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The strength of exchange bias and rotatable anisotropy in polycrystalline NiFe−IrMn ferromagnet/
antiferromagnet systems is quantified from dc down to the picosecond time scale by regular quasistatic and
microwave magnetometry, as well as magnetic domain observation. A transition from superparamagnetic to
antiferromagnetic behavior with increasing IrMn thickness is derived from the magnetic resonance frequency
and the effective magnetic damping parameter. A discrepancy between magnetic loop shift and dynamically
obtained exchange bias strength is explained by asymmetric rotatable anisotropy contributions with different
relaxation times in the antiferromagnetic layer. The time-dependent relaxation is directly confirmed by mag-
netic domain observations. Partially switching in the IrMn layer even with strong exchange bias is concluded.
The increase of coercivity rises solely from the rotatable anisotropy contribution.
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I. INTRODUCTION

The interfacial exchange coupling1 between the spins of a
ferromagnetic(F) layer and an antiferromagnetic(AF) layer
has been extensively investigated in the past years. Reviews
on exchange bias can be found in Refs. 2–5. Experimentally,
the exchange bias phenomenon manifests itself in a field
shift of the magnetic hysteresis loop, referred to as the ex-
change bias fieldHeb, and an increase of coercivityHc mea-
sured in the F film. Numerous theories have been developed
that predict values forHeb in reasonable agreement with ex-
perimental results. The models6–14 consider compensated or
uncompensated interfaces, polycrystalline thin-film systems,
spin-flop coupling, and interface roughness. The internal AF
grain and domain structure add many additional aspects to
the exchange bias phenomena.

Several mechanisms have been proposed to explain
the enhancedHc in F/AF bilayers. Models include FM
domain wall pinning at AF domains15 and other F/AF
interactions.16,17 Particularly, time-dependent effects are re-
ported in F/AF systems related to thermally activated switch-
ing of AF grains. McMichaelet al.18 connected the exhibited
rotatable anisotropyHrot (Ref. 19) to changes in the antifer-
romagnetic domain structure. This anisotropy can be under-
stood as an anisotropy that has an energetic minimum which
aligns parallel to a(possibly changing) F layer magnetization
direction. It is related to irreversible changes in the AF layer
and should not be confused with stripe domain effects ob-
served in out-of-plane anisotropy films.20 The phenomena
can be modeled assuming two components in the AF
layer.2,21,22 When changing the magnetic state of the ferro-

magnetic layer, one part of the AF grains follows the F layer
magnetization, leading to a rotatable anisotropy contribution.
The other is fixed, not following the F magnetization, there-
fore resulting in exchange bias. Obviously related is the
training effect,23,24 manifesting itself in changes in the hys-
teretic characteristics depending on magnetic history. These
effects become most pronounced for thin AF layers,25–27

where enhanced uniaxial anisotropy effects are reported. A
detailed discussion on the various aspects of rotatable aniso-
tropy, the related enhancement of uniaxial anisotropy, and
the training effect can be found in the introduction of Ref.
22.

In the present paper we separate the rotatable and the
unidirectional anisotropy contributions with varying AF
layer thickness by complementary dc and rf measurements.
We focus on time-dependent relaxation effects in the AF,
important for understanding of the F/AF magnetic structure.
The stability of exchange bias and rotatable anisotropy is
probed by different techniques. The discussed results are rel-
evant for the understanding of exchange bias in polycrystal-
line thin films.

II. SAMPLE PREPARATION

Magnetic bilayer Si/SiO2/Tas5 nmd /Ni81Fe19s40 nmd /
Ir22Mn78s0.2 nm.. .9 nmd /Rus3 nmd structures are prepared
by dc-magnetron sputtering in a multitarget UHV sputter
system with a base pressure below 2310−8 Torr at an Ar
pressure of 5310−3 Torr. The Ta seed layer insures good
k111l texture. The distribution of texture is withins=6% and
the grain size is typically distributed tightly arounddgrain
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=15 nm.28 The F uniaxial anisotropy axis and the initial ex-
change bias direction are set in an applied magnetic in-plane
field of Hdep=50 Oe during film deposition. The top Ru layer
prevents corrosion of the F/AF stack. No postannealing pro-
cessing steps are done.

III. MAGNETIC CHARACTERIZATION

The films are characterized by inductive magnetometry
with a field sweep rate of 10 Hz. The exchange bias field
Heb,eais obtained from the loop shiftsHc2,ea−Hc1,ead /2 along
the magnetically easy axis(EA, parallel toHdep). The mea-
suring field was aligned with an accuracy of 2° relative to the
EA. Example loops are shown in Fig. 1. For the thinnest
IrMn layer thicknessstIrMn =0.2 nmd a regular hysteresis loop
with no influence of the AF layer on the magnetic properties
is obtained. With increasing AF film thicknessstIrMn

=1.7 nmd an increase in coercivity along the EA is seen.
With again increasing AF layer thickness, shown istIrMn
=4.3 nm,Heb,eaappears. Beyond thatstIrMn =8.7 nmd, Heb,ea

stays nearly constant, but the coercivity reduces again. How-
ever, the obtained coercivity values are still larger than the
initial FM coercivity.

As in regular hysteresis loop measurements along the easy
or hard axis the rotatable anisotropy field is not easily acces-
sible, a complementary more detailed analysis by pulsed in-
ductive micrometer magnetometry(PIMM) (Ref. 29) with
varying bias fieldHbias is performed. Using large bias fields,
coercivity effects can be eliminated. In addition, varying
Hbias allows an independent extraction of the exchange bias
field Heb,dynand the rotatable anisotropy fieldHrot,dyn as will
be outlined below. A sketch of the experimental geometry is
given in Fig. 2.Hrot,dyn follows the direction of magnetiza-
tion [compare Figs. 2(a) and 2(b)]. As the measurement takes
place on the nanosecond timescale, the rotatable anisotropy

part in the AF does not respond to the exciting fast rise time
pulse field(trise time,100ps,Hpulse<5 Oe), which is aligned
perpendicular to the effective anisotropy and parallel ori-
ented bias fieldHbias. Hrot,dyn then acts similar as a uniaxial
anisotropy fieldHk. Moreover, the effective magnetic damp-
ing parameteraeff is extracted. Fromaeff conclusions about
inhomogeneities in the F/AF structure18 and the
paramagnetic-antiferromagnetic transition with AF layer
thickness can be obtained.30 In addition, the technique acts
similar to a transverse ac-susceptibility measurement,31–33

thus eliminating coercivity effects in the F/AF bilayer
system.

Selected PIMM data from the same IrMn thickness as in
Fig. 1 for Hbias=−20 Oe is displayed in Figs. 3(a), 3(c), and
3(e) (left column). Besides the change in the ferromagnetic
resonance frequencyf res, differences inaeff (visible from the
exponential decay timet of the voltage signal) becomes evi-
dent. In our time-domain analysis we deriveaeff using

FIG. 1. Hysteresis loops along the easy(EA) and hard axis(HA)
of selected F/AF structures. The AF film thickness is(a) 0.2 nm,(b)
1.7 nm,(c) 4.3 nm, and(d) 8.7 nm. The coercivity fieldHc,ea and
the loop shiftHeb,eais indicated.

FIG. 2. Schematic drawing of the experimental geometry. The
directions of acting fields are display for two exemplary cases.

FIG. 3. Example PIMM data for an bias fieldHbias=−20 Oe
applied along the induced anisotropy axis(left column) and change
of f res

2 with Hbias (right column). All measurements were done after
saturation in a positive field. From the linear interpolationHeb,dyn

and the sum ofHk and Hrot,dyn is derived.aeff and zero fieldf res

sHbias=0 Oed values are shown. The AF film thickness is(a) and(b)
0.2 nm, (c) and (d) 1.7 nm, (e) and (f) 4.3 nm, respectively(as
indicated).
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aeff =
2

tgm0Ms
s1d

with the saturation magnetizationMs sMs,NiFe=800 kA/md,
the permeabilitym0 s4p310−7 Vs/Amd, and the gyromag-
netic ratiog sg /2p=1.8 T−1 s−1d. This approximation is ad-
equate for our purpose.34 The change of ferromagnetic reso-
nance frequency with external bias fieldHbias is analyzed
using the modified Kittel’s equation,35 including the rotatable
anisotropy fieldHrot,dyn and the exchange bias fieldHeb,dyn.
Taking the effective fields acting in the F/AF stack into ac-
count, Kittel’s equation can be written as

f res=
gm0

2p
ÎMssHk + Hrot,dynd + MssHeb,dyn+ Hbiasd s2d

for Heb,dyn+Hbiasù0, and

f res=
gm0

2p
ÎMssHk + Hrot,dynd − MssHeb,dyn+ Hbiasd s3d

for Heb,dyn+Hbiasø0.
Hrot,dyn adds to the effective anisotropy field and leads to

an increase inf res. From the extrapolation off res
2 to zero

frequency,Hrot,dyn can be extracted in the knowledge ofHk.
In our case we derivedHk from the low AF-layer thickness
and assumed it to be identical for all samples. Depending on
the bias field valueHbias Eq. (2) (where the magnetization is
aligned parallel to the exchange bias field), or Eq. (3) (for
antiparallel alignment) is valid. Heb,dynresults in a horizontal
shift of the f res bias field dependency onHbias. The minimum
of f res

2 with Hbias is at −Heb,dyn. Experimental results off res
2

with Hbias for different samples are plotted in Figs. 3(b), 3(d),
and 3(f) (right column). Comparing the linearf res

2 depen-
dence fortIrMn =0.2 nm andtIrMn =1.7 nm, the vertical reso-
nance frequency shift due toHrot,dyn is evident. No exchange
bias is noticeable. With further increasing AF-layer thickness
the frequency plots are shifted to the leftstIrMn =4.3 nmd by
Heb,dyn.

The change of exchange bias fieldHeb,ea with AF layer
thickness, derived from the loop shift along EA, together
with Heb,dynare displayed in Fig. 4. Two results become ob-
vious. First, the onset of exchange bias is shifted to smaller
tIrMn values in the dynamic case. Second,Heb,dyn is substan-
tially smaller thanHeb,ea. A similar variance was found by
ferromagnetic resonance analysis of exchange biased NiO-
based F/AF bilayer structures18 and explained by asymmetric
hysteresis effects together with rotatable anisotropy contribu-

tions. (Note that Miltényet al.36 have obtained contrary re-
sults for single-crystal Fe/FeF2 F/AF structures, suggesting
other or additional mechanisms involved there.)

For clarification of the discrepancy betweenHeb,ea and
Heb,dyn a direct comparison of hysteresis and resonance fre-
quency dependence is plotted in Fig. 5. The resonance fre-
quencyf res follows the Kittel dependency of Eq.(2) and Eq.
(3) in the nonhysteretic regime. Due to the hysteretic mag-
netization process of the FAF layer system, the linear depen-
dency of f res

2 with Hbias extends across theHbias limit of Eq.
(2) and Eq.(3), respectively. Congruently with the hysteresis
in magnetization, a hysteresis in the resonance frequency oc-
curs. A linear interpolation of both branches off res

2 leads to
an Heb,dyn closer toHc2,ea. Deriving Heb, under the assump-
tion of a symmetric hysteresis loop aroundHeb,ea, from the
loop shift is apparently invalid. The ‘‘real’’ exchange bias
field lies more closely toHc2,ea. This also implies that the
magnetization reversal along the EA occurs asymmetric rela-
tive to the exchange bias field. This is in agreement with
magnetometry37 and domain observations,38,39 where a pro-
nounced reversal asymmetry related to magnetization
changes in the AF layer are reported. The origin of coercivity
cannot be neglected to understand the difference between
Heb,eaandHeb,dyn.

The source for the enhancedHc,ea becomes clear by ana-
lyzing Hrot,dyn andaeff contributions plotted in Fig. 6.Hrot,dyn
andHc,eachange almost coincidental with AF layer thickness
[Fig. 6(a)]. The concurrent onset, peak value, and decrease
with further increasing IrMn thickness of both values indi-
cates that the change of magnetization in the AF layer(the
rotatable part) is the main source for the variation of coer-
civity with AF layer thickness. No correlation of coercivity
with Heb as proposed in Ref. 40 is apparent. The rotatable
anisotropy part also reflects itself in the magnetic damping
parameteraeff [Fig. 6(b)]. For small AF layer thickness an
onset of aeff before Heb,dyn and Hrot,dyn becomes visible.
Above the onset ofaeff at tIrMn =1.0 nm the AF layer is al-
ready antiferromagnetic in character and displays superpara-
magnetic behavior.

Steenbecket al.28 experimentally derived the antiferro-
magnetic anisotropy constantKAF,IrMn as a function of IrMn
thickness atT=10 K. For tIrMn =1.4 nm an AF anisotropy of
KAF,IrMn=1.33104 J/m3 was obtained. Setting the limit for
superparamagnetism at nanosecond time scale to

FIG. 4. EA loop shift Heb,ea and Heb,dyn from the horizontal
frequency shift as a function oftIrMn. FIG. 5. EA loop together withf res

2 as a function of applied ex-
ternal field. The position ofHeb,dyn, Heb,ea, Hc1,ea, and Hc2,ea are
indicated. The field progression in the hysteretic regime is marked
by arrows. The AF film thickness istIrMn =3.5 nm.
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KAF,IrMnVgrain= kBT, s4d

with the average grain volumeVgrain= tIrMnrgrain
2 p (rgrain

=7.5 nm; see Sec. II), the Boltzmann constantkB=1.38
310−23 J/K, and temperatureT=300 K, we obtainKAF,IrMn
=1.43104 J/m3 for the superparamagnetic anisotropy limit
in good agreement with the experimental value ofKAF,IrMn.
Note that Eq.(4) is only valid for uncoupled grains. The
thermally activated switching of AF magnetization happens
on the subnanosecond time scale, leading to enhanced mag-
netic damping30 in the F/AF layer stack. A peak inaeff occurs
at tIrMn <1.7 nm. The enhancement of magnetic damping
happens well below the onset of exchange biasing and the
increase of coercivity.

With increasing AF thickness, the anisotropy energy of
the AF results in a stabilization of the AF magnetization on
the nanosecond time scale. As a result, the rotatable aniso-
tropy fieldHrot,dyn starts to develop. With yet increasing IrMn
thickness, the anisotropy stabilizes even more and exchange
bias Heb,dyn occurs on the time scale of the measurement.
This development is supported by the fact that with increas-
ing AF thickness, the AF interaction leads to an effective
enlargement of the volume of the AF. In addition, a strong
increase in AF anisotropy abovetIrMn =2 nm is found
experimentally.28

The total anisotropy field, derived fromHtotal=Hrot,dyn
+Heb,dyn, is plotted in Fig. 7. A strong increase with increas-
ing IrMn layer thickness is seen. The maximum in the aniso-
tropy field takes place close totIrMn =2 nm. With thicker AF

layer thickness,Htotal decreases again. Evidently, only taking
the AF anisotropy or grain-size distribution into
account15–17,28,40is not sufficient to describe the F/AF layer
interaction properly. The rotatable anisotropy has a strongly
time-dependent contribution, confirming the concept of ther-
mally activated AF grain switching.18 The sum of anisotropy
fields displays a similar dependence as the exchange bias
data presented in Refs. 27 and 41, but measured at a tem-
perature ofT=4 K. This indicates that the frequently ob-
served decrease in exchange bias with increasing tempera-
ture is related to the onset of thermally activated AF
switching. For higher temperatures, exchange bias trans-
forms into rotatable anisotropy, the exchange bias decreases
congruently.

From our data, both F/AF coupling effects, rotatable and
unidirectional anisotropy, can be interpreted as unstable AF
grain magnetization, just differing by deviating relaxation
times. A continuous transition from rotatable to dominating
unidirectional anisotropy is observed. Even for large AF
layer thickness rotatable anisotropy contributions and there-
fore partially switching in the AF exists. The rotation of an-
isotropy, however, has also a strong influence on the remag-
netization process at longer time scales, within and beyond
the integration times of the measurement techniques used
before, as shown in the following section.

IV. DOMAIN EFFECTS

In this section we focus on the magnetization process at
one AF layer thicknessstIrMn =3 nmd, where rotatable and
unidirectional anisotropy field are both of significant value.
To obtain a better inside in the magnetization process, we
imaged the magnetic domain structure by magneto-optical
Kerr microscopy in the longitudinal mode. The domains in
the F layer are visualized through the covering IrMn and Ru
protection layer. The sweep rate during the observation can
be varied continuously down to dcsdHext/dt=0d. Applying a
constant magnetic field, still within the coercivity range
aboveHc1,ea, viscous remagnetization is observed. Results
are displayed in Fig. 8.

Holding the field atHext=−20 Oe, domain wall creeping
over minutes in the F structure due to reversal in the AF
layer is seen[Fig. 8(a)]. The remagnetization takes place
mostly by domain wall motion together with incoherent ro-
tation. The wall angle is not aligned parallel to the uniaxial
anisotropy field of the F layer or the induced exchange bias
direction of the F/AF system. As the domain wall orientation
is determined by the direction of net magnetization during
magnetization reversal, the tilted wall angle indicates a reor-
ganization of the spins in the AF away from the anisotropy
axis during magnetization switching of the F/AF system. In
addition we observe memory effects in the F/AF layer struc-
ture, meaning that the domain structure during magnetization
reversal is strongly dependent on the magnetic field and do-
main history of the sample. This indicates irreversible rear-
rangement of the AF spins influencing the domain structure
during reversal, as will be discussed later in this article. A
direct correlation between static AF and F domains was
nicely demonstrated in Ref. 42. The whole magnetization

FIG. 6. (a) Change ofHrot,dyn and Hc,ea, and (b) aeff with
tIrMn.

FIG. 7. (a) Total anisotropy fieldHtotal, Hrot,dyn, andHeb,dyn as
function of AF layer thicknesstIrMn.
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process takes place over several minutes[Fig. 8(a), 0.1 s, . . .,
185 s]. A quantitative evaluation, directly derived from the
magneto-optical images, is displayed in Fig. 8(b). A nearly
exponential reversal in time is visible for the first seconds.
The change of magnetization with time can be interpreted as
a change in coercivityHc1,eastd. For comparison the regularly

measured hysteresis loop along the EA is displayed in Fig.
8(c). The starting field(t=0 s) of the domain observation and
the development of the magnetization with time is sketched
in Fig. 8(c).

Another example of dynamic domain processes is shown
in Fig. 9. After setting a domain structure[Fig. 9(a)] for 5 h,
the AF magnetization in the F/AF stack stabilizes. During
reversal the initiated domain structure reappears along both
branches[Figs. 9(c) and 9(g)] of the magnetization loop.
This is conclusive with a local change of loop shift. The
slowly responding part of rotatable anisotropy, reversed
within hours, results in a change of loop shift on the time
scale of the domain observation of about 1 min. The slowly
remagnetizing fraction of the AF layer does appear as an
exchange bias contribution in the magnetometric measure-
ments. Due to the shifted exchange bias in one of the domain
regions relative to the other, the domain structure during re-
versal[Figs. 9(c) and 9(g)] is a copy of the formerly adjusted
domain pattern[Fig. 9(a)]. The domain pattern exists over a
certain field range[compare Fig. 9(c) with 9(d) and 9(f) with
9(g)]. The character of the domains is strongly influenced by
the memory of the F/AF bilayer system due to the rotatable
anisotropy in the AF layer. This also affects the Néel walls in
the F layer, which will be partially fixed in the setting pro-
cedure[Fig. 9(a)] due to the viscous AF structure.

A quantitative confirmation of the observations is ob-
tained from investigations on the same sample by alternating
gradient magnetic force magnetometry. Experiments with
different field history, latency between the measurements,
and field sweep rates are performed. Exemplary data is
shown in Fig. 10. During the time interval between the mea-
surements creeping effects at remanent state are recorded and
indicated in each figure. The field sweep rate of each loop
measurement is displayed.

FIG. 8. (a) Magnetization reversal atconstant applied field
Hext=−20 Oe. The IrMn thickness is 3.0 nm. The time of observa-
tion is indicated. Magnetization directions are sketched qualita-
tively. Hext is above the coercivityHc1,ea<−25 Oe. (b) Relative
change of magnetization vs time corresponding to(a). (c) Hyster-
esis loop along EA. The development of the magnetization with
time (0 s, 49 s, 185 s) is displayed(s).

FIG. 9. (a) Initial domain configuration for the same sample as
Fig. 8 stIrMn =3.0 nmd adjusted at constant fieldHext=9 Oe.(b)–(e)
Domain formation during magnetization reversal for the forward
branch of the loop after keeping the domain structure(a) for 5 h.
(e)–(i) Magnetic microstructure at backward loop. Magnetization
directions and applied field values are indicated. Total measuring
time is about 1 min.
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Before the measurement[Fig. 10(a)] a negative magnetic
field was applied(the high remanent state is marked byP).
Due to the viscous character of the AF a reduction in rema-
nence(s) is observed. Starting from the negative remanent
point the magnetization decays as shown in Figs. 10(a) and
10(c)–10(e). (Note that the amount of decay is not only de-
pendent on the waiting time, but also on the overall magnetic

history.) Before the start of the loop measurement, a two
domain state develops. As shown before[Fig. 9(a)] no
change in field is necessary to partially reverse the magneti-
zation in the F/AF bilayer. Beginning from the mixed do-
main state a small residual step close toHc2,ea is visible
during magnetization reversal. With positive remanence no
change in the spin structure in the AF becomes obvious due
to the much larger amplitude ofHc1,ea [Fig. 10(b)]. The re-
versal starts at the high remanent state.Hc2,ea is slightly re-
duced relative to[Fig. 10(a)]. Changing the initial conditions
back again[Fig. 10(c)], a similar behavior as in Fig. 10(a) is
observed. Keeping the two domain state for a longer time
st=61 mind, the step in the magnetization curve along the
forward branch becomes more pronounced[Fig. 10(d)]. The
reorganization of the AF layer due to the slowly rotating AF
spins is more complete. Two different regions with different
coercivity and loop shift are clearly visible[see Figs. 10(g)
and 10(h) for values]. [This situation is similar to the condi-
tion in which 9(a) was adjusted]. The effectiveHc2,eavalues
for the lower and upper part of the loop branch are decreased
and increased, respectively. The left branch of the loop dis-
plays almost no dependency on magnetic history. Only a
slight decrease in coercivity is observed. Even measuring for
several hours[Fig. 10(e)] no significant change ofHc1,ea is
seen. However, the initial value of coercivity of Fig. 10(a) is
obtained. The forward coercivityHc2,eais increased. No sign
of a two step magnetization process is visible. In Fig. 10(f)
the magnetic reversal process, now back at 0.2 Hz, reveals a
change of sign ofHeb,ea. Also the coercivityHc,eais reduced,
significantly. This can be understood from the magnetic his-
tory of the sample, which has seen negative field values for
several hours at the end of the measurement of Fig. 10(e).
This results in an effective reverse of exchange bias due to
the slowly rotating parts in the AF layer. This indicates that
the forward and backward part of the loop in Fig. 10(e) cor-
respond to differentHeb,eavalues for both loop branches due
to the rotatable anisotropy part in the AF. The loop shift for
the forward and backward part of the loop effectively differs.
The changes relate directly to the rotatable anisotropy in the
AF layer.

V. SUMMARY AND CONCLUSIONS

Exchange bias and rotatable anisotropy fields are sepa-
rated by transversal pulse measurements in the subnanosec-
ond time regime. From the magnetic damping parameteraeff
we find the onset of antiferromagnetic ordering at about
tIrMn =1.0 nm, before the onset of rotatable and unidirectional
anisotropy. Rotatable anisotropy develops abovetIrMn
=1.4 nm and exists up to the largest investigated AF layer
thicknessstIrMn =8.7 nmd. The onset of exchange bias hap-
pens at tIrMn =2.0 nm, the maximum is reached at about
tIrMn =4.0 nm.

The coupled F/AF system is characterized by both, the
unidirectional and the rotatable anisotropy. Both contribu-
tions have to be taken into account, characterizing the F/AF
layer interaction at finite temperatures. As one part of the AF
is fixed and the other rotates time dependent, different degree
of disordering in the AF layer occurs for each branch of the

FIG. 10. (a) Magnetization reversal after setting the magnetiza-
tion to remanent state in a field ofHext=−50 Oe stIrMn =3.0 nmd.
Reversal after applying(b) Hext=500 Oe and(c) Hext=−3000 Oe.
The time between the loop measurements is below 10 min. Relative
starting timest are indicated.(d) Loop after setting the magnetiza-
tion for 1 h after measuring(c). (e) Sequencing reversal with ex-
tremely slow low field sweep rate.(f) Fast reversal after(e). The
field sweep ratesfmeas are indicated. The initial remanent states
before loop measurements are marked by aP, the starting point of
the loop measurement by an open circles. The corresponding val-
ues ofHc1,ea, Hc2,eaare plotted in(g). Heb,eais shown in(h). For the
data corresponding to(d) more than one set of data is displayed,
reflecting the pronounced bimodal state of the sample.
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hysteresis loop[compare Fig. 11(a) with 11(b)]. Depending
on the experimental time, the AF layer switches to a higher
degree, the exchange bias field may realign opposite to the
initial direction [Fig. 11(c)]. The AF switching leads to a
discrepancy between loop shift and exchange bias field, com-
paring ultrafast susceptibility and quasistatic loop measure-

ments. The rotatable parts in the AF layer are directly corre-
lated to the coercivity field. The change of coercivity with
tIrMn is due to the rotating parts of the AF magnetization
during reversal of the F layer. The dynamic switching char-
acter is confirmed by domain observation and magnetometry.
The partial rearrangement in the AF layer is the source for
the often reported loop asymmetries.37–39,43,44In particular in
Refs. 39 and 44 the coexistence of asymmetry and ripple
effects in the F were reported and related to partial remag-
netization in the AF.

A peak of total anisotropy occurs attIrMn =2 nm. With
further increasing AF layer thickness, the overall anisotropy
decreases. This is presumably due to increasing perpendicu-
lar AF domain wall energy and the formation of partial pla-
nar domain walls in the AF layer at larger thickness.

A model describing the shown behavior must incorporate
relaxation effects together with partial switching in the AF
and needs to include perpendicular walls or disordering in
the AF layer.7,12,13,22Our data is in qualitatively agreement
with the model proposed by Stiles and McMichael.22 In ex-
periments, the time constant of the measurement technique
used to investigate the F/AF interaction will dramatically
change the results and has to be taken into consideration
interpreting the experimental data.
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