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Abstract

CrossMark

The interaction between uncompensated pinned magnetic moments within an
antiferromagnetic (AFM) layer and an adjacent ferromagnetic (FM) layer responsible for the
existence of exchange bias is explored in epitaxially grown trilayers of the form FM2/AFM/
FM1 on Cu3Au(00 1) where FM1 is ~12 atomic monolayers (ML) Ni, FM2 is 21-25 ML Ni,
and AFM is 27 ML or 50 ML Ni.,sMn.7s. Field cooling for parallel or antiparallel alignment
of the out-of-plane magnetizations of the two FM layers does not make a difference for the
temperature-dependent coercivity (Hc), magnitude of exchange bias field (H.,), AFM ordering
temperature (Tapm), and blocking temperature for exchange bias (7},). We explain this by a
model in which the uncompensated pinned magnetic moments distributed within the volume
of the AFM layer interact with both of the FM layers, albeit with different strength. Parallel
and antiparallel coupling between the magnetization of the pinned moments and the FM layers
equally exists. This leads to the experimentally observed independence of Hc¢, H.p, as well as
of Tapm and Ty, on the magnetization direction of the FM layers during field cooling. These
results provide new and detailed insight into revealing the subtle and complex nature of the

exchange bias effect.
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1. Introduction

The pinning of a ferromagnetic (FM) layer by an adjacent anti-
ferromagnetic (AFM) layer through the exchange bias (EB)
effect is utilized in numerous applications of nanomagnetism,
one of the most prominent being data storage, particularly on
hard disk drives. They consist of small magnetic domains to
represent data in the form of binary digits that are read out by
a spin valve in the read head, utilizing the phenomena of giant
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or tunneling magnetoresistance [1-3]. The spin valve contains
thin magnetic layers one of which is pinned by an adjacent
AFM layer by the EB effect, creating a unidirectional aniso-
tropy. An EB effect occurs between an FM and an AFM layer
in contact and manifests itself as a shift of the hysteresis loop
along the negative field axis after a field-cooling (FC) proce-
dure [4-10].

The technological importance and interesting physics
involved in EB has triggered massive research work to reveal
its complex and subtle nature [4-23]. Initially, the EB effect
was believed to be of interfacial nature [4, 5], which was
backed by some models [6-9]. More recent findings showed
that the effect is not purely an interfacial one but the AFM
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bulk also plays a role [10-13], which is captured within
the domain-state model [14—16]. It explains EB in terms of
uncompensated pinned moments or pinning centers within
the AFM layer. Recently, a review summarizing some impor-
tant experimental evidence favors the notion that indeed the
AFM bulk spin structure plays a key role in establishing the
EB effect [10]. Notable is a study on a trilayer of the form
FM/AFM/FM by Morales et al, which showed a significant
difference in the exchange bias field between the parallel
and antiparallel configurations of the two FM layers during
field cooling. Therefore, the EB effect cannot be of purely
interfacial origin and the bulk AFM contains uncompensated
moments to pin the magnetizations of the adjacent FM layers
in one direction [11]. Similar results have been obtained by
Svalov et al [12]. However, since the samples involved in
these experiments were polycrystalline and relatively thick
[11, 12], the nature of the interaction of these uncompensated
moments with the FM layer through the spin structure of the
AFM layer could not be clearly explained.

Recently, we have shown that the behavior of the exchange
bias effect of an FM/AFM bilayer upon placing a second FM
layer at the other interface of the AFM layer can yield impor-
tant information about the nature of the uncompensated pinned
moments in the AFM layer [13]. In [13], we have epitaxially
grown (Co/)Ni/NisMn75/Ni(/Co) trilayers on a CuzAu(001)
substrate. The optional Co layers have been used to change
the magnetization direction of the Ni films from perpendicular
to the film plane into the film plane. The exchange bias at
the bottom AFM/FM interface nearly does not change when
the magnetization of the two FM layers in the trilayers (FM/
AFM/FM) is perpendicular to each other but shrinks drasti-
cally once the magnetization direction of the two FMs is par-
allel [13]. We have interpreted this in a model of competing
non-collinear pinning centers (PCs) throughout the entire
thickness of the AFM Ni,sMnys layer [13].

To understand the nature of the EB effect in every detail
is very difficult; it varies from material to material and from
system to system; even very sensitive techniques like x-ray
magnetic circular or linear dichroism [24] and spin-polarized
scanning tunneling microscopy [25] do not allow to estab-
lish an explicit link between the uncompensated spins in the
AFM and the size of the EB effect. Replacing polycrystal-
line structures by single crystals has the advantage to better
control the structural properties of the films, particularly at
the FM/AFM interface [26]. We have chosen Ni/Ni.osMn_7s/
Ni/Cu3Au(001) for our study. Ni,Mn,;_, on CuzAu(001) is
a well-studied single-crystalline AFM system, the growth,
structural and magnetic properties of which are known
[13, 21, 22,27, 28]. Whereas NiMn grows along the a axis on
Cu(001) [29], on CuzAu(001) it is oriented with the ¢ axis
along the film normal [27]. Ni.,sMn.75 exhibits layer-by-layer
growth on CuzAu(00 1) as well as on Ni/Cu3Au(001) [22, 27,
28]. Ni,Mnjpy_, as an AFM layer epitaxially grown on top
of out-of-plane magnetized Ni/Cu3zAu(001) leads to EB in a
wide range of concentrations x, where a lower x results in a
higher blocking temperature for EB as well as in higher EB
fields [22, 28].

Trilayers of the form Ni/NigpoMngy/Ni have been inves-
tigated on Cu(001), where the NiMn exhibits a spin-state
transition, leading to a strong increase in interlayer coupling
above a certain temperature [20]. On Cu3zAu(001), on the
other hand, the interlayer coupling is about one order of mag-
nitude smaller for NisMnys of about 45 atomic monolayers
(ML) thickness while sizeable EB is observed [21]. To the
best of our knowledge, besides [13, 21], there is no previous
work on EB in single-crystalline FM/AFM/FM trilayers.

Here, we study epitaxially grown trilayers ~25 ML Ni/t
Ni.»sMn.75/~12 ML Ni on CuzAu(00 1) using magneto-optical
Kerr effect (MOKE) for exploring indirectly the physics
behind the EB effect, where ¢ stands for ~27 or ~50 ML thick-
ness of Ni.psMn.7s. These thicknesses of the NiM layer have
been chosen to be thick enough to show decent exchange bias
[28] and a comparably weak interlayer exchange coupling.
The two selected thicknesses for Ni.,sMn.;s do not make a
qualitative difference in measuring the temperature-dependent
magnetic properties. The thicknesses of the two FM Ni layers
are selected to be different by about a factor of 2, in order
to distinguish clearly their magnetization loops in the MOKE
experiments. Setting the exchange bias for parallel or antipar-
allel magnetization of the Ni layers does not lead to any detect-
able difference in the absolute value of the exchange bias, in
contrast to expectations for shared pinning centers for the two
FM layers throughout the bulk of the AFM layer. We propose a
simplified 1D model based on experimental findings in single-
crystalline FM/AFM/FM layers. It consists of pinning centers
across the volume of the antiferromagnet, which couple to the
ferromagnets on each side of the antiferromagnet with a cer-
tain distribution of coupling strengths. This coupling is medi-
ated by the antiferromagnetic exchange interaction inside the
AFM material, leading to an equal amount of coupling paths
of parallel and of antiparallel orientation between FM mag-
netization and the direction of the pinned magnetic moments.
The model qualitatively describes the experimental results
and is also consistent with our previous findings in (Co/)Ni/
NiysMny75/Ni(/Co) trilayers on CuzAu(00 1), where the EB is
reduced in case of collinear easy axes of the two FM layers
compared to noncollinear easy axes or the respective bilayer
systems [13].

2. Experimental

All the experiments were performed under ultrahigh vacuum
conditions with a base pressure of about 107! mbar. The
single-crystalline CuzAu(00 1) substrate was cleaned by sput-
tering with 1keV Ar" ions and annealing at 800K for 10 min.
The AFM layer of Ni.,sMn_;5 was grown by coevaporation
of Ni and Mn from separate sources, in which high-purity
(Ni: 99.99%, Mn: 99.95%) rods are bombarded by electrons
while keeping the substrate at room temperature. Film thick-
nesses were calibrated by medium-energy electron diffraction
and Auger electron spectroscopy. Approximately 12 ML Ni
(FM1) was first deposited over the substrate, followed by a
Ni.»sMn.75 layer of different thicknesses. The thickness of the
top Ni layer (FM2) was 21-25 ML. Both Ni layers have an
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Figure 1. Schematic illustration of the two prepared samples of
the FM2/AFM/FM1 trilayer system when the magnetizations of the
two FM layers are (a) parallelly and (b) antiparallelly aligned. The
approximate thicknesses of FM1, FM2, and AFM, as well as the
approximate composition of the latter are shown, where ¢ stands for
~27 or ~50 ML thickness of Ni_,sMn_7s.

out-of-plane easy axis of magnetization. The accuracy of the
thickness measurement is 1 ML for Ni_.»sMn.75 and sub-ML
for Ni, the error in the Ni (Mn) concentration is less than £2
percent points. Before each measurement series, the sample
was first heated to above the ordering temperature Tapy of the
AFM layer, which we know from our previous work [28], but
below the Curie temperature of the FM layers, and then field-
cooled (FC) to the minimum available temperature. Samples
were FC either in the presence of a positive or a negative
external magnetic field to get the parallel alignment of the two
FM layers, or in such a way that one of the layers (FM1) is
magnetized in the negative direction and the other (FM2) in
the positive direction. The corresponding schematic drawing
is shown in figure 1 for the trilayer to elaborate the situa-
tion. Magnetization loops are subsequently recorded using
polar MOKE, while increasing the temperature from lower
to higher values, starting at the temperature above which
the available field of =200 mT allowed to reach magnetic
saturation. Linearly polarized laser light of 1 mW power and
635 nm wavelength was used for the in situ polar MOKE mea-
surements. For these measurements, the sample was placed
in a glass tube sitting in between the two poles of an electro-
magnet. A straight line was subtracted from the resulting mag-
netization loops to account for the Faraday effect of the glass.

3. Results and discussion

Figure 2(a) shows the temperature-dependent hysteresis loops
for 25 ML Ni/50 ML Ni;;Mn79/12.9 ML Ni/CuzAu(001)
when both FM layers are parallelly magnetized by a 410
mT external magnetic field during FC to give a negative EB
shift. With the application of —10 mT for FC, temperature-
dependent hysteresis loops are also measured which pro-
vided the very same EB shift along the positive direction (not
shown). Figure 2(b) is for the loops when both the FM layers
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Figure 2. Normalized hysteresis loops for ~25 ML Ni/~50 ML

Ni; Mn7¢/12.9 ML Ni/CuszAu(00 1) measured with polar MOKE at
different temperatures. (a) Both interfaces give negative exchange
bias when field-cooled with 410 mT from 510K, and (b) opposite
exchange bias shifts—the lower one positive, as it is field-cooled
with —2 mT from 460K (a zoomed-in loop is shown at this
temperature with vertical down arrow representing the cooling field
value), and the upper one a negative due to previous field-cooling
with +10 mT.

are oppositely (antiparallelly) magnetized to provide one of
the interfaces (top) with negative and the other one (bottom)
with positive EB shift. To have both of the FM layers mag-
netized in opposite direction, the following procedure was
applied during the FC process: After a field-cooling proce-
dure with +10 mT field, the sample was again field-cooled
from a temperature of 460 K with —2 mT. At this temperature
FM2 has a smaller coercivity Hc (0.9 mT) than FM1 (3.5 mT).
Both the FM layers are now in antiparallel spin configuration,
which by cooling through the blocking temperature 7} gives
opposite EB shift Hgg at both interfaces; positive at the lower
interface and negative at the upper one. For the parallel spin
configuration of both the FM layers, the EB shift towards neg-
ative field can be observed from the double-step loop (both
connected loops are shifted to the left side in figure 2(a)). For
the antiparallel alignment of the FM layers’ magnetization at
both the interfaces, the negative (positive) shift due to EB at
the upper (lower) interface is evident from the loops shown
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in figure 2(b). Because of the smaller (almost half) thickness
of FM1 compared to FM2, both EB and H( are larger for the
lower interface than for the upper one, as expected. In both
cases of parallel and antiparallel alignment of the two FM
layers, Hc(T) and H.,(T) decrease with increasing temper-
ature. The two coercivities in a loop are well separated from
each other below 420K and above 440K. At 420K and at
440K, the Hc values for both of the loops coincide to give
a single loop such that both of the FM layers are switching
together in an externally applied magnetic field. Below
(above) this temperature range (420 K-440K), FM2 (FM1)
switches before FM1 (FM2). At and above 480K, there exists
only a single loop for FM2, as FM1 becomes paramagnetic
between 460 K—480K.

Figures 3(a) and (b) respectively show the temperature-
dependent Hc and H,p, data for the two trilayer samples: the first
one ~25 ML Ni/~50 ML Niy;Mn7¢/12.9 ML Ni/CuzAu(001)
and the second one 22 ML Ni/27 ML NisMny5/11.9 ML Ni/
Cu3zAu(001). Data are shown for the case of parallel align-
ment of the FM layers (black and red symbols) and for the
case of antiparallel alignment (green and blue symbols) due to
the procedure mentioned above. It is to be noted that one of the
data sets (red symbols for 27 ML NisMnys) has been already
reported by us in [13]. The Hc(T) (Hep(T)) data overlap for the
same interface in the cases of parallel and antiparallel magnet-
ization alignment of the two FM layers in both samples (black
and green for FM2/AFM, red and blue for AFM/FM1). The
Hc(T) and He,(T) values for the lower interface (AFM/FM1)
are about two times that of the upper interface (FM2/AFM),
due to the thickness of FM1 being almost half of that of FM2
and the well-known inverse behavior of H,, with FM thick-
ness. Very identical Hc(T) and H.n(T) dependencies, as well
as similar values of Tapy ~ 450K (~420K) and T, ~ 400K
(~340K) for both interfaces are observed in all the samples.
This is probably due to a very similar morphology/roughness
at both interfaces of the samples. Very similar results (given as
supplementary material (stacks.iop.org/JPhysCM/32/075801/
mmedia)) are obtained for another trilayer 25 ML Ni/47 ML
Ni17Mn83/1 2.9 ML N1/CugAu(00 1)

Was the EB effect a purely interfacial phenomenon, this
result would not be surprising. The two interfaces would then
be independent from each other and would have no effect on
each other. However, as outlined in the introduction, this is not
the case. In fact, EB is a bulk phenomenon. We have previously
shown that trilayers of the form FM/AFM/FM with collinear
magnetization directions of both FM layers exhibit always
a much lower exchange bias field H, at a fixed temperature
and also show a significantly reduced blocking temperature
Ty, for EB compared to bilayers with the same AFM layer and
to trilayers with orthogonal easy axes (in-plane and out-of-
plane) of the two FM layers [13]. In the latter, both H, and
Ty are nearly identical to that of the corresponding bilayers.
Such a behavior can be explained by assuming pinned magn-
etic moments inside the bulk of the AFM layer that coexist
independently for orthogonal spin directions but have to be
equally shared between both interfaces in the case of collinear
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Figure 3. Temperature dependence of coercivity (a) and exchange-
bias field (b) for ~25 ML Ni/~50 ML Ni; Mn7¢/12.9 ML Ni/
CuzAu(001) and 22 ML Ni/27 ML Ni»sMn7s/11.9 ML Ni/
Cu3Au(00 1), measured with polar MOKE. The different spin
configurations of the FM layers at the upper and lower interface
are symbolically shown in front of the corresponding legend.

The antiferromagnetic ordering temperature 7apy and blocking
temperature Ty, are indicated in both figures by arrows. Open blue
symbols in (b) represent a mirror of the same-color filled symbols
with positive EB.

spin directions [13]. Therefore, in the light of this explana-
tion, the temperature-dependent Hc and H., as well as Tapm
and Ty, are already reduced for the trilayers under study here
as compared to the corresponding bilayers or to trilayers with
orthogonal magnetization of the two FM layers. In the fol-
lowing, we present a model that explains both, the identical
behavior for parallel and antiparallel collinear magnetization
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Figure 4. Sketch illustrating the proposed model by showing three examples of PCs in the AFM layer (colored circles with up/down
arrows) between two collinearly magnetized ferromagnetic layers before and after field cooling as mentioned in the text. Before field
cooling, the coupling of the PCs to both of the FM layers can be favorable (green curly lines) or unfavorable (red curly lines) depending on
the detailed nature of the coupling path. The strength of the coupling is indicated by the thickness of the connecting curly lines. During field
cooling, the direction of the PCs aligns according to the direction defined by the stronger of the two exchange paths. EB is enhanced by the
favorably coupled PCs whereas it is reduced by the unfavorably coupled ones.

as well as the reduced EB compared to the case of different
easy axes of the two FM layers.

It is nowadays commonly believed that EB is due to uncom-
pensated pinned moments which arise due to a structural or
chemical disorder that exists either at the surface/interface or
within the volume of the AFM layer. Following the idea of the
domain-state (DS) model [14, 15], we assume a random dis-
tribution of such PCs within the AFM layer. We do not need
to specify the exact nature of these PCs. In the chemically
disordered NiMn alloys, local concentration differences of Ni
and Mn atoms, the latter with a tendency to antiferromagnetic
nearest-neighbor exchange interaction, can lead to preferred
positions of domain walls and can constitute the suggested
pinning centers. Theoretical calculations for ordered bulk
NiMn alloys have resulted in vanishing magnetic moments
on the Ni sites due to the competing ferromagnetic Ni—Ni
and antiferromagnetic Mn—Ni interactions [30]. In the dis-
ordered NiMn alloys the presence of local defects with small
magnetic moments is thus feasible and could constitute the
defects in the sense of the domain-state model of [14]. Once
these pinned moments magnetically couple to the FM layer
via interfacial spins, they become relevant for EB. During FC,
the magnetization direction of the pinned moments will align
in such a way that the coupling to the field-oriented FM mag-
netization is energetically favorable.

PCs with a magnetization component collinear to the
FM layer magnetization couple to the FM layers. Coupling
strength and sign are statistically distributed. We assume the
coupling to be mainly due to direct exchange through the
AFM spin structure. The coupling strength may be deter-
mined by the distance to the interface, but possibly also by
other factors such as atomic-scale interface details, but it
cannot be changed by field cooling. In the case of collinear
magnetization of the two adjacent FM layers, PCs have to be
commonly shared by both of the FM layers on either side.
Before field-cooling, on average the same amount of PCs
couple favorably and unfavorably to the FM layer, resulting

in a vanishing EB effect. The favorable spin direction may
be parallel or antiparallel to the FM layer magnetization,
depending on the statistically distributed sign of the coupling.
This is reasonable, since the sign of the coupling changes on
the lengthscale of single-atomic distances for direct exchange
coupling through an AFM spin structure. In a very simple pic-
ture, if the coupling path is one atom longer, it may reverse
between parallel and antiparallel. We thus talk of ‘favorable’
and ‘unfavorable’ rather than of ‘parallel’ and ‘antiparallel’,
since the individual coupling paths can favor either parallel or
antiparallel alignment between the pinning center and the FM
layer, depending on the atomistic details of the position of the
pinning center with respect to the interfaces. ‘Unfavorable’
coupling of the pinning centers to the FM layers could mean
a twist of the spins within the AFM layer between FM layer
and pinning center, but could as well result from a higher level
of frustration in the interface coupling with the FM layer or
close to the actual pinning sites. In this model, we neglect cou-
pling between such PCs, assuming that the average distance
between two PCs is larger than the thickness of the AFM layer.

Figure 4 illustrates this situation. Three exemplarily chosen
PCs are depicted in the middle of the AFM layer. Green and
red lines connecting them to the two FM layers represent
favorable and unfavorable coupling, where the line thickness
indicates the coupling strength. Upon field cooling, the pin-
ning centers adapt to the configuration of lowest energy, while
the coupling remains fixed. This is sketched in figure 4 by the
reversal of the spin direction of some of the PCs. During field
cooling, a pinning center that was favorably but more weakly
coupled to one layer and unfavorably but stronger to the other
(like the red PC) will reverse, to result in an unfavorably weak
coupling to the first layer and a favorably stronger one to the
other. In this model, it is not possible for this particular pin-
ning center to have favorable coupling to both layers since
the nature of the coupling path does not change during field-
cooling. PCs such as the red one in figure 4 thus explain the
results of [13] and lead to a lower exchange bias in the case
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Figure 5. Schematic 2D graphs of the distribution of the coupling strength between the PCs and FM1 and FM2 along the horizontal

and vertical axes of the graph, respectively. The grey-colored areas illustrate the distribution of different PCs within the AFM layer. The
left graph shows the as-grown situation. The colored circles within the grey-colored areas represent the three examples for PCs already
shown in figure 4, linking to the red, green, and blue PCs depicted there. (Left) Before field-cooling, on average there is an equal number
of favorable (positive) and unfavorable couplings (negative) between the PCs and the FM layers resulting in no exchange bias. (Middle)
Sample field-cooled in a parallel configuration. Half of the PCs have reversed their magnetization to minimize the total coupling energy to
the two FM layers, indicated by the black arrows. The white regions are now depleted of PCs, which have moved to the grey-colored areas.
Quadrant ‘(a)’ contains PCs coupled favorably to both FM layers whereas grey-colored areas in quadrants ‘(b)” and ‘(c)’ reduce the EB
compared to independent, i.e. non-collinear configuration as discussed in [13]. (Right) Sample field-cooled in an antiparallel configuration.
Similar to the middle sketch, but now favorable coupling to FM1 is on the left-hand side. Note that the grey-colored areas after field-

cooling have the double density of PCs compared to before FC.

of collinear magnetizations of the FM layers in the FM/AFM/
FM trilayers compared to bilayers. If the magnetization of one
of the FM layers is reversed, however, this pinning center can
orient during field cooling to establish favorable coupling to
both FM layers in the antiparallel configuration (right-hand
side).

The other two examples selected in the sketch of figure 4
are PCs that are unfavorably or favorably coupled to both
sides as long as the two FM layers are magnetized in parallel,
which means that they have to show unfavorable coupling to
one of the FM layers in the case of antiparallel configuration.
Since the coupling paths are statistically distributed, the EB
after FC will be the same in both situations. This is not seen
from figure 4, since it shows only three examples the average
of which is not representative for all PCs, but can be illus-
trated by another type of sketch in figure 5: Here we show the
distribution of coupling energies of pinned moments in the
AFM layer to the two FM layers in a 2D graph. The coordi-
nate system represents the coupling to FM1 (horizontal axis)
and to FM2 (vertical axis). Zero is in the center. The colored
circles represent the three examples from figure 4. For the
as-grown trilayer, a situation as shown in the left sketch of
figure 5 is present: For a parallel alignment of FM1 and FM2,
positive values mean a favorable coupling between pinning
centers and FM layer, while negative values mean unfavorable
alignment (against the coupling energy). The grey-colored
area illustrates the distribution of pinned moments, which
is symmetric in the as-grown case, i.e. there are as many
favorable as unfavorable coupling paths between FM layers
and pinning centers. We do not need to assume any specific
distribution function; the boundary of the grey-colored area

does not need to be sharp. Important is that it is fourfold sym-
metric. On average, there is thus no EB.

The middle panel of figure 5 shows the situation after FC
in a parallel configuration of FM1 and FM2. Pinned moments
from quadrant (d), which were coupled in an unfavorable
way to both FM layers, have now reversed their magnetiza-
tion direction and couple favorably to both FM layers, i.e.
have moved to quadrant (a). An example is the blue PC from
figure 4, which is represented by a blue symbol in figure 5.
Reversing the magnetization of pinned moments in the sketch
means mirroring their position in the graph with respect to the
origin. In quadrant (a) pinned moments are coupled favorably
to both FM layers, contributing to EB for both layers. An
example is the green PC from figure 4, again represented by
a green symbol in figure 5. In quadrants (b) and (c), pinned
moments couple favorably to one of the FM layers and unfa-
vorably to the other. Their behavior during FC then depends
on the relative strength of the couplings. The pinning centers
for which the unfavorable coupling would be stronger than
the favorable one reverse their magnetization during the field-
cooling process, indicated by the black arrows in figure 5.
Pinning centers are thus only left in the grey-colored areas of
quadrants (b) and (c) in the middle sketch. The ones in the grey-
colored area of quadrant (b) enhance the EB of layer FM2, but
reduce the one of layer FM1, while the pinned moments in the
grey-colored area of quadrant (c), like the red example from
figure 4, enhance the EB of layer FM1 and reduce the one of
layer FM2. The pinned moments in quadrants (b) and (c) are
responsible for the reduction of the EB in case of collinear
magnetization of FM1 and FM2 compared to perpendicular
magnetization directions, as observed in [13]. The EB of layer
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FMI results from an integration of the horizontal component
of all pinned moments in the sketch after field cooling, the EB
of layer FM2 from an integration of the vertical component.

The situation after FC under antiparallel magnetization
directions of FM1 and FM2 is depicted on the right-hand
side of figure 5. Here we assume that compared to the middle
sketch the magnetization direction of FM1 is opposite during
FC. Now the pinning centers in quadrant (b) are coupled
favorably to both FM layers, while the ones in quadrant (c)
would be coupled unfavorably to both layers. The latter thus
reverse their magnetization direction in the field-cooling pro-
cess, which puts them also in quadrant (b). For the pinning
centers in quadrants (a) and (d) now the same applies as dis-
cussed before in the parallel case for quadrants (b) and (c).
Pinned moments in quadrant (a) are coupled favorably to FM2,
but unfavorably to FM1. If the coupling to FM1 is stronger
than the one to FM2, they reverse their magnetization direc-
tion during FC and thus move to quadrant (d), as indicated by
arrows. The green PC from figure 4 is an example of that. In
the same way, half of the pinning centers from quadrant (d)
move to quadrant (a), like the example of the blue PC. Since
the distribution of coupling paths is symmetric, the resulting
EB for both layers is exactly the same as for the parallel situ-
ation shown in the middle sketch. Now the EB for layer FM1
results from the integration of the negative horizontal comp-
onent of the pinning centers in the sketch.

Our model explains nicely the experimental findings of
[13] and the ones presented here. In the case of perpendicular
magnetization of the two FM layers, like in [13], only pin-
ning centers with an oblique magnetization direction have
to be shared by the two FM layers, while all predominantly
out-of-plane pinning centers contribute to the EB of the out-
of-plane FM layer, and all predominantly in-plane pinning
centers contribute to the EB of the in-plane FM layer. When
both layers are magnetized collinearly, one type of pinning
centers does not play any role, while the other type has to
be shared between the two FM layers, leading to the occur-
rence of unfavorable coupling, as described by our model,
and thus a smaller EB, as observed experimentally [13]. A
weaker overall unidirectional coupling after FC results also
in a lower blocking temperature for EB, as also observed
experimentally. Our model provides a qualitative picture for
one of the essential ingredients for exchange bias, namely the
connection between the PCs, which serve as a memory of the
field cooling procedure and provide the symmetry breaking
necessary for unidirectional anisotropy, and the ferromagnetic
layer. From symmetry arguments, the resulting exchange bias
properties of the two FM layers in a trilayer should not depend
on whether the two FM layers are magnetized in parallel or
antiparallel during the field cooling.

It does, however, not explain the results from polycrystal-
line samples of Morales et al for 50 nm Ni/200 nm FeF»/50nm
Py [11] and those of Svalov et al for 30nm FeNi/10 or 15nm
FeMn/10nm FeNi [12], which are also in contrast to our exper-
imental results obtained on the epitaxial trilayer systems. The
authors of [11] do not offer a microscopic explanation of their
result, but discuss it by antiferromagnetic domains extending

from the two interfaces, creating maximum EB for the parallel
case, while opposite AFM domains, leading to the formation
of domain walls in the bulk of the AFM layer, are created in
the antiparallel case [11]. The polycrystalline and relatively
thick (200nm) AFM layer may exhibit less clear paths for
coupling. Since the direct coupling of the PCs with the FM
layers on either side is less probable in these samples, they
may also exhibit chains of PCs that are coupled collectively to
the FM layers, the coupling between PCs may be of the same
magnitude as the coupling to the FM layers, or one sign of the
coupling between the PCs and the FM layers is preferred over
the other. Another possibility is a different magnetic structure
within the bulk of the AFM (FeF,) after field cooling in the two
configurations that could result from some remaining AFM
magnetic order still being present above the Néel temperature,
for example from proximity effects between AFM and FM
materials [31]. A different, more tilted shape of the hysteresis
loops of the reported system on changing the configuration
of the two FM layers from parallel to antiparallel has indeed
been reported [11]. This is not the case in our study, as very
similar rectangularly-shaped double coercivity loops can be
seen for both configurations.

4. Conclusion

In conclusion, we can interpret our results by considering that
in the single-crystalline system pinned magnetic moments are
distributed within the entire volume of the AFM layer, both
with in-plane and out-of-plane directions. For two trilayers
with 27 ML and 50 ML Ni.,sMn.7s as an AFM layer sand-
wiched between two FM Ni layers magnetized in out-of-
plane direction with thicknesses different by a factor of two,
Hc(T), the magnitude of Hep(7), as well as the values for Tapm
and that for Ty are found to be identical for the respective
interfaces in each sample, no matter whether the system is
field-cooled such that both the FM layers magnetizations are
parallel or antiparallel to each other. The model we propose
clearly explains all the results of this work as well as of our
own previously obtained results for single crystalline samples
with collinear and orthogonal easy axes of the two FM layers.
In this model, we assume that the PCs responsible for EB are
scattered randomly within the volume of the AFM layer and
are coupled through exchange interaction to the FM layers on
both sides. The coupling of the PCs can be stronger to one of
the two FM layers but is not affected by field-cooling. The sign
of the coupling can be parallel or antiparallel, depending on
the detailed exchange path. The setting of the pinned moments
during field cooling is then determined by the orientation of
the FM layer to which the PC is more strongly coupled. On
average, there will thus be as many moments coupled with
the same sign (favorably) to both FM layers, as moments
coupled with opposite sign (unfavorably). If all this is statisti-
cally averaged, the net pinning (the exchange bias) should not
depend anymore on the actual orientation of magnetization, as
we see it. These results clearly demonstrate that in epitaxially
grown samples the AFM bulk spin structure plays a vital and
distinct role in the establishment of EB.
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