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Coercivity mechanisms in positive exchange-biased Co films and CoÕPt multilayers
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We describe magnetization measurements on a simple model system that mimics the behavior of positive
exchange bias. The system consists of an antiferromagnetic CoO layer exchange coupled to antiferromagneti-
cally coupled Co/Ru/Co or@Co/Pt#N /Co/Ru/@Co/Pt#M multilayer films with in-plane and out-of-plane anisot-
ropy, respectively. In both cases, the two ferromagnetic layers were chosen to have different thickness with the
thinner layer coupled to the CoO layer. When cooled below the blocking temperature of the CoO layer the
thinner ferromagnetic layer is pinned and the low-field response is governed by the reversal of the thicker
ferromagnetic layer with an effective exchange bias that is mediated via the Ru interlayer. For all the films
studied we observe a transition in the effective bias from negative to positive with increasing cooling field.
However, when varying the cooling field we find three distinct coercivity behaviors during the transition from
positive to negative bias that depends on the anisotropy and microstructure of the ferromagnetic layers.
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I. INTRODUCTION

When a ferromagnetic~FM! thin film in contact with an
antiferromagnetic~AFM! thin film is cooled through the
Néel temperature (TN) of the AFM layer in an applied mag
netic field, the hysteresis loop of the FM often develop
loop shift ~or bias! and an enhanced coercivity.1–3 These
exchange-anisotropy effects arise as the spin order of
AFM is established in the presence of the FM via the int
facial FM-AFM exchange interaction. Control over th
exchange-bias field (HEB) and coercivity (HC) has many
technological applications, such as suppressing domain
mation and biasing magnetic devices.4,5 Theorists have used
these two macroscopic quantities,HEB and HC to create
models that provide a microscopic understanding of the
change biasing.6,7 However, a general theory is still lacking
Towards a more fundamental understanding of the bias
cess recent studies have exploited double superlattice s
tures to mimic AFM/FM bilayer structures.8–10 In such struc-
tures, the magnetic interactions can be controlled and tu
in the thin-film deposition process.

In general it has been found that cooling in a posit
applied field results in a shift of the hysteresis loop towa
negative exchange fieldsHEB or negative bias. However, re
cent experiments have discovered a new and rather sur
ing phenomenon of positive exchange bias in FeF2 /Fe and
MnF2 /Fe bilayers.11–15For certain structures it was observe
that for ‘‘small’’ external cooling fields, the samples exhi
ited the expected negative bias. However, for large coo
fields the samples became positively biased. In addition
was observed that the coercivity of the Fe layer was dep
dent on the magnitude of the cooling field with the coerciv
reaching a maximum for intermediate external cooling fi
that roughly corresponded to where the bias changed f
negative to positive.15 Positive biasing has been related
models where the surface spins of the AFM layer are anti
romagnetically coupled to the FM layer.11,12,15,16The biasing
process is then determined by a competition between
Zeeman energy acting on the surface spins of the AFM
0163-1829/2002/65~22!/224426~5!/$20.00 65 2244
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the antiferromagnetic exchange interaction between the
and AFM layer. That is, for small fields the AFM surfac
spin orientation is determined by the exchange interac
with the FM and is antiparallel to the field-cooling directio
However, for large cooling fields the applied field overcom
the interfacial interaction and aligns the AFM surface sp
parallel to the field and explains the change in bias direct
with increasing cooling field magnitude. Positive bias h
also been observed for ferromagnetic FeSn layers that
antiferromagnetically coupled to ferrimagnetic FeGd layer17

supporting this model. The anomalous coercivity behav
was understood as arising from spin-frustration at
AFM-FM interface.15

In the present manuscript we describe magnetization m
surements on a simple model system that mimics the be
ior of positive exchange bias. The system consists of
AFM CoO layer exchange coupled to either an antiferrom
netically coupled Co/Ru/Co trilayer with planar anisotro
or antiferromagnetically coupled@Co/Pt#N /Co/Ru/@Co/Pt#M
multilayers with perpendicular anisotropy. In these structu
the FM layer next to the CoO is kept thinner than the seco
FM layer to mimic the surface spins of the AFM layer. Whe
cooled below the blocking temperature of the CoO layer
thinner FM layer is pinned and the low-field response
governed by the reversal of the thicker FM layer. In this ca
the effective exchange bias is mediated to the thicker
layer via the Ru interlayer. These structures are similar to
double superlattice structures where interlayer coupling
used to modulate the exchange-bias interaction.8–10 How-
ever, for the double superlattices the magnetization is
field cooled but is set by large applied fields and only ne
tive bias is observed independent of the sign of the interla
coupling.10 For the present structures cooling in small a
plied fields results in negative exchange bias while cooling
large fields gives an effective positive bias. By measuring
cooling field dependence of the exchange bias and coerc
of the thicker FM layer, the role of the anisotropy and dis
der on positive bias can be investigated in detail. For all
films studied we observe a transition from negative to po
©2002 The American Physical Society26-1
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FIG. 1. Room-temperature hysteresis loo
~a!–~c! and MFM images~d!–~f! for antiferro-
magnetically coupled longitudinally magnetize
Co/Ru/Co trilayer~a! and~d! and for the perpen-
dicularly magnetized@Co/Pt#N /Co/Ru/@Co/Pt#M

samplesP1 ~b! and ~e! and P2 ~c! and ~f!. The
hysteresis loop in~a! was measured with an in
plane applied field while~b! and ~c! were mea-
sured with a perpendicular applied field. The a
rows in ~a!–~c! indicate the exchange fieldHex

where the thinner FM layer reverses its magne
zation direction. The MFM images were mea
sured in remanence after demagnetizing t
sample and the image scale is 535 mm2.
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tive bias with increasing cooling field. However, we fin
three distinct behaviors for the cooling-field dependence
the coercivity at this transition. For the Co/Ru/Co samp
with planar anisotropy we observe a suppression of the
ercivity of the thicker FM layer. For the perpendicular mu
tilayers we observe either an enhancement of the coerc
or a bifurcation of the hysteresis loop when the cooling fi
is tuned to the transition region from negative to posit
bias. The coercivity enhancement is in close agreemen
that observed for MnFe2 /Fe bilayers.15

II. EXPERIMENTAL PROCEDURE

The films were dc magnetron sputtered in a 3 mTorr Ar
atmosphere onto Si3NX-coated Si~100! substrates at room
temperature. The base pressure was,531028 Torr prior to
deposition. The substrates were rotated at;2 Hz during
deposition to ensure film uniformity. Each film was grow
onto a 200-Å Pt buffer. The in-plane anisotropy structu
studied were Co~40 Å!/Ru~9 Å!/Co ~16 Å!/CoO ~;10 Å!.
The Ru thickness was tuned to optimize the antiferrom
netic interlayer coupling. The Co/CoO bilayer was form
by depositing a 22-Å Co layer that was allowed to oxidize
atmosphere such that 6–7 Å of the Co was transformed
;10 Å of CoO.18

The out-of-plane anisotropy samples were made in
different ways. The first structure is@Pt(7 Å)/Co(4 Å)#10/
Ru(9 Å)/@Co(4 Å)/Pt(7 Å)#2/Co(10 Å)/CoO(10 Å). The
Co/CoO again was formed by oxidizing a 17-Å Co layer. F
the second structure the CoO was formed directly on
Pt buffer layer by oxidizing a 7-Å Co layer. The ant
ferromagnetically coupled multilayer was subsequen
grown onto the CoO layer. The final structure we obtain
was CoO(10 Å)/@Co(4 Å)/Pt(7 Å)#2 /Co(4 Å)/Ru(9 Å)/
@Co(4 Å)/Pt(7 Å)#10. We will refer to these two perpen
dicular anisotropy structures asP1 andP2, respectively. For
all structures, the Co layers grow~111! textured such that the
CoO is similarly textured and forms AFM domains where t
spins have out-of-plane as well as in-plane projections. T
allows the CoO layer to bias structures that have either
plane or perpendicular magnetization.18
22442
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The room-temperature magnetic properties were cha
terized using a 5-T Quantum Design SQUID magnetome
polar magneto-optic Kerr effect~MOKE! magnetometer and
a magnetic force microscope~MFM!. The low-temperature
magnetic properties were measured using the SQUID m
netometer. The full temperature dependence of the sam
was measured but we will report on the room temperat
and 50 K results that highlight the physics of interest.

III. EXPERIMENT RESULTS

A. Room temperature

Figures 1~a!–1~c! show the room temperatureM-H loops
of the three samples. At room temperature the CoO laye
nonmagnetic and does not influence the system. Figure~a!
is measured with an in-plane field while Figs. 1~b! and 1~c!
are measured perpendicular to the film. All three samp
show the characteristic behavior of antiferromagnetica
coupled trilayers.19 For large fields the interlayer coupling i
overcome and the layers are parallel to the field. As the fi
is reduced the interlayer coupling overcomes the app
field and the thinner FM layer reverses at the exchange fi
Hex that are identified by the arrows in Fig. 1. From this fie
we can estimate the interlayer exchange couplingJex of ;0.5
ergs/cm2 for these samples viaJex;Hex MS t whereMS and
t are the magnetization and thickness of the thinner FM la
respectively.19 For each sample the remenant state is with
adjacent magnetizations antiparallel and the thicker la
parallel to the previously applied field direction. There a
clear differences in the magnetic behavior of the perpend
lar samplesP1 andP2. SampleP2 exhibits discrete jumps
in the magnetization reversal indicating correlated reve
whereas sampleP1 shows an extended switching field di
tribution. TheP2 results are somewhat surprising and in
cate that the CoO layer provides an excellent seed layer
the growth of high-quality Co/Pt multilayers.

Shown in Figs. 1~d!–1~f! are the corresponding room
temperature MFM images. The images were acquired a
the samples were demagnetized. Consistent with the ma
tization results there are clear differences in the dom
6-2
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COERCIVITY MECHANISMS IN POSITIVE EXCHANGE- . . . PHYSICAL REVIEW B 65 224426
structure. For the longitudinal sample@Fig. 1~d!# there is low
magnetic contrast arising from the in-plane magnetic va
tions and domain structure. The low contrast is expec
since the MFM is sensitive to stray fields outside the fi
which tends to be low for in-plane magnetized sampl
There is much stronger magnetic contrast for the perpend
lar magnetized samples. SampleP1 @Fig. 1~e!# has small
more disordered magnetic domains suggesting a more d
dered multilayer structure. SampleP2 has significantly
larger domain, consistent with expectations for a thin fi
with perpendicular anisotropy and little domain wall pinnin
In such films the characteristic width of the domains is d
termined from a balance between the domain wall and d
lar energies and varies with the film thickness.20 There is
about a factor of 5 difference in the domain size compar
sampleP1 andP2 although the two structures are nomina
the same structures. Although sampleP1 has a slightly
thicker Co layer next to the CoO layers thanP2 as reflected
in the lower remanent magnetization, the main difference
the domains reflect different microstructural properties of
two samples.

B. Low temperature

The samples were field cooled to low temperatures in
plied cooling fields ranging from well belowHex to well
above. At low temperatures the CoO layer orders in the p
ence of the thinner FM layer and, thus, biases this layer.
coercivity of the thinner layers were.5 kOe at 50 K so
measurements with fields,5 kOe measure primarily the re
sponse of the thicker FM layer. When cooled in an appl
field H,Hex, the two ferromagnetic layers are antiparal
and the thinner layer is biased opposite to the cooling fi
direction. For cooling fieldsH.Hex the ferromagnetic layers
are parallel and the thinner layer is biased in the same di
tion as the cooling field. Measuring minor loops of th
thicker ferromagnetic layer with increasing cooling field w
should observe a reversal of the effective bias acting on
thicker ferromagnetic layer mediated via the Ru layer

Shown in Figs. 2~a!, 3~a!, and 4 are minor loops of the
thicker ferromagnetic layers measured for cooling fields
low, above and near the exchange field. We have subtra
the contribution of the thinner pinned FM layers assum
that it is constant with field and then normalized the min
loops. As expected, for small cooling fields@,Hex, open
symbols in Figs. 2~a!, 3~a!, and 4# the thicker layer is nega
tively biased. For large cooling fields~.Hex, closed sym-
bols! the thicker FM layer becomes positively biased. T
transition from negative to positive bias depends on the
terlayer exchange coupling and is determined byHex
5Jex/MSt. The magnitudes of the negative and positive b
values HEB are equal and are determined byHEB
5Jex/MS8t8 where MS8 and t8 are the magnetization an
thickness of the thicker FM layer. Such behavior is expec
from simple exchange-bias models1 and was also observe
for the double superlattice structures.8 Also, the shapes of the
negative and positive biased loops are nearly identical.
creasing the Ru thickness results in the change in sign oJex
such that the thin and thick layer are ferromagnetica
22442
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coupled. For such a structure, we observe only negative b
independent of the cooling field.

The negative and positive bias behavior is similar in
the samples and roughly independent of the anisotropy
disorder and depending only on the interlayer exchange c
pling and the thickness of the FM layers. However, t
samples show marked differences in the transition region
tween negative and positive bias. This can be seen in
loops when cooled in an applied field nearHex. For all cases
the effective bias is near zero but the shape of the lo
changes dramatically. For the longitudinal sample~Fig. 2!,
the minor loop has zero coercivity and resembles a hard-
loop. For perpendicular sampleP1 ~Fig. 3!, the minor loop is
symmetric aboutH50 but the coercivity is enhanced. Pe
pendicular sampleP2 ~Fig. 4! exhibits a bifurcated loop
where either negative or positive biased regions coexis
the sample. Such bifurcated loops are similar to that
served in Refs. 21 and 22 for zero-field cooled samples
different domain states.

Figures 2~b! and 3~b! show the bias field~i.e., center of
the minor loop! and coercivity of the minor loop versus coo
ing field for the longitudinal sample and sampleP1, respec-
tively. For both samples the exchange bias gradually chan
from negative to positive as the cooling field increases. Ho
ever, the coercivity goes through a minimum at the po

FIG. 2. 50-K magnetization results for the longitudinally ma
netized Co~40 Å!/Ru~9 Å!/Co ~16 Å!/CoO ~;10 Å! sample.~a!
shows65-kOe minor loops of the thicker FM layer measured af
field cooling in applied fields of 2, 6, and 10 kOe. The minor loo
were normalized after the contribution of the thinner pinned F
layer was subtracted.~b! The value of the exchange biasHEB and
coercivity HC of the minor loops for various cooling fields. Th
vertical line indicates the cooling field where the effective b
switches from negative to positive.
6-3
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whereHEB crosses zero for the longitudinal sample while f
sampleP1 the coercivity reaches a maximum whenHEB
equals zero. The coercivity increased by 750 Oe when
measuredHEB50. This magnitude of coercivity enhance
ment is;70% of maximumHEB value.

FIG. 3. 50-K magnetization results for perpendicularly mag
tized sample P1: @Pt(7 Å)/Co(4 Å)#10/Ru(9 Å)/@Co(4 Å)/
Pt(7 Å)#3 /Co(10 Å)/CoO(10 Å).~a! shows65-kOe minor loops
of the thicker FM layer measured after field cooling in appli
fields of 1, 3.2, and 6 kOe. The minor loops were normalized a
the contribution of the thinner pinned FM layer was subtracted.~b!
The value of the exchange biasHEB and coercivityHC of the minor
loops for various cooling fields. The vertical line indicates the co
ing field where the effective bias switches from negative to posit

FIG. 4. 50-K magnetization results for perpendicularly mag
tized sample P2: CoO(10 Å)/@Co(4 Å)/Pt(7 Å)#2 /Co(4 Å)/
Ru(9 Å)/@Co(4 Å)/Pt(7 Å)#10. ~a! shows63-kOe minor loops of
the thicker FM layer measured after field cooling in applied fie
of 2.5, 3.0, and 3.1 kOe. The minor loops were normalized after
contribution of the thinner pinned FM layer was subtracted.
22442
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IV. DISCUSSION AND CONCLUSIONS

The origin of these different behaviors can be related
differences in the anisotropy and disorder of the samples.
the longitudinal sample, the Co films are polycrystalline a
isotropic in plane. Therefore we expect the thinner FM lay
to rotate away from the field direction in a spin-flop config
ration asH approachesHex.19 At the cooling fieldH;Hex
the thinner Co layer will be roughly perpendicular to th
field direction. When cooled at this field value, the thinn
Co layer will be biased by the CoO layer and is set ortho
nal to the cooling field direction. Therefore the bias field
low temperatures that is mediated by the Ru interlayer
acting on the thicker FM layer will be orthogonal to th
applied field. This transverse bias field results in the o
served hard-axis behavior and suppression of coercivity
this sample. The magnitude of the induced anisotropy fi
estimated from the field required to saturate the hard-a
loops equals the maximum bias value, as expected, s
they both arise from interlayer exchange interaction.

For the perpendicularly biased samplesP1 and P2, the
FM layers have uniaxial anisotropy and the spin-flop co
figuration will be suppressed atH5Hex in favor of a reversal
mechanism dominated by domain nucleation and propa
tion. As the magnitude of the cooling field approachesHex
reverse domains form in the thinner FM layer whereH
5Hex corresponds the equal population of up and down
mains. Field cooling in this configuration results in the thi
ner FM domain structure being frozen into the CoO. Th
the thicker FM layer becomes locally either positively
negatively biased. The response of the FM layer will depe
on the length scale of the variations in the local biasing
these regions are large compared to the characteristic rev
domain size in the thicker FM layer, then the film will re
verse locally in biased regions and a bifurcated loop sim
to that observed in Fig. 4 is expected. This is consistent w
the image in Fig. 1~e! that shows large domains in the thick
FM layer.

If the regions of local biasing are comparable to reve
domains of the FM layer, the local regions add magne
disorder that limits the expansion of reverse domains
enhances the coercivity. This behavior is observed
sampleP1 @Figs. 1~b!, 1~d!, and 3# and is qualitatively simi-
lar to that posited to explain the behavior of the MnF2 /Fe
bilayers in Ref. 15. In this reference the expected coerciv
enhancement is given by

DHC5JAFM-FML/dAFMMS8t8. ~1!

whereJAFM-FM is the exchange energy between the FM a
AFM layers,L is the domain wall length propagating in th
FM layer during reversal,dAFM is the characteristic domain
size in the AFM pinning layer andMS8 and t8 are the mag-
netization and thickness of the FM layer, respectively. F
our case,JAFM-FM /MS8t8 equals the maximum value ofHEB
and Eq.~1! reduces toDHC5HEBL/dAFM wheredAFM is set
by the size of the domains in the thinner FM layer when
cooling fieldH5Hex. Unfortunately, we do not have a direc
measure of this length scale. The images in Fig. 1 are m
sured in the remanent state and correspond to domains in
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antiferromagnetically coupled layers. The domains in
thinner layer in an applied field are expected to be differe
However, by comparing Fig. 1~d! with 1~e! we can conclude
that the domains in sampleP1 are significantly smaller than
those in sampleP2. Within this model we can estimate th
characteristic reverse domain size of the FM layer to tha
the biasing layer. We find these two length scales are c
parable because the coercivity enhancement is;70% of the
measured exchange bias. This result gives strong suppo
the ideas discussed in Ref. 15 that local variation in the b
explains the observed coercivity enhancement. In addit
this study points out that qualitatively different coercivi
behavior may be expected if the domain size in the AF
layer is increased or for systems with lower or random
isotropy in the AFM layer.

In conclusion, we have described the magnetic respo
of antiferromagnetically coupled Co/Ru/Co trilayers a
@Co/Pt#N /Co/Ru/@Co/Pt#M multilayers where the thinner FM
layer is exchange biased by a CoO layer. We use these s
tures as a model system for studying positive exchange b
R

a

y

r,

s

B
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The current models relate positive bias to a competition
tween the Zeeman energy of the cooling field acting on
surface spins of the antiferromagnet and the antiferrom
netic coupling between the FM and AFM layer.12,17 By add-
ing a thin FM layer to the top of the AFM layer to mimic th
surface spins and then antiferromagnetically coupling it t
thicker FM layer, both the Zeeman energy and the interla
coupling can be controlled and quantified. We find the e
pected transition from negative to positive bias with i
creased cooling field. We also observe three distinct hys
esis loop behaviors in the transition region between posi
and negative bias that can be related to differences in
microstructure and anisotropy of the constituent layers.
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21P. Miltényi, M. Gierlings, M. Bamming, U. May, G. Gu¨ntherodt,
J. Nogue´s, M. Gruyters, C. Leighton, and I. K. Schuller, App
Phys. Lett.75, 2304~1999!.

22N. J. Gökemeijer, J. W. Cai, and C. L. Chien, Phys. Rev. B60,
3033 ~1999!.
6-5


