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Correlation between antiferromagnetic interface coupling and positive exchange bias
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The induced moment in antiferromagnetic~AFM!–ferromagnetic~FM! (FeF2-Fe and MnF2-Fe) bilayers has
been studied from the shift along themagnetization axisof the exchange-biased hysteresis loops. The magne-
tization shift depends strongly on the cooling field and microstructure of the AFM layer. The shift for small
cooling fields can be opposite to the cooling field, indicating that, in some cases, the presence of the FM layer
induces anantiferromagneticcoupling at the interface. Samples with negative magnetization shifts~antiferro-
magneticcoupling! exhibit large changes in exchange biasHE as a function of cooling field andpositive
exchange bias. Samples with positive magnetization shifts~ferromagneticcoupling! show almost no change in
HE with cooling field and the exchange bias field remains always negative. These results confirm the theoret-
ical assumption that anantiferromagneticinterface coupling is necessary to observepositiveexchange bias.
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Exchange bias is the shift of the hysteresis loop along
field axis in systems with ferromagnetic~FM!–
antiferromagnetic~AFM! interfaces.1 This shift is induced by
a unidirectional exchange anisotropy created if the FM/AF
system is cooled~or grown! in a static magnetic field, below
the Néel temperature of the AFM.1–5 As shown earlier, large
cooling fields affect the exchange bias field in unexpec
and interesting ways.6–11 For example, FeF2-Fe and
MnF2-Fe bilayers cooled in a large field exhibit hystere
loop shifts in the direction of the applied field~i.e., positive
exchange bias!,6,10,11 contrary to what is observed in mo
systems. It was proposed that a necessary condition forposi-
tive HE is an antiferromagnetic coupling at the FM–AF
interface.6,10–15 Unfortunately, a direct experimental obse
vation of this coupling is difficult. Different exchange bia
theories predict the formation of AFM domains,16–18canting
of the AFM spins,12 uncompensated spins in the AFM,19 or
the formation of domains in the FM.20,21 In addition, FeF2
and MnF2 are piezomagnetic.10,22,23 Most of these effects
should result in a ‘‘net’’ moment in the AFM or FM layers
In this paper, we discuss the relationship between this
duced moment and interface coupling. We show that if
coupling is antiferromagnetic, the sample exhibits positive
exchange bias for large cooling fields, as propos
theoretically.6,12,14,15,20

To obtain a range of interface couplings, a number
FeF2-Fe and MnF2-Fe bilayers were grown at different sub
strate temperatures (TS5200–375 °C) and different AFM
thicknesses (tAFM550-200 nm).6,11,24 The growth of the
FeF2-Fe and MnF2-Fe bilayers on MgO~100! has been de-
scribed elsewhere.11,24 Briefly, the different layers were
grown by sequentiale-beam evaporation of FeF2 or
MnF2 (tAFM at a rate of 0.2 nm/s! and Fe~15 nm at a rate of
0.1 nm/s!. In the case of MnF2 a buffer layer of ZnF2 was
grown at TS5200 °C to improve the crystallinity of the
AFM layer. The AFM layers were grown at a substrate te
perature in the rangeTS5200–300 °C (FeF2) or TS
PRB 610163-1829/2000/61~2!/1315~3!/$15.00
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5275–375 °C (MnF2), while the Fe layers were alway
grown atTS5150 °C. Finally, the bilayers were capped by
nm of Al at a rate of 0.05 nm/s atTS5150 °C, to prevent
oxidation.

The magnetic measurements were carried out using a
perconducting quantum interference device magnetome
The samples are cooled from 120 K@above TN(FeF2)
578.4 K andTN(MnF2)567.3 K] to 10 K in the presence
of various cooling fields (HFC50.1–70 kOe). Hysteresis
loops between610 kOe were measured atT510 K after
each field cooling. To compare with other systems the
change bias is given as an interface energy,HEtFMMFM ,
wheretFM andMFM are the thickness and the saturation ma
netization of the FM layer, respectively. The net induc
moment is obtained from high accuracy (610 kOe) magne-
tization measurements with the FM layer fully saturat
@HC(T510 K);0.1 kOe#.

Generally, the absolute values of the magnetic mome
at H5210 kOe andH5110 kOe, for the same cooling
field, are different, i.e., the loop is shifted in the magnetiz
tion axis. Note that with the present data we cannot de
mine if the origin of the induced moment is a surface~inter-
face! or a bulk effect in the AFM or FM layers, i.e., it is no
clear what normalization to usem/A ~moment per area!,
m/VAFM ~moment per AFM volume! or m/VFM ~moment per
FM volume!. For illustrative purposes we have assumed t
the induced moment is an AFM volume effect, thusMShift
[m/VAFM . This ‘‘upwards’’ or ‘‘downwards’’ shift of the
hysteresis loop (MShift) has a maximum of about 1% of th
total magnetization for FeF2-Fe.

It is noteworthy that uncompensated moments have b
found in CoO layers.19,25 However, for sufficiently high
fields, these spins are found to align with the applied field25

thus they should not, in principle, induce a vertical shift
AFM-FM exchange biased films.

As shown in Figs. 1~b! and 2~b!, MShift depends strongly
on the cooling field. For small cooling fields it is upwards
1315 ©2000 The American Physical Society
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downwards depending on the microstructure of the sam
@see Figs. 1~b! and 2~b!#. For large cooling fieldsMShift is
always upwards. It is noteworthy that single FeF2 films also
show a shift along the magnetization axis, which isalways
upwards, independently of cooling field.26

The correlation between the low (HFC50.1 kOe) field
vertical shift (MShift

o ) and exchange bias is striking. A larg
upwardMShift

o @Fig. 2~b!# is correlated with a slight cooling
field dependence ofHE @Fig. 2~a!#. On the other hand, a

FIG. 1. Dependence of~a! the exchange bias interface energ
HEtFMMFM , and ~b! the shift in the magnetization axis,MShift on
the cooling field,HFC , for a FeF2(200 nm) –Fe~15 nm!–Al ~5
nm!, where the FeF2 layer was grown atTS5300 °C.

FIG. 2. Dependence of~a! the exchange bias interface energ
HEtFMMFM , and ~b! the shift in the magnetization axis,MShift on
the cooling field,HFC, for a FeF2~100 nm!–Fe~15 nm!–Al ~5 nm!,
where the FeF2 layer was grown atTS5200 °C.
le

smalldownwards MShift
o @Fig. 1~b!# is correlated with a large

cooling field dependence ofHE together with positive ex-
change bias@Fig. 1~a!#.

The dependence of the total change in exchange bias
cooling fieldD(HEtFMMFM) on the low cooling field vertical
shift, MShift

o , is shown in Fig. 3.D(HEtFMMFM) is largest for
the samples that exhibit negativeMShift

o . Whereas, sample
with MShift

o 50 have only a moderate change
D(HEtFMMFM). On the other hand, samples with positiv
MShift

o show almost no change inHE for any cooling field
@i.e., D(HEtFMMFM);0]. As can be seen in Fig. 4, simila
trends were observed in MnF2-Fe. However, the small verti
cal shifts in this system~in the range of 1028–1027 emu)
make the analysis more difficult.

A shift upwards indicates that the induced moment is

FIG. 3. Dependence of the total change in exchange bias
tween small and large cooling fields,D(HEtFMMFM), on the shift in
the magnetization axis for low cooling fields,MShift

o , for
FeF2(tAFM) –Fe ~15 nm!–Al ~5 nm! samples of different AFM
thickness: tAFM550 nm (,), tAFM5100 nm (s) and tAFM

5200 nm (L). The solid line is a guide to the eye.

FIG. 4. Dependence of~a! the exchange bias interface energ
HEtFMMFM , and ~b! the shift in the magnetization axis,MShift on
the cooling field,HFC, for a MnF2~85 nm!–Fe~14 nm!–Al ~5 nm!,
where the MnF2 layer was grown atTS5275 °C.
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the direction of the cooling field, whereas a downwards s
implies that the induced moment is in the opposite directi
In this second case, for small cooling fields, the Fe la
forces the net magnetization of the AFM/FM bilayer to
opposite to the cooling field. At large fields, the overall ma
netization of the FM layer is always in the direction of th
applied field, therefore a downward shift indicates that
coupling between the FM and AFM layers has to beantifer-
romagnetic.

Two cases must be considered; large and small coo
fields. For large cooling fields the interface coupling is ov
come, thus the AFM layer behaves independently from
FM layer and the shift is always upwards, i.e. a momen
induced in the direction of the cooling field~similar to what
is observed for single FeF2 films26!. It is noteworthy that the
negative to positiveHE and the upwards to downward
MShift transitions occur at different fields. This is due to t
intrinsic upwardsshift of the FeF2 layer, which added to the
interfacial effect causes the crossover inMShift to move to
lower fields. The sign of the shift for small cooling field
depends on microstructure~i.e., growth conditions! of the
AFM layer. Smoother6,11,24 samples tend to have negativ
shifts, whereas rough samples exhibit positive shifts.
small cooling fields,HE ~i.e., standard exchange bias! and
the sign of the shift~upwards or downwards! are uncorre-
lated. This is not surprising, since under normal circu
stancesHE depends on the strength of the interface coupl
but not its sign.

Due to growth inhomogeneities the coupling is probabl
mixture of antiferromagneticor ferromagneticinteractions.
Whereas the magnetization shift is given by the average
both interactions,HE has a more complex relation with th
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sign and magnitude of the coupling. Both types of couplin
induceHE at low cooling fields, however, only antiferromag
netic coupling changes the sign ofHE at large cooling fields
~‘‘positive’’ HE). Hence, at present, a more quantitative u
derstanding of the correlation between the shift along
magnetization and field axes in exchange bias system
difficult.

Most exchange bias models ignore the possibility of v
tical loop shifts,16–18,12,19except a model that postulates th
formation of FM domains.20 However, as discussed in th
introduction, most models could indirectly account for a ve
tical shift. Unfortunately, due to the similar behavior di
played by the vertical shift in terms ofm/A ~moment per
area!, m/VAFM ~moment per AFM volume! andm/VFM ~mo-
ment per FM volume! we are unable to discriminate betwee
the different models.

In conclusion, we have measured the induced moment
exchange biased FeF2 /Fe and MnF2 /Fe by a ‘‘vertical’’
shift of the hysteresis loop. This magnetization shift is
lated to the coupling at the interface, with downwards sh
indicating antiferromagneticcouplings at the interface. Th
type of coupling at the interface~ferromagneticor antiferro-
magnetic! determines the large cooling-field behavior of t
exchange bias, however,HE for small cooling fields has a
complex dependence with the coupling sign.
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