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For GdFe/NiCoO bilayers after field cooling, hysteresis loops at low temperatures are shifted along both the
horizontal and vertical axes. The exchange fieldHE changes from negative values to positive values with
increasing cooling fieldHCF and the coercivityHC acquires a maximum near the crossover ofHE. At 5 K, HE

and HC at HCF=3 T and the peak heightDHC are proportional to the inverse GdFe layer thickness. AtHCF

=3 T, HE is always positive in the temperature region from 5 to 350 K. At lowHCF, however,HE is negative
at low temperatures and becomes positive at high temperatures. These results can be ascribed to antiferromag-
netic coupling between GdFe and NiCoO layers.
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Positive exchange biasingsEBd has first been observed in
a variety of antiferromagnetsAFd/ferromagnetsFMd bilayers
with AF materials fluorides, in which the FM and AF layers
were argued to have antiferromagnetic coupling at the
interface.1 It has been detected recently in ferrimagnet/
ferrimagnet, FM/ferrimagnet bilayers with antiferromagnetic
coupling and other systems.2–7 These bilayers have two ad-
ditional distinguished features. First, the exchange fieldHE
has a crossover from negative values to positive values at a
critical value of the cooling fieldHCF

0 . Second, the coercivity
HC has a maximum atHCF

0 , in addition to the normal en-
hancement due to the EB.8 Apparently, the EB strongly de-
pends on the magnitude of the cooling fieldHCF. It is quite
different from conventional FM/AF bilayers with ferromag-
netic coupling, in whichHE andHC are almost independent
of HCF if it is larger than the saturation field of the FM
layer.9,10 In the strict sense, the positive EB has been found
only in a few FM/AF systems.2–7 Therefore, extensive stud-
ies on the mechanism of the positive EB have been hindered
and more experiments are required.

In this paper, we will study the EB phenomena in FM/AF
bilayers by using GdFes=Gd45Fe55d /NiCoOs=Ni46Co54Od bi-
layers, where NiCoO and GdFe are typical AF material and
ferrimagnetic alloys, respectively.2,11 The atomic magnetic
moment of Gd comes from spin and orbital angular momen-
tums and both of them are parallel to the atomic magnetic
moment. The atomic magnetic moment of Fe is contributed
only from the spin angular momentum because the orbital
angular momentum is almost quenched. Due to antiferro-
magnetic coupling between the spins of Gd and Fe, the
atomic magnetic moment of Gd is aligned antiparallel to that
of Fe and the macroscopic magnetization of Gd45Fe55 alloys
is parallel to that of Gd atoms since the latter is dominant.
More remarkably, the magnetizations of NiCoO and GdFe
layers can have antiferromagnetic coupling at the interface
when the contribution of Gd atoms is larger than that of Fe
atoms. This is because the atomic magnetic moment of Gd
should also be coupled to Co and Ni atoms in AF bilayers

antiferromagnetically at the interface. The compositions of
the NiCoO and GdFe layers are selected so that the Néel
temperature of the AF layer is lower than the Curie tempera-
ture of the GdFe layer and FM and AF layers are coupled
antiferromagnetically, where the Néel temperature of the
NiCoO layer is 400 K and the Curie temperature of the GdFe
layer is 430 K.11–13

A large specimen of GdFe/NiCoOs20 nmd bilayer was
deposited on Sis100d at ambient temperature by magnetron
sputtering system. The base pressure was 2310−5 Pa and the
Ar pressure 0.33 Pa during deposition. GdFe and NiCoO
layers were made from GdFe and NiCoO composite targets
by dc and rf sputtering, respectively. In experiments, small
Gd pieces were put on Fe target and small pieces of CoO on
NiO target to form GdFe and NiCoO composite targets. The
growth rates of GdFe and NiCoO layers were 0.1 and
0.04 nm/s, respectively. The FM layer has a wedge shape to
alleviate the run-to-run variation. During deposition, a mag-
netic field of about 130 Oe was applied parallel to the film
plane and along the wedge direction to induce an in-plane
uniaxial anisotropy in the FM layer. To analyze the magnetic
properties, in-plane hysteresis loops were measured by su-
perconductivity quantum interference device. Before mea-
surements, a large specimen was cut into small pieces along
the wedge direction. Each sample was heated to 370 K and
cooled to 5 K under an external magnetic field and hysteresis
loops were then measured during warming up. During field
cooling and measurements, the external magnetic field is
aligned along the wedge direction. The compositions of
NiCoO and GdFe layers were analyzed by x-ray fluores-
cence. Structural characterization was carried out by x-ray
diffraction. GdFe layers are amorphous and NiCoO layers
polycrystalline with preferreds002d orientation.

Figure 1 shows typical hysteresis loops of
GdFes15 nmd /NiCoOs20 nmd bilayers at 5 K, whereHCF

=3 T, 0.5 T, and 150 Oe. One can find that hysteresis loops
are shifted away from the zero magnetic field.HE is positive
for HCF=3 T and negative forHCF=150 Oe. Moreover,HC
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for HCF=150 Oe is larger than that ofHCF=3 T. Remark-
ably, the hysteresis loop has a prominent asymmetry for
HCF=3 T and the asymmetry becomes weak asHCF is de-
creased. Figure 2sad shows the variation ofHE at 5 K as a
function ofHCF for GdFe/NiCoO bilayers with different FM
thickness tFM. With increasing HCF, HE for all samples
changes sharply from negative to positive at smallHCF and
finally approaches to saturate. The critical valueHCF

0 for the
crossover does not significantly withtFM. Figure 2sbd shows
that for all tFM, HC increases sharply with initially increasing
HCF and reaches a maximum. Finally, it decreases to reach a
constant asHCF is further increased. Fortunately, the maxi-

mum HC is located nearHCF
0 . At HCF=3 T, HE and HC in-

crease with decreasingtFM as a result of the interfacial nature
of the exchange biasing in the GdFe/NiCoO bilayers.

Figure 3 showsHE and HC at 5 K and HCF=3 T for
GdFe/NiCoOs20 nmd bilayers as a function oftFM. HE is
approximately proportional to 1/tFM, demonstrating an inter-
facial nature of the EB, as shown in Fig. 3sad. According to
the slope of the curveHE vs 1/tFM, the exchange coupling
energy can be calculated. For GdFe/NiCoO bilayers, it is
0.06 erg/cm2. SinceHC of corresponding free single layer
films is as small as few oerstedssnot shownd, the enhanced
HC of bilayers is proportional to 1/tFM, as shown in Fig. 3sad.
From Fig. 3sad, one can know that the right coercivity of the
hysteresis loopHC1s=HE+HCd changes sharply withtFM

while the left coercivityHC2s=HE−HCd is almost indepen-
dent of tFM. In this way, one can know that for the ascent
branch of the wedged FM layers the magnetization reversal
process is accompanied by a motion of a single domain wall
while for the descent branch it is accompanied by the nucle-
ation of the multidomains and motion of the domain walls.
The right and left branches of the loop are thought to have
different magnetization reversal process.14,15 In Fig. 2, we
define theDHC=HC

max−HC
min, whereHC

max and HC
min are the

coercivity of the sample nearHCF
0 and atHCF=3 T, respec-

tively. At 5 K, DHC is found to decrease astFM is increased
and the dependence can be approximately fitted by the scale
of DHC~1/tFM, as shown in Fig. 3sbd.

Figure 4 shows the temperature dependence ofHE andHC
for GdFes15 nmd /NiCoOs20 nmd bilayer with two different
HCF. ForHCF=3 T, HE is always positive at all temperatures,
as shown in Fig. 4sad. It decreases monotonically with in-
creasing temperature and approaches zero near 350 K.HC
changes with temperature in a similar way. Apparently, the
large HC is caused by the establishment of the EB. It is of
particular interest to find different temperature dependence
for small HCF. As shown in Fig. 4sbd, at low temperatures,
HE is negative and becomes positive at temperatures above

FIG. 1. Typical in-plane hysteresis loops of
GdFes15 nmd /NiCoOs20 nmd bilayers at 5 K, withHCF of 3 T sad,
0.5 T sbd, and 150 Oescd.

FIG. 2. Dependence ofHE sad and HC sbd at 5 K on HCF for
GdFe/NiCoOs20 nmd bilayers with a variety oftFM, as denoted by
the inset numbers.

FIG. 3. ThetFM dependence ofHE andHC sad and the additional
coercivity enhancementDHC sbd for GdFe/NiCoOs20 nmd bilay-
ers, whereHCF is 3 T and temperature is 5 K.
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250 K. HC increases slightly with rising temperature and
acquires a maximum near 250 K, i.e., the same temperature
for the crossover ofHE.

We have carefully compared the hysteresis loops of
GdFes6.2 nmd /NiCoOs20 nmd bilayers at differentHCF in
Fig. 5. One can find that whenHCF is 50 Oe and 15 kOe, the
exchange field is −14 and 39 Oe, respectively. More remark-
ably, the inset showsmts+Hds15 kOed.mts+Hds50 Oed.
Actually, at negative saturation fieldumts−Hds15 kOedu
, umts−Hds50 Oedu, that is to say, the hysteresis loop with
positive EB is shifted towards positive magnetization axis, in
comparison with negative EB. ForHCF=15 kOe, the positive
shift amountDm is about 3310−6 emu for a sampling area
of 0.25 cm2, which is equivalent to the magnetic moment of
1 ML FM or AF layers.

All the above results for GdFe/NiCoO bilayers are simi-
lar to the observed phenomena in fluoride based bilayers and

those of GdFe/TbFe bilayers.1,2,8,16,17Below we will analyze
the above experimental results and reveal the mechanism be-
hind them. Few models were proposed to explain the posi-
tive EB in Fe/FeF2 and Fe/MnF2 bilayers.18–21 The evolu-
tion of HE and HC with HCF was thought to originate from
the competition between the Zeeman energy of the AF spins
in an external magnetic field and antiferromagnetic coupling.
In Gd–Fe/Tb–Fe bilayers with antiferromagnetic coupling,
however, the positiveHE was explained in terms of the hy-
brid domain wall near interface.2

It is instructive to first analyze the vertical magnetization
shift at differentHCF for GdFe/NiCoO bilayers. In general,
the hysteresis loops of free FM layer films should be cen-
tered about the horizontal axis. For the present GdFe/NiCoO
bilayers, however, the hysteresis loop is shifted along the
vertical axis because of two possible reasons. First, a domain
wall might be formed in the GdFe layer parallel to the
film plane, which was argued to exist in ferrimagnet/
ferrimagnet bilayers.2 For positive EB, the domain wall will
be formed at large positive magnetic field and thus the mag-
nitude of the magnetization at positive saturation magnetic
field is reduced, that is to say,umFMs+Hdu, umFMs−Hdu
=mFMssaturationd and vice versa for negative EB,
umFMs−Hdu, umFMs+Hdu=mFMssaturationd. Therefore, the
vertical shiftDmFM is negative and positive for positive and
negative EB, respectively. Second, an additional small mag-
netic momentDmAF might be contributed from the AF lay-
ers, which cannot be altered within the measuring magnetic
field.17 For positive and negative EB,DmAF has positive and
negative signs and thus the hysteresis loop should be shifted
towards positive and negative magnetization axis, respec-
tively. The total vertical shift of the hysteresis loops consists
of two parts andDm=DmAF+DmFM.

At least, one can draw two conclusions from the results in
Fig. 5. First, DmAF is not equal to zero. Otherwise,
mts+Hds15 kOedømts+Hds50 Oed with FM domain wall or
without any FM domain wall. The results in the inset are in
agreement with the fact thatDmAF is positive for HCF

=15 kOe and negative forHCF=50 Oe. Second, no domain
wall parallel to the film plane exists in the FM layers. This is
becauseDm is about the magnetic moment of 1 ML AF layer
and equivalent toDmAF. Therfore,DmFM must be equal to
zero and thus no FM domain wall parallel to the film plane
exists in the GdFe layer. In a word, the so-called hybrid
domain wall model can be excluded in the explanations of
the present results.2

The evolution of the exchange field withHCF in Fig. 2 can
be explained as a result of the competition between antifer-
romagnetic coupling energy of FM and AF spins and the
Zeeman energy of the AF spins with the external magnetic
field HCF. For a large/smallHCF, the AF spins are aligned
parallel/antiparallel toHCF and the FM spins. After field
cooling procedure, the AF spins at low temperatures are of a
meta-stable/stable state, i.e., in high/low energy state. There-
fore, the positive/negativeHE can be induced and there
should be a critical valueHCF

0 for the crossover ofHE. It can
be estimated as follows:1

FIG. 4. Temperature dependence ofHE andHC at HCF=3 T sad
and 150 Oesbd for GdFes15 nmd /NiCoOs20 nmd bilayers.

FIG. 5. sColor onlined Typical hysteresis loops at 5 K of
GdFes6.2 nmd /NiCoOs20 nmd bilayers with cooling fields of 15
kOe and 50 Oe. The inset enlarges the curve of magnetization vs
magnetic field in the saturation region. The inset numbers refer to
the cooling fields.

POSITIVE EXCHANGE BIASING IN GdFe/NiCoO… PHYSICAL REVIEW B 71, 144417s2005d

144417-3



HCF
0 = −

sJ1SAFSFe+ J2SAFSGdd
MAF

, s1d

where SFe is the spins of Fe atoms near interface,SGd the
spins of Gd atoms, andSAF the AF spins.J1 andJ2 are the
exchange interaction constants of Fe and Gd spins with AF
spins, respectively.MAF is the net magnetization of the AF
material, which was observed before in fluoride based
FM/AF bilayers.17 Apparently, above equation shows that
HCF

0 is independent of the FM and AF layer thickness, as
observed in Fig. 2. SinceJ1 andJ2 have opposite signs,HCF

0

in the GdFe/NiCoO and GdFe/TbFe bilayers is much
smaller than those of Fe/FeF2 and Fe/MnF2 bilayers.1,2

Since a multi-domain structure in the AF layer is formed
and then fixed after field cooling procedure, an additional
pinning effect of the AF domain walls on the motion of the
FM domain wall exists,8,22 and DHC can be expressed in
terms of the domain size in FM and AF bilayers as follows:

DHC =
Jeff

tFMMFM

LFM

dAFa0
2 , s2d

where Jeff is the effective interaction between FM and AF
layers anda0 is the interfacial atomic separation in the FM
layer. LFM is the length of the FM domain wall under con-
sideration anddAF the domain size of the AF layer. Since the
number of the AF domain has a maximum and thusdAF has
a minimum atHCF

0 , theDHC has a maximum near the cross-
over. As the FM layer has a wedged shape, the motion of a
single domain wall occurs during magnetization reversal pro-
cess, which is perpendicular to the wedge direction. There-
fore, LFM, taking the sample size perpendicular to the wedge
directionsabout 3 mmd, is independent oftFM,23 DHC should
be inverse proportional totFM. In a word, one can find that
Eq. s2d can be used to explain the results in Figs. 2sbd and
3sbd.

The evolution ofHE with temperature at differentHCF in
Fig. 4 can be explained as follows. First, in FM/AF bilayers
with antiferromagnetic coupling, the change in the sign of
HE comes from the competition of the Zeeman energy of the
AF spins in the external magnetic field and the antiferromag-
netic coupling between the FM and AF layers.21 Second, at
low temperatures the exchange biasing can be produced not
only by the effect of the field cooling through the Néel tem-
perature of the AF layers, but also by the accumulation effect

of field cooling from temperatures lower than the Néel tem-
perature to the sampling temperature.24 This is a so-called
memory effect. In the present work, the exchange biasing
was established by a field cooling procedure from 370 K,
which is lower than the the Néel temperature of the AF layer.
At very smallHCF, the Zeeman energy cannot overcome the
antiferromagnetic coupling at any temperature in the region
presented here, and thus the AF and FM spins are aligned
antiparallel to each other.HE is negative at all temperatures.
Similarly, one can understand the reason thatHE is always
positive at the whole measuring temperature region for high
HCF. At an intermediateHCF, the coupling energy is larger
than the Zeeman energy at low temperatures and the former
one is smaller than the latter at high temperatures since the
interfacial exchange coupling energy weakens at high tem-
peratures. Therefore,HE is negative and positive at low and
high temperatures, respectively.

In summary, we have prepared GdFe/NiCoOs20 nmd bi-
layers with a wedged FM layer and studied the EB as a
function of HCF, temperature, and the GdFe layer thickness.
As HCF is increased,HE changes from negative values to
positive values with a crossover atHCF

0 and finally ap-
proaches saturation, andHC acquires an additional enhance-
ment nearHCF

0 . HE andHC for HCF=3 T, andDHC are pro-
portional to the inverse GdFe layer thickness. AtHCF=3 T,
HE is positive in the entire temperature region. At lowHCF,
however,HE is negative at low temperatures and becomes
positive at high temperatures. For GdFe/NiCoO bilayers, the
magnetization shift is positive and negative for positive and
negative EB, respectively. It is proposed that there is no FM
domain wall parallel to the film plane during FM magnetiza-
tion reversal process. The present results can be attributed to
a competition between the antiferromagnetic coupling at the
GdFe/NiCoO interface and the Zeeman energy of the AF
spins in theHCF.
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