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Co/Cu multilayers with composition wavelength ranging from 2 to 10 nm have been deposited and
irradiated at various doses fromx10'* to 3x10%ions/cnt using 1 MeV Si 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. @004 American Institute of Physic§DOI: 10.1063/1.1636529

I. INTRODUCTION mation on ion-beam mixing include Rutherford backscatter-
ing spectrometry, secondary ion mass spectrometry, and
Giant magnetoresistance (GMR) in  magnetic  Auger electron spectroscopy with ion etching. However, the
multilayers has attracted great interest due to their potentiatomposition wavelength of a GMR multilayer is typically
for important technical applications such as disk drive readess than 10 nm and significant change in GMR can be as-
heads. Numerous studies show that GMR is closely relatedociated with angstrom spreads of mixed regions. Probing
to the scattering of conduction electrons at or near the intersuch subtle mixing effects using the abovementioned meth-
faces in the antiferromagnetic phas@herefore, interface ods is usually very difficult, especially for multilayers with
modification techniques are highly desirable either for thelittle atomic contrast(such as Co/Cu By contrast, x-ray
purpose of investigating the origins of GMR or for optimiz- diffraction techniques offer unique advantages for working at
ing GMR in practice. Among the various techniques avail-such small scales, including high spatial sensitivity, high
able, ion-beam irradiation has been proved to be a very efpenetration, and nondestructive capability. At high angles,
fective tool for many GMR multilayer systems, such asx-ray diffraction yields structure information on a crystallo-
Fe/Cr? Fe/lAg;! and Cu/Ca In this context, ion irradiation graphic scale. lon-beam mixing in textured grains is mainly
has at least two advantages over other techniques: first, it igflected in the change of relative intensities of superlattice
able to modify the interface structure ofsingle existing  satellite peaks. By fitting such changes, the thickness of ion-
multilayer systematically and controllably; second, the bal-beam mixed regions can be determined with angstrom accu-
listic nature of ion-beam mixing at low temperatures makesacy for many multilayer systenisHowever, a major diffi-
it possible to completely mix two elements even in an im-culty of applying this method to the Co/Cu system lies in that
miscible system with positive mixing he&t. the lattice mismatch between fcc G8.54 A) and fcc Cu
Co/Cu is the multilayer system revealing the largest(3.61 A) is less than 2%, which makes the satellite peaks
GMR at room temperature and, thus, is one of the mostypically very weak and not well defined. On the other hand,
suitable candidates for industrial applications. In our previ-at low angles, x-ray reflectivity measurements are sensitive
ous article’> we reported preliminary results of the ion irra- to average modulation profiles of electronic density and ab-
diation effects on the GMR and interlayer antiferromagneticsorption coefficient in a multilayer structure, and do not rely
coupling in such multilayers. However, the first step towardson contrast in lattice constant. Despite the fact that Co and
correlating such effects to their physical origins is to have a&Cu elements are very similar in many aspects, our experi-
thorough characterization of structure modification upon ion-ments and simulations show that the large contrast in absorp-
beam bombardment. Conventional methods to obtain infortion coefficient between Co and Cu provides low-angle x-ray

0021-8979/2004/95(4)/1996/10/$22.00 1996 © 2004 American Institute of Physics

Downloaded 06 Feb 2004 to 132.204.164.42. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1636529

J. Appl. Phys., Vol. 95, No. 4, 15 February 2004 Cai et al. 1997

reflectivity measurements with sufficient sensitivity to detectthe diffuse geometry, the direction of the detector is fixed at
subtle changes in interface structures of Co/Cu multilayers26, corresponding to the position of the first-order superlat-
Moreover, by modeling the multilayer structure and compartice peak, while the incident angle of the x-ray beam is var-
ing the calculated x-ray reflectivity spectra of the modeledied, giving a scan of reflected x-ray intensity as a function of
structures with experimental data, quantitative informationthe in-plane component of the scattering vectocking scan
about interface modification upon ion irradiation can be ob-or w scan).
tained. The magnetization was measured at room temperature
While the ultimate goal of this work is to have a thor- using a vibrating sample magnetometer operating at 85 Hz
ough understanding of the ion-beam irradiation effects on thevith a resolution of better than 16 emu. A number of zero-
electrical, transport, and magnetic properties of the Co/Ctield cooled(ZFC) and field cooledFC) magnetization and
multilayers, it is essential to have a quantitative characterizaac susceptibility runs were made using a modified Quantum
tion of the structural evolution of the Co/Cu multilayer with Design Model 6000 Physical Property Measurement System.
a wide range of thickness combinations, under a wide range lon-beam irradiation at normal incidence was performed
of ion-irradiation doses. In this article, x-ray scattering tech-at a pressure near 16 Torr with 1 MeV Si" ions rastered
niques and magnetic measurements are applied to investigatger an area of 2:52.5 cnf using the Universitele Mont-
this structural evolution. In a subsequent artfttae effects  real Tandetron accelerator. To avoid sample heating during
of such structural evolution on GMR and magnetic properdirradiation, the beam current was kept below @A cm™?2
ties will be detailed for the Co/Cu multilayers with large and the samples were placed in thermal contact with a copper
GMR ratios(i.e., tc,~ 20 A andt, near the secon@~22 A) block maintained at 77 K. The dosk was systematically
and the third(~34 A) peak of oscillatory antiferromagnetic increased from an initial value of ¥tm™2 to a final value
coupling. of 3x10*cm 2 which results in about 0.1-30 displace-
The remainder of this article is organized as follows. Inments per atonidpa as estimated by transport of ions in
Sec. I, experiment details of sample preparation, ion irradiamatter (TRIM) simulations’ At each stage, the irradiation
tion, x-ray, and other measurement details are described. Mas performed simultaneously on theg/&Cu,s multilayer
Sec. lll, the effects of ion-beam irradiation will be discussedand on reference-1000 A Co and~1500 A Cu films, also
for multilayers with very thin Co layers to examine the pos-deposited on oxidized $1L00) substrates. The ion energy of
sibility of the formation of CoCu alloys and the nature of 1 MeV was selected such that the projected ion range was
ion-beam mixing in this system. In Sec. 1V, for a multilayer much larger than the total film thicknesesbout 1750 A;
with thick Co and Cu layers, by combining x-ray reflectivity consequently, a uniform mixing profile throughout the
analysis and magnetization measurements, the ion-beamultilayer is expected. TRIM simulations show that the en-
mixing width is estimated as a function of ion dose, and theergy loss of the 1 MeV Si in a multilayer with thickness
ion mixing rate is obtained and compared with existing mod-around 1000 A is less than 200 keprojected ion range of
els. 1.5 um) and that only a very small fractios<0.1%) of the
implanted ions remain within the magnetic films, the rest
being transmitted or backscattered. Several of the irradiated
Il. EXPERIMENT multilayers were annealed at 250 °Q @ h in avacuum of

—5
Multlayer ~ samples  with  the  configuration 1*10 ~Torr.

[CoxA)/Cu(yA)]y (x=5-75A; y=5-100A; N
=10- wer it n thermally oxidiz wa-
fersoby5r?)trio?j§SF?St?esriﬁg.OMostedisiuisoior?s ii({rllg;?ollgwing lll. IRRADIATION OF Co/Cu MULTILAYERS

. . . . . .~ WITH THIN LAYERS
sections are on a representative multilayer with configuration
[Co(50 A)/Cu(75 A)]x14, although similar results are ob- Intermixing induced by ion beams has been observed for
tained for other multilayers with various configurations. In many multilayerf’ but is by no means the only effect in-
order to simplify the notation, these multilayers are hereafteduced by ion irradiation. Other effects, such as local defects,
referred to as Cg/Cu,s. During deposition, the substrate demixing, or phase segregation may also play important
was maintained at 203 °C and sputtering was carried out at roles. The relative importance of these effects depends on
a rf power of 100 W and an Ar pressure of 3 mTorr, startingmany factors such as ion mass, ion energy, dose, tempera-
from a base pressure before sputtering belowld ’ Torr. ture, and the nature of the system. For example, while ion-
These conditions result in deposition rates of 0.8 and 2.2 Adeam mixing has been observed for many binary systems
s ! for Co and Cu, respectively. Total thickness of eachwith negative heat of mixing, it has also been found that for
multilayer is typically between 1000 and 2000 A. Nominal systems with very large positive heat of mixirteg.g., Co/
thicknesses were confirmed by surface profilometry and lowAg), the two constituents segregate completely upon ion-
angle x-ray reflectivity measurements. X-ray reflectivity beam bombardmerit.
measurements were performed in a Philips system with a Due to their moderately large positive mixing heat
4-crystal Bartels Ge monochromator in the 220 configuratior(~+13 kJ/g*? Co and Cu are strongly immiscible and no
and CWK, radiation (\=1.540597 A; x-ray diffraction  equilibrium phases exist in the Co—Cu binary diagrdam.
analyses were carried out with an automated Nicolete StoHowever, with nonequilibrium techniques such as
L11 powder diffractometer using G, radiation. 9—26  evaporationt? melt spinning® and low-temperature
scans were taken to measure the specular reflection signal. to-depositiont® metastable CoCu alloys with extended solu-
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107 , . . . —— T remains upon irradiation. This observation can be ascribed to
an the fact that the lattice constants of fcc Co and fcc Cu are
very close. Finally, irradiation at relatively low ion doses
(<5x10%ions/cnt) shifts the peaks toward higher angles.
This behavior might be explained by the mixing of Co into
@09 Dose Cu that slightly reduces the average lattice constant of the Cu
el e matrix. Irradiation at high doses>1x 10*ions/cnf), 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 Schefl’ 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 Si
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.
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FIG. 1. High-angle x-ray diffraction spectra fof@o(5 A)/Cu (17 A)]x50 Owing to the coherency of the Co and Cu lattices, high-
multilayer: (&) as-deposited(b) after irradiation at X 10"%ions/cnf, (c)  angle x-ray diffraction has limited effectiveness for investi-
afterei_rradiation at % 10%ions/cn?, and (d) after irradiation at 1 gating intermixing or the existence of very small Co clusters
X 10%ions/en. 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 C&® Depending on the sizes and
bility are attainable. The magnetic properties of such alloyghe separations of the Co particles, the Co—Cu system may
have been reported. exhibit ferromagnetic, paramagnetic, superparamagnetic, or
The question thus arises whether ion-beam bombardspin-glass behaviors. As a result, the magnetic properties of
ment can produce similar CoCu alloys. To investigate thighis heterogeneous system provide valuable information
possibility, a series of Co(t A)/Cu(17 A)]x 50 multilayers about its atomic structure.
with t ranging from 2.5 to 12.5 A has been grown and sub-  Figure 3a) presents the magnetization curves of the
jected to 1 MeV Si ion irradiation at 77 K with ion doses up [Co(5 A)/Cu(17 A)]x50 multilayer measured at 300 K at ion
to 1x 10'7ions/cn?. The Co layers were chosen to be very doses up to & 10'ions/cnt. Before irradiation, a large part
thin in order to achieve steady mixing states at relatively lowof the magnetization saturates at very low magnetic field
ion doses. The rest of this section will be devoted to a com{<50 Og, indicating that the Co layers are continuous or
parison of the structural and magnetic properties of suclgonsist of islands with large lateral sizes. A small tail of the
multilayers before and after irradiation at various ion dosesmagnetization, 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
High-angle x-ray diffraction spectra off€o(5 A)/Cu(17  clusters coexisting with the continuous Co layers. Upon irra-
A)1x50 multilayer at different ion doses are plotted in Fig. 1.diation, two major features of the magnetization remain un-
The as-deposited multilayer is principally textured in the fccchanged: first, all the magnetization curves exhibit marked
(111) direction; other fcc peaks, such &00, (311, and hysteresis; second, all the magnetization curves are well
(222 are also visible but much weaker. Since the regionsaturated at a magnetic field of 1 kOe. For all ion doses, no
between 55° and 75° is dominated by subst(8ig peaks, it  sign of superparamagnetic behavior is observed, so that a
has been omitted from the figure. It is interesting to note thatsignificant presence of small Co clusters can be ruled out.
upon irradiation, no evident change is observed in either th@he most noticeable effect of ion irradiation on the magne-
intensities or the linewidths of the peaks, which precludegization is the reduction in saturation level which decreases
significant grain growth induced by the ion beam. The relaprogressively with ion dose to 10% of the as-deposited value
tive intensities between the peaks are also essentially una#t 300 K.
fected and the film maintains a high degree of texture in the  For comparison, the corresponding magnetization curves
fcc (112) direction. At all doses, the Bragg peaks are sharf the same multilayer measured at low temperatbteK)
and well defined, indicating that significant lattice coherenceare shown in Fig. @®). Although ion irradiation produces

A. High-angle x-ray diffraction

Downloaded 06 Feb 2004 to 132.204.164.42. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 4, 15 February 2004 Cai et al. 1999

2 T T T T T T T T
® ZFC
(a) o i o FC
- PO o) i
Lr l z ©000000000gg .5
—_ = 0 ForeFNg” ovelgle¥s
E Mvvw = . g
m@) ol ::::'.hw’._,_--...~.-smo-~-.no. ..E (a)
IQ e ettt St e \Ed
:/ sbeeNesstponlsdrivens?y =
= § o00©%0°° o
-1 ——  As deposited N
e £ d
_ 1x10”" ions/cm ﬂé - '. % ]
T e 5x107" ions/cm ?un ) %
2 . \ X S ® 'S (b)
-1000 -500 0 500 1000 '.(.'
2 T r T
(b) / --------- L L L 1 1
n lr,-;.'-' 0 50 100 150 200 250 300
a7
= ’f: T (K)
mg 1! FIG. 3. The zero-field-cooled curvéZFC) and field-cooled FC) curves,
L 07 “ with the external magnetic field .,,= 20 Oe, for[Co(5 A)/Cu (17 A)]x50
oo’ 1) multilayer (a) as-deposited andb) after irradiation with a dose of 5
= :.1 x 10%ions/cnf.
-1 } ,' ~———  As deposited
...........:;;-'“ : === 1103 jons/em?
””” 5x10"* ions/em
2 " L . with 1 MeV Si* ions. The main difference between the mag-
-1000 -500 0 500 1000 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
FIG. 2. Magnetization curves ¢Co(5 A)/Cu(17 A)]x50 multilayers mea-  such a difference is connected to the fact that small amounts
;ured _at(a) 300 K and(b) 550 K before irradiatiqr(solid Iine_), after irradia-  of dispersed Co particles remain ferromagnetic at low tem-
iofol\g"i?n:/gn%s(ed;ft:ﬁg e'onS/Crﬁ (dashed ling; and with a dose of 5 o a1 res. The existence of such Co particles in a heavily
' irradiated multilayer is indicated by the residual magnetiza-
tion at room temperature.
significant changes in the magnetic remanence and coercivity In order to investigate how the magnetic moment de-
of the multilayer, in contrast to the room temperature resultspends on the Co concentration in ion-beam prepared CoCu
the saturation magnetization is only slightly reduced by irra-alloys, a series of Co/Cu multilayers with various nominal
diation. Such a contrast strongly suggests that the irradiatioaverage compositions and very thin laygrs15 A) were
with ion dose of 5¢<10'®ions/cnt has reduced the magnetic deposited and were irradiated at a high ion dose of
transition temperature to between 50 and 300 K. 10 ions/cnt. For these multilayers, low-angle x-ray reflec-
To investigate this effect, the magnetization of thetivity measurements have confirmed that the compositional
multilayer has been measured as a function of temperatumaodulation is completely destroyed at an ion dose of 5
from 5 to 300 K, at an external field of 40 Oe. The results arex 10'°ions/cnf. Moreover, the saturation magnetization
shown in Fig. 3. For the as-deposited multilayEig. 3a)], (M) of these multilayers changes only slightly with increas-
both ZFC and FC data show little variation with temperaturejng ion dose above % 10'®ions/cnf. Thus, it is expected
which is characteristic of continuous Co layers or large Cathat an ion dose level as high as'{i@ns/cnf should lead to
particles with a Curie temperature well above 300 K. How-a steady state of intermixing. In Fig. 4, the normalized mag-
ever, after irradiation at a dose of<BL0Yions/cnt [Fig.  netic moment K1/M,,) is shown as a function of nominal
3(b)], the FC and ZFC curves drop sharply when the tem-Co concentration, wher®! is the magnetic moment per Co
perature is raised about 100 K, indicating a Curie transitioratom for a heavily irradiated multilayer amdy,, is the bulk
around 190 K. In fact, the temperature dependence of thenagnetic moment of Co as estimated from a 1000 A Co film.
magnetization for the irradiated multilayer has been found td-or a nominal composition smaller than about 25% Co, the
be very close to that of CoCu alloys with similar composi- mixed films are nonmagnetic at room temperature. The mag-
tions obtained by low temperature co-depositidfrurther-  netic moment then increases with increasing Co concentra-
more, the Curie temperature estimated above is also consigen, and for nominal composition greater than about 50%
tent with the magnetic phase diagram of fcc CoCu alfoy. Co, the average Co magnetic moment in the irradiated films
Such an agreement points to the conclusion that metastabie only slightly (~10%) smaller than the bulk value. These
CoCu alloys can be formed by low temperature irradiationdata are particularly useful in estimating the interfacial mix-

Field(Oe)
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FIG. 5. High-angle x-ray diffraction spectra for tH€o(50 A)/Cu(75

IV. IRRADIATION OF Co/Cu MULTILAYERS WITH A)]x14 multilayer as a function of ion dose.

THICK LAYERS

A. High-angle x-ray diffraction growth due to the annealing of crystalline defects or grain

Figure 5 presents high-angle x-ray diffraction spectra ofboundaries during irradiation, as has been widely observed in
a[Co(50 A)/Cu(75 A)]x 14 multilayer before irradiation and other system&? However, it should be noted that, due to the
after irradiation at various doses up t<10%*ions/cn? (at  existence of satellite peaks, it is difficult to determine the
which point the multilayer structure is destroyed as indicatedsariation in grain siz€linewidth) precisely from these data.
by low-angle x-ray reflectivity measurementshe spectrum Also, upon irradiation, thé111) peak shifts slightly towards
of the as-deposited multilayer is highly textured in the fccsmaller angles. However, the corresponding change in aver-
(112) direction with a small fcd200 components. The fcc age lattice constant is less than 1%, which is in contrast to
(111) peak of the multilayer is located ap243.9° between the observations made for multilayers such as AdMNir
the (111) peak of fcc Cu(at 43.39 and that of fcc Co20  Ag/Cu® where pronounced shifts of the Bragg peaks upon
=44.29. Two satellite peak$26=42.8° and #=44.4°, re- irradiation have been recorded. Such a difference is not sur-
spectively due to superlattice modulation are visible in the prising, since neither the mixing of Co into the Cu matrix nor
vicinity of the (111) Bragg peak. Their intensity is very weak the mixing of Cu into the Co matrix is expected to change
due to the small lattice mismatch between fcc Co and fcc Cuatomic spacing significantly. Again, the satellite peak inten-
However, the positions of the peaks agree well with the pesity masks the exact position of the main Bragg peak, so that
riod of the superlattic§~125 A). The appearance of the the precise peak shift cannot be determined reliably. Never-
satellite peaks, resulting from both the structural coherenctheless, Fig. 5 shows that the changes in grain size or lattice
on an atomic scale and a well-defined interface structuresonstant are not considerable, especially at low doses.
further confirms the good quality of the multilayer. Finally, at doses greater than ®@ns/cnf, the (200

In Fig. 5, the most noticeable effect of ion irradiation is peak is enhanced slightly. Such an effect, however, is hardly
the progressive reduction in the superlattice satellite peakgisible at low doses, and even at the largest dose
with increasing ion dose, in agreement with the picture tha{>10ions/cnf), a high degree of111) texture is still
the interfaces are systematically blurred by ion mixing. Atmaintained. Again, this observation in Co/Cu mulilayers is in
1x10'®jons/cnt, the satellite peaks are almost invisible. contrast to many other multilayer systems with large lattice
However, since the satellite peaks are rather weak even fanismatches(for example, Au/Ni multilayerS). In those
the as-deposited multilayer, fitting these spectra for quantitamultilayers, ion-induced interdiffusion may reduce the lattice
tive information about the mixing width is not feasible. misfit and thus lattice strain, which favors the coherency be-

Other effects are also visible. For example, at high dosesveen layers and consequently strongly improves the texture.
(>10%ions/cn?), the (111) linewidth is slightly reduced In Co/Cu multilayers, this effect is not important given the
upon irradiation. This change might be related to subtle grairfiact that the lattice mismatch between Co and Cu is less than
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104 (which is equivalent to dynamic calculatidfs in which the
R x-ray reflectivity is calculated based on a matrix method. In
this method, any single layer in a multilayer can be charac-
102 terized by a matrix2x2) as a function of layer thickness,
Dose the complex refractive index, and the wave vector of the
o (fonsfem®) incident beam. The multilayer matrix is obtained from the
10 product of the matrices of individual layets.
=z In order to include interfacial mixing, an error function
5 102 | composition profile at the interface is assumed, and is written
":-, as
g0 | C Lol et X_XO) 1
g » (x)=5+5xer 2t/ @
= )
106 | ¥ whereC(x) is the concentration of impurity atom at depth
Xo is the position of the original interface, and/Rt char-
10-8 acterizes the amount of mixing at the interface. This interface
profile is treated as a sequence of sliced ML), each with
constant composition. For thth slice, the impurity concen-
10-10¢ tration c;=C(x;), wherex; is the depth of the slice in the
vertical direction. The index of refraction of the slice is de-
1012 duced from its average electron density and linear absorption

0.04 0.'10 0.16 022 028 034 040 coefficient, and is tr_len applied_to 'Fh_e apprqpriate matrix. _The
4 product of the matrices of the individual slices characterizes
q,(A7) the entire interface region. For simplicity, a cutoff condition
FIG. 6. Experimenta(circles and simulatedline) specular low-angle x-ray is introduced so that the slices with impurity concentration O.f
reflectivity spectra for 4Co(50 A)/Cu(75 A)]x14 multilayer at various €SS than 5% are treated as pure layers. We found that dis-
ion doses. 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 fa@vith
‘a Debye—Waller factor Model calculations are fitted to the
data using a nonlinear least-squares procetfuhe.all cal-
culations, bulk values are used for electronic densities and
absorption coefficients of Co and Cu. The modulation wave-
Figure 6. shows low-angle x-ray reflectivity spectra of length of the multilayer is obtained from the peak positions
the multilayer before and after irradiation at various dosesfor the as-deposited spectrum, and is kept constant when
For the as-deposited multilayer, clear superlattice peaks amalculating all spectra corresponding to various doses.
observed up to the sixth order, which confirms that the  Although many parameters are involved in the fitting
Co/Cu interfaces of the multilayer are well defined. Note thatprocedure, convergence to a unique set is obtained in each
the peak of the fifth order is missing, which is expected fromcase. Parameters, such as thickness of an oxide overlayer
the 2:3 ratio between Co layer thickness and Cu layer thick{t.q) and its roughnesso(,,) as well as the substrate
ness. Moreover, the composition wavelength of theroughnesss), influence the overall profile of the reflectiv-
multilayer (Co layer thicknessCu layer thicknegscan be ity curves but have little effect on the intensities of superlat-
determined by the positions of the superlattice peaks. Thusice peaks. Increasing,, ando leads to a faster decrease of
the nominal thicknesses of the individual layers can be welthe reflected intensity and to a reduction of the amplitude of
confirmed. the total thickness fringes as the scattering wave vector in-
Upon ion irradiation, the positions of the superlattice creases. As well, the presence of an oxide overlayer intro-
peaks remain the same, indicating the modulation period ofluces extra oscillatory features for which the wavelength is
the multilayer is not changed. On the other hand, the inteninversely proportional to the layer thickness.
sities of the superlattice peaks are progressively reduced as As shown in Fig. 6, the extra oscillation appears between
ion dose increases. At an ion dose of 80'%ions/cnt, only  the first- and second-order superlattice peaks at a dose of 1
a weak first-order peak is observed, signaling that the supeix 10'°ions/cnf, and corresponds to an overlayer of thick-
lattice structure is almost completely destroyed. Given thaess 713 A. Such an effect is commonly observed for in-
fact that the intensities of the specular superlattice peaks atermediate ion doses, and can probably be ascribed to the
indications of interface sharpness and smoothness in damage made by the ion beam that promotes the diffusion of
multilayer structuré® interface blurring induced by ion irra- oxygen when the sample were used for successive transport
diation is clearly revealed by these measurements. and magnetic measurements. With further irradiation, this
To quantify the effect of the ion irradiation, the x-ray feature is shifted towards higher angles, indicating that the
spectra have been fitted with a standard optical nfddel thickness of the overlayer decreases. As well, the overall

2%, and film texture can simply be suppressed by ion
induced disorder.

B. Specular low-angle x-ray reflectivity
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profile of a spectrum is hardly changed upon irradiatiex TABLE |. Structural parameters extracted from the fitted_ resqlts shown in
cept for the highest dokeThis behavior indicates that the 5%2 ";‘]”d 4505@00(30 ACus A)]X_t‘t‘hm“”"zyf_r a;"?‘”%’; ion dtohses-

. . . Characterizes the 1on mixing wi , as defined In , O, e
qv_erlayer ,rothness IS r,IOt chgnged with ion dose. From oucfverall interface roughness;., the correlated part of interface roughness;
fittings, this rc_)UghneSS IS eSt_|mated to be ar_ound 15 A. IN;, , the oxide overlayer roughnegs;, the oxide overlayer thickness; agd
order to explain the extra oscillatory features induced by theateral roughness correlation length.
ion beam, the oxide overlayer, whose thickness varies witrl‘.D
ion dose, has to be considered. J0se e

" - . . ions/cnt 2.\/Dt A A to (A A A
Both interface mixing width and interface roughness( ) ot a® A LA B B

suppress the superlattice peak intensities. Unfortunately, ifi 0 610 15 173 450 14.7
. . 0
specular measurements, _th_elr e_ffec_ts are rather similar ar]sd>< 10t 38 602 120 224 310 155
therefore it is difficult to distinguish interfaces that are truly 0
diffuse from those which contain genuine roughness. How+ x 105 6.5 6.08  1.48 71.0 300 15.8
ever, as suggested by Savagfeal.?* this problem can be 0
partially solved by decomposing the interface roughness int§* 10" 14.5 632 226 605 235 15.9
0
W r
two parts 1x10' 20.2 651 275  60.7 160 16.7
0'2=0'§+ (lej, 2 0
3x10° 41.8 10.1 820 336 150 20.2
where o is the total rms roughness;. corresponds to the 0

contribution from roughness being correlated between layers;
and o, corresponds to the contribution from the random

roughness with high frequency and short lateral correlatiogjded is the average minimum displacement eneygig the
scale. _ average atomic density arfé, is the energy deposited per
The correlated roughness typically has a large laterg)ii hath length at the interface. Takifig=21 eV (the av-

correlation length, while uncorrelated roughness may not b%rage of Co and &), andF 4=35 eV/A (as obtained from
strictly distinguishable from intermixingwhich is com- TRIM simulations, Eq. (5.4) predicts a mixing efficiency of

monly regarded as randomzroughness with a lateral correlazgy A4 This value is comparable to that obtained from our
tion length shorter than 15%). Based on this assumption, x-ray reflectivity fitting, suggesting that the ballistic mixing

we treat the uncorrelated part of the interface roughness asi@ihe principal mixing mechanism of the multilayers at low

constant for all ?pecha; Wh”? any actual .change'of Sucrfemperature. The difference between theoretical and experi-
roughness upon irradiation is incorporated into the interface,.tal values of mixing efficiency may be related to thermal

mixing. As will be discussed in the next section, the COMe-gnike effects which reduce the mixing efficiency in an im-
lated part of interface roughness is obtained from the diffusgic.ipje system

scattering measurements around superlattice peaks, and thus
can be well separated from interface mixing.

The calculated curves are shown as solid lines in Fig.
where it is seen that the agreement between experimental and Nonspecular reflectivities from x-ray scattering measure-
calculated curves with respect to both the position and thenents contain information about the magnitude and lateral
intensity of the peaks is excellent for all ion doses. The struc-
tural parameters extracted from the fittings are listed in Table
| for the as-deposited and irradiated samples.

Fitting the spectra using the model described, the inter- 400
face mixing width is obtained as a function of ion dose and is
plotted in Fig. 7. Up to an ion dose ofx110*®ions/cnt, the
square of the ion-beam mixing width P4) varies linearly 300
with ion dose, as predicted by the cascade model of ion- _
beam mixing. For the spectrum with the highest dose (3%

X 10'ions/cnt), the mixing width exceeds the thickness of 5 599
the Co layer, and the above analysis breaks down. From Fig ¥
7, the ion beam mixing efficienog(4Dt)/d¢ is obtained to

be about 400 A This can be compared with the theoretical
value calculated using the formula developed by Sigmund
and Gras-Marti for ballistic ion-beam mixifwhich is in

the form

bC. Diffuse low-angle x-ray reflectivity

100

d(4Dt) 2 FpR: 0 20 40 60 80 100 120
dd 3 9 E, " ® 14 2
PEd Dose(10'* ions/cm®)
_ _ 27172
wherel'o=0.608,£=[4m;m,/(m, +m,)“]™*wherem, and FIG. 7. The square of the mixing width 1) as a function of ion dose

m, are the masses of the atoms involved in collisidRsiS  gptained from fitting to specular low-angle x-ray reflectivity de@ and to
the mean-square range of a displaced atom taken to be 1 ngaturation magnetization measuremenjs
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FIG. 8. Experimentalcircles and simulatedline) diffuse low-angle x-ray
reflectivity spectra for 4Co(50 A)/Cu(75 A)]x14 multilayer as a function
of ion dose.

(height—height correlation length of correlated roughness.

Cai et al. 2003
1(ay,0,) =27l exp(—qZa2)/gZ| 2ma(ay)
2£(q7a0)™ 1
| 22 2\ | (5)
m=1 m(m)  (1+qg2£2/m?)

whereq,, q, are the in-plane and vertical components of the
scattering vector, respectively;. is the correlated rough-
ness. The intensity in Ed5) is separated into & function
corresponding to the specular central spike in Fig. 7 and a
diffuse component. The intensity calculated from Eg). is
then multiplied by sinw/sin 6, 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 effect§,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 Sinhat al,?® the main effect of introducing
DWBA is to introduce a prefactofT(k;)|?|T(k,)|? to the
scattering intensity calculated from the Born approximation.
Herek, is the wave vector of the incidemtray, —k, is the
time reversed state for the incident beanik) is the trans-
mission coefficient of x ray with incident wave-vecigrand

Figure 8 shows the results of rocking scans around the first,, he calculated from Fresnel theory. This prefactor from

order superlattice peak for the £Gu;s multilayer before

irradiation and after irradiation at various doses. For the asz

deposited multilayer, the spectrum consists of a central spi
arising from specular scattering, and a relatively weak an
slowly varying diffuse background in its vicinity. Irradiation
at low doses slightly reduces the background, suggesting t
layers became smoother. For ion doses larger than

X 10'*ions/cnt, 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 rapidlyare clearly seen. Such
observations indicate an increase in interface roughness i
duced by ion irradiation. In addition, the shape of the diffus

DWBA is introduced into our calculations to simulate diffuse
Scattering near critical angles. Solid lines in Fig. 8 present

Kehe fitted curves. As can be seen, all rocking curves are well
qeproduced by our calculations. The interface roughness and

its lateral correlation length obtained from our fitting are
otted in Fig. 9, as well as listed in Table I, as functions of
fon dose. Upon initial irradiation, the correlated interface
roughness decreases slightly from 1.6 A to a value of 1.2 A
at 5x 10*jons/cnt. At higher doses, the interface roughness
continuously increases, reaching 8.2 A at a dose of 3
x 10*jons/cnf. As mentioned in the previous section, such

ariation of the correlated roughness with ion irradiation has
®been taken into account when fitting specular spectra. It

background also varies with ion dosg, which sugges_t§h0u|d also be noted that, except for the highest dose, the
changes of average roughness correlation length upon 'Ot%nge of variation of correlated roughness is within about 2

irradiation.
The diffuse scattering intensity can be fitted using th
model initially developed by Sinhet al?® for a single rough

A, and thus should not have significantly affected the fitting

o the specular spectra. Also shown in Fig. 9, the lateral

coherence length is about 4500 A before irradiation, which is

surface and later extended to multilayer structures by Savag§qse to that obtained by de BerrabealZ® in their Co/Cu

et al?* Assuming that for two points on a surface separate
by distanceR= (X?+Y?)¥2 the correlation function

C(X,Y)=o?exd — (RI&)]*" 4
is obtained, in whiché is the lateral roughness correlation
length,h (Hurst parameteris related to the fractional dimen-
sion and is close to 1/2 for Co/Cu multilayérsUsing this

chwultilayers. 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 A at a maximum ion dose of'4i@dns/cnt.

D. Saturation magnetization (M)

Intermixing between Co and Cu in Co/Cu multilayers

correlation function, and supposing that the intensity of thforms magnetically inactive regions and leads to a decrease
scattered x rays is detected through a sufficiently long sliin the saturation magnetizatiot().?° Therefore, measuring

along X direction, the scattered intensity is written as

Mg as a function of ion dose provides another probe to study
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5000 //// r r r FIG. 10. Saturation magnetization of @o(53 A)/Cu(76 A)]x15 multilayer
as a function of ion dosé®) represent experimental data, and the continu-
® <«— As-deposited ous line represents calculated values using the mixing widths obtained from
fitting to the specular low-angle reflectivity data.
~
L 4000 P
= . o : .
o wheren; is the number of Co atoms in thth slice,c; is the
§ ° Co concentration in thé&h slice, andm(c;) is the average
g 3000 o ] magnetic moment per Co atom related to the cobalt concen-
b= tration.
3 Py To estimatem(c), a series of Co/Cu multilayers with
S 2000 - ] various nominal compositions and very thin layg@o(tc,
<15A)/Cu(tc,<15A)] were deposited and then irradiated
) * o at a high ion dose of f6ions/cnf. For such multilayers,
x-ray reflectivity measurements have confirmed that any
1000 s : . compositional modulation is completely destroyed at an ion
0 1 10 100 1000 dose of 5< 10'%ions/cn?. Moreover,M of these multilayers
Dose(10'4 ions/cm?) change only slightly with increasing ion dose above 2

X 10%ions/cnt. Thus, it is expected that an ion dose level as
FIG. 9. (a) Interface roughness ard) roughness lateral correlation length high as 167 ions/cnt should lead to a steady state of inter-
as functions of ion dose obtained from diffuse low-angle x-ray reflectivity mixing.
spectra fitting. Using this approach, it is possible to compare the results
from x-ray and magnetic measurements. The solid line in
Fig. 10 shows the dependenceMf, on ion dose calculated
the mixing effect induced by ion-beam bombardment in sucHrom the ion-mixing width obtained from x-ray reflectivity
a magnetic/nonmagnetic structure. The results of our meditting. The result agrees with the experimental data. Simi-
surements are shown in Fig. 10. As can be seen, a decredéély, Mg measured from experiments can be used to estimate
of M is observed for ion doses above!i@ns/cnt, falling  this width at various doses with E@6). The results are
approximately 20% at a dose of>@L0'%ions/cnf. This  shownin Fig. 7. As can be seen, the ion-beam mixing width
variation provides clear evidence that intermixing has bee@xtracted from x-ray reflectivity measurements and magnetic
induced by ion-beam irradiation. measurements are consistent.
The intermixing width can be estimated from these data:
first, an error function composition profile is introduced atyy coNCLUSIONS
each interface, the same as used in modeling small-angle
x-ray reflectivity fitting, then, this interface region is divided ~ The structural modification in Co/Cu multilayers by 1
into many thin slices~1 ML) and the average composition MeV Si" ion irradiation at 77 K has been analyzed by vari-

of each slice is calculated from the error function; finally, theQUS X-ray scattering techniques. Low-angle x-ray specular
total M, of the multilayer is evaluated by summing up the reflectivity measurements are shown to be a sensitive tool to
contrlbutlons of all slices probe ion-beam mixing effects on an angsirscale 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

M= 2>, m(c)n;, (6)

Downloaded 06 Feb 2004 to 132.204.164.42. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 4, 15 February 2004 Cai et al. 2005

mixing widths obtained from such fitting are consistent with 3D. M. Kelly, I. K. Schuller, K. Korenivski, K. V. Rao, K. K. Larsen, J.
the values estimated from magnetic measurements. Off-Bottinger, E. M. Grorgy, and R. B. van Dover, Phys. Rev5@ 3481
specular x-ray reflectivity measurements reveal a nonmono;f<19$49- © G Verbanck. R. Schad. G. Glad Wi and M. Hemni
tonic variation of correlated interface roughness and a pro- =; [SMSh > Verbanck, R, Schad, &. Bladyszewsk, and M. hennion,
. . . Physica B234-236, 467 (1993.

gresswe.deprease in the average lateral roughness correlatiofy “cai T. veres, S. Roorda, R. W. Cochrane, R. Abdouche, and M. Sut-
length with increasing ion dose. ton, J. Appl. Phys81, 5200(1997.

Structural analysis and magnetization measurements prefL. C. Wei and R. S. Averback, J. Appl. Phygl, 613 (1997.
sented in this article point to the conclusion that at high ion 'G. Gladyszewski, Thin Solid Film04, 473 (1991; L. F. Schelp, M.
doses, irradiating Co/Cu multilayers generates metastablegs;zr‘;‘;‘é';ézc('l \éggas’M'A' Z. Vasconcellos, and J. E. Schmidt, J. Appl.
Co-Cu alloys, whose e!ec_mcal and magnetic propertle_s haV@M. Cai, T. Veres, S. Roorda, F. Schiettekatte, and R. W. Cochrane, J. Appl.
been found to be very similar to the Co—Cu alloys, fabricated ppys o5 2006(2004.
by other nonequilibrium methods. At low ion doses, ion- °J. F. Ziegler and J. P. Biersackhe Stopping and Range of lons in Solids
beam irradiation of Co/Cu multilayers generates interfaciallo(Pergamon, New York, 1985
mixing of short range with no significant effects on other Y- T- Cheng, Mater. Sci. Ref, 47 (1990. _
structural properties such as grain size or film texture. As a ;' \@’ecséz’r']'r;?g SJ GASLTT,T];;'% F;%‘if(g'(’) g (')SCh'eneka“e' S. Roorda, and
result, itis posglble to isolate the effects of mterfgce structurezp g viedema, Philips Tech. Re@6, 217 (1976.
on the magnetic and magnetotransport properties. In Papeéiy. Hansen, Constitution of Binary Alloys(McGraw—Hill, New York,
11,2 we show that, indeed, the GMR and antiferromagnetic 1958, p. 469.
coupling depend strongly on the ion-beam short range inteli-:E- Kneller, J. Appl. Phys33S 1355(1962.
facial mixing. The mixing efficiency obtained from this ?1-935“" X. X. Zhang, J. Tejada, and J. Zhu, Phys. Re\623 R6987
study will be used in order t_o corr_elate th_e transport, namelyel R. Childress and C. L. Chien, Phys. Revd® 8089(1991).
GMR, and magnetic coupling with the interface structurali’| g gchelp, M. Carara, A. D. C. Viegas, M. A. Z. Vasconcellos, and J. E.

changes introduced by ion-beam irradiation in Co/Cu multi- Schmidt, J. Appl. Phys75, 5262 (1994).

layers with large GMR ratios. 18, E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.
Spada, F. T. Parker, A. Hutten, and G. Thomas, Phys. Rev. &®t8745
ACKNOWLEDGMENTS (1992.

19F, Tamsier, V. Jaouen, Ph. Guerin, and G. Gladyszewski, Thin Solid Films
The authors would like to thank M. Sutt@McGill) for 275, 247 (1996.
. . . 20 : : H
valuable assistance with the modeling of the XRR data, L. For a review, see, e.g., E. Chason and T. M. Mayer, Crit. Rev. Solid State
. . . . Mater. Sci.22, 1 (1997).
Cheng (M.CGIH) for help with x-ray d|ﬁract|9q measure 2LM. Born and E. Wolf,Priciples of Optics(Pergamon, Oxford, 1964p.
ments. It is also a pleasure to acknowledge RidBen and 57.
R. Gosselin for the operation of the tandem accelerator an&Rr. w. JamesThe Optical Principles of Diffraction of X-ray¢Cornell
assistance during the ion irradiation experiments. This re- University Press, New York, 1965
. . . 23 H
search has received financial support from the Natural Sci;, Y- Huai, R. W. Cochrane, and M. Sutton, Phys. Revi® 2568(1993.
" . i -
ences and Engineering Research Council of Canada and thg' E. Savage, J. Kleiner, Y. H. Phang, T. Jankowski, J. Jacobs, R. Kariotis,

. s and M. G. Lagally, J. Appl. Phy$9, 1411(199).
Fonds pour la formation de chercheurs et l'aida @aecher- 2, o Bamabe, M. J. Capitan, H. E. Fischer, and C. Prieto, J. Appl. Phys.

che du Quebec. 84, 1881(1998.
2p, gigmund and A. Gras-Marti, Nucl. Instrum. Methoti82-183 25

IM. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. 27(198])-
Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev.élett. - H. H. Anderson, Appl. Physl8, 131(1979.

2472(1988. 23, K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Re38B
2S. S. P. Parkin, inJltrathin Magnetic Structures Jledited by B. Heinrich 2297(1988.
and J. A. C. BlandSpringer, Berlin, 1994 2V, Saito, J. Phys. Soc. Jpf2, 1450(1993.

Downloaded 06 Feb 2004 to 132.204.164.42. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



