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Dynamic magnetic anisotropy at the onset of exchange bias:
The NiFe/IrMn ferromagnet/antiferromagnet system
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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 magnetic layer, one part of the AF grains follows the F layer
magnetization, leading to a rotatable anisotropy contribution.
The interfacial exchange couplihgetween the spins of a The other is fixed, not following the F magnetization, there-
ferromagnetiqF) layer and an antiferromagnetiéF) layer  fore resulting in exchange bias. Obviously related is the
has been extensively investigated in the past years. Reviewsaining effect®24 manifesting itself in changes in the hys-
on exchange bias can be found in Refs. 2-5. Experimentallyeretic characteristics depending on magnetic history. These
the exchange bias phenomenon manifests itself in a fieldffects become most pronounced for thin AF lay&rd’
shift of the magnetic hysteresis loop, referred to as the exwhere enhanced uniaxial anisotropy effects are reported. A
change bias fieltH, and an increase of coercivity, mea-  detailed discussion on the various aspects of rotatable aniso-
sured in the F film. Numerous theories have been developegiopy, the related enhancement of uniaxial anisotropy, and
that predict values foHg, in reasonable agreement with ex- the training effect can be found in the introduction of Ref.
perimental results. The mod&t$* consider compensated or 22.
uncompensated interfaces, polycrystalline thin-film systems, In the present paper we separate the rotatable and the
spin-flop coupling, and interface roughness. The internal ARinidirectional anisotropy contributions with varying AF
grain and domain structure add many additional aspects tlyer thickness by complementary dc and rf measurements.
the exchange bias phenomena. We focus on time-dependent relaxation effects in the AF,
Several mechanisms have been proposed to explaimportant for understanding of the F/AF magnetic structure.
the enhancedH. in F/AF bilayers. Models include FM The stability of exchange bias and rotatable anisotropy is
domain wall pinning at AF domaif% and other F/AF probed by different techniques. The discussed results are rel-
interactionst®1” Particularly, time-dependent effects are re-evant for the understanding of exchange bias in polycrystal-
ported in F/AF systems related to thermally activated switchiine thin films.
ing of AF grains. McMichaekt al*® connected the exhibited
rotatable anisotropi,., (Ref. 19 to changes in the antifer- Il. SAMPLE PREPARATION
romagnetic domain structure. This anisotropy can be under-
stood as an anisotropy that has an energetic minimum which Magnetic bilayer Si/SiQ/Ta(5 nm)/Nig,Fe;o(40 nm/
aligns parallel to @possibly changingF layer magnetization 1r,;Mn;g(0.2 nm...9 nnVRu(3 nm) structures are prepared
direction. It is related to irreversible changes in the AF layerby dc-magnetron sputtering in a multitarget UHV sputter
and should not be confused with stripe domain effects obsystem with a base pressure below 20 Torr at an Ar
served in out-of-plane anisotropy filld.The phenomena pressure of X 1072 Torr. The Ta seed layer insures good
can be modeled assuming two components in the AR111) texture. The distribution of texture is within=6% and
layer??1:22When changing the magnetic state of the ferro-the grain size is typically distributed tightly arourty,,
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FIG. 2. Schematic drawing of the experimental geometry. The
directions of acting fields are display for two exemplary cases.

part in the AF does not respond to the exciting fast rise time

A v 430m el | isnazon pulse field(t;se ime< 100ps,Hyyse~5 O8), which is aligned
- 0.5 i ee 1 V J/ perpendicular to the effective anisotropy and parallel ori-
S o0} ented bias fieltHpas Hyorayn then acts similar as a uniaxial
s 05 i o ‘ gnisotropy fieIon: Moreover, the effective mag_netic damp-
H.=708 30e ing parametewy is extracted. Fronwg; conclusions about
-1.04 Hyo=2408| Hep o = 25 O8) inhomogeneities in the F/AF structdfe and the
-5040-30-20-10 0 10- 50-40-30-20-10 0 10 paramagnetic-antiferromagnetic transition with AF layer
(c) H,. (Oe) (d) H,. (Oe) thickness can be obtainétiin addition, the technique acts

similar to a transverse ac-susceptibility measurerfert,
thus eliminating coercivity effects in the F/AF bilayer
system.

Selected PIMM data from the same IrMn thickness as in
Fig. 1 for H,;,c=—20 Oe is displayed in Figs(&, 3(c), and
3(e) (left column). Besides the change in the ferromagnetic
=15 nm?® The F uniaxial anisotropy axis and the initial ex- resonance frequendy,, differences inaq (visible from the
change bias direction are set in an applied magnetic in-planexponential decay time of the voltage signalbecomes evi-
field of Hyep=50 Oe during film deposition. The top Ru layer dent. In our time-domain analysis we deriwgy using
prevents corrosion of the F/AF stack. No postannealing pro-

FIG. 1. Hysteresis loops along the edBA) and hard axigHA)
of selected F/AF structures. The AF film thicknesgas0.2 nm,(b)
1.7 nm,(c) 4.3 nm, and(d) 8.7 nm. The coercivity fieldH ., and
the loop shiftHeyp, ¢4is indicated.

cessing steps are done. i M o.2nm
o~ |
Ill. MAGNETIC CHARACTERIZATION g 3y foe=0.8GHz
<2
The films are characterized by inductive magnetometry uE
with a field sweep rate of 10 Hz. The exchange bias field
Hep,calS Obtained from the loop shifH ., e He1 ed/2 along @ 01234356 M 2A00 M0 2
the magnetically easy axi€A, parallel toHge). The mea- 02 5 T
suring field was aligned with an accuracy of 2° relative to the — o1 Ger=0.024 1 4 W o= 1.3 GHz
EA. Example loops are shown in Fig. 1. For the thinnest s N':f:‘ 3
IrMn layer thicknesst,,=0.2 nim a regular hysteresis loop g 00 0
: . ; i ) = 2
with no influence of the AF layer on the magnetic properties 0.1 o
is obtained. With increasing AF film thicknes&yn 02 I 1.7 nm ! lmm17ank Hrjt-dv"
=1.7 nm an increase in coercivity along the EA is seen. © 0T 234356 @ %3700 0%
With again increasing AF layer thickness, showntig, 02 5
=4.3 nm,Hep caappears. Beyond thdt,=8.7 nm, Hep ea ' Ar=0015 |  ghe =190
stays nearly constant, but the coercivity reduces again. How- S 04 “vI~1 3
ever, the obtained coercivity values are still larger than the 200 o,
initial FM coercivity. 0.1 B
As in regular hysteresis loop measurements along the easy 02 IMh4.3nm 1 I 4 ebaym
o.rbr|1ard axis trlle rotatable amsc()jtroply geld |s|, not (;asnylacggs— R 950-45-30-20-10\é 10
sible, a complementary more detailed analysis by pulsed in © t (ns) . H,.. (Oe)

ductive micrometer magnetomet®?IMM) (Ref. 29 with
varyin_g_bias fieldH ;s iS perfo_rm_ed. Using Iarg_e_bias field_s, FIG. 3. Example PIMM data for an bias fieldy;,c=-20 Oe
coercivity effects can be eliminated. In addition, varying sppjied along the induced anisotropy agtisft column and change
Hyias allows an independent extraction of the exchange biags 2 _with Hy,q (right column. All measurements were done after
field Hep,gynand the rotatable anisotropy fiektoqyn @S Will - saturation in a positive field. From the linear interpolatieg, ¢,n
be outlined below. A sketch of the experimental geometry isand the sum oH, and Hrotdyn iS derived. agg and zero fieldf e
given in Fig. 2.H,q 4yn follows the direction of magnetiza- (H,,,.=0 O@ values are shown. The AF film thicknesgas and(b)
tion [compare Figs. @) and Zb)]. As the measurement takes 0.2 nm, (c) and (d) 1.7 nm, (e) and (f) 4.3 nm, respectivelyas
place on the nanosecond timescale, the rotatable anisotrofryicated.
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FIG. 4. EA loop shiftHgp ¢a @and Hep gyn from the horizontal

frequency shift as a function dfn. FIG. 5. EA loop together wittf2

res @S a function of applied ex-
ternal field. The position oHep gyn Hepea He1,ea @Nd Hep eaare
2 indicated. The field progression in the hysteretic regime is marked

= TymMs (N by arrows. The AF film thickness igy,=3.5 nm.

with the saturation magnetizatidds (Mg yire=800 kA/m), tions. (Not_e that Miltényet al3¢ have obtained contrary re-
the permeabilityu, (47 x 1077 Vs/Am), and the gyromag- Sults for single-crystal Fe/F@RF/AF structures, suggesting
netic ratioy (y/2m=1.8 T1s%). This approximation is ad- other or additional mechanisms involved thgre.

equate for our purpos¥.The change of ferromagnetic reso-  FOr clarification of the discrepancy betweehy, e, and
nance frequency with external bias fieHt),. is analyzed Heb.dyn@ direct comparison of hysteresis and resonance fre-
using the modified Kittel's equatioff,including the rotatable duency dependence is plotted in Fig. 5. The resonance fre-
anisotropy fieldH o 4y, and the exchange bias fiekdy, gy quencyf,.s follows the Kittel dependency of E@2) and Eq.

Taking the effective fields acting in the F/AF stack into ac-(3) in the nonhysteretic regime. Due to the hysteretic mag-
count, Kittel's equation can be written as netization process of the FAF layer system, the linear depen-

dency offrzes with Hy;,s extends across thidy,;,s 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 f3f, leads to
an Hep gyn Closer toH, ¢, Deriving Hep, under the assump-
tion of a symmetric hysteresis loop arould, ., from the
loop shift is apparently invalid. The “real” exchange bias
field lies more closely tdH., ¢, This also implies that the
for Hep, gyt Hpias< 0. magnetization reversal along the EA occurs asymmetric rela-
Hrotayn @dds to the effective anisotropy field and leads totive to the exchange bias field. This is in agreement with
an increase irf,s From the extrapolation off to zero magnetometr¥/ and domain observatiod$3° where a pro-
frequency,H o 4yn Can be extracted in the knowledgeldf.  nounced reversal asymmetry related to magnetization
In our case we derivetli, from the low AF-layer thickness changes in the AF layer are reported. The origin of coercivity
and assumed it to be identical for all samples. Depending osannot be neglected to understand the difference between
the bias field valugiyas Eg. (2) (where the magnetization is  Hgy, eaand Hep, gyn
aligned parallel to the exchange bias fieldr Eq. (3) (for The source for the enhancét] ., becomes clear by ana-
antiparallel alignmentis valid. Hep gynresults in a horizontal  lyzing Hyq 4yn @nd aeqs contributions plotted in Fig. @Hyo; gyn
shift of thef s bias field dependency dry,i,s The minimum  andH, .,change almost coincidental with AF layer thickness
of ffes With Hypias is at Hep gyn Experimental results offes [Fig. 6@]. The concurrent onset, peak value, and decrease
with Hyas for different samples are plotted in Figgb® 3(d),  with further increasing IrMn thickness of both values indi-
and 3f) (right column. Comparing the Iinearffes depen- cates that the change of magnetization in the AF ldyles
dence fort;,=0.2 nm and,;,=1.7 nm, the vertical reso- rotatable paitis the main source for the variation of coer-
nance frequency shift due te 4, is evident. No exchange civity with AF layer thickness. No correlation of coercivity
bias is noticeable. With further increasing AF-layer thicknesswith Hg, as proposed in Ref. 40 is apparent. The rotatable
the frequency plots are shifted to the 1éfty,=4.3 nm by  anisotropy part also reflects itself in the magnetic damping
Heb,dyn parametera [Fig. 6b)]. For small AF layer thickness an
The change of exchange bias figt,, ., with AF layer — onset of ae; before Hep gyn and Ho gyn beCOmes visible.
thickness, derived from the loop shift along EA, togetherAbove the onset ot at t,=1.0 nm the AF layer is al-
with Hep gynare displayed in Fig. 4. Two results become ob-ready antiferromagnetic in character and displays superpara-
vious. First, the onset of exchange bias is shifted to smallemagnetic behavior.
twn Values in the dynamic case. Secoht}y, 4, is substan- Steenbecket al?® experimentally derived the antiferro-
tially smaller thanHg, .o A similar variance was found by magnetic anisotropy constalig v, as a function of IrMn
ferromagnetic resonance analysis of exchange biased NiQhickness aff=10 K. Fort;y,=1.4 nm an AF anisotropy of
based F/AF bilayer structurésand explained by asymmetric Kag ymn=1.3% 10 J/n? was obtained. Setting the limit for
hysteresis effects together with rotatable anisotropy contribusuperparamagnetism at nanosecond time scale to

Qeff

YHo |
fres: Z_WVMS(Hk + Hrot,dyn) + Ms(Heb,dyn+ Hbias) (2

for Heb,dyn+ Hbias> 0, and

_ Yo

f =100
res 277

\‘"’MS(HK + Hrot,dyn) - Ms(Heb,dyn+ Hbias) (3)
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20 80 layer thicknessH,q, decreases again. Evidently, only taking
15 2 ——H, leo . the AF anisqtropy or grain-size _distribution into
g \ —o—H,. g account>-17284%s not sufficient to describe the F/AF layer
3 0 g 40 % interaction properly. The rotatable anisotropy has a strongly
T 5 c{'\_ 20 & time-dependent contribution, confirming the concept of ther-
— mally activated AF grain switchin$ The sum of anisotropy
(e 0_025W 0 fields displays a similar dependence as the exchange bias
1/ ——o, 60 - data presented in Refs. 27 and 41, but measured at a tem-
L0000 .\,‘A;O—H.w. - g perature ofT=4 K. This indicates that the frequently ob-
® 0.015 I -\‘ S served decrease in exchange bias with increasing tempera-
il f\'\'m = ture is related to the onset of thermally activated AF
0.010 | p®”’ “to switching. For higher temperatures, exchange bias trans-
0123456789 forms into rotatable anisotropy, the exchange bias decreases
(b) fiagn (NM) congruently.

From our data, both F/AF coupling effects, rotatable and
FIG. 6. (8 Change OfHogyn @nd Heea @nd (b) aert With  ynidirectional anisotropy, can be interpreted as unstable AF
tirmin- grain magnetization, just differing by deviating relaxation
times. A continuous transition from rotatable to dominating
Kar imnVrain= Ka T, (4) unidirectional anisotropy is observed. Even for large AF
layer thickness rotatable anisotropy contributions and there-
with the average grain V0|Um‘5/grain=t|rMnfSram7T (F grain fore partially switching in the AF exists. The rotation of an-
=7.5nm; see Sec. )l the Boltzmann constankz=1.38  isotropy, however, has also a strong influence on the remag-
X 10723 J/K, and temperatur&=300 K, we obtainKg y, ~ N€fization process at longer time scales, within and beyond
=1.4x 10% J/n?® for the superparamagnetic anisotropy limit the integration times of the measurement techniques used
in good agreement with the experimental valuekgf . ~ P€fore, as shown in the following section.
Note that Eq.(4) is only valid for uncoupled grains. The

thermally activated switghing of AF magnetization happens IV. DOMAIN EEFECTS
on the subnanosecond time scale, leading to enhanced mag- _ _ o
netic damping’ in the F/AF layer stack. A peak iaa ¢ occurs In this section we focus on the magnetization process at

at tyun~1.7 nm. The enhancement of magnetic dampingone AF layer thicknesst,,,,=3 nm), where rotatable and
happens well below the onset of exchange biasing and thenidirectional anisotropy field are both of significant value.
increase of coercivity. To obtain a better inside in the magnetization process, we
With increasing AF thickness, the anisotropy energy ofimaged the magnetic domain structure by magneto-optical
the AF results in a stabilization of the AF magnetization onKerr microscopy in the longitudinal mode. The domains in
the nanosecond time scale. As a result, the rotatable anisthe F layer are visualized through the covering IrMn and Ru
tropy fieldH,q ayn Starts to develop. With yet increasing IrMn protection layer. The sweep rate during the observation can
thickness, the anisotropy stabilizes even more and exchandpe varied continuously down to déH,,,/ 5t=0). Applying a
bias Hep gyn OCCuUrs on the time scale of the measurementconstant magnetic field, still within the coercivity range
This development is supported by the fact that with increasabove H, ., Viscous remagnetization is observed. Results
ing AF thickness, the AF interaction leads to an effectiveare displayed in Fig. 8.
enlargement of the volume of the AF. In addition, a strong Holding the field atH.,;=—20 Oe, domain wall creeping
increase in AF anisotropy abovg,,,=2 nm is found over minutes in the F structure due to reversal in the AF
experimentally’® layer is seenFig. &a)]. The remagnetization takes place
The total anisotropy field, derived frorla=Horayn ~ Mostly by domain wall motion together with incoherent ro-
+Hegp ayn IS plotted in Fig. 7. A strong increase with increas- tation. The wall angle is not aligned parallel to the uniaxial
ing IrMn layer thickness is seen. The maximum in the aniso-anisotropy field of the F layer or the induced exchange bias
tropy field takes place close tQy,=2 nm. With thicker AF  direction of the F/AF system. As the domain wall orientation
is determined by the direction of net magnetization during

80 80 magnetization reversal, the tilted wall angle indicates a reor-
60 —*—How lgp ganization of the spins in the AF away from the anisotropy

g \ izaw. H axis during magnetization switching of the F/AF system. In
‘é 40 ‘\:%:\.n\w". 40 gl addition we observe memory effects in the F/AF layer struc-
T 20 o fTol20 3 ture, meaning that the domain structure during magnetization
Ot 0 8 reversal is strongly dependent on the magnetic field and do-
0T 233567809 main history of the sample. This indicates irreversible rear-

b (NT) rangement of the AF spins influencing the domain structure

during reversal, as will be discussed later in this article. A
FIG. 7. (a) Total anisotropy fieltHa Hrotayn @ndHepaynas  direct correlation between static AF and F domains was
function of AF layer thicknes$yn. nicely demonstrated in Ref. 42. The whole magnetization
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FIG. 9. (a) Initial domain configuration for the same sample as
Fig. 8 (t)mn=3.0 nm adjusted at constant field,,=9 Oe.(b)<e)
Domain formation during magnetization reversal for the forward
branch of the loop after keeping the domain struct@efor 5 h.
(e)—(i) Magnetic microstructure at backward loop. Magnetization
directions and applied field values are indicated. Total measuring
time is about 1 min.

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

Another example of dynamic domain processes is shown
in Fig. 9. After setting a domain structufgig. 9a)] for 5 h,
the AF magnetization in the F/AF stack stabilizes. During
reversal the initiated domain structure reappears along both
branches[Figs. 9¢) and 9g)] of the magnetization loop.
This is conclusive with a local change of loop shift. The

i slowly responding part of rotatable anisotropy, reversed

10 within hours, results in a change of loop shift on the time
""""" 05 s [ scale of the domain observation of about 1 min. The slowly
o remagnetizing fraction of the AF layer does appear as an
§ 00 exchange bias contribution in the magnetometric measure-
05 l I ments. Due to the shifted exchange bias in one of the domain
[ . {ike 39 3 - regions relative to the other, the domain structure during re-
------- A.00e - S . . .
030 0 0 0 versal_[Flgs. qc) a_\nd q9)] is a copy o_f the formerly adjusted
b) © H, (Oe) domain patterjFig. 9a)]. The domain pattern exists over a

certain field rangécompare Fig. &) with 9(d) and qf) with

FIG. 8. (8) Magnetization reversal atonstantapplied field ~ (9] The character of the_domams is strongly influenced by
Heq=—-20 Oe. The IrMn thickness is 3.0 nm. The time of observa-the memory of the F/AF bilayer system due to the rotatable
tion is indicated. Magnetization directions are sketched qualita@nisotropy in the AF layer. This also affects the Neel walls in
tively. Hey is above the coercivityH, .~-25 Oe. (b) Relative  the F layer, which will be partially fixed in the setting pro-
change of magnetization vs time correspondingapo (c) Hyster-  cedure[Fig. 9(a)] due to the viscous AF structure.
esis loop along EA. The development of the magnetization with A quantitative confirmation of the observations is ob-

time (0 s, 49 s, 185sis displayed(O). tained from investigations on the same sample by alternating
gradient magnetic force magnetometry. Experiments with
process takes place over several min(iieg. 8a), 0.1 s,..., different field history, latency between the measurements,

185 9. A quantitative evaluation, directly derived from the and field sweep rates are performed. Exemplary data is
magneto-optical images, is displayed in Figb)8 A nearly  shown in Fig. 10. During the time interval between the mea-
exponential reversal in time is visible for the first seconds.surements creeping effects at remanent state are recorded and
The change of magnetization with time can be interpreted amdicated in each figure. The field sweep rate of each loop
a change in coercivit{fl;; ({t). For comparison the regularly measurement is displayed.

094420-5



MCCORD, MATTHEIS, AND ELEFANT PHYSICAL REVIEW B70, 094420(2004

1.0/ 40 Oers 40 Oels_ 3min | history) Before the start of the loop measurement, a two
051, domain state develops. As shown befdieig. 9a)] no
| Tetea Hezea change in field is necessary to partially reverse the magneti-
00 zation in the F/AF bilayer. Beginning from the mixed do-
05 10 min main state a small residual step closeHg; ., 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 &1, ,[Fig. 10b)]. The re-
- 05 versal starts at the high remanent stédg, o,is slightly re-
0.0/ duced relative tgFig. 1Qa)]. Changing the initial conditions
05 N ,_D back agaifFig. 1Qc)], a similar behavior as in Fig. 18 is
12 min &1 mi observed. Keeping the two domain state for a longer time
© 1% f 1 (d (t=61 min), the step in the magnetization curve along the
1.0{0.008 Oels 40 Oels, . forward branch becomes more pronoun¢edy. 10d)]. The
.05 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 visiblsee Figs. 1@®)
ﬁ:f'" and 1@h) for value§. [This situation is similar to the condi-
-1.0 : 1 N min tion in which 9a) was adjustef The effectiveH, ,values
(e) 4020 0 20 40 40 20 0 20 40 (f) for the lower and upper part of the loop branch are decreased
Hea (O8) Hoq (Ce) and increased, respectively. The left branch of the loop dis-
plays almost no dependency on magnetic history. Only a
20 O_O/o<g73"o 1 slight decrease in coercivity is observed. Even measuring for
—o— H ] several hourgFig. 1Qe)] no significant change dfl¢; ¢4iS
seen. However, the initial value of coercivity of Fig.(&pis
obtained. The forward coercivitll., ¢,iS increased. No sign
-10 T of a two step magnetization process is visible. In Figify10
20| T Horce o the magnetic reversal process, now back at 0.2 Hz, reveals a
(9) o—o—0"""—a"" change of sign oHg, ¢4 Also the coercivityH, ¢,is reduced,
- significantly. This can be understood from the magnetic his-

0 a tory of the sample, which has seen negative field values for
—-— H /
Tyl

M/M,

T T T T
1.0140 Oe/s 40 Oels

M/M,

0.04
05

M/M,

Hc1,ea! Hc2,ea (Oe)
o

o M several hours at the end of the measurement of Fi¢e)10
| /' ~y ] 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(é)Ccor-
-101 ol 1 respond to different.y, ¢avalues for both loop branches due
—_— to the rotatable anisotropy part in the AF. The loop shift for
(h) (@ (b) (c) (d) (e) (N the forward and backward part of the loop effectively differs.

o _ . The changes relate directly to the rotatable anisotropy in the
FIG. 10. (a) Magnetization reversal after setting the magnetiza- layer

tion to remanent state in a field éfe=—50 Oe (tun=3.0 nm.
Reversal after applyingb) He,=500 Oe andc) He,=-3000 Oe.

Heb,ea (Oe)

The time between the loop measurements is below 10 min. Relative V. SUMMARY AND CONCLUSIONS
starting timeg are indicated(d) Loop after setting the magnetiza- . . .
tion for 1 h after measuringc). (€) Sequencing reversal with ex- ~ Exchange bias and rotatable anisotropy fields are sepa-

tremely slow low field sweep ratéf) Fast reversal aftefe). The  rated by transversal pulse measurements in the subnanosec-

field sweep ratedne,s are indicated. The initial remanent states 0nd time regime. From the magnetic damping parameggr
before loop measurements are marked I®,ahe starting point of We find the onset of antiferromagnetic ordering at about
the loop measurement by an open cir€leThe corresponding val- tymn=1.0 nm, before the onset of rotatable and unidirectional
ues 0fHc1 ea Hez cadre plotted in(g). Hep eqiS sShown in(h). For the  anisotropy. Rotatable anisotropy develops abotg,
data corresponding t@d) more than one set of data is displayed, =1.4 nm and exists up to the largest investigated AF layer
reflecting the pronounced bimodal state of the sample. thickness(t,y,=8.7 nm. The onset of exchange bias hap-
pens atty,=2.0 nm, the maximum is reached at about
Before the measuremeffig. 1Q@)] a negative magnetic tyy,=4.0 nm.
field was appliedthe high remanent state is marked @y. The coupled F/AF system is characterized by both, the
Due to the viscous character of the AF a reduction in remaunidirectional and the rotatable anisotropy. Both contribu-
nence(O) is observed. Starting from the negative remanentions have to be taken into account, characterizing the F/AF
point the magnetization decays as shown in Figgaland layer interaction at finite temperatures. As one part of the AF
10(c)-10e). (Note that the amount of decay is not only de- is fixed and the other rotates time dependent, different degree
pendent on the waiting time, but also on the overall magnetiof disordering in the AF layer occurs for each branch of the
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E’ E’ J’i,; t, ments. The rotatable parts in the AF layer are directly corre-
lated to the coercivity field. The change of coercivity with
;== === tymn iS due to the rotating parts of the AF magnetization
<— —l>‘—l>‘—l>‘—l> —> <— 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 asymmetri€s3®4344n 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 &ty,=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

FIG. 11. (a) Initial spin configuration in the F/AF layeische- ~and needs to include perpendicular walls or disordering in
matic). (b) Magnetization configuration after reversing the magne-the AF layer'*213220ur data is in qualitatively agreement
tization in the F layer(c) With increasingmeasuringtime (t;<t,) ~ With the model proposed by Stiles and McMich&eln ex-
more AF grains reverse magnetization, the exchange bias fiel@efiments, the time constant of the measurement technique
changes sign. Effective field direction and the rotating parts of thdised to investigate the F/AF interaction will dramatically
AF layer are indicated. change the results and has to be taken into consideration
interpreting the experimental data.

— —>
e
(a)

hysteresis loogcompare Fig. 1da) with 11(b)]. Depending

on the experimental time, the AF layer switches to a higher ACKNOWLEDGMENTS
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initial direction [Fig. 11(c)]. The AF switching leads to a The authors thank W. Michalke and K. Kirsch for sample
discrepancy between loop shift and exchange bias field, condeposition. We also thank R. Schéfer for critically reading
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