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Ferromagnetic domain structure and hysteresis of exchange bias in NifgiMn bilayers
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Magnetization reversal in NiFe/NiMn bilayers was studied by measuring anisotropic magnetoresistance and
pseudo-Hall effect simultaneously. Since the single domain state of the ferromagnetic layer could be well
traced in such measurements, we were able to distinguish hysteresis of exchange bias from inhomogeneous
magnetization. The exchange bias was found to have two components during the single domain reversal
process. Domain breaking in given fields took place when the biasing field became more random.
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I. INTRODUCTION II. EXPERIMENTS

. . . . Clear identification of the domain breaking is a key
In a ferromagnetic(FM)/antiferromagnetic(AFM) bi- progress in this work. This is usually difficult because most

layer, the FM layer can have an effective unidirectional Maginethods, e.g., magnetometry or susceptibility, measure only

netic field, biasing, under proper conditions. The so-called, ,qiection of net sample magnetization in the direction of

exchange bias comes from the exchange coupling betwegghjied field. In order to measure the vector of magnetiza-

FM and AFM layers. Since exchange bias found important jon polarized neutron reflectometry was uskactually a

appllca'tlons in spin-polarized transport, much attention hag, ;ch simpler and powerful method is available. One can

been given to the FM/AFM systefn. _ measure anisotropic magnetoresistaf&kIR) and pseudo-
The nature of the exchange coupling in a FM/AFM bi- 4 effect (PHE) simultaneously.

layer is determined by the properties of the FM layer, the |5 3 FM metallic film, magnetoresistance is anisotropic

AFM layer, and their interface. Many theoretical models y,e g the anisotropic scattering of conduction electrons. For
have been already developed to understand exchang® Blas.a single domain film, the electric fields are given'By,

These theories captured some essential features of the AFM

layer and/or the interface, but assuming that the FM layer is EX:jpl+j(p”—pL)co§6, D
in a single domain state. However, the single domain state
was not shown clearly in previous experimental studies on Ey=i(p|—p,)siné cose, 2)

biasing field. One can expect a single domain FM layer in

zero applied magnetic field, but domain breaking would bevhere the current densifyis assumed along theaxis di-

very natural in conventional hysteresis loop measurementgection, the magnetization of the single domain is at arigle

from which biasing fields were usually obtained. with respect tg, andp| andp, are the resistivities parallel
Besides exchange bias, another important feature of the@nd perpendicular to the magnetization, respectively. Equa-

exchange coupling is the increased coercivity. Theoreticalion (1) is for AMR, while Eq.(2) is for PHE.

explanations of coercivity have taken into account interfacial Previously, both AMR and PHE have been used to study

spin-flop couplind small domains in the FM layérand the  the exchange coupling in FM/AFM bilayet$ however,

instability of AFM grains? In order to clarify which mecha- they were used separately. In these studies, biasing fields

nism dominates, revealing domain structures in the FM layewere obtained by fitting the experimental data with a single

would be crucial. domain model, which was expected to be applicable in gen-
Very recently, there was a lot of interest to understand th&ral discussions. It would be very interesting to have evi-

asymmetrical magnetization reversal in exchange biasedence of single domain state before doing quantitative analy-

bilayers!®~*2 Different FM magnetic structures in the rever- Sis, especially when hysteresis appeatred.

sal process were discussed. In these works, the applied mag- In order to trace the domain breaking and merging, we

netic field was paralle{or antiparalle) to the biasing direc- can rewrite Eqs(1) and(2) as follows

tion. It would be interesting to study the reversal process in a

magnetic field whose direction can vary in the film plane _ i(pj+pL) _ i(pj=p1) c

because more information about the exchange coupling Ex 2 2 0s 2, ®
could be obtained in such comprehensive measurements.

In this paper, from the comprehensive magnetization re- Jpp—pL) .
versal measurements, we have clearly shown that there were Ey:TS'n 20. 4

two kinds of magnetization hysteresis. One came from the

magnetic instability of the AFM layer, the other due to thelt is easy to see thd, vs E, plot should be a circle if the
breaking of FM single domain. In addition, we observed thatsingle domain model is vali¢Fig. 1). Any domain breaking
domain breaking and merging in the FM layer were closelywill result in moving the data points towards the origin of the
related to the hysteresis in exchange bias. circle for two reasons. First, if magnetizations in the adjacent
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FIG. 1. Left: Experimental setup for AMR and PHE measure- 04
ments. The sample film plane was defined asxthg plane. Mag- 0.2
netization of the magnetic filntvl was rotated in the film plane due z
to competition of in-plane applied magnetic figtland exchange > 0.0
bias (EB). The latter was parallel to the-axis in zero field. By w” 0.2
using an excitation currentflowing alongx-axis, AMR and PHE
were measured ag, andV,, respectively. Right: Monitoring the -0.44
single domain state by AMR and PHE. The sample was shown as , , ,
the squares, in which arrows showed the directions of magnetiza- 91.2 91.6 92.0
tion. When the sample was in the single domain stateg81the E (V/m)
electric fieldsE, andE,, which were calculated frorv, andV, o
directly, run on a circle according to EG8) and(4). A single point FIG. 2. AMR and PHE electric field, andE,, showed no

on the circle represented two antiparallel magnetic states, for exdetectable hysteresis during the magnetization reversal when the
ample 2 and 6. Breaking of the single domain state resulted isnagnetic fields were applied perpendicular to the biasing direction
multidomains with random directions or domain walls. Both of in the film plane. The trace of AMR and PHE fields proved that the
them dragged the points from the circle to its origin, as illustrated™M layer was in a single domain state.

by the two squares in the circle.
IIl. RESULTS AND DISCUSSION

It was assumed that the FM layer should be in a single
domains are not antiparallel, the anisotropy of the systenslomain state when its magnetization 1ré)tat_ed within a small
will be obviously averaged out according to E¢®.and(4).  angle relative to the biasing directioh’ This assumption
Second, if magnetizations in the adjacent domains are antfan be checked in Fig. 2, where magnetic fields were applied
parallel, the presence of domain walls will also reduce the?erpendicular to the biasing direction in the film plane. The
anisotropy. Therefore, using both AMR and PHE, we canMagnetization rotated betweerB0® and 90° when the mag-
monitor the magnetic structure in a magnetic film. netic field swept up and down. A trace similar to that in Fig.

Samples used in this study are NiE26 nm/NiMn (50 1 was seen when we plottefgl vs E,. Such a trace is a
nm) bilayers coated with Ta deposited on glass substrateSt'ong évidence of a single domain state as discussed in the
The films were annealed at different temperaturessfd in preceding section. This check is general becagse it is inde-
magnetic fields. Details of the sample preparation have beepmer?dem of specific forces on the FM Iay_er d_urlng the mag-
published elsewher. The experimental setup, shown in netization reversal. A more careful examination of the trace

Fig. 1, was used in our previous studié45We have already revealed that it was actually an ellipsoid instead of a circle.
T ' The axis along PHE is 8% longer than that along AMR. This
reported PHE study of the sampfésit was shown that g o 'ong g

. . . i : is not very surprising considering the presence of Ta and
uniaxial anisotropy, which was induced by spin-flop inn jayers. However, to our knowledge, there is no de-
coupli_ng? is not present in NiFe/NiMn bilayers. The absencegjled study on how a nonmagnetic or antiferromagnetic
of spméﬂop_ coupling was also reported in NiFe/FeMn meiq jayer influences the AMR and the PHE of a magnetic
system:® This seems to be a common feature for FM/AFM fiim_ Clearly, this deserves further investigation. In this pa-
coupling with a Mn alloyed AFM layer. Hysteresis was ob- per, since we are more interested in the magnetization rever-
served in the PHE measurements, and in some cases 088l and exchange coupling, we simply accepted the fact and
branch of the PHE data followed the single domain predicassumed that the ellipsoid comes from renormalization of
tion with a fixed biasing field. This observation might be coefficients in Egs(3) and (4), which was applied to the
related to the asymmetry of the magnetization reportedittings below. Anyway, the ellipsoid was still very useful to
recently'>*? The hysteresis should contain important infor- monitor domain structures of the FM layer as discussed be-
mation about the exchange coupling. But convincing conclufore.
sions cannot be drawn without the knowledge of domain In Fig. 3, a magnetic field was applied at 30° with respect
structure in the samples. Fortunately, as shown above, thie the biasing direction so that the magnetization of the FM
could be done by considering both AMR and PHE. layer could rotate more when the sign of the magnetic field
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FIG. 3. Hysteresis and domain breaking. The
E 91.64 - - magnetic fields were applied along 30° with re-
= —_ ,\\\\ ] spect to the exchange biéEB). The fields swept
tHE=— up and down between—1000 Oe and
91.24 ‘ +1000 Oe. Only negative sides were shown in
: ' the field dependence &, (AMR) andE, (PHE),
91.0+— . , . : : . ; . Y
-1000 -800 -600 -400 -200 O : while the whole data were shown in thg vs E,
0.6 ' plot. The FM layer continued to be a single do-
- main when the magnetic field swept from 1000
’ Q_:-" Oe to—1000 Oe. From-1000 Oe to 1000 Oe,
£ 02 \ hysteresis before poimd was due to the AFM
~>1 0.0 I instability, after that the single domain was bro-
v -0.2- \‘- ken. Merging of the broken domains and restor-
ing of the original exchange bias took place at
041 point B. (see text
® 1500 800 600 400 200 0 912 914 916 918 920
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was reversed. A striking feature immediately appeared whenf Fig. 4. The solid line in the panel was calculated theoreti-
we plottedE, vs E, . It is obvious that in one branch of the cally with a biasing field of 143 Oe, which had been obtained
loop the FM layer kept a single domain form while in the from fitting the data in branch with magnetic fields higher
other one domain breaking took place. This feature justifiedhan—200 Oe. The 143 Oe biasing field deduced here using
our previous PHE analysfS.With this single domain check AMR is consistent with that using PHE.It can been seen

we can go further to see the nature of hysteresis of PHE anghat the data in branch were lower than the theoretical
AMR.

It is interesting to see what happened in the windows of
Fig. 3. These windows show the same magnetization reversal
process. There is a large hysteresis in both PHE and AMR
signals. The hysteresis could come from domain nucleation

in the FM layer or from the hysteresis of exchange coupling Oi—a}ﬁi}'-—rr'-r'—'i—_

due to magnetic instability in the AFM layer. Howeven g -40 %'ﬁ | ]
hysteresids observed in the trace d, vs E,, which runs - -80 1 g% g7 b 8
along the ellipsoid. As discussed above, the data polgs ( W 1201 i : .
E,) fit into the ellipsoid only if the FM layer is in a single -160 - f 5 §
domain state, any breaking of the state will drag the points to I L AL i ]
the origin of the ellipsoid. So the behavior Bf vs E, in the 1501 a )_/._.-;--' . .Eii * ]
window proves that the FM layer continued to be a single & 1004 8 o= -
domain state in the reversal process. Thus the hysteresis in = 50.] ' i ]

PHE and AMR has to come from that of exchange bias due
to instability in the AFM layer.

Following the hysteresis of exchange bias, the single FM
domain started to break at poiAt where the magnetization
was at about-110° relative to the original biasing direction
in this case. It was surprising that with the increase in the
magnetic fields the broken domains merged very quigaty
about —45° (point B)], and with the merging of the FM
domains the original biasing field was also recovered, i.e.,
hysteresis in the three plots disappeared simultaneously.
Such breaking and merging processes strongly suggest that
there is a close relation between the instabilities in the AFM
layer and the FM layer. FIG. 4. Lower: Hysteresis of the AMR sign&, during the

Now that we have clear evidence that the FM layer was &ingle domain reversal process. The solid line is a theoretical pre-
single domain in the magnetization reversal process showgiction with a biasing field of 143 Oe. Upper and center: Two com-
in the windows of Fig. 3, we can safely go ahead to see irponents of biasing fieldsi5® and H;®. They were obtained by
detail what happened there. fitting E,(H) locally, i.e., using data near a given magnetic field.

The experimental data @&, in the single domain process The vertical dashed line marks the point beyond WI'I"rk51B devel-
shown in Fig. 3 were replotted as symbols in the lower panebped and disappeared.
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prediction when the magnetic fields were lower than Finally, we discuss the domain breaking and merging pro-
—300 Oe, which means that the magnetization of the FMcesses. The magnetic structure of the FM layer is determined
layer rotated less than expected. Lesser rotations of the maby exchange coupling with the AFM layer, domain-wall en-
netization would require an increase in the biasing field if itsergy within the FM layer, and the applied magnetic fields.
direction was fixed during the reversal process. But such aRandom field in the FM/AFM interface could drive the FM
increase seems impossible. In fact, it is not necessary to akyer into small domains in the zero field if the domain-wall
sume a fixed biasing direction. In order to see how the exenergy is smalff.It can be seen from Fig. 3 that the broken
change bias varied during the magnetization reversal, we ddomains merged before the applied field reversed its sign, as
vided the magnetic fields into a number of small ranges andnarked by pointB in the figure, so domain-wall energy
within each range of the fields we fitted the data with twoshould be larger than the random field in our samples. But
free parameters, i.e., two components of the exchange biathe single domain could still be broken by an applied mag-
H® and HT®. The results were shown in the upper andnetic field, provided the frustration in exchange coupling is
center panels of Fig. 4. The large errors in high fields caméot very weak. Thus we have the following understanding of
from the weak dependence Bf, on H, especially because the reversal process. In branatof Fig. 4, the random field

the change in the magnetization direction was very small iwas small and so the FM layer could keep its single domain.
high fields (both positive and negatiyeDespite the errors, After the hysteresis of exchange bias, the frustration became
two features are apparent from the figure_ Fk&? began to Sstronger, and the applled field could h6|p to break the domain
decrease when the magnetization rotated more than 90° wifpoint A in Fig. 3); with the increase in the field the broken
respect to the original biasing direction, and surprisingly, adomain merged due to the large domain-wall energy. Fur-
transverse biasing fieltl5® developed in the meantime. At thermore, when the field was applied near antiparallel to the
—650 Oe, H)I(EB was almost zero and the biasing becametXchange bias, field assisted breaklng could take p!ace for a
transverse. Fitting in fields lower than650 Oe was pro- smaller randomness of the biasing field. In fact, in these
hibited by the extremely large errors because the relativ&3S€S domain breaking processes dominated the magnetiza-

rotation of magnetization of the FM layer was too small. ion reversal so that it was difficult to analyze the exchange

Second,H5B disappeared with the increase in the magneticCoupllng using a single domain model.

field in branchb, while HE® reappeared but reached a lower

value, which was mostly responsible for the hysteresis be-

tween branchea andb. The behavior o ® suggests that IV. CONCLUSIONS

some elastic energy could be stored in the AFM layer, how- _ _

ever, it is puzzling that the elastic deformation only occurred In summary, we traced the single domain state of the FM
when the magnetization rotated more than 90°. The absendayer in FM/AFM bilayers by measuring AMR and PHE si-
of hysteresis in Fig. 2 also supports that there is a criticamultaneously. The evolution of the exchange coupling during
angle. One possible explanation for this behavior is that théhe magnetization reversal was demonstrated. The breaking
interactions between AFM grains might be a barrier to theof the FM single domain in applied magnetic fields could be
changes in the magnetic structure within individual AFM triggered by the hysteresis of exchange coupling.

grains. When the magnetization of the FM layer rotates far

enough from the original biasing direction, the increased en-

ergy at AFM/FM interface overcomes the interaction energy

so that magnetizations of the AFM grains could rotate. Small ACKNOWLEDGMENTS
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