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The correlations between structure and magnetishCim(0.9 nm/Au(5 nm)] X N multilayer films

with different number of repetitionsl= 10, 30, and 50, have been studied by the combined use of
complementary structural and magnetic techniques, such as x-ray reflectivity, x-ray diffraction, and
transmission electron microscopy, alternating gradient force magnetometry, magnetic force
microscopy and Brillouin light scattering. On increasing the valubl,cdin overall improvement of

the multilayer quality is observed which corresponds to a change in the micromagnetic structure and
to an enhancement of the perpendicular anisotropy. These effects have been attributed to a reduction
of the magnetostatic energy associated with the formation of perpendicular magnetic domains in
multilayers with increasing number of layers repetitions. 2@03 American Institute of Physics.
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Perpendicular magnetic anisotrofyMA) is a peculiar  =0.9 nm,t,,=5 nm) and different numbers of Co/Au bilay-
property of magnetic multilayers, whose interest is mainlyers (N=10, 30, and 50 The thickness of the Co and Au
due to its possible exploitation in the field of magnetic andiayers was chosen in order to have perpendicular anisctropy
magneto-optic recordin.In previous articles, we have and negligible interlayer exchange couplihgespectively.
shown that in Co/Au multilayers PMA is strongly influenced The films were covered with an Au capping layer to avoid
not only by the elemental thicknéssut also by the anneal- the Co oxidation.
ing treatments which affect the interface qualitinother The structural and morphological characterization of the
interesting effect has been observed in Co/Au multilayers bgamples was accomplished by transmission electron micros-
Hamadaet al* who performed a detailed investigation of the copy, x-ray reflectivity(XRR) and x-ray diffraction(XRD).
magnetic properties as a function of the number of layer A complete analysis of the magnetic properties was re-
repetitions. On increasing the number of bilayer repetitionsalized by employing three different magnetic techniques. The
N, a smooth spin reorientation transition from in-plane tomagnetization loops were measured at room temperature by
out-of-plane has been observed. In this work, results conan alternating gradient-force magnetomet&GFM) with
cerning the evolution of structure, magnetic microstructurethe applied magnetic field either parallel or perpendicular to
and magnetic anisotropy in Co/Au multilayers as a functionthe sample surface. This kind of characterization was sup-
of the number of repetitions are reported. This study hagorted by the observation of the perpendicular magnetic do-
been carried out by the combined use of complementaryhains by magnetic force microscopyIFM). Brillouin light
techniques, such as diffraction and reflectivity of x rays,scattering(BLS) has been employed to measure the field
transmission electron microscogyEM), alternating gradi-  dependence of spin waves in order to determine the effective
ent force magnetometryAGFM), magnetic force micros- anisotropy constant. BLS experiments were performed in the
copy, and Brillouin light scatteringBLS) from spin waves.  backscattering configuration at the GHOST laborafdoy;-

Co/Au multilayer films were sputtered by means of a rfyersity of Perugia, using a Sandercock-ty(3e-3)-pass in-
system with a base pressure ok 20 ® mbar and a working  terferometer. A dc magnetic field was applied in the sample
Ar pressure of 2.9.10~2mbar®® The multilayers were de- plane perpendicularly to the incidence plane of light.
posited with the same thickness of the elemental layess ( In Fig. 1(a), the TEM micrograph for theN=50
multilayer shows the whole film where the different layers

AAuthor to whom correspondence should be addressed; electronic maiftf€ Cle_arly ViSib!e- The top surface O_f the multilayer is wavy
gubbiotti@fisica.unipg.it and this effect is due to the formation of columnar grains
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FIG. 2. Experimentaflower curve and simulatedupper curvg reflectivity
spectra of the Co/Au multilayers with different number of bilayer repetitions
N.

ture shown by the TEM images and to the consequent fluc-
tuations in the layers’ thickne§s. Moreover, although the
average bilayer thickness deduced from the simulations
agrees with the nominal values within the experimental un-
certainties(5%y), to simulate the broadening of the Bragg
FIG. 1. Cross section TEM micrograph for the Co/Au multilayer wigh ~ peaks it was necessary to introduce an interface roughness
N=50 and(b) N=30 bilayer repetitions, respectively. value comparable with that of the Co layer thicknéasund

0.9 nn). In addition, the modeled surface roughnéasout 2

nm) is nearly as high as the thickness of the gold cap layer,
through the entire thickness of the deposited film. Althoughprobably because the roughness parameters are influenced by
this columnar grain structure is almost well defined, the dif-the wide waviness of the multilayers evidenced by TEM. The
ferent layers are still clearly visible indicating that intermix- waviness of the film surface also contributes to the disap-
ing effects between Au and Co, if present, are limited to thepearance of the Kiessig fringes in the 30 and 50 bilayer spec-
interface regions. In other words, the layered structure of théra.
film is maintained in despite of the incipient formation of the From the refinement of the XRD patterns &yprReX it
columnar grains. These grains have lateral dimensions rangvas possible to deduce the presence of a stfamg] orien-
ing from 40 to 50 nm, as evidenced in the micrograph. Theation of the Au layers and of appreciable strain in the Co
formation of these grains is also responsible of the wavyayers, in agreement with previous reports for similar
interfaces between the alternated Au and Co layers. Theultilayers® The refinement of the position and shape of the
mean thickness of the Co layer is about 1 nm whereas that cfatellite peaks allowed us to deduce the average layer’s
the Au layer is about 4.5 nm. For the sample Witk 30, see  thickness and its fluctuations. The modeled thicknesses are in
Fig. 1(b), the analysis of the TEM micrographs indicates thatagreement with the XRR, TEM, and nominal values within
the grains start to appear at the interface with the Si substratbe experimental errors. Higher thickness fluctuations were
and in correspondence of the larger columnar grains the abbtained for the ten bilayers film with respect to the other
ternated layers appear much more bent and the layers’ thiclsamples, confirming the improvement of the multilayer’s
ness is not constant. Furthermore, inside the same columnguality with an increasing number of repetitions as inferred
grain the interfaces between Au and Co are rough. Since thieom TEM and XRR experiments.
grain’s dimensions are almost the same for all the samples, The room temperature hysteresis loops of the multilayers
we can conclude that the local strain, induced on the wholeneasured in the parallel and perpendicular configurations are
multilayer by the grains formation, is larger for the speci-shown in Fig. 3. In spite of the waviness of the layered
mens with a lower value dfl. structure resulting from the columnar growth, all the samples

The experimental and simulated XRR spectra of thedisplay perpendicular anisotropy. An enhancement of the

three multilayers are reported in Fig. 2. A qualitative exami-perpendicular anisotropy is observed on increasing the rep-
nation of the spectra confirms the presence of disorder in thetition numberN.
layered structure, as already evidenced from the TEM mea- The AGFM results are confirmed by the detailled MFM
surements. In fact, the Bragg peaks are broad and the effestudy of magnetic domains both in the as-prepared state and
is more evident in the thinnest multilayeX & 10). In addi- at remanence, after applying a magnetic field of 10 kOe both
tion, the peaks’ broadening increases at high angles since tipeerpendicularly and parallel to the sample plane. The micro-
high order Bragg peaks are more sensitive to variations imagnetic structure in the as-prepared state shown here
the multilayer periodicity. The XRR patterns were simulatedfor N=50 and N=30 is characterized by a much higher
by the programRersiM’ that allows to deduce layer thick- contrast than foN=10. In fact, the increasing number of
ness, surface, and interface roughness of the multilayers. THayer repetitions improves perpendicular anisotropy. This is
simulations present some discrepancies from the experimedso visible in the MFM images taken at polar remanence,
tal data, probably due to the waviness of the multilayer strucreported in the insets of Fig. 3: samples witl+=50 or N
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FIG. 4. Spin-wave frequency dependence on the magnetic field intensity for
multilayers with different number of repetitiodé= 10 andN=30. The data

for the N=50 multilayer are not shown because they are very close to those
of the N=30 sample.

havior. These frequencies are appreciably decreased in the
specimens withN =30 and 50, with respect to the multilayer
with N=10, indicating a weaker perpendicular anisotropy in
the latter. From a best-fit procedure of the experimental fre-
quencies to those calculated following the procedure de-
scribed in Ref. 11, the value of the effective anisotropy con-
stant K" has been obtained for each multilayer. An
appreciable increase " has been found passing frol
=10 (K*=1.65<1CFerg/cn?) to N=30(K*f=1.96
x 10° erg/cn?), while a very small variation betweeN
=30 and N=50 (K®"=1.98x 10° erg/cn?) was observed.

0 5 10 15 For all the multilayersk®™ is positive indicating that the
H (kOe) magnetization easy axis is perpendicular to the plane and that

the tendency toward perpendicular magnetization is en-

FIG. 3. Parallel(l) and perpendiculafL) normalized hysteresis loops for hanced when the repetition number of layers is increased, in

the _Co/Au multll_ayers with different number of repetitiohs For‘ ea_ch agreement with the results obtained by AGFM and MFM.
multilayer, MFM images measured at remanence, after the application of a

parallel(l) and a perpendicular.) magnetic field of 10 kOe, are shown as . . .
insets. Scanning area isgBnxX5 um. The light areas indicate domains with This work was partlally SuPportEd by the Nanofilm

magnetization pointing out of the sample plane, dark areas are domains widroject of the Istituto Nazionale per la Fisica della Materia
magnetization pointing into the plane. (INFM).
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