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Introduction
Exchange bias (EB) is a shift in the magnetic hysteresis loop by a coupling at the interface between
an antiferromagnetic (AFM) and a ferromagnetic
(FM) material [1]. Since the discovery [1] of the EB
effect in 1956, a number of EB systems, such as
layered thin-ﬁlm structures, small particles, inhomogeneous materials and coated AFM single crystals
[1–4], have been investigated using many experimental techniques [5–8]. Nevertheless, a complete
theoretical understanding of EB has been elusive
[9–13]. The difﬁculty in establishing a uniformly
acceptable theory/model of EB is largely due to
inadequate characterization of the AFM–FM interface on an atomic scale. Recent transmission electron microscopy (TEM) investigations have made it
possible to visualize structural and chemical information on an atomic level, and insights into the

physical and magnetic microstructures of exchangebiased spin valves and related system were provided using several TEM techniques including highresolution TEM and Lorentz electron microscopy
[14–16]. Electron holography also is a powerful
technique that can investigate the magnetic structure in FM materials by analyzing the phase shift of
electrons in TEM [17] although AFM materials
cannot be analyzed because they have no magnetization that can shift the phase of the electrons. To
date, electron holography has been applied to the
study of the magnetization-reversal mechanisms
and remanence states in exchange-biased CoFe/
FeMn patterned nanostructures using plan-view
specimens [18]. However, the interfacial properties
and the spin-coupling between AFM and FM
materials have not been investigated by electron
holography using cross-sectional specimens with an
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We investigated magnetic remanence states of epitaxially grown,
exchange-biased MnPd/Fe bilayers by electron holography emphasizing
the crystallographic orientations of the layers. Thin-foil transmission electron microscopy (TEM) specimens were carefully prepared along both
hard and easy axes of the Fe layer. The ex situ magnetization-reversal
process was carried out using the TEM specimens, and magnetic ﬂux
densities of the ultra-thin Fe layers were evaluated at different remanence
states. We show that a spin conﬁguration in the TEM specimens is determined by the competition between an exchange coupling at the MnPd/Fe
bilayer interface, shape anisotropy of TEM specimens and intrinsic magnetocrystalline anisotropy of Fe.
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Methods
Two types of epitaxially grown thin-ﬁlm samples
with a layer sequence of Pt(4 nm)/MnPd(30 nm)/Fe
(8 nm)/MgO(001) were prepared by an ultrahigh
vacuum ion-beam sputter deposition according to
crystallographic orientation relationships between a
MnPd layer and a MgO substrate, i.e. the samples
with c- and a-oriented MnPd on the MgO substrate
[20,21]. The structural property of the MnPd layer
can be controlled by varying the substrate temperature during growth; as the temperature increases
from below 100°C to above 450°C, the crystallographic orientation of the MnPd layer varies from a
twinned a-axis to a single-crystalline c-axis orientation with respect to the normal of the substrate.
The epitaxial relationships between the layers and
the substrate are MnPd(001)//Fe(001)//MgO(001)
and MnPd[100]//Fe[110]//MgO[100] for the c-oriented
sample (Fig. 1a and c) and a bicrystal orientation
with the possibility of exhibiting a twinned crystal
structure for the a-oriented sample (Fig. 1b and d).

Fig. 1. Schematic illustration of a magnetic structure and interface
spin conﬁgurations of MnPd according to its crystallographic
orientations; (a, c) c-oriented and (b, d) a-oriented MnPd on the
substrate. The interface spin conﬁgurations of MnPd in the bottom
(gray-colored) of the unit cell and the crystallographic orientation
relationship with Fe are presented at (c) and (d), where the spins from
Pd (small open arrow), Mn (solid arrow) and Fe (big open arrow) are
presented. The Mn spins are compensated for the c-oriented MnPd,
while they are uncompensated for the a-oriented one.

At room temperature (RT), it is known [22] that
MnPd with a CuAu–I structure has a type B magnetic structure with magnetic moments of Mn parallel to <100> and a very small contribution from Pd
parallel to <100>. Figure 1 shows the magnetic
structure of MnPd, the crystallographic orientation
relationship between MnPd and Fe and the interface spin conﬁgurations in the two different
samples. At the terminating layer, indicated by gray
color in Fig. 1, of an ideal interface between MnPd
and Fe, a Mn spin-lattice for the c-oriented MnPd is
compensated (Fig. 1c), whereas for an a-oriented
MnPd, it is spin-uncompensated (Fig. 1d). All
samples were grown in the presence of an in-plane
magnetic ﬁeld of 300 Oe along the [100]-direction of
Fe (bias direction).
For electron holographic studies, electrontransparent specimens of both c- and a-oriented
samples were elaborately prepared along the hardand easy-axis directions of the Fe layer using a
focused ion beam (FIB) (JEOL, JIB-4500), as illustrated in Fig. 2a and b. Here, the TEM specimens
along the hard axis for the c- and a-oriented
samples are denoted as c-H and a-H, and the specimens along the easy axis for the c- and a-oriented
samples are denoted as c-E and a-E. The thickness
of the specimens, which includes damaged layers
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ultra-thin FM ﬁlm. In addition, electron holography,
based on TEM using thin-foil specimens, inevitably
accompanies the effect of shape anisotropies due to
geometry of the TEM specimen [19]. In order to
apply electron holography to the interfacial characterization of EB systems, it is, therefore, also
necessary to investigate the effects of the shape anisotropies for retrieving intrinsic interfacial properties of the EB systems from the results obtained
using electron holography.
In this paper, electron holography was applied to
investigate the spin conﬁgurations at the AFM–FM
interface in an epitaxial, MnPd/Fe, bilayer system
exhibiting EB using cross-sectional TEM specimens.
In order to effectively control and characterize the
interfacial structure and spin conﬁguration, epitaxially grown MnPd/Fe thin ﬁlms with well-controlled
crystallographic orientations were chosen. The
magnetization-reversal process was conducted
along hard and easy axes of a Fe layer, and magnetic ﬂux densities at different remanence states
were estimated. In addition, the spin-conﬁguration
scheme of the MnPd/Fe bilayers in TEM specimens
was quantitatively resolved considering the shape
anisotropies of the TEM specimens.

J. S. Jeong et al. Remanence states in exchange-biased MnPd/Fe

Fig. 2. Orientations in cross-sectional TEM specimens prepared
along (a) hard and (b) easy axes of Fe layers. Applied ﬁeld (H)
direction for the magnetization-reversal process is presented.

The phase image reconstructed from an electron
hologram contains not only information on a magnetic ﬁeld, but also that on an electrical mean
inner potential. The latter can result in signiﬁcant
spatial variations in electron holography results,
especially when the specimen thickness changes
abruptly. Even though a thickness variation in the
TEM specimen prepared by FIB is not considerable, an effect of the mean inner potential can be
a serious obstacle for analyzing the magnetic ﬁeld
in the sample consisting of ultra-thin layers, such
as the Fe layer in this experiment. In order to precisely investigate a true magnetic signal of the Fe
layers, therefore, it is necessary to separate the
electrical contribution from the magnetic one. In
this experiment, the effect of the mean inner
potential was eliminated using a simple timereversal operation of an electron beam, proposed
by Tonomura et al. [23]. A pair of holograms is
obtained by observing the same specimen with the
electron beam incident in two directions: upward
and downward with respect to the specimen.
Since the mean inner potential is a scalar and not
a vector, it can be canceled out by subtracting one
of these images from the other. Figure 3 shows an
electron hologram and reconstructed phase images
with/without the effect of the mean inner potential, obtained from c-H. Before eliminating the
effect, a phase image was conventionally reconstructed from the hologram of Fig. 3a (Fig. 3b). It
shows strong fringes at the edge of the specimen
and at the interface of various layers as indicated
by the arrows in Fig. 3b. It means that the reconstructed phase image includes the effect of the
mean inner potential by abrupt thickness changes
at the end of the specimen (black arrow) and the
thickness variation and different material property
between C and Au layers (white arrow). Figure 3c
shows the reconstructed phase image after removing the effect. It was found that both the abovementioned fringes completely disappeared, revealing that the effect was successfully removed and
that the reconstructed phase image has only magnetic information. Although spurious signals
persist in a coated Au layer due to diffraction contrast, they are negligible in the MnPd and Fe
layers since the layers were epitaxially grown on
the substrate. The procedure for eliminating the
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of about 15 nm in surfaces due to FIB milling, was
estimated using electron energy-loss spectroscopy
(EELS) with a Gatan imaging ﬁlter.
Magnetic hysteresis curves of thin-ﬁlm samples
along both hard and easy axes of the Fe layer were
obtained using the magneto-optical Kerr effect
(MOKE) at RT. In addition, to investigate different
remanence states using electron holography, the
magnetization-reversal process was carried out
using external magnetic ﬁeld (H) of 1500 Oe
outside TEM along the direction parallel to layer
interfaces and the in-plane of the TEM specimens,
as shown in Fig. 2, i.e. c-H and a-H were magnetized along the Fe hard axis, while c-E and a-E
were magnetized along the Fe easy axis. The
magnetization-reversal process was twice conducted to conﬁrm reproducibility of the evaluation
of the magnetization. Accordingly, ﬁve different
remanence states, namely as-grown state (Ras) and
descending (Rd1 and Rd2) and ascending (Ra1 and
Ra2) states in hysteresis loop, were investigated
for four types of TEM specimens (c-H, a-H, c-E
and a-E).
Electron holography experiments, with a biprism
voltage of 40 V, were carried out in a JEOL
JEM-3000F TEM installed with a ﬁeld emission
gun, a biprism and a special objective lens ﬁtted
with a magnetic shield. The reconstructed phase
images are presented in terms of the cosine of
the phase (φ) and ampliﬁed with a factor of 10 in
this work.
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Fig. 3. (a) Electron hologram obtained from c-H and its reconstructed phase images (b) with and (c) without the effect of the mean inner
potential. The layers are indicated at the right side of the images.

effect of the mean inner potential was applied to
all TEM specimens.

Results and discussion

Fig. 4. Typical TEM images of (a) c- and (b) a-oriented samples;
reconstructed phase images of (c) c-H, (d) a-H, (e) c-E and (f )
a-E; (g) reconstructed phase images showing directions of
magnetization (solid arrow) and applied external magnetic ﬁeld
(open arrow) at the region indicated by the dotted rectangle in (c).
The reconstructed phase images are presented in terms of (c–f )
cos φ and (g) φ with an ampliﬁcation of 10, and scale bars = 20 nm.

used, then the equation is modiﬁed as B= h/2etLA,
where L is the distance between the contour lines
in the reconstructed phase image which is ampliﬁed
by a factor of A. The average spacing between the
contour lines was determined by line proﬁles in the
reconstructed phase image. However, to estimate B
of the Fe layer, it is necessary to measure a local
specimen thickness tFe at the position of the Fe
layer. To measure the specimen thickness, there are
several alternatives, such as convergent-beam electron diffraction [24], contamination spot-separation
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Figure 4a and b shows typical TEM images of the cand a-oriented samples. The positions of interfaces
are indicated by the white lines and the layers are
labeled. The Au and C layers were coated to
prevent a Ga-ion damage to the specimens during
the FIB milling. The reconstructed phase images
obtained from c-H (Fig. 4c), a-H (Fig. 4d), c-E
(Fig. 4e) and a-E (Fig. 4f ) show clear contours,
parallel to the interface, in the Fe layer despite
their thickness being at the limits of resolution
(7 nm) of our holography system. Even though
some modulations of the contours are observed,
the signal is adequate for interpreting the magnetization of the Fe layers. In addition, the directions
(solid arrow) of magnetization of the Fe layers,
which can be estimated from a contrast gradient in
reconstructed phase images presented in terms of
φ, were well consistent with that (open arrow) of an
applied magnetic ﬁeld for magnetization reversal as
shown in Fig. 4g.
Magnetic ﬂux density (B) can be estimated from
the relationship between B inside a specimen and
the spacing (l) corresponding to the phase difference (Δφ) of 2π, i.e. B=h/etl, where e, h and t are
the elementary charge, Plank’s constant and specimen thickness, respectively. In a reconstructed
phase image presented in terms of cos φ, l is just
the distance between the contour lines, i.e. white or
black lines. If an ampliﬁed reconstructed phase
image, where the effect of the mean inner potential
is eliminated by the above-mentioned technique, is
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Fig. 5. Evaluated B at ﬁve different remanence states (Ras, Rd1, Rd2,
Ra1 and Ra2) for four types of TEM specimens (c-H, a-H, c-E and
a-E). Only half of error bars are shown.

However, in thin-foil TEM specimens with a thickness in the range of 73–141 nm studied in this
work, large demagnetizing ﬁelds arise from shape
anisotropies [19] due to geometry of the TEM specimen. In the case of c-H and a-H, the Fe easy axis is
inclined 45° from the surface of the TEM specimen
(Fig. 2a). These inclined Fe spins tend to rotate to
in-plane of the TEM specimen by demagnetizing
effects to suppress magnetic charges as shown in
Fig. 6a, where an overall Fe spin through whole
thickness is presented as the open arrow and its
rotation is indicated as the angle θ. Therefore, we
suggest that the spin conﬁguration in the TEM
specimens is the result of a trade-off between the
strength of the spin-coupling in MnPd/Fe bilayers,
the demagnetizing effects due to the shape anisotropies and the intrinsic magnetocrystalline anisotropy of Fe. It is noteworthy that the strength of the
spin-coupling in MnPd/Fe bilayers is different in the
c- and a-oriented samples. MOKE loops at RT indicate that the hysteresis loops in the c-oriented
samples are more shifted as compared with the
a-oriented samples (Fig. 7). Because a blocking
temperature of the a-oriented samples is 90 K, the
a-oriented samples show only a very weak EB due
to a reduced long-range chemical ordering in MnPd
at RT [32], whereas EB for the c-oriented samples,
which have the blocking temperature higher than
RT, is larger than that for the a-oriented samples.
Moreover, due to low chemical ordering parameter
in the a-oriented MnPd, the corresponding quantity
of effective pinning spins is also lower as compared
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[25] and EELS [26,27]. Among them, EELS can be
easily applied to estimate the specimen thickness of
ultra-thin layers in a multilayered sample through
the ‘log-ratio’ formula [28], t/λp= ln(It/I0), where λp,
I0 and It are, respectively, an inelastic mean free
path, integrated intensity of a zero-loss peak and
total integrated intensity of an EELS spectrum.
Since I0 and It are measured from the EELS spectrum, the specimen thickness can be simply estimated from the equation if λp is known. There is no
literature value of λp for Fe at 300 kV, which is the
accelerating voltage (E0) of our TEM. Fortunately,
Egerton [28] has reported λp for Fe as 74 nm at 100
kV with a collection semi-angle of 10 mrad. As the
dependence [29] of λp on the acceleration voltage is
1=2
E0 , the value at 300 kV can be estimated as 128
nm. Furthermore, λp can also be calculated from
parameterized values [30] as 121 nm for 300 kV and
10 mrad. Note that the values obtained from the
two different methods are close within experimental errors. Assuming λp  128 nm, tFe’s are determined as 96, 91, 73 and 141 nm for c-H, a-H, c-E
and a-E, respectively, which are reasonable for the
thickness of TEM specimens prepared by FIB. The
measured thicknesses might include insigniﬁcant
errors regarding adopting the calculated λp for Fe,
not the experimentally estimated one; however, the
damaged layers with an amorphous phase do not
affect the accuracy of the thicknesses because λp is
insensitive to the state of a material.
B of the Fe layer at different remanence states in
the four types of TEM specimens was evaluated
using the equation above (Fig. 5). In descending
and ascending branches of the hysteresis, the evaluated B shows some variations; however, there is no
signiﬁcant difference in B at between Rd1 and Rd2
and/or Ra1 and Ra2, representing high reproducibility of the evaluation of B in this work. The averaged
values of the evaluated B through all the remanence
states were 0.80 ± 0.14, 1.06 ± 0.26, 1.03 ± 0.21
and 1.02 ± 0.21 T for c-H, a-H, c-E and a-E,
respectively.
By comparison, interestingly, B of c-H is smaller
than that of other specimens through the whole
remanence states. In as-grown thin-ﬁlm samples, Fe
spins are aligned along their easy direction by
intrinsic magnetocrystalline anisotropy of Fe [31]
and are exchange coupled with MnPd spins.
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Fig. 6. Schematic illustrations for observed magnetizations in TEM specimens prepared along hard and easy axes of the Fe layer, with a side
view of the specimens. Bias direction, applied ﬁeld (H) direction, e-beam direction and overall Fe magnetization (open arrow) through whole
thickness (tFe) and its in-plane component (B) which is measurable from the reconstructed phase image are presented.

with the c-oriented samples. From Fig. 7, the EB
ﬁelds for c-H and c-E are evaluated to be –24 and
–25 Oe, whereas for a-H and a-E, they are –3 and
–1 Oe, meaning that the strength of the spincoupling in the c-oriented samples is stronger than
that in the a-oriented samples. Therefore, the Fe
spins in c-H show more resistance against the
rotation to the in-plane direction of the TEM specimen by the demagnetizing effects than that in a-H;
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Fig. 7. MOKE loops for as-grown (a) c- and (b) a-oriented samples
measured along hard and easy axes of an Fe layer.

thus, θc-H becomes smaller than θa-H as shown in
Fig. 6a and b. In electron holography measurements, B obtained from a reconstructed phase
image is only a component of magnetization normal
to an e-beam, i.e. the in-plane component in TEM
image plane [17], as shown in Fig. 6. Therefore, as θ
due to the demagnetizing effects increases, B
increases, and obviously, Ba-H becomes larger than
Bc-H. However, in c-E and a-E, the Fe spins were
already aligned along the in-plane direction of the
TEM specimen as shown in Fig. 6c; therefore, they
are hardly affected by the demagnetizing effects,
and c-E and a-E could have similar B values.
Finally, because of a very weak spin-coupling in the
a-oriented samples, it can be expected that B evaluated by electron holography is Bc-H < Ba-H ≈ Bc-E ≈
Ba-E. This interpretation is consistent with the
result shown in Fig. 5 even though a-H has a little
higher value than expected.
In this work, the evaluated B includes the effect
of the damaged layers by the FIB milling. The
damaged Fe layers consist of an amorphous phase
so that the magnetic property of the damaged
layers is different from that of the crystalline one.
Grinstaff et al. [33] reported that the amorphous Fe
is a soft ferromagnet. It is obvious that the
damaged MnPd/Fe bilayers lose their exchange
coupling and the intrinsic magnetocrystalline anisotropy of crystalline Fe disappears in the damaged
layers. Therefore, the Fe spins in the damaged
layers are not affected by the exchange-coupling
and the intrinsic magnetocrystalline anisotropy of
Fe, but only by the demagnetizing effects. It means
that the magnetization in the damaged layers is not
different according to the crystallographic orientation of the MnPd layers, i.e. a-H and c-H.
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Consequently, even though the TEM specimens
contain the damaged layers, they do not affect the
tendency of B evaluated by electron holography
according to the TEM specimens; they can only
make a difference between the established [34]
value of saturated B of pure, bulk Fe (2.15 T) and
the evaluated one.
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