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Magnetic patterning of exchange-coupled multilayers
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The local modification of antiferromagneti8F) interlayer exchange coupling by focused ion-beam
irradiation has been studied experimentally in the epitaxial Fe/@{Hgtrilayer systems. Square
ferromagnetic(FM) areas of 208200um? were created in the initially AF trilayer by ion
irradiation with a fluence of 8 ions/cnf. It was found, that in the range of the external magnetic
field of about=200 Oe, the change of magnetic properties at the boundaries separating FM and AF
areas occurs within distances of less than 200 nm. This fact allows the use of the technique for
magnetic patterning of antiferromagnetically coupled trilayers on the submicrometer scale.
© 2004 American Institute of Physic§DOI: 10.1063/1.1699475

The antiferromagnetiqd AF) interlayer exchange cou- few tens of nanometers, the proposed technique opens the
pling (IEC) between two ferromagnetitFM) layers sepa- way for the creation of artificial magnetic media such as
rated by a thin nonmagnetic spacer was discovered in 198fin-film structures containing nanoscaled areas having dif-
by Grinberget al! Since then, this phenomenon has beenferent magnetic susceptibility. Moreover, due to the moderate
intensively studiedfor a recent review, see Ref) Because ion penetration depth into standard photoresist, which usu-
of its potential for the creation of antiferromagnetically ally does not exceed 50—100 nm, one can realize the ion
coupled media for high-density magnetic recordifhgnd ar-  nanopatterning using standard photoresist mask technology.
tificial antiferromagnets that are used as hard magnetic elec- In this article, we present experimental results on the
trodes in magnetic memory elemetiteind magnetoresistive laterally resolved ion-beam modification of the IEC in Fe/
sensors. The IEC is mediated by the long-range interactionCr/Fe trilayers.
between the magnetic moments of two FM layers separated For the experimental investigation, samples were pre-
by a nonmagnetic spacer via conduction electrons of the lajared consisting of two 10-nm-thick @81 films separated
ter. This coupling leads to the alignment of the magnetidby a 0.7-nm-thick Cr spacer. This particular thickness of the
moments of the two layers parallel, antiparallel, or at a cerCr spacer was chosen such that the AF coupling between the
tain angle relative to each other depending on the thicknedse layers was strong. The Fe/Cr{@@)) trilayers were epi-
of the spacer and on the states of the interfaces between thaxially grown using an UHV molecular-beam epitaxy sys-
magnetic layers and the nonmagnetic spécer. tem on a Mg@001) substrate with a 80-nm-thick Cr buffer

Recently it was showfthat the type of the IEC between and covered by 3 nm of Cr in order to avoid corrosion.
two iron layers separated by a chromium spacer can be easilsinally the samples were irradiated using a focused ion-beam
modified by ion irradiation. This modification is a result of lithography machine. Irradiation with a fluence of 6.25
the atomic intermixing at the Fe/Cr interface caused by thex 10 ions/cnt was performed with 50-keV Gaions with-
dissipation of energy of ions due to their collisions within the out an applied external magnetic field, with the samples be-
crystalline lattice. The intermixing at the Fe/Cr interfaceing kept at room temperature. The ion beam focused down to
leads to the appearance of microscopic “magnetic bridgesapproximately 100 nm was scanned along the surface of the
that connect the two iron films and provide strong directsample, forming square-shaped irradiated areas with dimen-
local FM coupling between them. With increase of the irra-sions of 200 200 um? separated by 15@m-wide nonirra-
diation fluence, the quantity of magnetic bridges increasesliated spacé.The diagonals of the irradiated squares were
and the type of interlayer coupling changes to the FM onealigned along the easy magnetic axes of the fourfold mag-
Since the direct coupling through a bridge is about hundreghetic anisotropy of the K801) films.
times stronger than that via conduction electrons, the density The samples as prepared were studied using magneto-
of bridges and, consequently, the ion fluences necessary tptical Kerr-effect(MOKE) magnetometry. The hysteresis
change the type of coupling are very snfdliis obvious that  loops were measured at different points of the samples. A
the modification of the IEC by means of ion irradiation pro- magnetic field of up to 1.5 kOe was applied parallel to the
vides a very convenient tool for local modification of mag- easy magnetic axis. Typical results of the MOKE measure-
netic properties of antiferromagnetically coupled trilayers.ments are presented in Fig. 1, where the two hysteresis loops
Due to the possibility to focus the ion beam down to veryshown in partsa and (b) correspond to nonirradiated and
irradiated areas, respectively. In order to illustrate the rota-

aAuthor to whom correspondence should be addressed; electronic maifion Of mag_netization in_ the sample_, the \_/eCtor_ diagram is
demidov@physik.uni-kl.de added to Fig. (a) showing the relative orientation of the
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magnetic momentdv; and M, of the two Fe layers for
different values of the external magnetic fidild As seen
from Fig. 1(a), the nonirradiated trilayer structure exhibits Fic. 2. Topography of a corner of the irradiated area measured by an
typical AF magnetization curves in the range of the externahtomic-force microscopéa) The general 3D view(b) The profile along the
magnetic field of=250 Oe. In this range, the application of X direction.

a magnetic field leads to a weak deviation of the magnetic

momentsM; and M, from their original antiparallel state, the observed elevation of the surface does not indicate that
which results in the total magnetization of the trilayer in- considerable crystalline defects appear in the Fe/Cr/Fe
creasing slowly with the increase of the field strength. Astrilayer. Instead, most of the defects are concentrated inside
soon as the strength of the magnetic field reaches the criticahe Cr buffer layer, which becomes locally expanded.

value Hc1~250 Oe, the total magnetization of the trilayer Figure 3 presents the MFM images of the corner of the
starts to increases stepwise. Such a behavior can be eixradiated area obtained in weak external magnetic fields that
plained by a weak 90° IE€ coexisting in our samples with do not significantly exceed the coercive field of the irradiated
the strong AF one. As a result, the orientation of the magarea. The four panel&), (b), (c), and(d) of Fig. 3 corre-
netic moments of the layers at 90° with respect to each othespond to the strengths of the applied magnetic fi¢ldqual
becomes favorable in the range of magnetic fields from 25@0 —30, 0, 5, and 30 Oe, respectively. The magnetic field was
to 450 Oe, and; andM, lie in the directions of magnetic applied along one of the magnetic easy axes, which are
easy axe$see the vector diagram in Fig(d]. Finally, when  shown in the figure by black arrows. As seen from Fi@) 3

the strength of the external magnetic field exceétls, in the magnetic field of~30 Oe, the boundary between the
~450 Oe, the trilayer becomes completely saturated. In corirradiated and nonirradiated areas provides very strong mag-
trast to the complicated magnetic behavior of the nonirradinetic contrast, whereas the remaining surface is magnetically
ated Fe/Cr/Fe trilayer, the irradiated trilayer simply exhibits auniform. Such a behavior is understood by the strong differ-
typical FM hysteresis loofsee Fig. 1b)], with the coercive
field equal to 20 Oe.

Next, magnetic force microscogilFM) measurements
were performed in the regions situated close to the boundary
between the irradiated and nonirradiated areas. For this pur-
pose, a multifunctional scanning probe microscope was used
(Solver AFM-MFM produced by NT-MDT C9. The micro-
scope contains a built-in electromagnet, which allows one to
investigate the domain structure of samples placed in an ex-
ternal magnetic field.

Figure 2 shows the topography of a corner of the irradi-
ated area. Figure(@) shows the general three-dimensional
(3D) view of the corner, whereas Fig(l) demonstrates the
topographical profile along th¥ direction, as indicated in
the figure. As seen from Fig. 2, in the irradiated areas, the
surface of the film structure is elevated by about 2—3 nm
relative to the nonirradiated ones. Close to the boundary, this
elevation is stronger and amounts to about 6—8 nm. The
observed elevation can be explained by crystalline defects
appearing due to the penetration of the Ga ions into the crys-
talline lattice of the sample. Computer simulations of the
irradiation process show that for the chosen irradiation pa- _ o S
rameters, most ions pass both magnetic layers and afi, % NP ates of 2 coer o e e e e weak
stopped in the Cr buffer layer. Therefore, the magnetic layergjack arrows indicate the easy axes of the fourfold magnetic anisotropy of

are not significantly disturbed by the irradiation process, anthe F¢002) films.
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ture of the sample cannot unambiguously be derived from
the MFM measurements due to the rotation of magnetization
of the MFM tip out of its axis. However, it is clearly seen
from Fig. 4 that in the boundary region, the magnetization of
the nonirradiated trilayer experiences a strong influence of
the irradiated area. This phenomenon can be explained by an
instability of magnetization of antiferromagnetically coupled
nonirradiated trilayer in magnetic fields lying closeHg@.

Due to the presence of the 90° coupling, the alignment of the
magnetic moments of the two Fe layers at 90° becomes fa-
FIG. 4. MFM images of a corner of the irradiated area obtained in strongvorable in the range of magnetic field betwétg, andHc;.
external magnetic fields: 210 Qe) and 250 Ogb). The strong magnetic stray field of the irradiated area stimu-
lates the nucleation of the 90° phase in the nonirradiated area

lose to the boundary. On the other hand, the similar domain

ence in magnetizations of the irradiated and nonirradiate@ . : 11
. . ehavior was observed by Kusinski al.* for the case of
areas. The completely saturated irradiated area produces

strong magnetic stray fields at its edges when surrounded t|{?n—patterned Co/Pt multilayers. Therefore, further investiga-

. . . . o ons are needed in order completely to understand the nature
the nonirradiated trilayer with small net magnetization. AsOf this phenomenon
the external magnetic field decreases to Zeee Fig. &)], P )

S . . In conclusion, we have demonstrated that local ion-beam
the irradiated area breaks up into domains, whereas the non- ...~ . : o
) . : . . ... modification of the AF interlayer exchange coupling in Fe/
irradiated area remains uniform. As the magnetic field

changes its direction and its strength increases afssn Cr/Fe trilayers can be used for magnetic patterning on the

Figs. 4¢) and 3d)], the domain structure in the irradiated submicrometer scale. Such patterning provides a unique

: . . i . ean to create AF thin-film structures containing
area changes and finally disappears in a field exceeding . . . S

. . submicrometer-size FM areas. The performed investigation
Oe, whereas the nonirradiated area does not demonstrate a ! . X
visible change sHows that the well-defined magnetic boundary between ir-

It is important to note here that for the whole range 0fradlated and nonirradiated areas exists in a large range of the

magnetic fields between-30 and 30 Oe, the magnetic external magnetic field.
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