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Critical angle for irreversible switching of the exchange-bias direction in NiO-Cu-Ng;Fe;q films
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The stability of the reference magnetization in exchange-biased (-13 nm/Cu (0.2-0.8 nny¥
Permalloy(10 nm layers was investigated by Kerr microscopic domain studies in an optical cryostat. The
stability of the coupling was found to depend on temperature and on the direction of an applied magnetic field.
We discovered different blocking temperatuligs, ;¢ Tg casyfOr hard and easy axis magnetization reversals.
Moving 180° domain walls are able to permanently switch the pinning direction by 180°. In rotational field
experiments it could be proved that it is not the wall itself that acts on the antiferromagnet, but rather the torque
of the ferromagnetic moment at the interface that probably remagnetizes the antiferromagnetic film by motion
of a Bloch wall parallel to the film plane. We determined a critical angdefor permanent switching which
depends on temperature.
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I. INTRODUCTION in NiO(10-nm/Cu(0.2, 0.5, 0.8-nniPermalloy10, 13-nm)
trilayers (Fig. 1) is addressed by means of domain studies

Exchange coupling between ferromagnetic and antiferrousing Kerr microscopy. Low-temperature observation in an
magnetic films provides a fixed reference magnetizationpptical cryostat was employed, because the blocking tem-
which is essential for magnetoelectronic devices based operature is reduced to about 200K for a 10-nm-thick NiO
giant magnetoresistance and tunneling magnetoresistance €fm (as compared to 520 K for bulk NjiOThe Cu interface
fects. If the film system has been heated and cooled in thiayer reduces, but does not interrupt the exchange coupling
presence of an external magnetic field, the coupling acts asisetween Permalloy and NiO. Exchange biasing has been
bias field on the ferromagnetic filiexchange bigsleading  found to work even through nonmagnetic spacer layers
to a hysteresis loop that is shifted along the field axis by thgyhere the coupling strength decreases with increasing spacer
exchange bias fielt,. Reviews on exchange bias can be|ayer thickness. An oscillating thickness dependence modu-
found in Refs. 1-3. lates the decrease of the couplfhigThis allows one to vary

For technological reasons, the temperature dependence gfe coupling strength independently of the stability of the
the exchange bias is of particular interest. The critical tem'anitferromagnetic layer. For our samples it might be possible

perature for exchange coupling in an antiferromagnet is tmfhat at the smallest thickness the spacer is not completely

Neel temperature. For applications, however, other CrItICaIclosed so that bridges can carry magnetization information

tﬂ?{:ﬁﬁ;ﬁ“{:& pﬁgtﬁrr;%r:e'&%o:;agteﬁfé Ig]%sr:nir:’nﬁég'h;?fetween the ferromagnetic and antiferromagnetic films, thus
. pera . 'ag eading to a residual coupling effect even if the Cu spacer
zation or the maximum annealing temperature that still pre-

rves the reference. Th led blocking temperdtur should interrupt the coupling. However, the exchange inter-
serves the reference. The so-called blocking tempe digire action in the soft magnetic NiFe layer will average over the
is defined as the temperature at whidh, becomes zero.

) . ) ) ) localized bridges leading to a reduced coupling strength in
This definition tries to give a parameter that is easy to mea: g g Ping g

d rel o lcati The blocking t t any case. In addition to the influence of the reduced coupling
suré and refevant for applications. 1he blocking temperaturg o, i o the blocking temperatures as shown in this paper,
and the Nel temperature of the antiferromagnet are relate

; . . ‘the spacer layer leads to magnetization processes that are
to each other, but in general they are not identical. The clari- P y g P

fication of this difference as well as an understanding of the
blocking temperature is still a challenging subject of funda-
mental researchThe temperature behavior is commonly in-
vestigated by magnetometry or magnetoresistive current
measurements. These methods are integral, meaning that in-
formation averaged over a certain area and hence over a
random distribution of magnetic grains and orientations is
obtained. In contrast, Kerr microscopy as a laterally resolv-
ing method allows a microscopic real-time observation of the
magnetization process of the ferromagnetic layer and thus
opens a different view on the coupling, antiferromagnetic
(AFM) behavior and the blocking temperature. FIG. 1. Layer structure of the investigated systems. The films
In this paper the stability of the reference magnetizationare prepared by magnetron sputtering.
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FIG. 2. Patchlike magnetization reversal within those areas,
which have a bias direction antiparallel to the applied magnetic fielqDe
in a directly coupled NiFe 10-nm/NiO 10-nm bilayer. Before the
field was applied, an exchange bias pattern consisting of black and
wide domains was achieved by zero field cooling as explained inmagnetic thin film as illustrated in Fig. 3 for a 10-nm-thick
the text. single Permalloy film for comparisofor a review of such

effects see Chap. 5.5.2 of Ref).. 9n easy axis fields, a do-
dominated by the uniaxial anisotropy of the ferromagneticmain wall motion often hindered by pinning sites is ob-
|ayer. The resulting domain behavior is well deﬁned, Consist'served, |eading to the formation of Charge_reduced Zigzag_
ing either of wall motion or homogeneous rotation processeghaped wall segmentswide domains can be generated by
for easy and hard axis fields, respectively, whereas for diproper demagnetization along the easy axis. In hard axis
rectly coupled NiO/Permalloy films complex patch domainstie|ds, a much finer domain pattern is generated when releas-
are observed during reversdig. 2—also see Ref.)8The  ing the field from saturation. This system of “blocked” do-
well defined magnetization processes in the interspaced ﬁlr%ains evolves out of an incipient r|pp|e Structure, which re-
allow a more explicit approach to the features of exchanggiects the irregular polycrystalline nature of the

FIG. 3. Magnetization patterns at remanence in a 10-nm-thick
rmalloy single film after applying fields along the easy dajs
nd hard axigb).

bias than those in the directly coupled films. ferromagnetic layefs
In our NiFe/Cu/NiO films we typically generated domains
[l. EXPERIMENT like those in Fig. 8a) by heating the sample above the block-

ing temperature. To obtain some domain walls within the
field of view, we first created a blocked state in a hard axis

sample to induce a preferred axis of magnetization. The la jeld, which was then resolved and widened in an easy axis
P P 9 ' Yeld. An example of 180° domains being magnetized along

thickness of Nj;Fe o was 10 nm in all samples, whereas the o o . . : :
thickness of the NiO layer was 10 and 13 nm and the thick-g;gf;tr; (?I?)netrlljiglar‘;qe%ggI?r?tg)npiixﬁznmeﬂiul\lIIZS ?rlirlg aer:dis
ness of the copper interface layer 0.2, 0.5, and 0.8 nm. Th y 9 P Y

0.5-nm Cu samples were produced in a different sputteringghown in Fig. 4a).

chamber under slightly different conditions.

The domain observation was performed in a digitally en-
hanced Kerr microscope applying the longitudinal Kerr A domain state that is created by the described method
effect? To perform temperature-dependent observations, agbove the blocking temperature, can be “frozen in”, i.e.,
optical cryostat and heating stage were mounted in the mis
croscope, which allowed thie situ application of rotatable
magnetic fields up to 300 kA/m. The accessible temperature:
ranged from 10 to 850 K, covering the interesting tempera-
ture range for application related systems. To protect the
samples from corrosion and water condensation during hea
treatment and cooling, respectively, they were kept in L s
vacuum during observation through a stress-free glass win nitial state at 300 K H=8° >
dow. Long-distance objective lenses were used thereby lim- gy
iting the spatial resolution to about Am at best. The F
samples with 0.2 and 0.8 nm copper interlayer were further}#
characterized in a superconducting quantum interference de
vice magnetometer. The results of these experiments are re
ported in Refs. 7 and 10.

Extended NiFe/Cu/NiO films were dc/rf magnetron sput-
tered in the presence of a dc magnetic field of 24 kA/m at th

B. Domain observation below the blocking temperatureT g

EAon £
lll. RESULTS T>200K T<200K

FIG. 4. Hard-axis magnetization processes in a NiFe10-nm/Cu
0.2-nm/NiO 10-nm trilayer. The frozen-in domain stéis mag-

Above the blocking temperature the magnetization pronetized irreversibly above 200 #) and reversibly by rotation pro-
cess observed for all samples is that of an uncoupled sofiesses below 200Kc)—(e)].

A. Domains above the blocking temperatureT g
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TABLE I. Critical blocking temperatures for hard and easy axisimage, which was then subtracted from an image in an ap-
magnetization. Note that the samples with 0.5 nm copper have beqgiied field. Those areas that have been wiped out by the
deposited in a different chamber. They are not necessarily companoving domain walls show up in a black contrast.
rable to the others. The permalloy thickness was 10 nm for all The wall motion can be reversible or irreversible, depend-
samples. ing on the temperature range. Switching off the field at tem-
_ peratures below about 135 K, the walls of the weakly dis-
Layer thickness ~ 0.2nm/  0.8nm/  0.5nm/  05nm/ y,hed domain statEFig. 5(b)] reversibly move back to their

Cu/NiO 10nm ~ 10nm  10nm  13nm  jpitia) position, leaving an almost contrast-free difference im-
Tonard 200 K 236 K 300 K >400 K glge[kﬁg. t5(c)]. At ttemptehrat(ljj_rt?[s 3bgv§ 135 K’tbtjt belovy the
To oo 135K 165K 220K 350 K ocking temperature, the disturbed domain state remains un-

changed after switching off the fie|@Figs. 5d) and 5e)]. So
obviously the blocking temperature seems to be lower for

stabilized by cooling the sample below the blocking tem-€asy axis than for hard axis fields. Therefore we divide the

perature. This pinning effect is caused by the creation of ®/0cking temperature intdg harq aNd Tg easy With T harg

local, unidirectional exchange anisotropy that follows the do-> Tg,easy- The €asy axis reversibility &<Tp easyis even
main magnetization directions. true if the field is released from saturation. Specific tempera-

If an increasing hard axis field is applied to such a stabi-f‘“re_s as they were determined_from domain experiments like
lized domain statéFig. 4c)—4(e)], the Kerr contrast con- N Figs. 4 and 5 are collected in Table I_. The blockmg tem-
tinuously diminishes, indicating a homogeneous rotation proPeratures are obviously not only determined by the thickness
cess. On lowering the field, the magnetization reversibI)Pf the anuferromggnetlc Iayer_as known from the I|te(af’ure.
returns into the initial state. No ripple or blocking is ob- We also fpund different blocking temperatures for d|ffe_rent
served, in contrast to the uncoupled stffég. 4(b)] that  SPacer thicknesse€Table ). Note that the samples with
occurs above 200 K. We found it impossible to erase thé)-5'”f_n Cu spacer are not necess_arlly_ comparable to the oth-
frozen-in pattern in hard axis fields up to 300 kA/m at any®'S, Since .they. have been (_jeposned in another chamber.
temperature below the decoupling temperature. The specific Interesting is the blocking-range betwed arq and
temperatures for hard axis fields, as derived from Kerr mi-,easy: in Which 180° domain walls are irreversibly shifted
different samples. Tg,casy LFigs. 8d) and Se)]. It is amazing that, within the

In easy axis fields the behavior becomes more compliblocking range, the moved domain state is stable against any
cated. If a field along the preferred axis is applied to theSubsequent hard axis field treatment. A new domain state,
frozen-in domaingFig. 5), the 180° domain walls start to Which was created in an easy axis field by the shift of 180°
move in a similar way as expected for an uncoupled film, bugomain walls, now seems to be the pinned state. This indi-
at higher fields of about 50 kA/m depending on spacer layefates that the antiferromagnetic film was obviously affected
thickness and temperature. The wall displacement is demoy the wall motion in the ferromagnetic film.
strated in Figs. &) and Rd) by difference images: Here the
initial, frozen-in domain state was taken as a background

C. Rotating field experiments

The effect of a moving domain wall on the antiferromag-
Initial state at 300 K net can possibly be explained by two mechanisfiisThe
T stray field of the domain waliwhich is a 180° Nel wall)

' could locally destroy the frozen-in antiferromagnetic order,

easy azis s which is then rebuilt by the new domain that is left behind
after the wall passed by. Such wall stray field effects were
observed by Parkin and co-work&r$?in a trilayer system,
in which hard and soft ferromagnetic layers were interspaced
T < 135K - reversible T > 135K - irreversible by a nonmagnetic layer. It was found that the hard layer can

@

) o e be demagnetized in magnetic fields much smaller than its
/ H=0 i coercive field, when these fields are used to repeatedly
b) d) switch the magnetization of the adjacent soft magnetic layer.
‘“ ‘“ The demagnetization is caused by the fringing fields oéINe
\ walls in the soft layer, which easily exceed several hundred
kA/m. (ii) The magnetization angle in the ferromagnetic film,
\ .H:4_8%‘ \ i which is rotated by 180° when the wall moves along, could
also affect the spins in the antiferromagnetic film by action

FIG. 5. Easy-axis magnetization processes in the same samp® the exchange torque at the interface.
as in Fig. 4. Starting from the frozen-in std#®, the magnetization To decide on these two possible interpretations, a rotating
process is characterized by wall displacement as shown by diffefield experiment was carried out on the sample with 10-nm
ence images as explained in the text. The wall displacement is rdNiO and 0.5-nm Cu spacers. The magnetization in the ferro-
versible[(b) and(c)] or irreversible[(d) and (e)] for low and high  magnetic film should be forced to rotate without any domain
temperatures, respectively. wall displacement. For this, the sample was first saturated in
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_ FIG. 6. (.a) Schematic_s, explaining thg fou_r steps of our rotatingthe initial domain magnetization observed in Fig(r® do-
field experiment. Rotating the saturation field beyoser180° main walls were present in the rotating experimefihere is
leads to an irreversible switching as shown by domain imagés in " . A

. . . rather a critical anglex: of the ferromagnetic magnetization
and (d). The fraction of the switched area, as derived from Kerr lative to the f 1 directi hich i ible f
images, is plotted irfb) as a function of the field angle for various relative to the frozen-in direction, which 1S responsibie for
temperatures. the irreversible switching if it is exceeded. Assuming an easy

axis in the antiferromagnet parallel to that of the ferromag-

hard axis directioffsteps 1-3 in the sketch of Fig(e8, « net, the rotating ferromagnet seems to switch the sublattice
=90°], where only magnetization r_otation is observed asmagnetization of the antiferromagnet by 180°, presumably
shown before. For complete saturation of the ferromagnetigy exerting a torque on the antiferromagnet spins across the
layer, a field strength of 20 kA/m was sufficient, which is interface. This results in the observed reversion of the pin-
much lower than the expected spin flop field of at least sevning direction by 180°.
an arbitrary angle drags the magnetization along without progig ¢ s plotted as a function of temperature. The decrease
ducing domain wallgstep 4. To switch the field off after the  o¢'ihis angle is linear with temperature. Angles lower than

rotation process, it has first to be turned back in the hard axi§ne cannot be measured due to the constraints of the method
(steps 4 to L Otherwise domain walls would sweep through  ip, siarts with hard axis fieldsa90°) to avoid a dis-
during field reduction. The initial domain state should remain

unchanged, if the presence of domain walls were responsibf%lacement of d‘?’.“a'” walls. The Egmperatpre which corre-
for the irreversible changes reported before. sponds to the critical angle of 180° is identical to the block-

A typical observation of this experiment is shown by thelNd temperature220 K) that was found in an easy-axis-
two domain images in Figs.(6 and &d), where only one experlment as in Fig. 5 for this samplsee Table)l. There
domain of the frozen-in 180° pattern is presented. The dothe motion of 180° walls was found to be responsible for the
main magnetization was initially stabilized at 0° along theirreversibility. Since this domain wall motion over a particu-
preferred axis, which results in a white domain. After satu-lar area is nothing else than a rotation of the ferromagnet
ration at 90° and subsequent field rotation, no change ifnagnetization by 180°, the blocking temperatligg, 55, can
magnetization of the observed domain was obtained aftépe explained by the critical angle of 180°, which is able to
switching-off the field for angles up to 170° at 220 K. At a act on the antiferromagnetic layer at that temperature. The
rotation angle of 1809Fig. 6(c)], small reversed domains same argument works foFg 5,4, Where a 90° rotation is
have been irreversibly nucleated, and for 19B1y. 6(d)] the  able to destabilize the antiferromagnet.
magnetization had almost completely switched by 180°, re- The existence of such a critical anglg was theoretically
sulting in a black domain at remanence. For rotation anglepredicted by Stiles and McMicha#l. According to their
beyond 190°, the images appear homogeneously dark, fehodel, the critical angle is the result of the formation of a
angles lower than 180° they are homogeneously bright. Thgartial domain wall in the antiferromagnet. This means that
areal fraction of reversed domains is plotted in Fi)@s a  the AFM spins at the ferromagnetiEM)-AFM interface fol-
function of temperaturdswitched area 0% means no re- |ow the FM rotation, whereas the sublattice magnetization
versed domains, a_nd _100%_ represents the fully reversed statg away from the interface stays along its anisotropy axis,
after complete switching With increasing temperature, the |e5ding to a spring like adaptation of the antiferromagnetic
average switching angle decreases. magnetization to a given ferromagnetic orientatias sche-
matically presented in Fig.(B)]. Single antiferromagnetic
grains will finally switch, if the angle between the interface

The rotational field experiment shows that it is not thelayer of the antiferromagnet and the intrinsic uniaxial anisot-
domain wall itself, which causes the irreversible change ofopy exceeds a critical angle. Depending on the ratio of in-

IV. DISCUSSION
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plane to out-of-plane anisotropy in the antiferromagnet, outing their arguments, the thin AFM-layer should not be thick
of-plane spin excitations are considered to take place duringnough to support the formation of a partial domain wall,
pinning reversal or not. For the modelled out-of-plane reverand is therefore unable to provide a stable exchange bias.
sal, the critical angle is limited to 180% The temperature This is widely consistent with our experiments. Note that the
dependence of this mechanism is reported in Ref. 14. Criticaéxistence of a partial domain wall in the antiferromagnet was
angles which exceed 180°, as observed in our systems, afiest predicted by Mauret al*®

not explained by this mechanism. We therefore favor the

explanation that Bloch wall-like partial domain walls, in V. CONCLUSIONS

which the spin rotation is restricted to the film plane, remain

inned to the ferromagnet and propagate into the antiferro: By way of Kerr microscopy observations of coupled
P o ag propagate ._'NiFe/Cu/NiO trilayer systems with varying Cu and NiO-
magnet with increasing wall angle. If the width of the partial

domain wall becomes comparable to the layer thickness thIayer thicknesses, we found that blocking phenomena oceur

wall annihilates by leaving the antiferromagnetic film along Gver a wide temperature range. The decoupling takes place at

) ; o lower temperatures for easy axis magnetization processes
its thickness direction. .
. o . than for hard axis reversal. In the temperature range between
The decrease of the critical angle with increasing tem-

perature, as shown in Fig. 7, could be explained by the asTB’easyandTB'hard’ a reversal of the pinning direction was

sumption that the wall width of the partial domain wall in- observed as the result of the displacement of 180" domain

creases not only with increasing wall angle but also Withwa”S' The mechanism behind this pinning reversal is the

increasing temperature. The required critical wall width for180 switching of antiferromagnetic grains if the magnetiza-

switching is then reached at lower angles for higher tempere{[-'on exceeds a critical angle that is temperature dependent in

tures general. The stability of the exchange bias depends therefore

Obviously the critical wall width becomes lower when the on the NiO-layer thickness as well as on the thickness of the

thickness of the AFM layer decreases. Therefore, the criticdl ONMagnetic - spacer layer, which reduces the coupling

temperatureJ g arg aNd T ¢asy are decreasing for decreas- strength.

ing AFM-layer thicknesgsee Table )l referring to the pre-

viously made assumption that the wall width of the partial

domain wall increases with increasing temperature. Thanks are due to Stefka Groudeva-Zotova and C. H. Ho
In a recent publication by Goget al.!® the idea of form-  for sample preparation. Financial support by the German

ing partial domain walls in the AFM layer parallel to the Minister for Education and Scienca the framework of the

interface was supported by the interpretation of LorentzBMBF strategic intitiative Magnetoelectronj¢sby the

microscopical investigations of exchange-biased CoFe/IrMMAAD through Grant No. D/9922936, and in the NSC-

bilayers. They took the different domain patterns observedAAD exchange program through Grant No. 88042136 PPP

for thick and thin AFM-layers as a hint for this idea. Follow- is gratefully acknowledged.
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