably be ascribed to the
damage made by the ion beam that promotes the diffusion of
oxygen when the sample were used for successive transport
and magnetic measurements. With further irradiation, this
feature is shifted towards higher angles, indicating that the
thickness of the overlayer decreases. As well, the overall

FIG. 6. Experimental~circles! and simulated~line! specular low-angle x-ray
reflectivity spectra for a@Co~50 Å!/Cu~75 Å!#314 multilayer at various
ion doses.
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profile of a spectrum is hardly changed upon irradiation~ex-
cept for the highest dose!. This behavior indicates that the
overlayer roughness is not changed with ion dose. From our
fittings, this roughness is estimated to be around 15 Å. In
order to explain the extra oscillatory features induced by the
ion beam, the oxide overlayer, whose thickness varies with
ion dose, has to be considered.

Both interface mixing width and interface roughness
suppress the superlattice peak intensities. Unfortunately, in
specular measurements, their effects are rather similar and
therefore it is difficult to distinguish interfaces that are truly
diffuse from those which contain genuine roughness. How-
ever, as suggested by Savageet al.,24 this problem can be
partially solved by decomposing the interface roughness into
two parts

s25sc
21su

2, ~2!

wheres is the total rms roughness,sc corresponds to the
contribution from roughness being correlated between layers,
and su corresponds to the contribution from the random
roughness with high frequency and short lateral correlation
scale.

The correlated roughness typically has a large lateral
correlation length, while uncorrelated roughness may not be
strictly distinguishable from intermixing~which is com-
monly regarded as random roughness with a lateral correla-
tion length shorter than 15 Å25!. Based on this assumption,
we treat the uncorrelated part of the interface roughness as a
constant for all spectra, while any actual change of such
roughness upon irradiation is incorporated into the interface
mixing. As will be discussed in the next section, the corre-
lated part of interface roughness is obtained from the diffuse
scattering measurements around superlattice peaks, and thus
can be well separated from interface mixing.

The calculated curves are shown as solid lines in Fig. 6
where it is seen that the agreement between experimental and
calculated curves with respect to both the position and the
intensity of the peaks is excellent for all ion doses. The struc-
tural parameters extracted from the fittings are listed in Table
I for the as-deposited and irradiated samples.

Fitting the spectra using the model described, the inter-
face mixing width is obtained as a function of ion dose and is
plotted in Fig. 7. Up to an ion dose of 131016 ions/cm2, the
square of the ion-beam mixing width (4Dt) varies linearly
with ion dose, as predicted by the cascade model of ion-
beam mixing. For the spectrum with the highest dose (3
31016 ions/cm2), the mixing width exceeds the thickness of
the Co layer, and the above analysis breaks down. From Fig.
7, the ion beam mixing efficiencyd(4Dt)/df is obtained to
be about 400 Å.4 This can be compared with the theoretical
value calculated using the formula developed by Sigmund
and Gras-Marti for ballistic ion-beam mixing26 which is in
the form

d~4Dt !

dF
5

2

3
G0j

FDRc
2

rEd
, ~3!

whereG050.608,j5@4m1m2 /(m11m2)2#1/2 wherem1 and
m2 are the masses of the atoms involved in collisions;Rc is
the mean-square range of a displaced atom taken to be 1 nm,

andEd is the average minimum displacement energy;r is the
average atomic density andFD is the energy deposited per
unit path length at the interface. TakingEd521 eV ~the av-
erage of Co and Cu27!, andFd535 eV/Å ~as obtained from
TRIM simulations!, Eq. ~5.4! predicts a mixing efficiency of
794 Å.4 This value is comparable to that obtained from our
x-ray reflectivity fitting, suggesting that the ballistic mixing
is the principal mixing mechanism of the multilayers at low
temperature. The difference between theoretical and experi-
mental values of mixing efficiency may be related to thermal
spike effects which reduce the mixing efficiency in an im-
miscible system.

C. Diffuse low-angle x-ray reflectivity

Nonspecular reflectivities from x-ray scattering measure-
ments contain information about the magnitude and lateral

TABLE I. Structural parameters extracted from the fitted results shown in
Figs. 2 and 4 for a@Co~50 Å!/Cu~75 Å!#314 multilayer at various ion doses.
2ADt characterizes the ion mixing width, as defined in Eq.~1!, s I , the
overall interface roughness;sc , the correlated part of interface roughness;
so , the oxide overlayer roughness;to , the oxide overlayer thickness; andj,
lateral roughness correlation length.

Dose
~ions/cm2! 2ADt s I (Å)

sc

~Å! to (Å) j ~Å! so (Å)

0 0 6.10 1.56 17.3 450 14.7
0

531014 3.8 6.02 1.20 22.4 310 15.5
0

131015 6.5 6.08 1.48 71.0 300 15.8
0

531015 14.5 6.32 2.26 60.5 235 15.9
0

131016 20.2 6.51 2.75 60.7 160 16.7
0

331016 41.8 10.1 8.20 33.6 150 20.2
0

FIG. 7. The square of the mixing width (4Dt) as a function of ion dose
obtained from fitting to specular low-angle x-ray reflectivity data~d! and to
saturation magnetization measurements~ !.
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~height–height! correlation length of correlated roughness.
Figure 8 shows the results of rocking scans around the first-
order superlattice peak for the Co50Cu75 multilayer before
irradiation and after irradiation at various doses. For the as-
deposited multilayer, the spectrum consists of a central spike
arising from specular scattering, and a relatively weak and
slowly varying diffuse background in its vicinity. Irradiation
at low doses slightly reduces the background, suggesting the
layers became smoother. For ion doses larger than 5
31014 ions/cm2, the diffuse signal systematically increases
with ion dose. At high doses, the so-called ‘‘Yoneda wings’’
~broad maxima corresponding to critical angle after which
the diffuse intensity drops rapidly! are clearly seen. Such
observations indicate an increase in interface roughness in-
duced by ion irradiation. In addition, the shape of the diffuse
background also varies with ion dose, which suggests
changes of average roughness correlation length upon ion
irradiation.

The diffuse scattering intensity can be fitted using the
model initially developed by Sinhaet al.28 for a single rough
surface and later extended to multilayer structures by Savage
et al.24 Assuming that for two points on a surface separated
by distanceR5(X21Y2)1/2, the correlation function

C~X,Y!5s2 exp@2~R/j!#2h ~4!

is obtained, in whichj is the lateral roughness correlation
length,h ~Hurst parameter! is related to the fractional dimen-
sion and is close to 1/2 for Co/Cu multilayers.25 Using this
correlation function, and supposing that the intensity of the
scattered x rays is detected through a sufficiently long slit
alongX direction, the scattered intensity is written as

I ~qx ,qz!52pI 0 exp~2qz
2sc

2!/qz
2F2pd~qx!

1 (
m51

` 2j~qz
2sc

2!m

m~m! !

1

~11qx
2j2/m2!

G , ~5!

whereqx , qz are the in-plane and vertical components of the
scattering vector, respectively,sc is the correlated rough-
ness. The intensity in Eq.~5! is separated into ad function
corresponding to the specular central spike in Fig. 7 and a
diffuse component. The intensity calculated from Eq.~3! is
then multiplied by sinv/sinu, which corrects the asymmetry
effect resulting from the change in the volume of the speci-
men being probed, as well as an envelope function that cor-
rects for two geometrical effects,24 and finally is convoluted
with a function representing the instrumental broadening.

In Fig. 8, the rocking curves at various ion doses are
fitted using Savage’s model described above. It should be
mentioned that Savage’s model is based on the Born approxi-
mation under which the Yoneda wings cannot be reproduced.
To reproduce Yoneda wings, distorted-wave Born approxi-
mation ~DWBA! has to be used to refine the Savage model.
As shown by Sinhaet al.,28 the main effect of introducing
DWBA is to introduce a prefactoruT(k1)u2uT(k2)u2 to the
scattering intensity calculated from the Born approximation.
Herek1 is the wave vector of the incidentx ray, 2k2 is the
time reversed state for the incident beam.T(k) is the trans-
mission coefficient of x ray with incident wave-vectork, and
can be calculated from Fresnel theory. This prefactor from
DWBA is introduced into our calculations to simulate diffuse
scattering near critical angles. Solid lines in Fig. 8 present
the fitted curves. As can be seen, all rocking curves are well
reproduced by our calculations. The interface roughness and
its lateral correlation length obtained from our fitting are
plotted in Fig. 9, as well as listed in Table I, as functions of
ion dose. Upon initial irradiation, the correlated interface
roughness decreases slightly from 1.6 Å to a value of 1.2 Å
at 531014 ions/cm2. At higher doses, the interface roughness
continuously increases, reaching 8.2 Å at a dose of 3
31016 ions/cm2. As mentioned in the previous section, such
variation of the correlated roughness with ion irradiation has
been taken into account when fitting specular spectra. It
should also be noted that, except for the highest dose, the
range of variation of correlated roughness is within about 2
Å, and thus should not have significantly affected the fitting
to the specular spectra. Also shown in Fig. 9, the lateral
coherence length is about 4500 Å before irradiation, which is
close to that obtained by de Bernabe´ et al.25 in their Co/Cu
multilayers. This large correlation length typically reflects
good diffusion during film growth. As the ion dose increases,
the average lateral coherence length decreases monotonically
to about 1500 Å at a maximum ion dose of 1016 ions/cm2.

D. Saturation magnetization „Ms…

Intermixing between Co and Cu in Co/Cu multilayers
forms magnetically inactive regions and leads to a decrease
in the saturation magnetization (Ms).

29 Therefore, measuring
Ms as a function of ion dose provides another probe to study

FIG. 8. Experimental~circles! and simulated~line! diffuse low-angle x-ray
reflectivity spectra for a@Co~50 Å!/Cu~75 Å!#314 multilayer as a function
of ion dose.
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the mixing effect induced by ion-beam bombardment in such
a magnetic/nonmagnetic structure. The results of our mea-
surements are shown in Fig. 10. As can be seen, a decrease
of Ms is observed for ion doses above 1015 ions/cm2, falling
approximately 20% at a dose of 331016 ions/cm2. This
variation provides clear evidence that intermixing has been
induced by ion-beam irradiation.

The intermixing width can be estimated from these data:
first, an error function composition profile is introduced at
each interface, the same as used in modeling small-angle
x-ray reflectivity fitting, then, this interface region is divided
into many thin slices~;1 ML! and the average composition
of each slice is calculated from the error function; finally, the
total Ms of the multilayer is evaluated by summing up the
contributions of all slices

Ms5( m~ci !ni , ~6!

whereni is the number of Co atoms in theith slice,ci is the
Co concentration in theith slice, andm(ci) is the average
magnetic moment per Co atom related to the cobalt concen-
tration.

To estimatem(c), a series of Co/Cu multilayers with
various nominal compositions and very thin layers@Co(tCo

,15 Å!/Cu(tCu,15 Å)# were deposited and then irradiated
at a high ion dose of 1017 ions/cm2. For such multilayers,
x-ray reflectivity measurements have confirmed that any
compositional modulation is completely destroyed at an ion
dose of 531015 ions/cm2. Moreover,Ms of these multilayers
change only slightly with increasing ion dose above 2
31016 ions/cm2. Thus, it is expected that an ion dose level as
high as 1017 ions/cm2 should lead to a steady state of inter-
mixing.

Using this approach, it is possible to compare the results
from x-ray and magnetic measurements. The solid line in
Fig. 10 shows the dependence ofMs on ion dose calculated
from the ion-mixing width obtained from x-ray reflectivity
fitting. The result agrees with the experimental data. Simi-
larly, Ms measured from experiments can be used to estimate
this width at various doses with Eq.~6!. The results are
shown in Fig. 7. As can be seen, the ion-beam mixing width
extracted from x-ray reflectivity measurements and magnetic
measurements are consistent.

V. CONCLUSIONS

The structural modification in Co/Cu multilayers by 1
MeV Si1 ion irradiation at 77 K has been analyzed by vari-
ous x-ray scattering techniques. Low-angle x-ray specular
reflectivity measurements are shown to be a sensitive tool to
probe ion-beam mixing effects on an angstro¨m scale in these
multilayers. Fitting to the reflectivity spectra using a matrix
method yields a mixing efficiency comparable to that pre-
dicted by the ballistic cascade mixing model. The ion-beam

FIG. 9. ~a! Interface roughness and~b! roughness lateral correlation length
as functions of ion dose obtained from diffuse low-angle x-ray reflectivity
spectra fitting.

FIG. 10. Saturation magnetization of a@Co~53 Å!/Cu~76 Å!#315 multilayer
as a function of ion dose:~d! represent experimental data, and the continu-
ous line represents calculated values using the mixing widths obtained from
fitting to the specular low-angle reflectivity data.
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mixing widths obtained from such fitting are consistent with
the values estimated from magnetic measurements. Off-
specular x-ray reflectivity measurements reveal a nonmono-
tonic variation of correlated interface roughness and a pro-
gressive decrease in the average lateral roughness correlation
length with increasing ion dose.

Structural analysis and magnetization measurements pre-
sented in this article point to the conclusion that at high ion
doses, irradiating Co/Cu multilayers generates metastable
Co–Cu alloys, whose electrical and magnetic properties have
been found to be very similar to the Co–Cu alloys, fabricated
by other nonequilibrium methods. At low ion doses, ion-
beam irradiation of Co/Cu multilayers generates interfacial
mixing of short range with no significant effects on other
structural properties such as grain size or film texture. As a
result, it is possible to isolate the effects of interface structure
on the magnetic and magnetotransport properties. In Paper
II,8 we show that, indeed, the GMR and antiferromagnetic
coupling depend strongly on the ion-beam short range inter-
facial mixing. The mixing efficiency obtained from this
study will be used in order to correlate the transport, namely
GMR, and magnetic coupling with the interface structural
changes introduced by ion-beam irradiation in Co/Cu multi-
layers with large GMR ratios.
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