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Magnetization reversal measurements in Gd /Fe multilayer antidot arrays
by vector magnetometry using x-ray magnetic circular dichroism
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Fe K-edge x-ray magnetic circular dichroigkiMCD) was used as vector magnetometry to measure
the magnetization rotation while field cycling Gd/Fe multilayer antidot arrays through a hysteresis
loop. The measured XMCD hysteresis curves were then compared quantitatively with
micromagnetic calculations to reconstruct the microscopic magnetization configurations. The best fit
reveals the existence of three types of characteristic domains: two that rotate coherently during
magnetization reversal and one that is strongly pinned. The behavior is explained by a simple
three-domain energy model, including a phenomenological ansatz for a shape-induced
demagnetization energy contribution. ZD02 American Institute of Physics.
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Patterning magnetic multilayers into dot arrays is ofis understood mainly as the result of the interplay between
growing interest in high-density magnetoresistive randonthe intrinsic anisotropy and the shape anisotropy due to the
access memory and magneto-optic data storage media. Howntidots'™° The coexistence of well-defined domains with
ever, there have been few studies of patterned “antidotiindividual magnetizations provides an opportunity to study
magnetic multilayers consisting of hole arrays in continuoughe energetics between domains during magnetic switching.
magnetic films. Antidot arrays have recently received mucHiere, we present XMCD as a vector magnetoméil) to
attention because of their potential advantages over magnetittderstand the switching mechanism in antidot arrays. The
dot array systems for data storagAdvantages include no @pproach is complementary to previous microscopy
superparamagnetic lower limit to the bit size and the preserﬁtumeé—5 This work is also important for future studies of
vation of the intrinsic properties of the continuous magneticth€ interlayer coupling under lateral confinement because the
film. Antidot arrays possess unique magnetic properties, suchl€ment-specific XMCD technique is ideally suited for het-

as their shape-induced magnetic anisotropy, domain stru&romagnetic systems such as Gd/Fe multilayers.
ture, and pinning in laterally confined geometrig§. For the VM studies, hysteresis loops were measured by

For our first studies we chose antidot arrays of Gd/FJeCOrOIing XMCD signals. Because XMCD is proportional to

multilayers. We focus on the regime in which Fe layers arethe projection of the magnetization vectdr along the pho-

decoupled at room temperaturdand study the magnetiza- ton ‘momentum directioanh near resonance energies

) ; . [XMCDk,,- M~|M|cosy, as shown in the inset of Fig.

tion reversal of Fe layers using element-specific x-ray mags .o pn - -

netic circular dichroism{XMCD).® Future work will explore L@, t_h|s te.chnlque allows eIement-speuﬁc dete_rm_|nat|on of

the infl £ interl I d inf i dthe orientation of the average magnetization. This is done by
€ Influence of Interiayer coupling on domain formation an collecting hysteresis curves with more than two orthogonal

switching of Fe and Gd layers. Typically, antidot arrays at

: | incident photon directions for a given fieldl. Since
remanence show three types of domains behaving COHeSKMCD-VM measures a spatially averaged magnetization,
tively as single domain%.® Domain formation at remanence

numerical micromagnetic simulations have been performed
to reconstruct the microscopic domain configuration. The
dElectronic mail: driee@aps.anl.gov hysteresis loops were calculated using micromagnetic simu-
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FIG. 1. XMCD magnetic hysteresis loogsircles measured at the Fe

K-edge at room temperature. To obtain vector information of the average|g 2. The spin configurations of antidot arrays obtained from micromag-
magnetization, the incident photon beams were rotated with respect to thgatic simulations with a sequence of applied fieldg@f3 mT, (b) 0 mT,

positive field direction by 4=0°, (b) —45°, (c) —90°, and(d) —135°. and(c) —2 mT. (d) Schematic of the three characteristic domains labeled A,
The inset in(a) shows a schematic of the experimental setup, whesethe B. and C in the unit cell.

angle between the magnetization vedtbrand the incident photon momen-
tum directionk,,, H is the applied field, and EA and HA denote the easy

and hard axes of the intrinsic _anlsotropy,_ resp_ecuvely. Th_e sphd Im_es rep;ship, one can determine a counterclockwise rotation of mag-
resent the calculated hysteresis loops using micromagnetic simulations.

netization from Figs. (B) and Xc) induced by the easy-axis
orientation of the intrinsic uniaxial anisotropy, as depicted by
lations and were fitted to the experimental data fromthe inset in Fig. (a). The preferential rotation gives rise to a
XMCD-VM by varying the uniaxial anisotropy, exchange dramatic asymmetry between tide= —45° and¢= —135°
stiffness, and saturation magnetization as parameters. Olgops. Interestinglyg= —45° hysteresis shows three loops
calculations resulted in a series of spin configurations showwhose tie points correspond to the coercive fields.
ing coherent rotation of three types of domains. These coher- The microscopic domain configurations were recon-
ent rotations are explained by a simple phenomenologicadtructed by comparing the measured XMCD hysteresis loops
energy model containing intrinsic uniaxial anisotropy andwith calculated ones using micromagnetic simulatitha.
shape anisotropy induced by the antidots. uniaxial anisotropy constait,=500 J/ni was used for the
Multilayered [Fe(3 nm)/Gd(2 nm)g films were pre- best fit to the XMCD measurements, and typical values for
pared on Si substrates by e-beam deposition. Square arrae films were used for the other material parameters. The
of circular holes with a period of Zm and a diameter of 1 in-plane cell size was 2020 nn?, and the equilibrium con-
um were generated using standard lithography and lift-offiguration was assumed when the torqiisl x H|/M?
processes. Magneto-optic Kerr effeOKE) hysteresis <10 4. The thickness of the film was assumed to be 3 nm,
loops were measured for both unpatterned and patternagbrresponding to the individual Fe layer instead of the total
films to determine the direction of intrinsic uniaxial magnetic thickness of Fe layers. To compare directly with the XMCD
anisotropy. The XMCD measurements were performed at thlysteresis loops in Fig. 1, average magnetizations projected
SRI-CAT beamline 4-ID-D at the Advanced Photon Sourcealong the directions withp's were evaluated byM .q(H)
Circularly polarized hard x rays were produced by a diamond Rph( ¢)). The fitted results from the two-dimensional code
(11D quarter-wave plate operated in Bragg transmissiorare shown as solid lines in Fig. 1, and are in good agreement
geometry*! The XMCD effects were measured in fluores- with the measured XMCD hysteresis loops.
cence around the Fe K absorption ed@elll keV} by The reconstructed spin configurations with the best-fit
switching the helicity of the incident radiation. For the vector parameters are shown in Fig. 2. The remanent domain struc-
magnetometry studies, the sample/electromagnet assembiyre in Fig. Zb) clearly shows three main types of domains,
was rotated with respect to the projected incident photoras reported previous®? A sequence of spin configurations,
direction. as shown in Fig. 2, reveals that two types of domains, la-
Figure 1 shows XMCD hysteresis loops measured withbeled as B and C in Fig.(&), rotate coherently, while one,
four different directions of incident x-ray beam&) ¢ labeled as A, is pinned. Figure 3 shows the magnetization
=0°, (b) —45°, (c) —90°, and(d) —135° with respect to orientations of these three types of domains obtained by col-
the field applied in the positive direction. White=0° cor-  lecting and averaging the cell magnetizations belonging to
responds to the conventional hysteresis loop along the apach types of domains from the micromagnetic simulations.
plied field direction, the rotation of the average magnetiza-  To understand intuitively the coherent rotations in Fig. 3,
tion of the sample aty=—90° can be described bg, 4= we have developed a simple phenomenological energy
—tan }(M_gp-/M¢-). This was surprising because one ex-model by employing the Stoner—Wohifarth single domain

pected formation of many domains. Following this relation-model with an effective shape anisotrogyWe assume that
Downloaded 22 Jan 2003 to 146.139.164.8. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 81, No. 26, 23 December 2002 Lee et al. 4999

w0l ' T 'A domai'n ] The solutiong fore, were superimpose(_ll on the data from
J — B domain | micromagnetic calculations, as shown in Fig. 3. In spite of
...... ¢ domain the simplicity, the model shows reasonable agreement with
ST : T micromagnetic results except for small discrepancies for the
% . C-domain rotation and the coercive field. This strongly sug-
o oF A3 . gests that the interplay between the shape anisotropy and the
< % intrinsic uniaxial anisotropy can explain the coherent rota-
= - A - . . .- . .
il 1 j[lons Qf domains as well as ch'aracjterlstlc domain formatlons
in antidot arrays. As the applied field decreases, while do-
main C starts to rotate to 90°, minimizing both shape and
-10 . . . . § intrinsic anisotropy energy, domain A prefers to align to the
—45 0 45 90 135 180 225 field direction due to relatively stronger shape anisotropy
Magnetization orientation [deg.] exerted on it. A compromise between A and C domains leads

o _ ~_ to an energetically favorable domain configuration at rema-
FIG. 3: Magnetization onentg_non pf thrge ty_pes of domains depicted in F|g.nence; that iSﬁA~O°, 0g~45°, and0C~ 90°, as shown in
2(d) with respect to the positive field direction. The symbols represent the_. 2 and 3
average value collected at each domain region from micromagnetic simula- Igs. 2 an " o
tions, and the lines are calculated from the three-domain energy model. In conclusion, by combining XMCD vector magnetom-

etry measurements with micromagnetic simulations on anti-
dot arrays, we determined that coherent rotations of magnetic
domains occur during magnetization reversal. This is ex-
plained by a simple three-domain energy model. Future stud-
ies, combined with Gd L-edge XMCD measurements, on

the unit cell contains onlyhree simple types of domains,
labeled A, B, and C in Fig. @), the magnetization orienta-
tions of which are defined by, , 65, andéc, respectively.

Further, we assume that the contributions of dipole interac

tions between each domain and domain wall energies at th(éd/':e antidot arrays will provide further insight into the lat-

boundaries are negligible. This is a valid assumption becauseeraI confinement effect on magnetically heterogeneous sys-

when these effects are included, the final result is unchangeffms'. Of further interest are antidot arrays with giant magne-
resistance and pseudospin valve structures.

The total magnetic energy density of the system is then give]ﬁ0
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