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Nanoscale ferromagnetic entities are directly patterned in superparamagnetic Fe—Cr layers by
interfering laser beams. To characterize the formed entities, in addition to the conventional methods,
we used a technique for magnetic imaging based on the atomic force microgsbpy) with
nonmagnetic tips and an ac magnetic field appiiesitu. The observed AFM dynamic response is
interpreted in terms of magnetostriction and a related quantity, the ac susceptibilitg00®
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I. INTRODUCTION the entities allow us to identify locations that have different
magnetic properties. It is also expected that the spatial reso-
Artificially produced media composed of small magnetic |ution of this technique can be comparable with that typical
entities have attracted considerable interest recently from thef AFM. The observed behavior of the amplitude of dynamic
viewpoint of their potential application in data storage surface oscillations can be explained by the magnetostriction
systems-? The features as small as 100 nm and less areffect that is due to the field-induced precession of magnetic
patterned in thin magnetic films currently by means of mul-moments.
tistep lithographic processes involving deposition and subse-
guent etching of a resist layer as the key technological op-
erations. In our work, we use a simple effective and low-costl. EXPERIMENTAL TECHNIQUES
appfoaCh to such fabnc_atlonz _”a”.‘e'y' diréisistless pat- The Fe—Cr alloyed layers for subsequent processing
terning of small magnetic entities in alloyed layers of Fe—Cr ; .
. . . : were prepared on Si substrates by a 106 Nd:YAG laser
type via laser-induced phase changés/arious studies on . .
) _ . ST ablation of separate Fe and Cr targets. As our ferromagnetic
nanocrystalline Fe-based alldy$emphasize the dominating .
. . . . rFsonancéFMR) studies showefl the as-prepared FgCr,
role of superparamagnetic Fe-rich clusters in the behavior of . ' )
: _ mixtures did not possess any magnetic response at room tem-
the entire system, so the alloys do not exhibit long-rang

. . h [I-defi FMR signal f
magnetic order up to a high Fe contéf#0—75 at. %. In the eperatures, whereas a well-defined signal appeared after

Fo Cr.. allovs subiected 1o laser annealin e reveale jrradiation by a one nanosecond laser pulse with the fluence
€,Cryo alloys subj Ing, we rev f about 0.1 J/cr

f\hrlsmgt of ? room-temtper?ture ferrolmagtnett;f {)hasel,é%zvhlch To produce small features upon this basis, the mixtures
the saturation magnetization was close to that in bu ' _are irradiated by four interfering beams of a XeQl (
is believed that by laser annealing, the alloy components mix_

. S . =308 nm) narrowband0.04 cm') excimer laser having a
up in the liquid phase to yield, when cooled, a supersaturate ulse duration of 10 ns. A coherent addition of four beams
solid solution with a high Curie temperatute.

. . L incident in two mutually orthogonal planes results in two-
In produc_mg _smaII magnetic features, the peculiarity Ofdi ensional patterns of interference maxima and minima of
such processing is that the patterned features strongly depe light intensity with a periodicity ok/,2 sin6, whered is
on the parameters of a heating pulse. A high intensity and the angle of incidence. The patterned regions can have an
very long pulse duration cause blurring of the modified re'anisotropic shape ifi) the beams are incident at different
giqns. To characterize such sys'Fems unambiguously will re,éngles andii) the thermal diffusion lengt~100—200 nri
quire th_e use of different techniques such as the _magnenlg small compared to the areas of the highest laser intensity
force microscopyMFM) and magnetometry. In addition 10, he interference maxima. The details of the interferometric
these, we here employ a technique for magnetic imaginggger annealing are given elsewhére.
namely, detection of a local magnetostriction response by @ |, order to induce surface oscillations of patterned
nonmagnetic probe of an atomic force microscGpEM) in samples, an ac magnetic field with the frequerfcyn the
an ac field appliedn situ'® These measurements performed range from 30 to 100 kHz, and with the amplitude not more
at various orientations of an ac field and the magnetization of,5 5 few Oe is applieéh situ. The surface oscillations
transferred to the probe that scanned in the contact mode.
dElectronic mail: nip@ipm.sci-nnov.ru The amplitude of the surface oscillations was measured in
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FIG. 2. (a) Magnetization curve of an as-prepareg &#ex, 5 layer. (b and ¢
Hysteresis loops of a patterned sample, obtained at different directions of the

. . . _ external fieldH, with respect to the axes of the crater: along the long axis
FIG. 1. AFM topographida) and MFM (b) images of a 15 nm thick Fe—Cr gb) and along the short axis).

layer patterned by means of interfering laser beams. The MFM image ha
been collected after magnetizing the sample in the direction along &xés
and indicates locally induced modifications in magnetic properties.

-
-
-
»
o
-
-

fully polarized in the same direction. This observation pro-

vides the first and clear evidence for local modifications in

the magnetic properties of the alloys under study.

It is important that, for detecting the signal, the fre- Laser-induced transf_orm_ations in Fe—Cr_fiIms can also

quency was chosen so as to have @ose to the resonance be observe_d by the longitudinal _magngto-optlcal Kt_err effect
(MOKE). Figure 2 shows MOKE intensity as a function of a

frequency of the cantilever. The studies of the AFM dynamic

response were performed on a “Burleigh” scanning probeStatic magnetic field, for an as-prepared Fe—Cr filffig.

microscope. Using this apparatus, we had an opportunity tg(a)] and the patterned filiFigs. 2b) and 2c)] with the

apply an alternating magnetic fielid situ both in the sample c_raters such as mdFlfg. Ln éhf? Iatterdgase: the Mfo'fE Inten-
plane and perpendicular to it. sity was measured for two different directions téf Along

the long axis of the crateff$=ig. 2(b)] and along their short
axis[Fig. 2(c)]. We see that the magnetization curves of the
patterned film possess the hysteresis features that are typical
Figure 1 showgFig. 1(a)] a topographidAFM) image  of ferromagnets, whereas the as-prepared film exhibits a su-
of the patterned surface of a 15 nm thick layer ofJog;;,  perparamagneticlikéanhysteretig behavior with a relative
(Fe—Cy and[Fig. 1(b)] its MFM image collected after the low static susceptibility, §M/dH),_,, and some magneti-
sample was magnetized by applying the magnetic field ofation saturation at fields above 1.0 kOe. As seen, for both
about 1.0 kOe in the direction along tKeaxis. These AFM/ the field directions, the hysteresis loops of the patterned film
MFM images have been obtained on a Solver P47 apparatuisdicate a nearly full moment in the remanent state; however,
(NT-MDT). The AFM image shows the craterlike regions there is some magnetic anisotropy which probably results
located in the interference maxima. The crater shape is tom the competition between the demagnetizing fields in-
result of the film melting in the interference maxima and theside the craterlike entities and the effects of superparamag-
Fe—Cr liquid being expelled by a radial vapor pressure netic environment.
from the center to the periphery. The Fe—Cr liquid viscosity ~ Figure 3 shows a topographic imadég. 3(a)], obtained
is high enough to prevent the formed surface profile fromin the same mode as in Fig(dl, versus the images of the
smoothing out over the cooling times which are of the ordermamplitude of the oscillations of the prol€&igs. 3b) and
of 10’ s. The width of the crater wallglight contrast 3(c)], arising due to the field-induced surface oscillations,
around the crateyss of ~50 nm, and their height is 6E10  obtained at & for some value of the ac fieldy_ . The dy-
nm. The crater features depend on the laser fluence, so tmamic images were collected after prior magnetization of the
crater depth can reach the film thickness at fluence above Ofample up to saturation along the long aiisg. 3(b)] as
Jicnt. The MFM image in Fig. 1b) shows a periodic struc- well as along the short axigig. 3(c)] of the craters. It is
ture of dipoles: The dark and light contrast in the patternremarkable that the features of the crater observed in the
indicate the poles of the ferromagnetic regions which areconventional and dynamic modes are in direct relationship.

arbitrary units by using a lock-in amplifier with thev2 w
=2mf) mode for magnetostriction.

Ill. RESULTS
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8.0 scanning in the contact mode. The magnetostrictive deforma-

tions can be expressed via the components of the ac suscep-
tibility, x,
nm

N2
Uij =72 XikXjihihi cos’ wt, 1)

where\ ;) are the dimensionless magnetostrictive constants
andh,) are the components of the ac field. It is important to
point out that the ac susceptibility is the amplitude of preces-
sion of the magnetization around the easy axis of magneti-
zation. Wherh_ is parallel to the magnetization, the preces-
sion of magnetic moments does not arise. This expectation
agrees qualitatively with our experimental observations of
the vanishing of the local response under such an orientation
of h_ [Fig. 3(c)]. For the perpendicular orientation af

with respect to the direction a¥l, taking into account that
the demagnetizing factor along the nornial axis) to the

film plane (X-Y) is close to unity, one can obtain the solu-
tion of the Landau—Lifshitz equation for the motion of the
magnetization in the following form

h_=hycosmt

Amy*M? YMow 2
Xyy™ wg_wz ) Xzy_wg_wZv i)

under the in-plane orientation df. along theY axis, and
FIG. 3. AFM topographida) and the corresponding images of the dynamic

response, collected &t=50.1 kHz after prior magnetization along the long 477sz 2AN yMw
axis (b) and the short axiéc) of craters. The orientation of the ac field and Xzz:Wa Xyz:m1 ©)
0 0

the magnetization of the cratét, are indicated by arrows.

under the out-of-plane orientation bf . In these equations,
wo=4myM+AN is the natural frequency of the systefni\

is the difference between the demagnetizing factors along the
ong and short axes of the entities, ap@s the gyromagnetic
Eatio. For our experimental conditiong is infinitesimal
compared withyM and w, that have values of the order of

10 GHz. Therefore, one can neglecin the denominator of
Egs.(2) and(3), and it is difficult to observe the effects of
magnetic resonance in these experiments. Besides, since

cillations are even smaller than those of the surroundin N<1, the oscillations caused by the out-of-plane ac field

medium([Fig. 3(c)]. However, we observed some enhance-2¢ much weaker than those arising under the in-plane ac

ment of the wall oscillations after applying the ac field in thef!eld' This is also compatible with our experimental observa-

) . o tions.
film plane and perpendicular to the magnetization. In the . .
P berp 9 In accordance with Eqg1)—(3), one can roughly esti-

latter case, the oscillations became larger than those of the . T .
surrounding mediurfFig. 3(b)]. Finally, there was no differ- mate the amplitude of field-induced surface oscillations,

ich i 105 ~10°5 -
ence detected in the dynamic response of the craters aﬁﬂqﬂ;g? GIS cl)f th nm O\l(é) r110 » Py 18 G, ar? dM .
surrounding matrix at applying an out-of-plane ac field. Ny ) In the contact mode that corresponds to the regime

of repulsive force¥ which are proportional to, 13 where
ro is the spacing between the tip and the sample surface,
such surface oscillations can cause enhanced oscillations of
We shall explain the observed behavior of the local dy-the tip with the amplitude of-0.1 nm, given the proximity
namic response and its dependence on the ac-field orientaf the double frequency of the ac field to the resonance fre-
tion in terms of field-induced magnetostriction effects. Suchquency of a highd cantilever(Q~ 100 in aip.*®
a suggestion, firstly, is supported by our observations of van-  Thus, such a locally observed dynamic response may
ishing of the AFM dynamic response of a nonmagneticindicate the regions with different susceptibilities, and the
Fe—Cr layer with patterned craters. Moreover, such a reAFM technique presented here can be used as a tool for
sponse in the magnetic samples is observablecatThe  visualizing magnetic entities. As applied to the patterned
magnetostrictive deformations, as knofrgre quadratic in Fe—Cr layers, the AFM technique presented here is found to
the direction cosines of the magnetization vector, so the dendicate the laser-induced formation of ring-shaped magnets.
flection of the AFM tip at the second harmonics can be asindeed, the magnetic properties of the ringsater wall$
sociated with the magnetostrictive response under the proldiffer from those of the intracrater regions and the intercrater

This similarity may have a simple explanation, considering
that the crater walls are the most distinctive topographic fe
ture and that they also correspond to the maximum of th
ferromagnetic matter which naturally can have the larges
magnetic response. As seen from Figéh)3and 3c), the
oscillation amplitude in the crater walls depends on the mu
tual orientation of the ac field and the static craters’ magne
tization, M. Whenh_ is applied parallel tavi, the wall os-

IV. DISCUSSION
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medium. In an applied ac magnetic field, the oscillation am-evkin and V. N. Petryakov, who are with the Institute of
plitude of the crater walls strongly depends on the orientatiorApplied Physics of RAS, for providing excimer laser facili-
of the ac field with respect to the direction of the magneti-ties. One of the authoréN.I.P) is grateful to the manage-
zation of the entities. Our conclusion hereof is that in thement of the Royal Institute of Technology for hospitality
patterned films, théferromagnetic phase is localized mainly quring his stay at the Department of Materials Science.
within the crater rings in the topographic images. It is also

interesting that the observed dynamic response can be even

smaller than that of a surrounding matrix.
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