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Change and asymmetry of magnetization reversal for a G&£00 exchange-bias system
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A drastic change of magnetization reversal processd<CmCoO/AU,, multilayers has been found by
polarized neutron reflectometry. For the unbiased stBte300 K), reversal is due to rotation on both sides of
the hysteresis loop. In the exchange-bias state 10 K), rotation is the main mechanism only for increasing
fields. For the decreasing field branch, which is in the direction opposite to the(dmalng field, the
mechanism changes to domain-wall motion. A major advantage of the present CoO/Co system is the indepen-
dence of exchange bias on cooling field orientation.
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A characteristic shift of the magnetic hysteresis loop awaybase pressure of the ultrahigh-vacuum chamber 6140
from zero field has initially been found in ferromagnetic mbar and a growth temperature of 300 K. Purity of substrate
(FM) Co particles having an antiferromagnet®FM) CoO and layers was checked by Auger electron spectroscopy
coating! This phenomenon, which has been called exchangwhile x-ray measurements revealed a single crystalline
bias (EB), is often observed after field cooling FM/AFM fcc(111) surface orientation of Co. CoO layers of 2 nm thick-
systems below the N temperatureTy. In the past two ness were obtained by an situ oxidation method using a
decades, EB has intensively been studied in thin fiwtsere  controlled exposure of high-purity oxygen das.Magnetic
it has a high potential for technological applications. In atproperties of the multilayer were characterized by magne-
least some EB systems different reversals for the increasingmetry(small samplgusing a superconducting quantum in-
and decreasing field branch can readily be identified by théerference device and by PNfarge sample PNR experi-
shape of the hysteresis lodp/and it is well established now ments were performed with the standard setup of the
that reversal asymmetry is of crucial importance to elucidateeflectometer V6 at the Hahn-Meitner-Institut Berlin with a
unidirectional behavior in this large group of magnetic neutron wavelengthh=4.66 A ®* ®—-20 specular reflec-
system$ 12 tivity scans with a normal wave vectdQ|=4m sin®/\

Magnetization curves belong to the fundamental macrowere recorded for all four cross sectioris: +), (— -), (+
scopic properties characterizing ferromagnetic materials. The), and(— +). The sign+(-) denotes the neutron polariza-
specific type of reversal is determined by various subtle contion state paralle(antiparalle] with respect to applied fields
tributions such as exchange interaction or magnetic anisoin front of (behind the sample. The firgsecond sign refers
ropy. Magnetization can be reversed either by rotation oto the state befor&fter reflection from the sample. The two
domain-wall(DW) motion. For single thin layers, nucleation non-spin-flip(NSF) cross sections(+ +) and (- -), yield
and DW motion are the dominant mechanisms because thaégformation on the nuclear structure and the in-plane magne-
are energetically more favorable. For granular soft magnetitization of the sample parallel to the external field axis. For
materials, the relevant mechanism can strongly depend dtfie two spin-flip(SF cross sections,+ —) and (— +), the
the direction of magnetocrystalline anisotrdppr material  neutron polarization is changed due to interaction with the
composition** For double layers such as AFM/FM systems, sample. These intensities are exclusively of magnetic origin
reversal may drastically change due to the coupling at th@nd correspond to the in-plane magnetization perpendicular
interface. Recent investigations have shown that dependirty the external field.
on the particular system, both DW motion and rotation can A magnetization curve has been recordedTat10 K
be preferre@ 1211 this work, a polarized neutron reflec- (Fig. 1) after cooling in a fieldH.,,=+4000 Oe from
tometry (PNR) study on g Co/CoO/Au,o multilayer exhib-  aboveTy=293 K of bulk CoO. A hysteresis loop measure-
iting EB of strong unidirectional anisotropy is presented. Be-ment, performed at 300 K, shows no shift and has small
cause PNR provides a ready means to measure not only tleeercivitiesHc of less than 20 Oe. This is typical for thin
in-plane magnetization parallel but also perpendicular to thdilms with soft magnetic properties-’ At T=300 K, which
external field, we are able to elucidate the mechanisms réas sufficiently above the blocking temperatufg=180 K
sponsible for asymmetry of the magnetization curve. for EB in this particular type of CoO/Co system, there is

Two samples of a[Co(16.4 nm/ CoO(2nm)/ virtually no magnetic coupling between CoO and @obi-
Au(3.4 nm)}, multilayer were prepared simultaneously on ased state!’” On the other hand, in the biased stafg (
Al,03(0001) substrategthickness: 1 mm one of a large =10 K) the hysteresis loop is considerably shifted away
film area of 15<30 mn? and another of a small film area of from zero field(EB field Hz=—393 Oe) featuring different
~16 mnt. CoO/Co bilayers are separated by Au spacer laycoercivitiesH.,= —895 Oe(antiparallelH,,) and Hep=
ers to avoid magnetic interaction between neighboring+110 Oe (parallel H.,,) for decreasing and increasing
exchange-biased AFM/FM pairs. Co and Au were grown byfields, respectively. A close inspection of the loop shape pro-
molecular-beam epitaxy at a low rate of 0.1-0.2 nm/min at avides the first information on the underlying reversal mecha-
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FIG. 1. Magnetic hysteresis loop for the biased stateT at
=10 K (after cooling in a fieldH,,=+4000 Oe fromT 0.14
=300 K).
0.014
nisms: For decreasing fields, magnetization remains in satu- %
ration up to a high coercive fieldH., before a sudden 0.0014 83-6
reversal takes place. On the opposite side, the return to satu- r v v
0.01 0.02 0.03 0.04

ration for increasing fields leads to a rounded edge of the
hysteresis loop. The observed behavior is even more pro- Q(A‘1)
nounced in the corresponding simple CoO/Co bilayéfs.
Using the product of the EB fiel ¢, the Co magnetization FIG. 2. Polarized neutron reflectivityPNR) profiles corre-
and the Co thickness as a measure of the interfacial enerdyonding to three characteristic fields in the hysteresis loop in the
E;, a value of 0.9 erg/cﬁ1(T= 10 K) is obtained:X” An- iaseq _stat@marked by cirgles in Fig.(®); magnetic sa_tu_ratior(_b)
other important measure of the unidirectional character is thE°€rcivity at decreasing fieldd~H.,, and (d) coercivity at in-
He/He ratio (Hc being the half width of the hysteresis Igop Creasing field#i~Hey).
which amounts to as much as 0.78.
Neutron reflectivity profiles corresponding to three char-which represents an intuitive model simply adding half of the
acteristic fields in the magnetization curve of the biased statealculated intensity of thé++) and (— —) profiles of the
are shown in Fig. 2. These field values have also beesaturated statd=ig. 2(a)]. The model does not account for SF
marked by circles in Fig. 1. Solid lines are fits to the NSFprocesses and diffuse scattering from domain walls. The re-
reflectivity using a simulation program which is based on thesulting net magnetization of the observed domain configura-
Parratt formalisnt® We focus on the reflectivity profiles tion is zero. The corresponding SF profile in FigbRindi-
within a small range of wave vectd featuring only one cates a small amount of magnetization perpendicular to the
characteristic peak. In this range, peak positions(for-) applied field. But, a reflectivity of only I¢ implies that
and(— —) reflection profiles can considerably differ depend-either the degree of rotation is minimal or only a small part
ing on different magnetic contributions to the neutron poten-of the total multilayer magnetization has been rotated. It can
tial. For magnetic saturatidrrig. 2(a)], each of the two NSF therefore be concluded that the observed configuration with
reflectivity profiles is characterized by only one dominantmagnetization pointing either parallel or antiparallel to the
peak. These peaks are clearly separated from each othepplied field originates from a reversal which is mainly due
Apart from a background of less than 19 there is no sig- to DW motion. This is further supported by additional reflec-
nificant contribution in the SF profiles, which is expected fortivity profiles (not shown here on the decreasing field
the sample magnetization completely aligned with the exterbranch with external fields slightly higher or lower thiin
nal field. =—883 Oe~H_, of Fig. 2(b). The latter also reveals two
For H~H_, [Fig. 2(b)], both NSF profiles now clearly peaks with fixed positions but with varying intensities ac-
exhibit two peaks at the same positions as observed in Figording to an increasing or decreasing amount of domains
2(a). Obviously, the sample magnetization now mainly con-with either parallel or antiparallel magnetization.
sists of domains pointing either parallel or antiparallel to the ~ Close to the opposite coercivity., [Fig. 2d)], both NSF
applied field. That is, almost identical cross sections forprofiles clearly show only one dominant peak at a changed
(++) and (- —-) neutrons correspond to an almost equalposition [which is between the peak positions in Figaj2
distribution of domains with parallel or antiparallel magneti- and Fig. 2Zb)]. This position is very close to the peak found
zation. This behavior is further illustrated by the curve fit by the simulation when only the nuclear contributions to the
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FIG. 3. Non-spin-flip profileg— —) for different magnetic fields FIG. 4. Same as Fig. 3 for the unbiased state-800 K).

(marked by circles in Fig. )lin the increasing field branch of the

hysteresis loop for the biased stale<{10 K). . o ) . )
on the projection of the magnetization in the field direction.

neutron potential are includddolid line in Fig. 2d)]. Addi-  The behavior is almost identical in both cases. Thus, in the
tionally, the reflectivity in the SF profile is of the same mag- unbiased statel(=300 K) magnetization reversal is mainly
nitude as in the NSF profiles. This unambiguously provesiue to rotation on both sides of the hysteresis loop whereas
that the main part of the magnetization has been rotated im the biased stateT(=10 K) rotation is the dominant
the plane of the sample perpendicular to the external fieldnechanism only for increasing fields. For decreasing fields
Contrary to the behavior found fad~H_.,, the reversal which are in the direction opposite the bi@ntiparallel to
mechanism in the increasing field brandti~H_p) is obvi-  H,o), the mechanism changes to a reversal which is due to
ously due to rotation. However, it should be mentioned that &W motion. That is, in the biased state the antiferromagnet
certain amount of off-specular reflection has also been restrongly affects the reversal of the ferromagnet in the direc-
corded by a position sensitive detector. Spin-dependent difion opposite the bias whereas for the return into the bias
fuse scattering can be considerable in EB syst&htdow-  direction the antiferromagnet obviously does not have any
ever, this effect does not change the conclusions on thsignificant effect. The origin of the change in magnetization
magnetization processes given above. reversal is most likely connected with the strongly unidirec-
Two sets of NSF reflectivity profiles at different fieldfer  tional character of EB coupling for the present multilayer. An
the low-temperature measurement marked by circles in Figappreciable energy barrier for reversal may be provided only
1) in the increasing field branch of the magnetization curveopposite the bias direction probably due to formation of a
are shown in Figs. 3 and 4 for the biased stafe=(0 K)  DW in the antiferromagnét®21-24
and the unbiased statd £300 K), respectively. Close to Recent investigations have shown that depending on the
the coercive fields H=+110 Oe atT=10 K and H= particular system DW motion and rotation can both play a
+6.5 Oe afT=300 K), NSF profiles reveal one dominant major role for the revers&#*>®in some of the cases
peak at a position corresponding only to the nuclear contriwhere soft magnetic NiFe alloys are used as FM material and
butions of the neutron potential. With increasing fields thisFeMn alloys as AFM material, DW motion occurs on both
peak shifts towards the position corresponding to the maxisides of the hysteresis lo80:*° For a wedge-shaped NiFe/
mum magnetic contribution to the neutron potenfia., to ~ FeMn bilayer, an asymmetry of the DW motion for increas-
the (— —) cross section in Fig.(2)]. We can virtually follow ing and decreasing fields has been found. This has also been
the rotation process as a function of external field by theattributed to the formation of a DW in the antiferromaghet.
gradual peak shift towards the saturation posifibiy. 3@  The situation is more complicated for complex microstruc-
and Fig. 4a)] because NSF cross sections are only sensitivéures of the antiferromagnet such as in MhFe and
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FeR/Fe bilayers:®?An asymmetry in the reversal has been corresponding to a weak EB effecHf=—30 Oe, Ejy
revealed only for a certain cooling field orientation: rotation~0.06 erg/cm, and Hg/Hc=0.20). The present results:
for decreasing fields and DW motion for increasing fields.8mphasize the necessity to clearly distinguish between dif-
The observed orientation dependence and the type of revef€r€nt groups of systems both experimentally and theoreti-
sal have been explained by an effective “45° coupling” cally even if asymmetry in EB systems is pervasive.

hich i db ned f th i In summary, we have found a drastic change in the mag-
which is caused by a twinned nature of the antiferromagnet, ., 4tjon reversal processes iN@o/CoO/AU,, multilayer.

The tendency of the unidirectional anisotropy to align theg,, the unbiased statel €300 K), reversal is due to rota-
magnetization with the bias direction has been assumed igyn on both sides of the hysteresis loop. For the biased state
favor DW motion rather than rotation only for increasing (T=10 K), rotation is the main mechanism only for increas-
fields. We definitely find rotation as the dominant mechanisming fields. For the decreasing field branch, which is the di-
in the increasing field branch. The reason for this discreprection opposite the biagcooling field, the mechanism
ancy is most likely due to different properties of the usedchanges to DW motion. That is, for the EB state the antifer-
AFM materials. Extremely different film thicknesses of 50 romagnet affects the reversal of the ferromagnet only in the
nm for MnF, and of only 2 nm for CoO may strongly influ- direction opposite to the bias whereas for the transition back
ence DW formation in the antiferromagnet. More impor-into the bias the antiferromagnet appears not to have any
tantly, the strength of EB and the type of reversal do notsignificant effect. A drastic change of magnetic behavior ob-
significantly depend on the cooling field orientation in theserved exclusively opposite the pinning direction is most
case of CoO. It should also be noted that reversal asymmetiyaturally expected for a system with strong unidirectional
for MnF,/Fe has been found for a cooling field orientation anisotropy.
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