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Correlation between antiferromagnetic interface coupling and positive exchange bias
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The induced moment in antiferromagnetic 共AFM兲–ferromagnetic 共FM兲 (FeF2 -Fe and MnF2 -Fe) bilayers has
been studied from the shift along the magnetization axis of the exchange-biased hysteresis loops. The magnetization 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 an antiferromagnetic coupling at the interface. Samples with negative magnetization shifts 共antiferromagnetic coupling兲 exhibit large changes in exchange bias H E as a function of cooling field and positive
exchange bias. Samples with positive magnetization shifts 共ferromagnetic coupling兲 show almost no change in
H E with cooling field and the exchange bias field remains always negative. These results confirm the theoretical assumption that an antiferromagnetic interface coupling is necessary to observe positive exchange bias.

Exchange bias is the shift of the hysteresis loop along the
field axis in systems with ferromagnetic 共FM兲–
antiferromagnetic 共AFM兲 interfaces.1 This shift is induced by
a unidirectional exchange anisotropy created if the FM/AFM
system is cooled 共or grown兲 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 unexpected
and interesting ways.6–11 For example, FeF2 -Fe and
MnF2 -Fe bilayers cooled in a large field exhibit hysteresis
loop shifts in the direction of the applied field 共i.e., positive
exchange bias兲,6,10,11 contrary to what is observed in most
systems. It was proposed that a necessary condition for positive H E is an antiferromagnetic coupling at the FM–AFM
interface.6,10–15 Unfortunately, a direct experimental observation of this coupling is difficult. Different exchange bias
theories predict the formation of AFM domains,16–18 canting
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 induced moment and interface coupling. We show that if the
coupling is antiferromagnetic, the sample exhibits positive
exchange bias for large cooling fields, as proposed
theoretically.6,12,14,15,20
To obtain a range of interface couplings, a number of
FeF2 -Fe and MnF2 -Fe bilayers were grown at different substrate temperatures (T S ⫽200–375 °C) and different AFM
thicknesses (t AFM⫽50-200 nm).6,11,24 The growth of the
FeF2 -Fe and MnF2 -Fe bilayers on MgO共100兲 has been described elsewhere.11,24 Briefly, the different layers were
grown by sequential e-beam evaporation of FeF2 or
MnF2 (t AFM at a rate of 0.2 nm/s兲 and Fe 共15 nm at a rate of
0.1 nm/s兲. In the case of MnF2 a buffer layer of ZnF2 was
grown at T S ⫽200 °C to improve the crystallinity of the
AFM layer. The AFM layers were grown at a substrate temperature in the range T S ⫽200–300 °C (FeF2 ) or T S
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⫽275–375 °C (MnF2 ), while the Fe layers were always
grown at T S ⫽150 °C. Finally, the bilayers were capped by 5
nm of Al at a rate of 0.05 nm/s at T S ⫽150 °C, to prevent
oxidation.
The magnetic measurements were carried out using a superconducting quantum interference device magnetometer.
The samples are cooled from 120 K 关above T N (FeF2 )
⫽78.4 K and T N (MnF2 )⫽67.3 K] to 10 K in the presence
of various cooling fields (H FC⫽0.1–70 kOe). Hysteresis
loops between ⫾10 kOe were measured at T⫽10 K after
each field cooling. To compare with other systems the exchange bias is given as an interface energy, H E t FMM FM ,
where t FM and M FM are the thickness and the saturation magnetization of the FM layer, respectively. The net induced
moment is obtained from high accuracy (⫾10 kOe) magnetization measurements with the FM layer fully saturated
关 H C (T⫽10 K)⬃0.1 kOe兴 .
Generally, the absolute values of the magnetic moments
at H⫽⫺10 kOe and H⫽⫹10 kOe, for the same cooling
field, are different, i.e., the loop is shifted in the magnetization axis. Note that with the present data we cannot determine if the origin of the induced moment is a surface 共interface兲 or a bulk effect in the AFM or FM layers, i.e., it is not
clear what normalization to use m/A 共moment per area兲,
m/V AFM 共moment per AFM volume兲 or m/V FM 共moment per
FM volume兲. For illustrative purposes we have assumed that
the induced moment is an AFM volume effect, thus M Shift
⬅m/V AFM . This ‘‘upwards’’ or ‘‘downwards’’ shift of the
hysteresis loop (M Shift) has a maximum of about 1% of the
total magnetization for FeF2 -Fe.
It is noteworthy that uncompensated moments have been
found in CoO layers.19,25 However, for sufficiently high
fields, these spins are found to align with the applied field,25
thus they should not, in principle, induce a vertical shift in
AFM-FM exchange biased films.
As shown in Figs. 1共b兲 and 2共b兲, M Shift depends strongly
on the cooling field. For small cooling fields it is upwards or
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FIG. 3. Dependence of the total change in exchange bias between small and large cooling fields, ⌬(H E t FMM FM), on the shift in
o
the magnetization axis for low cooling fields, M Shift
, for
FeF2 (t AFM) –Fe 共15 nm兲–Al 共5 nm兲 samples of different AFM
thickness: t AFM⫽50 nm (䉮), t AFM⫽100 nm (䊊) and t AFM
⫽200 nm (〫). The solid line is a guide to the eye.

downwards depending on the microstructure of the sample
关see Figs. 1共b兲 and 2共b兲兴. For large cooling fields M Shift is
always upwards. It is noteworthy that single FeF2 films also
show a shift along the magnetization axis, which is always
upwards, independently of cooling field.26
The correlation between the low (H FC⫽0.1 kOe) field
o
) and exchange bias is striking. A large
vertical shift (M Shift
o
关Fig. 2共b兲兴 is correlated with a slight cooling
upward M Shift
field dependence of H E 关Fig. 2共a兲兴. On the other hand, a

o
small downwards M Shift
关Fig. 1共b兲兴 is correlated with a large
cooling field dependence of H E together with positive exchange bias 关Fig. 1共a兲兴.
The dependence of the total change in exchange bias with
cooling field ⌬(H E t FMM FM) on the low cooling field vertical
o
, is shown in Fig. 3. ⌬(H E t FMM FM) is largest for
shift, M Shift
o
. Whereas, samples
the samples that exhibit negative M Shift
o
with M Shift⫽0 have only a moderate change in
⌬(H E t FMM FM). On the other hand, samples with positive
o
show almost no change in H E for any cooling field
M Shift
关i.e., ⌬(H E t FMM FM)⬃0]. As can be seen in Fig. 4, similar
trends were observed in MnF2 -Fe. However, the small vertical shifts in this system 共in the range of 10⫺8 –10⫺7 emu)
make the analysis more difficult.
A shift upwards indicates that the induced moment is in

FIG. 2. Dependence of 共a兲 the exchange bias interface energy,
H E t FMM FM , and 共b兲 the shift in the magnetization axis, M Shift on
the cooling field, H FC , for a FeF2 共100 nm兲–Fe 共15 nm兲–Al 共5 nm兲,
where the FeF2 layer was grown at T S ⫽200 °C.

FIG. 4. Dependence of 共a兲 the exchange bias interface energy,
H E t FMM FM , and 共b兲 the shift in the magnetization axis, M Shift on
the cooling field, H FC , for a MnF2 共85 nm兲–Fe 共14 nm兲–Al 共5 nm兲,
where the MnF2 layer was grown at T S ⫽275 °C.

FIG. 1. Dependence of 共a兲 the exchange bias interface energy,
H E t FMM FM , and 共b兲 the shift in the magnetization axis, M Shift on
the cooling field, H FC , for a FeF2 (200 nm) –Fe 共15 nm兲–Al 共5
nm兲, where the FeF2 layer was grown at T S ⫽300 °C.
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the direction of the cooling field, whereas a downwards shift
implies that the induced moment is in the opposite direction.
In this second case, for small cooling fields, the Fe layer
forces the net magnetization of the AFM/FM bilayer to be
opposite to the cooling field. At large fields, the overall magnetization of the FM layer is always in the direction of the
applied field, therefore a downward shift indicates that the
coupling between the FM and AFM layers has to be antiferromagnetic.
Two cases must be considered; large and small cooling
fields. For large cooling fields the interface coupling is overcome, thus the AFM layer behaves independently from the
FM layer and the shift is always upwards, i.e. a moment is
induced in the direction of the cooling field 共similar to what
is observed for single FeF2 films26兲. It is noteworthy that the
negative to positive H E and the upwards to downwards
M Shift transitions occur at different fields. This is due to the
intrinsic upwards shift of the FeF2 layer, which added to the
interfacial effect causes the crossover in M Shift to move to
lower fields. The sign of the shift for small cooling fields
depends on microstructure 共i.e., growth conditions兲 of the
AFM layer. Smoother6,11,24 samples tend to have negative
shifts, whereas rough samples exhibit positive shifts. For
small cooling fields, H E 共i.e., standard exchange bias兲 and
the sign of the shift 共upwards or downwards兲 are uncorrelated. This is not surprising, since under normal circumstances H E depends on the strength of the interface coupling
but not its sign.
Due to growth inhomogeneities the coupling is probably a
mixture of antiferromagnetic or ferromagnetic interactions.
Whereas the magnetization shift is given by the average of
both interactions, H E has a more complex relation with the
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area兲, m/V AFM 共moment per AFM volume兲 and m/V FM 共moment per FM volume兲 we are unable to discriminate between
the different models.
In conclusion, we have measured the induced moments in
exchange biased FeF2 /Fe and MnF2 /Fe by a ‘‘vertical’’
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