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Uniaxial magnetic anisotropy tuned by nanoscale ripple formation:
lon-sculpting of Co /Cu(001) thin films

D. Sekiba, R. Moroni,? G. Gonella,? F. Buatier de Mongeot,” C. Boragno, L. Mattera,?

and U. Valbusa
INFM-Unita’ di Genova and Dipartimento di Fisica, Universita’ di Genova, Via Dodecaneso 33,
I-16146 Genova, ltaly

(Received 22 September 2003; accepted 4 Decemben 2003

We have investigated the growth of surface nanostructures on a @@Ttilm and the growth of

Co films on a nanostructured @01) substrate as well as the effect of nanoscale pattern formation

on the film magnetic properties. Here we demonstrate by scanning tunneling microscopy
measurements and magneto-optic Kerr effect hysteresis curves that low-temperature
grazing-incidence ion sputtering can be used to induce the formation of nanoscale ripples which
reduce the four-fold symmetry of the Co film to two-fold, thus generating a strong in-plane uniaxial
magnetic anisotropy. The nanostructures and the associated uniaxial magnetic anisotropy were
found to be stable up to room temperature. 28604 American Institute of Physics.

[DOI: 10.1063/1.1645317

In the last decade, the influence of nanoscale interface The clean C(001) substrate was prepared by cycles of
morphology on the magnetic properties of thin films andion sputtering with At ions at 1 keV and annealing to 800
multilayers has been widely investigated. Apart from funda-K. The cleanliness was checked by observation of well-
mental reasons, the interest in this topic was mainly motigrdered terraces larger than 100 nm by STM and of sharp
vated by the fact that many magnetic devices are based 0Ofix1 low energy electron diffraction pattern. No contamina-
thin film technologies. Coercive field, magnetization reversakiqny was detected by Auger electron spectroscopy. In the first
processes, as well as giant magneto resistance ‘etface experiment, 12 ML of Co were deposited on the clean

gffected bY, surface roughness Whi_Ch develops during th"(?:u(OOl) surface at normal incidence and at a deposition rate
film deposition. For the above-mentioned reasons, the POSSL: ~bout 0.25 ML/min. During Co deposition, the substrate
bility of tailoring the surface morphology of thin magnetic '

films at the nanometer scale has recently attracted a gre}ﬁmperature was held at 300 K. After the deposition, the

deal of interest A particularly attractive topic is the strong §ubstrate was cooled down to 180 K and sputtered with Ar

in-plane uniaxial magnetic anisotropy induced by the formalons at.l ke.‘V' Sputte.rln.g was performed along the azimuthal
tion of regular nanosized patterns on the film surface. So faf,.110] direction at an incidence angle of 70° from the surface
two methods have been proposed to artificially induce?ormal. During sputtering, the ion flux was aboytA/cm?.
uniaxial magnetic anisotropy in thin films by means of nano-The sputtering time was used as a variable parameter. Sub-
structuration: film deposition on vicinal surfaces, where asequent STM and MOKE measurements were performed at
regular arrangement of parallel steps is induced by the cryst40 K in order to inhibit the relaxation of the nanostructures.
tal miscut? and grazing-incidence deposition to induce the  Figure Xa) shows the hysteresis loops of the Co films
formation of nano-scale anisotropic mourids. taken with the magnetic field along th&e-10] direction (per-

Here we demonstrate that low-temperature grazing-
incidence ion sputterirfg!! can be used to induce the forma-
tion of nanostructures which reduce the four-fold symmetry
of the Co/Ci00)) film to two-fold, thus provoking a strong 2L cucnery | o | T
in-plane uniaxial magnetic anisotropy. Two routes have beer |
followed: sputtering of a flat Co film grown on Q@01), and 2 -
Co deposition on nanostructured Cu substrate. In these twe
cases, we report on the relationship between the surface moz
phology and magnetic properties observed by scanning tung |
neling microscopy(STM) and magneto-optic kerr effect % | ]
(MOKE) measurements. In addition, we briefly report on the ¥ i _Q.__ET— d
thermal stability of these systems, an important issue from —‘:I'_ﬂ';:_}%lal;—

the viewpoint of applications. 400 200 0 200 400
H (Oe¢)

niensi

m

dAlso at: IMEM-CNR Sezione di Genova, via Dodecaneso 33, 16146FIG. 1. (a) Hysteresis curves of the flat 12 ML thick Co/@01) film and

Genova, ltaly. after ion nanostructuring as a function of the sputtering time. The shift field
YAuthor to whom correspondence should be addressed; electronic mails defined asd = (Hs,—Hg;)/2. STM imageg200 nmx 200 nn) of the flat

buatier@fisica.unige.it Co film (b), and after 60 gc), 660 s(d), and 960 ge).
0003-6951/2004/84(5)/762/3/$22.00 762 © 2004 American Institute of Physics
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pendicular to the ripple axisafter ion sputtering with differ-

Sekiba et al.

ent ion doses. For sputtering time as low as 60 s, the hyster- 200

esis loops along thgl-10] splits into two semiloops while g 150

the one measured along th&l0Q] direction stays unvaried. E 100

The origin of the modification of the hysteresis loops is the 50

change in the magnetization reversal process induced by 0

uniaxial magnetic anisotropy along the-10] direction? In 7

particular, the intensity of uniaxial magnetic anisotropy is § 0.6

proportional to the splittindgd of the two semiloops. After £

60 s, the observed anisotropy is still weak and the magnetic E. 04| .
remanence is not zero. After 120 s of sputtering, the hyster- E o2 b i
esis loop is completely split and the magnetic remanence g

becomes now zero. Subsequent ion dosing further increases g 0 1 1 1 1 !
the magnetic anisotropy.

The behavior of the magnetic anisotropy can be qualita- 0.061 © -
tively correlated to the evolution of the surface morphology. ) 5 |
Figures 1b)—1(e) show the STM images of the Co films -§-
after sputtering for 0, 60, 660, and 960 s, respectively. On the B T
initial 12 ML thick Co film [Fig. 1(b)], we can see square 0 o 1 1 ) ] 1
islands on the terraces with the step edges aligned along the 150 200 250 300 350 400
[110] equivalent directions>*After 60 s of sputteringFig. T ()

763

1(c)], we can already find an incipient ripple-like periodic
FIG. 2. Shift field(a), nanostructure shape asymmetny, and roughnesg)

modulation. After sputtering for 660 and 96q'§|gs' ](d) of a 12 ML thick Co/C00Y) film sputtered at 180 K for 480 s, as a function
and 1e)], we can clearly observe a well developed ripple of the annealing temperature.

structure along the ion incidence direction. As in the case of

single-crystal metal surfacéshe development of the ripple

amplitude observed by STM well obeys a power law trend,With the results of the MOKE measurements and with the
while the wavelength is almost constant. This trend favorone found for Co films deposited at grazing-incidence on
ably increases the density [10] steps and such unbalanc- Cu(001).*°

ing is known to induce uniaxial anisotroporeover, the Having proved that grazing-incidence ion sculpting can
ripple corrugation is expected to induce magnetic shape ampromote the formation of nanoscale ripples on Co films and
isotropy. Both contributions of magnetic anisotropy are ex-to modify the magnetic anisotropy, one is led to the question
pected to increase in agreement with the MOKE red#ltg. ~ whether the deposition of Co films on a prepatterned
1(a@)]. We note here that the observed changes in the magzy(001) substrate allows the control of the magnetic proper-
netic anisotropy cannot be attributed to the role of gas adges in a similar way. Figure (&) shows the four hysteresis

sorption: test experime_nts exposing the flat Co film to C°m1oops taken along thL-10] direction (perpendicular to the
parable Ar pressures in absence of the ion beam show erpIe axi§ after the deposition of 1, 2, 4, and 6 ML of Co on

dEte::]ai?:];grﬁzg'?iesslz:}?omigge\;{ilgv%g?netrg?:bssible appli- the presputtered Q001 substrate with the following condi-
tions: 1 keV Ar" ion, 6;=70°, 4 uAlcm? for 660 s along

cations, is the thermal stability of the artificial nanostructures ) _ o
and of the related uniaxial magnetic anisotropy. Figui® 2 [110]. For the 1 ML thick Co film, the magneto-optic signal

shows the temperature dependence of the shift fieldfa @S a function of the applied magnetic field is characterized by
Co film sputtered for 480 s in the above-mentioned condi-

tions. The sample was annealed at each temperature for 600

s, while the MOKE measurements were performed at low [~ T
temperature. Starting from a shift field of about 175 Oe, as
the substrate temperature is increased up to 250 &stays
unchanged. At temperatures around 300Hg,starts slightly
diminishing, and at 350 K definitively disappears. In inde-
pendent experimental runs, the stability of the magnetic an-.E
isotropy was further observed after 12 h at room temperatureg
The observed behavior ¢i, is caused by the relaxation of *
the ripple structures due to the Co atom migration on the
Co/Cu001) surface. Figures () and Zc), respectively,
show the asymmetry of the nanostructure shaped the
surface roughnedstandard deviation of surface heigleix- FIG. 3. (a) Hysteresis curves for Co films deposited on the nanostructured
tracted from the STM images. From these results, we concu001 surface as a function of the Co coverage. STM im&2@0 nm
clude that the smoothening of Co ripples begins near 300 %ﬁ‘fﬁ?&?éﬁio‘;’ﬁ%"n o MLof Co on it and annealing a 300K after
while, at h'gher temperature, both their shape asymmetry a mple annealing up to 350 (), and after the deposition of further 2 ML
the unbalance in step density rapidly decrease, in agreemesttCo at 300 K.
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a large even component which is probably induced byFig. 3(e)] and did not find any distinct change of the surface
second-order effects related to the strong in-planemorphology, thus concluding that Co film growth on the
anisotropy:’ Such an even component strongly reduces forripple structures can be considered conformal to a good ap-
higher Co coverages and definitively disappears for the 6 Mlproximation.
thick Co film. In Fig. 3a), the odd part of the Kerr signal is In conclusion, we investigated the formation of nanos-
shown. The flat Kerr signal for the 1 ML thick Co film indi- cale periodic patterns on Co films grown on flat and prepat-
cates that the maximum field generated in our experimentakerned C@001) substrates. In both cases, we found that ripple
apparatug650 Oe is not able to induce the switching of the structures, produced by means of grazing-incidence ion
magnetization along th€l1-10] direction. After 2 ML Co  sculpting, can deeply modify the magnetic properties of the
deposition, we can observe a very large separation of tw&€o film and in particular induce a strong in-plane uniaxial
semiloops corresponding to a shift field of about 500 Oeanisotropy which persists at room temperature. The ion
Increasing Co coverage, the two semiloops get closer, ansculpting technique, thus allows us to tailarsitu in a fast
finally they merge after the deposition of 6 ML of Co. On the and effective way fine morphological details of the nano-
other hand, the hysteresis loop taken alpht0] (parallel to  structures as well as the magnetic properties of the film over
the ripple axi$ on the 4 ML film had a typical easy-axis extended macroscopic areas of the substrate. Its simplicity
square shape. and the generality of the results are expected to be easily

We may simply interpret this behavior assuming that theextended to other systems of technological interest.
growth of Co on the Cu ripple structure is conformal thus ) .
leaving the step density on the Co film unchanged during the The authors acknowledge financial support from the
growth. Since a surface-type behavior is expected for th&!UR-FIRB programs RBNE017XSW and RBNEO1YLKN.
magnetic anisotropy originating by atoms at step site, the
anisotropy intensity is reduced by the increase of the totalhy £ ggemnoff, Jr., P. 3. Chen, C. J. Powell, R. D. McMichael, and M. D.
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