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A coexistence of lateral and in-depth domain walls in antiferromagnet/ferromagnet 共AF/FM兲 thin
films exhibiting double hysteresis loops 共DHLs兲 is demonstrated. Comparison of single and DHLs
together with local and global measurements confirms the formation of two oppositely oriented
domains in the AF that imprint a lateral domain structure into the FM layer. Most significantly, the
magnetization reversal mechanism within each opposite domain takes place by incoherent rotation
of spring-like domain walls extending through the Ni thickness. Therefore, complex
three-dimensional domain walls are created perpendicular and parallel to the AF/FM interface in
exchange biased systems. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3216055兴
The exchange interaction between antiferromagnetic
共AF兲 and ferromagnetic 共FM兲 thin films gives rise to a shift
of the FM hysteresis loop along the magnetic field axis.1 This
is the main feature of exchange bias 共EB兲2,3 but other effects
such as enhancement of coercivity near the AF ordering temperature 共TN兲,4–6 training,7–10 and asymmetrical hysteresis
loops below TN are also attributed to EB.10–14 In addition, the
effect of EB on the magnetization reversal has important
technological implications.15–18 Most magnetic thin films reverse the magnetization by nucleation of opposite domains
and propagation of domain walls perpendicular to the film
plane.19,20 However, in some AF/FM thin films, EB induces
spring-like domain walls parallel to the AF/FM
interface.21–23 FeF2 / FM bilayers with low crystalline anisotropy display this latter kind of domain walls.11,24 Additionally, epitaxial FeF2 / FM bilayers exhibit positive 共negative兲
EB with high 共low兲 cooling field 共HFC兲, i.e., single hysteresis
loops with only one EB direction. A cooling field between
these two regimens, an intermediate HFC, yields double hysteresis loops 共DHLs兲.25 These DHLs arise from a bidomain
state produced by a lateral distribution of magnetic domains
with opposite EB sign.26 In this work, we report on the spin
structure and reversal mechanism of FeF2 / Ni bilayers that
simultaneously present both in-depth and lateral 共i.e., parallel
and perpendicular to AF/FM interface兲 domain walls. We
found that the incomplete domain walls observed in a single
domain state24 共low or high HFC兲 are also created in a bidomain state 共intermediate HFC兲 yielding a complex three dimensional spin structure in the FM.
FeF2 共100 nm兲/Ni 共21 nm兲 /Al 共7.6 nm兲 thin films were
grown on MgF2 共110兲 single crystals by e-beam evaporation
at a base pressure of 2 ⫻ 10−7 Torr. FeF2 and Ni were deposited at a substrate temperature of 300 and 150 ° C, respectively, and a rate of 0.05 nm/s. The bilayer was protected
from oxidation by an Al layer. FeF2 grows epitaxial in the
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共110兲 orientation, whereas Ni is polycrystalline with the easy
axis lying in-plane along the 关001兴 direction. The magnetic
characterization was done using superconducting quantum
interference device 共SQUID兲 magnetometry and spatially resolved magneto-optical Kerr effect 共MOKE兲.
The magnetic state of the sample at low temperature was
established following two different protocols.27 Protocol I:
The Ni layer was demagnetized above the Néel temperature
of FeF2 共TN = 78 K兲. Figure 1共a兲 shows a demagnetization
process at room temperature with a final remanence close to
zero. Then the bilayer was cooled below TN in zero field
共HFC = 0兲. Protocol II: The sample was cooled through the
FeF2 Néel temperature at an intermediate cooling field
共HFC ⫽ 0兲, i.e., the one that yields a DHL. Both procedures
lead to a DHL with the same negative and positive EB magnitude. Figures 1共b兲 and 2共a兲 show DHLs following protocols I and II, respectively, using MOKE illuminating the
whole sample. The remanence, i.e., M共H = 0兲, of the DHL is
determined either by the final remanence after demagnetization, in case of protocol I 关Fig. 1共a兲兴, or by the intermediate
HFC magnitude, in case of protocol II 共see Fig. 1 in Ref. 26兲.
Although Figs. 1共b兲 and 2共a兲 are similar, the AF spin
configuration that produces the two DHLs is significantly
different as will be shown below. To investigate the magnetic
domain configuration and the magnetization reversal mechanism, local, spatially resolved MOKE hysteresis loops were
obtained for both cooling protocols. A 500 m diameter focused laser was used for the local magneto-optical measurements.
Figure 1共c兲 shows nine MOKE hysteresis loops of the
FeF2 / Ni bilayer at positions separated 1.5 mm in the sample
plane. The loops are single and positively shifted in the lowermost row, and single and negatively shifted in the uppermost row. The magnetization curves in between correspond
to DHLs. The color-coded background was generated from a
contour plot calculated with the nine normalized remanences
关mr = M共H = 0兲 / M共Hmax兲兴 of the loops. A position with 0
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FIG. 1. 共Color online兲 Protocol I. 共a兲 Ni layer demagnetization at room
temperature. 共b兲 MOKE hysteresis loop at T = 20 K illuminating the whole
sample after cooling at the remanence set in 共a兲. 共c兲 Spatially resolved
MOKE loops at nine positions. Color-coded background: red, domains
yielding negative EB; blue, domains yielding positive EB; white, domain
walls between opposite domains.

⬍ mr ⱕ 1 corresponds to an AF domain that yields negative
EB 共red color兲, while a remanence in the range −1 ⱕ mr ⬍ 0
is produced by a domain with positive EB 共blue color兲. The
contour mr = 0 separates opposite FM domains at H = 0 and
reflects the position of a AF domain wall 共white color兲.
DHLs arise as the laser spot probes an area with opposite

FIG. 2. 共Color online兲 Protocol II. 共a兲 MOKE loop at T = 20 K illuminating
the whole sample after cooling from room temperature at intermediate
HFC = 1 kOe. 共b兲 Spatially resolved MOKE loops at different positions. Illustrated color-coded background as in Fig. 1.
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domains and the ratio of the two illuminated areas determines the remanence of the local magnetization curve. Figure 1共c兲 demonstrates that following protocol I the FM layer
breaks up into a few, large magnetic domains during demagnetization. This lateral magnetic configuration is transferred
into the AF layer during the cool down procedure below TN.
Once some of the AF spins become pinned, each AF domain
exhibits only either negative 共red兲 or positive 共blue兲 EB.27
Figure 2共b兲 shows nine hysteresis loops at the same positions, as in Fig. 1共b兲. However, in this case the sample was
warmed to room temperature and cooled to 20 K in HFC
= 1 kOe. All the local magnetization curves for protocol II
are DHLs. These curves are the consequence of a bidomain
state. During the cooling process at intermediate HFC, the
FM is positively saturated and the cooling field is high
enough to break up the AF into opposite domains due to the
local energy balance between the Zeeman term of AF uncompensated spins and the exchange energy of AF-FM moments at the interface.28 The local DHLs demonstrate that the
AF domains are much smaller in this case than those for
protocol I. The laser spot cannot resolve separate domains,
and probes a large number of domains with opposite sign of
EB. This situation is schematically illustrated in Fig. 2共b兲
with a checkered background of small red and blue 共negative
and positive EB兲 domains. At remanence, H = 0, the Ni magnetization splits into opposite domains resembling the underlying lateral AF structure. The domain size is much smaller
than the laser spot since the remanence of all local DHLs is
the same within experimental accuracy. Protocol II creates an
intricate network of domain walls perpendicular to the
AF/FM interface. These domain walls separate opposite
exchange-biased domains.
In addition to the lateral configuration described above,
the spin structure during the magnetization reversal is even
more complex. The shape of DHLs implies the existence of
in-depth magnetization profiles within each FM domain. The
rounded approach to negative 共positive兲 saturation of negative 共positive兲 biased subloops in Fig. 1共b兲 共protocol I兲 is
evidence of spring-like domain walls parallel to the AF/FM
interface. It was demonstrated in Ref. 24 that this rounded
approach in single hysteresis loops arises from incoherent
rotation of domain walls extended through the FM thickness,
i.e., the external field rotates the topmost FM spins which
drag the spins underneath, creating a spring-like domain
wall. This behavior is also observed in DHLs produced by
protocol II. Figure 3共a兲 shows a DHL measured using
SQUID magnetometry after cooling in HFC = 1 kOe. Figure
3共b兲 compares the rescaled negative biased subloop and a
single loop obtained after a low cooling field 共HFC
= 0.5 kOe, which induces negative EB single loops only兲 at
the same temperature.29 The two magnetization curves overlap and exhibit a rounded approach to negative saturation
characteristic of parallel domain walls.24 Therefore each AF
domain formed upon cooling at intermediate HFC produces
the same reversal mechanism than that observed in single
hysteresis loops, in which a spring-like domain wall is created through the thickness of the FM layer. Figures 3共c兲 and
3共d兲 illustrate the spin configuration during the magnetization reversal after protocol II. At remanence, H = 0 关Fig.
3共c兲兴, the FM layer splits into small opposite domains
aligned with the AF easy axis. The FM spin configuration is
a consequence of the AF coupling between AF-FM spins at
the interface and resembles the AF domain structure created
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FIG. 3. 共Color online兲 共a兲 DHL for intermediate HFC = 1 kOe. 共b兲 Comparison between a single loop 共low HFC = 0.5 kOe兲 共squares兲 and the rescaled
negative-biased subloop from 共a兲 共circles兲. Both loops were measured by
SQUID at 10 K. 共c兲 Illustrated spin configuration at H = 0 and 共d兲 H ⬍ 0.
Blue 共left and right兲 and red 共middle兲 domains yield positive and negative
EB, respectively.

during the cooling process. The antiparallel AF-FM coupling
is not frustrated and the configuration is stable but Néel walls
are formed between positive and negative EB domains. At
negative fields 共H ⬍ 0兲, the magnetization reversal of negatively biased domains 共red兲 proceeds by incoherent rotation
of Ni moments due to the strong coupling at the interface
unlike in the case of a typical domain wall motion. Such a
mechanism produces a rounded approach to negative saturation. On the other hand, the positively biased domains 共blue兲
remain aligned with the negative field due to the favorable
energetic situation, FM spins are parallel to the external field
and antiparallel coupled to the AF. During this reversal, lateral domain walls 共DWs兲 coexist with an in-depth magnetic
profile within each negatively biased domain. Figure 3共d兲
illustrates this three-dimensional 共3D兲 spin configuration for
H ⬍ 0 with a spring-like domain wall extending through the
thickness of a negatively exchange-biased domain. Upon
negative saturation both lateral and in-depth domain walls
disappear and the exchange coupling in “red” domains is
frustrated. Thus, reducing the field in the increasing branch
of the subloop annihilates the spiral structure before zero
field. Positive fields give rise to similar domain walls in positively exchange-biased domains 共blue兲.
In conclusion, we have demonstrated the coexistence of
both lateral and in-depth domain walls in AF/FM bilayers
exhibiting DHLs. This 3D spin structure becomes complex
upon cooling in intermediate fields HFC. The finding elucidates the reversal mechanism of exchange-biased systems in
a bidomain state and sheds light on the microscopic order of
FM spins exchange coupled to an AF layer with opposite
domains.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

