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Evidence for Roughness Driven 90Coupling in Fe304/NiO /Fe304 Trilayers
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The magnetic interlayer coupling of &, across NiO is studied using f&,/NiO/Fe; O, trilayers
epitaxially grown on (001) MgO substrates. For NiO thicknesses between 0.7 and 5 nm, the magnetic
moments of the two R®©, layers are directed perpendicularly with respect to each other. Theo20
pling strength is determined to 035 + 0.08 mJ/m? for a 1.4-nm-thick NiO spacer. The 96oupling
can be understood from the effect of an antiferromagnetic spacer in the presence of interface roughness.
[S0031-9007(99)08387-8]

PACS numbers: 75.70.Cn, 75.50.Ss, 75.60.Lr

Since the first observation of coupling between magmagneto-optical longitudinal Kerr effect (MOKE) was
netic layers over an ultrathin metallic spacer, this issue hagsed to characterize the magnetic behavior as a function
fused an enormous amount of experimental and theoretof the NiO layer thickness. Since the penetration depth is
cal activity. By now the (oscillatory) interaction medi- far more than the thickness of the present system, the total
ated by a metallic spacer is fairly well understood in termamagnetization is observed [4].
of an RKKY-related electron optic interference model [1]. The hysteresis loops shown in Fig. 1 on a 20 ng¢
This emphasizes the crucial role of the Fermi surface 06.4 nm NiO/20 nm FgO, trilayer are representative for
the carriers in the spacer layer. For insulating spacers thilbe magnetic behavior observed for NiO spacers in the
coupling is less clear. The RKKY-like contributions to range of 0—0.7 nm. The longitudinal MOKE experiments
the interlayer coupling are absent and, as was theoreticalgre performed in two geometries in which the in-plane
shown, an exponential decreasing interaction related tmagnetization is measured either parallel or perpendicu-
electron tunneling may be anticipated in the limit of ultra- lar to the in-plane applied field as sketched in the inset
thin spacer layers [2,3]. In the case of an antiferromagnetiof Fig. 1. The hysteresis loops in Fig. 1 monitoring the
(AFM) insulating spacer, one may anticipate an inter-magnetization parallel to an applied field along #0] di-
layer coupling contribution originating from the propagat- rection show a remanent magnetization of almost 100%
ing nearest AFM exchange coupling in the spacer, whichwhile the magnetization perpendicular to that axis is prac-
one may imagine to result in an oscillating interlayer cou-tically zero. After applying a field alonig 00] a remanent
pling. However, so far, such behavior has not been remagnetization of 70% alond00] as well as perpendicu-
ported for insulating spacer layers. lar to [100] is observed. The overall magnetic behavior

In this Letter, we report on the interlayer coupling in and the observation of a fourfold symmetry (not shown) is
FeO,4/NiO/Fe;O;4 trilayers. We will show that for the characteristic for a single magnetic domain with eddy)
insulating and AFM NiO spacers in the range of 0.7-5 nmand hard(100) in-plane magnetization axes. Such mag-
a perpendicular arrangement of the magnetic moments afetic behavior is expected for a single (001} ®g layer
the two FeO, layers is observed. Above 5 nm, however, with cubic magnetocrystalline anisotropy [5]. Therefore,
a gradual alignment of the magnetic moments takes plac¢he magnetic behavior observed below 0.7 nm NiO can be
The observed 0coupling can be understood in terms of understood by assuming no coupling at all or, more likely,
a mechanism where the 90oupling is driven by the com- a ferromagnetic (FM) coupling between the;©g layers,
bined effect of a propagating nearest neighbor coupling invhich is commonly observed for small spacer thicknesses
the AFM-spacer and roughness at the interface. and arises from ferromagnetic bridges across the thin NiO

Fe04/NiO/Feg 0y trilayers were epitaxially grown on spacer (“pinholes”) [6].

(001) MgO substrates at 500 K by molecular beam epi- A completely different hysteresis behavior is observed
taxy (MBE). The FeO, and NiO layers were deposited for trilayers with a NiO spacer thickness above 0.7 nm,
by means of e-gun evaporation from Fe and Ni tar-as shown in Fig. 2. FoH || [110] the parallel remanent
gets, respectively, in an ambient @tmosphere 02.8 X magnetization is reduced 5M, and equals the perpen-
1073 mbar. Two wedge-type samples were grown com-dicular component, while foH || [100] the zero field par-
posed of 20 nm F€,/0-2 nm NiO/20 nm FeO, and allel magnetization i6.7M and virtually no perpendicular
25 nm FgO,;/0-9 nm NiO/25 nm FgO4. The local componentis observed. Moreover, when compared to the
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the magnetization parallel and perpendicular to the applied field
is monitored by using two different MOKE geometries, similar
to the case with a 0.7 nm NiO spacer.
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FIG. 1. Longitudinal MOKE measurements on a 20 nm in which ¢1, ¢2, and@ are the angles of the magnetic mo-

Fe04/0.4 nm NiO/20 nm FeO;, trilayer with the field applied . . - .
along [110] (a) and[100] (b). The ellipticity is a measure mentsM; andM,, and the applied field, respectively, with

of the magnetization parallel and perpendicular to the applied€SPect td100]. In the calculations, the energy is locally
field. The two MOKE geometries applied to obtain the two Minimized as a function op; and¢s.
components of the magnetization are shown in the inset. The Figure 3 shows the calculated hysteresis loops for the
(smeltlll) contribution ofM , in (a) is most probably caused by a fije|d applied along[110] and [100]. For J, = 0.35 *
small misorientation. 0.08 mJ/m?, the calculated hysteresis loop behavior is
similar to the experimentally observed hysteresis loop
results for the thinner NiO spacers, a strong increase i8€havior, specifically regarding the kink position around
observed of the saturation fields. Qualitatively this behav20 kA/m and the estimated saturation. It is interesting to
ior can be understood if (at zero field) the magnetization§0te that applying a field along 10], that is alongM,
M, andM, of the two layers are oriented perpendicularand perpendlcular t™v,, rgsglts |n|t|a'lly ina predommant
to each other along the mutually perpendicular dasg] rotation of the almost_ rigid 9_’0_un|t of the magnetic
and[—110] directions. Saturation by application of a field MOMeNts to a symmetrical position B, andM, around
requires the alignment d§1, and M, and would there- theﬂeld._ Athlgherfle_IdMl ansz gradually al!gn along .
fore also explain (at least qualitatively) the increase of théh€ applied field. 'This change in the magnetic process is
saturation field. re_flected t_)y t_he kink in the calculatgd hysteresis Io_op of
To investigate this apparent 9oupling more quantita- Fig. 3, which is glso observgd experlm.ental.ly; see Fig. 2.
tively, we have performed in-plane hysteresis loop calcula- S€veral coupling mechanisms can give rise 6 &u-
tions for two FeOy layers with thicknesses andz, (both ~ Pling between two magnetic layers. However, most of
20 nm) with a bulk value for the magnetizationf( = these coupling mechanisms are unlikely for the present
496 kA/m) [7] and cubic magnetocrystalline anisotropy €@S€ Of two magnetite layers separated by a NiO spacer.
K1 (—9 kd/m’) [5] and assuming a (phenomenological) The “RKKY-like cou_pllng mechanisms can be excluded
90° interlayer coupling/>. The in-plane angular depen- for the preseninsulatingNiO layer. Also interlayer cou-

dence of the energy per unit area is given by pling ari_sing f_rom spin-polariz_ed tunneling_ across an in-
sulator is unlikely for these interlayer thicknesses. A
E = — uoM,tiHcod¢) — 0) — uoM,t2H codpr — 6) 90° coupling arising from magnetostatic coupling between

2 i 2 i the two magnetite layers due to uncorrelated interface
+ K111 COS 1 SIN* ¢y + K12 COS 2SI roughness [8] can be excluded on the basis of a previous
+ J,c08(p, — ¢2), (1)  study [6].
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r —_”/J of the two ferromagnetic layers in the case of= 13 and

05 i n — 1 = 12 intermediate AFM planes.
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The model is applicable if the scale of the lateral in-
H (kA/m) terface fluctuations is sufficiently large, which is the case

FIG. 3. Calculations of the hysteresis loop behavior for twofor th.e present samples. STM _measurements show large
magnetic layers with an in-plane cubic anisotropy and mutuaftomically flat terraces extending over several tens of
90° coupled for the field applied alonpl10] (a) and[100]  nanometers for an &, layer grown on (001) MgO [11].
(b). The schematic drawings show the configurations of theThe requirement of an uncompensated AFM-interface
magnetic moments (represented by the arrows) at differeny|ane seems at first sight not to be fulfilled, since (001)
positions of the hysteresis loop. NiO has a compensated interface. However, the magnetic
lattice parameter in a (001) §8, plane [12] is almost
The most likely mechanism for the observed @@u-  exactly twice (mismatch only 0.5%) that of NiO. As a
pling is that suggested by Slonczewski [9]. This modelconsequence, in an epitaxially grown system the surface
has also been employed to explain the giant nedre®Q-  spins of the FgOy4, in a first approximation, interact only
pling observed recently across metallic metastable bodywith one of the two uncompensated sublattices of the (001)
centered tetragonal (bct) Mn spacers [10]. In this modelNiO interface plane. This model has also been suggested
the coupling of two ferromagnetic layers across an AFMearlier, to explain the sizable interface interaction between
spacer is mediated by the short range Heisenberg exchange; O, and CoO [13].
coupling. For perfectly flat interfaces and an uncom- In Slonczewski's model only nearest-neighbor Heisen-
pensated AFM interface this results in either ferro- orberg exchange in the spacer is assumed, which results in
antiferromagnetic coupling between the two FM layers,a constant angle difference between adjacent AFM spins
depending on the number of AFM planes. Interface roughthroughout the AFM spacer. In order to obtain a more re-
ness results in lateral variations in the number (odd or everglistic description, we have extended the model with the
of intermediate AFM planes, and thereby in a competitioranisotropy of the AFM spacer. Such an inclusion of the
between ferro- and antiferromagnetic coupling between th&FM anisotropy is expected to result in a nonuniform spin
two FM layers. The resulting overall interaction betweenrotation in the AFM spacer and a significant change of the
the FM layers can be calculated when the interaction beesoupling energy. For these calculations, the@elayers
tween the spins in adjacent areas of the AFM spacer caare again modeled by a single magnetic domain with ap-
be neglected. In the limit of large thickness and randonpropriate Zeeman and anisotropy terms [see Eq. (1)]. For

roughness, the mean couplifig has the form NiO, the bulk spin structure is used and the exchange cou-
pling constant/ gy between adjacent spins is taken to be
W =2C(¢) — ¢y — m/2)%, (2) 130 K as derived fronTy. Since the experiments show a

fourfold symmetry of the magnetic behavior independent
in which C indicates the strength of the coupling. Equa-of the presence or absence of thé 86upling, the in-plane
tion (2) gives rise to an effective 9@oupling between the anisotropy of NiO is modeled by a cubic anisotrofia v
magnetizations of the FM layers [9], and therefore relatesf —0.5 MJ/m?) with the same easy magnetization axes
to the fenomenological, in Eq. (1). Physically, the 90 as in FeO4. Numerically, Karpm equals the bulk uniax-
coupling results from a J0rotation of the sublattice spin ial anisotropy constant of NiO [14]. The NiO spacer is
directions of the AFM spacer going from one FKNFM represented by two rows with andr — 1 intermediate
interface to the other as is sketched in Fig 4(b). AFM planes between the F@, layers, as schematically

1022



VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

sketched in Fig. 4(b). The rows of AFM spins are coupledpling, driven by a short range nearest-neighbor exchange,
at the interfaces to the F®, layer (interface = 130 K), which propagates through the spacer and lateral interface
but are laterally decoupled. Since the value/Qfetace roughness. The anisotropy of the magnetic layer as well
appears not to be a very sensitive parameter in the calcas of the AFM spacer play an important part yielding a
lations, it is taken to be the same as in NiO. vanishing coupling at larger thickness. The® @@upling

The hysteresis loops can be obtained by micromagnetiat room temperature may present interesting options for
(mean-field) numerical calculations. Figure 4(a) shows amagnetoengineering and applications.
hysteresis loop calculated for the field applied alphi ]. We would like to thank L.F. Feiner, P.J. van der
The obtained hysteresis loop behavior is similar to thaZaag, A. A. Smits, and G. J. Strijkers for carefully reading
shown in Fig. 3 including the occurrence of the kink atthe manuscript and valuable discussions. Part of this
about 20 kA‘/m and the remanent magnetizatior0DdffM,.  work was supported by the Dutch Technology Foundation
In agreement with Slonczewski, saturation is approache(STW) and the EU-ESPRIT project on Novel Magnetic
asymptotically but at rather high fields, which is not under-Nanodevices of artificially layered MateriglldM)>.
stood at the moment. Nevertheless, the results show that
the observed 90coupling can be reproduced by the ex-
tended Slonczewski model. It has to be noted that the in-
troduction of Kagym is vital to the results. Without the
anisotropy an unrealistiés gy Of 13 K has to be used to
obtain a similar agreement. *Present address: AMC, 75 Robin Hill Road, Goleta, CA
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