
PHYSICAL REVIEW B 89, 054404 (2014)

Twisted magnetic structure in ferromagnetic ultrathin Ni films induced by magnetic anisotropy
interaction with antiferromagnetic FeMn
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A twisted magnetic structure in Ni ultrathin films attached to antiferromagnetic FeMn is revealed by a
combination of the depth-resolved x-ray magnetic circular dichroism (XMCD) and the polarized neutron
reflectivity (PNR) techniques. The depth-resolved XMCD at remanent magnetization shows that the perpendicular
magnetization component in the Ni film decreases around the interface to FeMn when the film exhibits
perpendicular magnetization, whereas the in-plane component is kept constant through the whole film in the
case of in-plane magnetization. Moreover, the PNR data shows that when a weak in-plane magnetic field is
applied to a film, which exhibits perpendicular magnetization at the remanent state, an in-plane magnetization
component is induced in Ni around the interface to FeMn. These results are reasonably interpreted by assuming
that the magnetic moment in the Ni layer is twisted from the perpendicular to the in-plane directions towards
the interface to FeMn. Such a magnetic structure is supposed to be induced by a magnetic anisotropy interaction
at the interface between ferromagnetic Ni and antiferromagnetic FeMn, which makes the Ni magnetic moment
around the interface rotate towards the in-plane direction.
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I. INTRODUCTION

Among various magnetic interactions between antifer-
romagnetic (AFM) and ferromagnetic (FM) materials, the
magnetic anisotropy interaction has attracted much interest
[1,2] because it can be applied to control the magnetic direction
of ultrathin films. Wu et al. recently reported that the magnetic
easy axis of Ni films in FeMn/Ni/Cu(100) bilayers switches
from the perpendicular to in-plane directions as the FeMn layer
exhibits the AFM state [1]. They attributed the FeMn-induced
anisotropy to the interfacial magnetic frustration between Ni
and FeMn. The net magnetic moment in each FeMn plane is in
the perpendicular direction, and those in adjacent FeMn planes
are antiparallel to each other. Therefore when the FeMn/Ni
interface has a step structure, the magnetic moments in the
Ni layer are parallel or antiparallel to those in the adjacent
FeMn plane, depending on the lateral position. This induces a
frustration and enhances in-plane magnetization of the FM Ni
layer.

So far, a twisted magnetic structure has been suggested in
an AFM Co2O3 layer around the interface to a FM Co layer
[3]. Similarly, some noncollinear magnetic structure in a FM
layer might also be expected when a FM layer undergoes
the magnetic anisotropy interaction at the interface to an
AFM layer. For instance, if a FM film originally exhibits
perpendicular magnetization but the magnetic anisotropy inter-
action with an AFM layer encourages in-plane magnetization,
the spin moment in the FM layer might twist towards the
in-plane direction around the interface to the AFM layer,
which is similar to the magnetic structure in a domain wall.
Direct observation of such noncollinear magnetic structure in
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ultrathin films has not been achieved, however, due to a lack
of the depth-resolved technique for the magnetic measurement
with an atomic-level resolution.

In the present study, we investigate the magnetic depth
profile of Ni films in FeMn/Ni/Cu(100) by means of the depth-
resolved x-ray magnetic circular dichroism (XMCD) [4–7] and
polarized neutron reflectivity (PNR) techniques, and reveal the
twisted magnetic structure in the ultrathin Ni layer.

II. EXPERIMENT

FeMn/Ni/Cu(100) films were grown in an ultrahigh vacuum
chamber with a base pressure of ∼1×10−7 Pa. A 10-mm-
diameter Cu(100) single crystal was cleaned by repeated
cycles of Ar+ sputtering at 1.5 keV and subsequent annealing
to ∼900 K. The Ni and FeMn films were then grown
on the Cu(100) substrate at room temperature by electron-
bombardment evaporation from Ni and Fe rods and from a Mn
flake in a Ta crucible. The deposition rate for Fe and Ni was
determined before the sample preparation from the oscillatory
intensity of a reflection high-energy electron diffraction spot,
while that for Mn is estimated by comparing the edge-jump in-
tensities in x-ray absorption spectra at the Fe and Mn L edges.

For the XMCD experiment, wedge-shaped Ni films were
prepared, and the FeMn layers were homogeneously grown
on the Ni films. The XMCD measurement was performed just
after the film growth in the same chamber, keeping the vacuum
condition. On the other hand, for the PNR measurement,
homogeneous films were prepared, which were capped with a
50–100 monolayer (ML) Cu overlayer to protect them from the
air. The Cu layer was deposited by the electron-bombardment
heating of Cu wires in a Ta crucible.

The XMCD data were recorded at the undulator beamline,
BL-16A, at the Photon Factory in Institute of Materials
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Structure Science, High Energy Accelerator Research Organi-
zation, Japan [8–10]. The circularly polarized x rays from
the advanced planar polarized light emitted (APPLE)-type
undulators were used, and 10-Hz switching between the
opposite circular polarizations was also applied. The films
were investigated at room temperature by means of the Ni
L-edge depth-resolved XMCD technique, in which the elec-
trons emitted after x-ray absorption were separately collected
at different detection angles θd by using an imaging-type
detector consisting of a microchannel plate, a phosphor screen,
and a CCD camera. Since the escape depth of the electrons λe

depends on θd , a set of XMCD spectra is obtained at different
probing depths [4–7]. The partial-electron-yield mode with a
retarding voltage of 500 V was adopted so that the Ni LMM
Auger electrons were mainly collected.

Let us discuss what the probing depth means in the
depth-resolved XMCD technique. Usually, the number of
electrons passing through a solid decays according to an
exponential function of the electron path length. In the case that
the electrons are emitted along the surface normal direction,
the depth z at which the electrons are generated directly
corresponds to the path length, so that the electron decay factor,
i.e., the proportion of the electrons which reach the surface, is
expressed as exp(−z/λe). On the other hand, if the electrons are
emitted in the grazing direction, the path length to the surface
must be longer than z, and the electrons decay more rapidly
as a function of z compared to the normal emission case.
Therefore, in the case of grazing emission, the electron decay
factor is also expressed by exp(−z/λe), but the electron escape
depth λe is smaller than that for the surface normal emission.
Since all the electrons generated at different z are collected
in the XMCD measurement, the observed XMCD data is an
average over the depth z, weighted by a factor of exp(−z/λe).

The escape depth of the electrons λe was experimentally
determined at each θd from the thickness dependence of the
edge-jump intensity of the films [4]. The edge-jump intensity
does not linearly increase as a function of the film thickness
but saturates due to the attenuation of the electrons emitted
from inside of the film. Since the degree of the saturation is
determined by λe, one can estimate λe by fitting the thickness
dependence of the edge-jump intensity.

The normal and grazing x-ray incidence conditions were
adopted to observe the perpendicular and in-plane magnetiza-
tion components, respectively. The sample was mounted with
[110] lying in the horizontal plane, and the angle between [110]
and the x-ray beam was 30◦ at the grazing incidence condition.
A magnetic field of ∼500–2000 Oe, which was always parallel
to the incident x-ray beam, was applied by an electromagnet or
a permanent magnet and the magnet was retracted out during
the measurements. Thus the remanent magnetization state was
investigated. Fe and Mn L-edge XMCD spectra were also
recorded in the total electron yield mode.

To observe the magnetic moment at the buried interface
between Ni and FeMn, and to obtain depth-resolved informa-
tion on the magnetic moment in Ni under a magnetic field, the
PNR experiment was carried out at BL-17 in the Materials and
Life Science Experimental Facility, Japan Proton Accelerator
Research Complex using the pulsed neutron source [11]. We
performed the PNR measurements at room temperature at a
magnetic field of 1 kOe. The magnetic field and the neutron

polarization were in the in-plane direction of the film. Specular
reflectivity curves, R+ and R−, were measured using a 3He
single neutron detector at glancing angles of 0.3, 0.9, and
2.7 deg to cover a wide wave number (q) range. Here, R+ and
R− represent the reflectivity when the neutron polarization is
parallel and antiparallel to the magnetic field at the sample
position, respectively, which were measured without a spin
analyzer. The wavelength of the neutron was 0.24–0.64 nm,
and the resolution of q was set to be 10%.

III. RESULTS AND DISCUSSION

To investigate the changes in magnetic anisotropy of Ni
films induced by the interaction with FeMn, the Ni L3 XMCD
intensity at the normal x-ray incidence condition is plotted
in Fig. 1 as a function of Ni thickness. Since the data was
recorded at the remanent state after magnetizing the film in the
perpendicular direction, the XMCD intensity corresponds to
the perpendicular magnetization component at the remanent
state. The bare Ni film shows the spin reorientation transi-
tion (SRT) from the in-plane to perpendicular directions at
∼9 MLs, which is consistent with the previous report [12,13].
Upon deposition of the 10-ML FeMn film, the perpendicular
magnetization region is drastically extended and the critical
thickness for the SRT is shifted to ∼6 MLs. Then the in-plane
magnetization region is gradually extended above the FeMn
thickness of 10 MLs.

At a glance, this seems to contradict the previous report
[1] in which a monotonous increase in the in-plane magne-
tization region was shown, but this discrepancy comes from
the difference in the sample configuration. In the previous
report, all films were capped with a Cu overlayer so that
the Ni film without FeMn does not correspond to bare
Ni but Cu/Ni/Cu(100). Since the Cu overlayer enhances
perpendicular magnetization of Ni films [12], the increase in
the perpendicular magnetization region found in the present
work with ∼10 ML FeMn could not be observed in the previous
study.

FIG. 1. (Color online) FeMn thickness dependence of Ni L3

XMCD intensity for FeMn/Ni/Cu(100) as a function of Ni thickness
taken in the normal x-ray incidence condition at the remanent mag-
netization state. The signal intensity corresponds to the perpendicular
magnetization component.
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First let us discuss the enhancement of perpendicular
magnetization of the Ni films induced by ∼10 ML FeMn. One
should remember the fact that the surface of the Ni/Cu(100)
films exhibits a large negative magnetic anisotropy energy
(MAE), which tends to in-plane magnetization, whereas the
inner Ni layers have a positive MAE due to the lattice distortion
[12,13]. Therefore perpendicular magnetization is enhanced
when the large negative MAE at the surface of Ni is lost
by being covered with FeMn. In contrast, the increase in the
in-plane magnetization region observed above ∼15 ML FeMn
seems interesting, because it is unlikely that the surface of
the Ni films is further affected by such thick FeMn. On the
other hand, since the Néel temperature for FeMn is reported to
increase with its thickness and to be around room temperature
for a 12-ML FeMn film, [14] it seems reasonable to attribute
the changes in magnetic anisotropy of the Ni films to the
interaction between AFM FeMn and FM Ni, as suggested in
the previous report [1].

It is still unclear, however, why magnetic anisotropy is
almost unchanged by 5 ML FeMn, though the surface negative
MAE of Ni should have been already lost. To discuss this
strange behavior, magnetization of the FeMn layer must also be
considered. Figure 2 shows Fe and Mn L-edge XMCD spectra
for perpendicularly magnetized FeMn/Ni/Cu(100) films with
5 and 15 ML FeMn, whose Ni thicknesses are 12 and 16 MLs,
respectively. One can find a significant XMCD signal for 5 ML
FeMn, especially at the Fe edge. In fact, the net magnetic
moments in Mn and Fe for 5 ML FeMn are estimated to be
∼0.03 and ∼0.21 μB/atom, respectively, by applying the sum
rules [15,16]. These magnetic moments are considered to be
induced by the interaction with the FM Ni layer, though the
FeMn layer is basically in the paramagnetic state. Although
it is difficult to estimate the MAE of the FeMn layer due
to relatively poor data quality at the Fe and Mn edges, we

FIG. 2. (Color online) Fe and Mn L-edge XMCD spectra for
FeMn(x)/Ni/Cu(100) taken in the normal x-ray incidence condition.
The Ni thicknesses are 12 and 16 MLs for x = 5 and 15 MLs,
respectively, and the films show perpendicular magnetization.

speculate that induced magnetization in 5 ML FeMn has a
negative MAE, which compensates the loss of the negative
MAE at the Ni surface.

On the other hand, the net magnetic moments in Mn and
Fe for the 15-ML FeMn layer are estimated to be ∼0.01 and
∼0.05 μB/atom, respectively. Since the 15-ML FeMn layer
is in the AFM state, the observed net magnetic moment is
probably attributed to the uncompensated spin at the interface,
and its nature must be different from that for the 5-ML FeMn.
Therefore the origin of the enhancement of perpendicular
magnetization at 10 ML FeMn, as well as that of the increase in
the in-plane component above 10 ML, might be also related to
the changes in the MAE of FeMn, because the FeMn layer
is close to the phase transition at 10 ML. To completely
understand the strange behavior in magnetic anisotropy of the
FeMn/Ni films, a thorough study, including the depth-resolved
observation for the FeMn layer, is necessary.

Hereafter, we concentrate on the changes in the magnetic
structure of the Ni films induced by AFM FeMn. Figure 3(a)

FIG. 3. (Color online) Probing depth (λe) dependence of
(a) normal-incidence Ni L-edge XMCD spectrum and (b) aver-
aged effective spin magnetic moment meff

s estimated by applying
the sum rules to each spectrum for FeMn/Ni(16 ML)/Cu(100)
with different FeMn thicknesses. The films show perpendicular
magnetization.
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shows Ni L-edge depth-resolved XMCD data for perpendicu-
larly magnetized FeMn/Ni(16 ML)/Cu(100) films, taken in
the normal incidence condition. With a 5-ML FeMn film,
which is still in the paramagnetic state, the XMCD intensity
is independent of λe, which directly indicates that the Ni film
has a uniform magnetization. When the FeMn film starts to
exhibit the AFM state at 15 MLs, the XMCD intensity slightly
decreases as λe decreases, i.e., the surface sensitivity increases,
suggesting that the perpendicular magnetization component in
Ni decreases around the interface to FeMn. This trend becomes
more prominent at 25 ML FeMn, where the FeMn layer is in
a strong AFM state.

The perpendicular magnetization component is quantita-
tively estimated by applying the sum rules [15,16] to the
XMCD spectra with different λe, and plotted in Fig. 3(b).
As described in the previous section, the probing depth λe

corresponds to the effective escape depth of the emitted
electrons. Since the XMCD technique gives us an averaged
magnetic moment per atom, the observed magnetic moment
is an average over the whole Ni layer weighted by a factor
of exp(−z/λe), where z represents the depth from the top
of the Ni layer. It is thus revealed that the perpendicular
magnetization component in the perpendicularly magnetized
Ni films decreases around the interface to the FeMn layer when
FeMn exhibits the AFM state.

FIG. 4. (Color online) Probing depth (λe) dependence of
(a) grazing-incidence Ni L-edge XMCD spectrum and (b) averaged
effective spin magnetic moment meff

s , estimated by applying the sum
rules to each spectrum for FeMn(15 ML)/Ni(6.5 ML)/Cu(100). The
film shows in-plane magnetization.

0.2 nm
1.8 nm

R+
R-

FIG. 5. (Color online) PNR curves, R+ and R−, for Cu(74 ML)/
FeMn(21 ML)/Ni(11 ML)/Cu(100) measured at 1 kOe magnetic field.
The magnetic field is parallel to the quantization axis of the neutron
and is perpendicular to the surface normal direction. The lines are
the fit to the data using the magnetic structure model shown in the
inset.

Then we investigate the in-plane magnetized sample.
Figure 4(a) shows Ni L-edge depth-resolved XMCD data for
an in-plane magnetized FeMn(15 ML)/Ni(6.5 ML)/Cu(100)
film, taken in the grazing incidence condition. In contrast to
the perpendicularly magnetized films, the XMCD intensity
is almost independent of λe, though the FeMn layer should
exhibit the AFM state at 15 MLs. This discrepancy between
the in-plane and perpendicular magnetization leads us to an
assumption that the magnetic moment in the Ni films tends
to be oriented to the in-plane direction around the interface to
FeMn by a magnetic interaction with AFM FeMn. That is, the
magnetic moment in the perpendicularly magnetized Ni films
might be twisted to the in-plane direction around the interface
to AFM FeMn, whereas that in the in-plane magnetized Ni
films does not have to rotate because it is already in the in-plane
direction.

It is thus suggested that the spin moment in Ni is twisted
from the perpendicular to the in-plane directions towards the
interface to AFM FeMn. To confirm the twisted magnetic

TABLE I. Structural and magnetic parameters for a
Cu/FeMn/Ni/Cu(100) film at the magnetic field of 1 kOe
obtained by fitting the PNR curve. SLD represents scattering length
density. We adopted a two-region model for the Ni layers, and
Niint and Niinner represent the interface and inner layer components,
respectively.

SLD Thickness Roughness Magnetic moment
Layer (×1010) (nm) (nm) (μB/atom)

Cu 6.3 13.3 1.5 (0)
FeMn 3.0 3.8 0.79 (0)
Niint 8.5 0.2 0.43 0.32
Niinner 8.5 1.8 – 0.20
Cu (6.5) (Substrate) 0.50 (0)
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m in-plane

H

0.2 nm

1.8 nm

FIG. 6. (Color online) Schematic illustration of magnetic struc-
ture at 1 kOe. The Ni magnetic moment gradually rotates from the
in-plane to perpendicular directions as approaching the bottom. The
in-plane component of the magnetic moment is schematically shown
on the left.

structure, we need to detect the in-plane magnetization compo-
nent in Ni around the interface to FeMn for the perpendicularly
magnetized film. It seems difficult to directly observe the
canted spin moment by the depth-resolved XMCD technique,
however, because the technique can be applied only to the
remanent magnetization state. It is likely that the canted spin
moments around the interface form some domain structure
at the remanent state, resulting in no net in-plane moment.
Therefore it is necessary to apply a weak magnetic field along
the in-plane direction in order to align the canted spin moments
in one direction.

To observe the magnetic depth profile under a magnetic
field, we apply the PNR technique to the perpendicularly mag-
netized FeMn/Ni/Cu(100) film. Please note that the magnetic
field and the neutron polarization is in the in-plane direction
of the film, whereas the remanent magnetization of Ni is in the
perpendicular direction. Therefore, only the in-plane magne-
tization component induced by the magnetic field is detected.
Figure 5 shows the PNR curve at a magnetic field of 1 kOe,
which is much smaller than the saturation field, ∼5 kOe. Two
characteristic peaks are observed at q = 0.4 and 0.75 nm−1,
and there are several intersections between R+ and R−.

We fit the PNR curve by using a two-region model in which
the Ni film is separated into two parts, because the interface
part is expected to have a different in-plane magnetization
component from that in the inner part under a weak magnetic
field. Since the net magnetic moment in each FeMn layer
aligns in the perpendicular direction [1] and the total magnetic

moment in FeMn vanishes due to the AFM coupling, the
magnetic structure of FeMn is not considered in the fitting
procedure. We optimize the magnetic moments of the interface
and inner parts, as well as the thickness of each part. The
obtained structural and magnetic parameters are summarized
in Table I. The Ni magnetic moments in the top and bottom
parts are 0.32 and 0.20 μB/atom, respectively, which indicates
that the magnetic moment in Ni rotates from the perpendicular
to the in-plane direction as it approaches the top interface, as
depicted in Fig. 6. This model is consistently supported by
the above-mentioned depth-resolved XMCD result, and by the
assumption that the step-induced magnetic frustration between
the AFM FeMn and FM Ni enhances in-plane magnetization
in the Ni layer [1].

IV. CONCLUSION

We have investigated the magnetic structure around the
interface between the FM Ni and AFM FeMn layers by a
combination of the depth-resolved XMCD and the PNR tech-
niques. The depth-resolved XMCD at remanent magnetization
has shown that the perpendicular magnetization component in
the Ni layer decreases around the interface to FeMn when
the film exhibits perpendicular magnetization, whereas the
in-plane component is kept constant through the whole film
in the case of in-plane magnetization. Moreover, the PNR
result at a weak (1 kOe) in-plane magnetic field for the
FeMn(21 ML)/Ni(11 ML) film, which exhibits perpendicular
magnetization at the remanent state, indicates that the in-plane
magnetization component in Ni increases around the interface
to FeMn. These results consistently suggest a twisted magnetic
structure in the ultrathin Ni layer induced by the magnetic
anisotropy interaction at the interface between the FM Ni and
AFM FeMn layers.
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