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Magnetization reversal of Fe ultrathin film on Cu(100)∗
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The magnetization reversal of Fe/Cu(100) ultrathin films grown at room temperature is investigated by using an

in situ magneto-optical Kerr effect polarimeter with a magnet that can rotate in a plane of incidence. There occur spin

reorientation transitions from out-of-plane to in-plane magnetizations in 8 and 12 monolayers (ML) thick iron films. The

coercive fields are observed to be proportional to the reciprocal of the cosine with respect to the easy axis, suggesting

that the domain-wall displacement plays a main role in the magnetization reversal process.
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Owing to the potential novel applications in
magnetic-storage technology, the magnetization re-
versal process of ferromagnetic ultrathin films has
aroused considerable interest recently. The magne-
tization reversal in magnetic thin films is strongly af-
fected by magnetic anisotropy.[1,2] In a widely stud-
ied system of Fe/Cu(100) ultrathin film, it is well
known that the easy direction of magnetization is
governed by the competition between surface perpen-
dicular magnetic anisotropy and planar shape mag-
netic anisotropy. There occurs a spin reorientation
transition (SRT), i.e. a transition from an out-of-
plane to an in-plane easy magnetization direction, at
a specific film thickness tSR and/or a specific tem-
perature TSR.[3] Previous investigation has indicated
that in the system of Fe/Cu(100) ultrathin film, the
growth temperature can affect the spin reorientation
behaviour.[4−10] The values of specific film thickness
tSR are about 11 and 4–6 ML for Fe/Cu(100) ultrathin
films deposited at room-temperature and low temper-
atures (below 200 K), respectively.[5,7,8] In the vicin-
ity of SRT, the magnetic anisotropies are rather small,
which results in a complicated magnetic domain struc-
ture. The domain transformations in Fe/Cu(100) ul-
trathin films under different external fields were in-
vestigated by using an ultrahigh vacuum (UHV) Kerr
microscope and a scanning near-field optical micro-
scope (SNOM).[5,6] By using the microscopes the do-
main nucleation and the motion of domain wall were

observed and two coexisting spin configurations were
found to occur in a narrow thick range in the vicin-
ity of SRT.[5] The formations of stripe domain and
pinning stripe domain were also discussed in detail
based on the Kerr-microscope images and SEMPA
images.[6,11] In order to understand the complex pro-
cess due to the change of magnetic anisotropy during
the SRT, we will discuss the magnetization reversal of
Fe/Cu(100) ultrathin film in the vicinity of SRT on
the basis of a series of Kerr loops with an external
magnetic field along applied different directions in a
plane of incidence plane.

The experiments were performed with a combined
molecular beam epitaxy (MBE)/scanning tunnelling
microscope (STM) system in UHV at a base pres-
sure of about 1 × 10−8 Pa. The substrate was com-
mercial single crystal Cu(100) wafer (MaTeck). In
order to achieve a clean Cu(100) surface, the sub-
strate was cleaned by cycles of Ar-ion gun sputtering
and annealing at 900 K until sharp (1×1) low energy
electron diffraction (LEED) pattern and clean Auger
electron spectrum (AES) were obtained. Iron depo-
sition was performed by thermal evaporation from a
Knudsen cell while the substrate was kept at room
temperature. The amount of the iron deposition was
controlled by the temperature of source and the time
of deposition, which was calibrated by STM. An in
situ surface magneto-optical Kerr effect (SMOKE) po-
larimeter was employed to investigate the magnetic
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properties of the ultrathin Fe films at 120 K. For the
SMOKE measurements, the incident angle of the laser
beam with a wavelength λ = 632.8 nm was about 45◦

with respect to the normal of sample surface. The
magnet can be rotated to different directions corre-
sponding to different values of angle, θ. In this paper
θ is defined as the direction which respect to the nor-
mal of sample surface at the plane of incidence. The
magnetic fields were varied from +32 to –32 kA/m in
the directions corresponding to different values of an-
gle θ with respect to the normal of sample surface.

Figure 1 shows the Kerr magnetization loops of
Fe/Cu(100) films with the values of thickness t be-
ing 4, 8 and 12ML both in polar and longitudinal
geometries collected at 120 K. For the samples with
the thicknesses of 4 and 8ML, the perpendicular mag-
netic anisotropy is evidently indicated by the square
hysteresis loops with a full remanence in the polar ge-
ometry but no hysteresis loops are displayed in the

Fig.1. The polar and the longitudinal Kerr signals mea-

sured at 120K for Fe/Cu(100) film at thicknesses of 4, 8

and 12ML.

longitudinal geometry. In contrast to what are for
t = 4 and 8ML, the easy axis of magnetization is
changed to in-plane for t = 12 ML. In an ultrathin
film system, the effective magnetic anisotropy Keff is
generally separated from the volume contribution Kv

and the surface contribution Ks. Therefore,

Keff = Kv + 2Ks/d, (1)

where d is the thickness of iron film and the factor 2
is due to the fact that one film has two surfaces. The
effects of Kv and Ks make easy axis of magnetization
favourable for in-plane and out-of-plane, respectively.
When Keff is positive the magnetization is perpendic-
ular to the film plane. The perpendicular magnetic

anisotropy in iron ultrathin films (d ≤ 8ML) results
from the contribution mainly coming from surface ef-
fect. With the thickness increasing, the contribution
of surface anisotropy decreases significantly, and con-
sequently, the planar shape magnetic anisotropy plays
a dominant role in determining the overall magnetic
anisotropy. This result is in agreement with spin reori-
entation transition from perpendicular to in-plane oc-
curring at thickness of about 11 ML.[8] Since the easy
magnetization directions for t = 8 and 12 ML are out-
of-plane and in-plane, respectively, we choose 8 and
12ML as the typical thicknesses of Fe/Cu(100) thin
films to probe the magnetization reversal process.

In order to understand the magnetization rever-
sal process, the SMOKE hysteresis loops for t = 8 ML
with various angles of the external magnetic fields are
plotted in Fig.2. It is observed that all hysteresis loops
show full remanence with a high coercive squareness.
The squareness does not change with angle. When the
angle exceeds 80◦ hysteresis loop does not hold but
reduces to a curve, not a complete loop (not shown
here), implying that the external magnetic field of
32 kA/m is not strong enough to offset the perpen-
dicular magnetic anisotropy field.

Fig.2. SMOKE hysteresis loops of 8 ML thick iron film

for the magnetic field at the various degrees of angle, θ.

The angle dependence of coercivity for t = 8 ML
is illustrated in Fig.3. Surprisingly, the experimental
data of Hc increases significantly with the angle in-
creasing, which is completely different from the result
obtained from the Stoner–Wolfarth single domain ro-
tation model. The domain expansion plays a dom-
inant role in the magnetization reversal process.[12]

According to the theory of domain-wall pining at a
local defect, the coercivity will be proportional to the
reciprocal of the cosine when domain walls propagate
from one domain to another through a local defect.[13]
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Owing to the strongly perpendicular surface magnetic
anisotropy, we employ a simple model of domain wall
pinning in which the magnetization directions of do-
main have only two options: 0◦ and 180◦. It is ad-
judged from Fig.1 that there is no or a small longitudi-
nal component to affect the measurement of Kerr sig-
nals of 8 ML thick film. When the external field has an
angle θ deviating from the normal of surface (the easy
axis of perpendicular magnetic anisotropy), the Zee-
man energy term is −MH cos(θ). Therefore, H cos(θ)
can be considered as an effective external field that
induces the domain growth. If we fit the experimental
data Hc to a function of θ with nonlinear regression,
the formula of Hc(θ) = Hc(0)/ cos(αθ) can be best
fitted to experimental data, where Hc(0) = 6.2 kA/m
and α = 0.97 that is a phenomenological fitting
parameter.[13] Similar results were also observed in
Fe ultrathin films on Si(111) by using an iron silicide
template.[14] Therefore, one can conclude that when
the applied magnetic field is close to the easy axis, the
magnetization is caused by the domain-wall displace-
ment and the coercive field follows the relationship
predicted by the domain-wall displacement model.

Fig.3. Coercivity of the SMOKE hysteresis measurements

versus θ, where the solid line is for a least square fit of the

coercivity data to a function of Hc(θ) = Hc(0)/ cos(αθ).

The SMOKE hysteresis loops for t = 12 ML with
an external magnetic field at various angles are plot-
ted in Fig.4. In contrast to the curves of Fe/Cu(100)
ultrathin film with t = 8 ML, the SMOKE hystere-
sis loops for t = 12 ML with an in-plane anisotropy
have a square shape with a ramp baseline. Further-
more, the sign of the Kerr signal slope changes from
positive to negative when the angle varies from −5◦

to 15◦, in which the external field passes across the
easy axis at 90◦. The unusual Kerr loops in an ul-
trathin Fe/Cu(100) film with t = 12 ML result from

the contributions of two components: polar and lon-
gitudinal Kerr signals. Ding et al [15,16] have proposed
an experimental method to separate the polar Kerr
signal from the longitudinal Kerr signal by virtue of
the component-resolved Kerr effect. Lee et al [17] also
developed a method to analyse SRT and magnetiza-
tion reversal through the full vectorial analysis of the
magnetization components. According to the princi-
ple of analysing polar and longitudinal Kerr signals,

the Kerr signal is proportional to cos
(

k •M

|k| |M |
)

, where

k is the propagation vector of the incident light and
M is the vector of the magnetization.[15,18] In our ge-
ometry the k is fixed, so the M can be divided into
longitudinal magnetization Mx and polar magnetiza-
tion Mz. From simple calculation, we can draw the
conclusion that the Kerr signal will change sign when
the direction of the external field passes across its hard
axis.

Fig.4. SMOKE hysteresis loops of 12 ML thick iron film

for an applied magnetic field at various angles.

We choose a simple but reasonable method to
analyse the Kerr curves of 12ML thick iron film. A
typical example is taken to show how to divide the
Kerr curve into longitudinal and polar signals (see the
insert in Fig.5(a)). The longitudinal curve is square
shape and the polar curve is line shape with a slope.
In this way, we can analyse the slope of the polar
signal and the coercivity of longitudinal signal. Fig-
ure 5(a) shows the variation of slope with angle. Its
sign changes from positive to negative when the angle
varies from less to larger than 90◦, which is for the
hard axis of polar magnetization. The sign of longi-
tudinal Kerr signal has the same change at the hard
axis of in-plane magnetization. The slope of polar sig-
nal has a maximum value at 0◦, which is for its easy
axis. What is more, we know that the Kerr intensity
is much stronger in polar MOKE than in longitudinal
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MOKE for a given same M .[15] So it is hard to use
hysteresis curves to determine the anisotropy, for the
scales of Mx and Mz are different.

Fig.5. The slope value of polar signal distinguished from

the loops of Fig.4 as a function of θ with an insert show-

ing that an experimental hysteresis loop of the 12ML thick

Fe/Cu(100) film at 65◦ as an example is divided into po-

lar and longitudinal signals (a), and coercivity of 12ML

thick Fe/Cu(100) film as a function of θ, where the solid

line represents a fitting curve of the coercivity data to the

function of Hc(θ) = Hc(90)/ cos(α(θ − 90)) (b).

After removing the contribution of polar Kerr sig-
nals, the angle dependence of longitudinal Kerr loops
is replotted in Fig.6. All longitudinal Kerr loops take

Fig.6. Longitudinal components of SMOKE hysteresis

loops of 12ML thick iron film for an applied magnetic

field at various angles.

on square shape, which suggests the in-plane
anisotropy of Fe/Cu(100) ultrathin film with t =
12ML. The relation between coercivity and angle is

plotted in Fig.5(b). Since the easy direction of mag-
netization for the sample with t = 12ML is in-plane,
the angle between the easy magnetization direction
and magnetic field should be 90◦ − θ. Again, one can
find that the coercive field follows the relation pre-
dicted by the domain-wall displacement model, i.e.
Hc(θ) = Hc(90)/ cos(α(θ − 90)), where Hc (90) is
4.2 kA/m, and α is 0.93 (shown in Fig.5(b)). The do-
main expansion still takes effect in the magnetization
reversal process.

Generally, there are two basic models for under-
standing the angular dependence of the magnetiza-
tion reversal: coherent rotation and domain-wall nu-
cleation and/or displacement. When the magnetic
field is close to the hard axis, the magnetization re-
versal is caused by the coherent rotation dominantly.
When the magnetic field is close to the easy axis, the
magnetization reversal is caused by the domain-wall
displacement and the coercive field follows the rela-
tion predicted by the domain-wall unpinning model.
Since an external magnetic field of 32 kA/m is not
strong enough to offset the magnetic anisotropy field,
the reversible coherent rotation occurs with no hys-
teresis loop when the magnetic field is close to the
hard axis. And consequently, the unpinned domains
grow quickly just before the switching field causes an
irreversible jump in the hysteresis loops. According
to the theory of domain-wall pining at a local defect,
the coercivity is proportional to the reciprocal of the
cosine when domain walls propagate from one domain
to another through a local defect in the process of
domain expansion.[6,13] The characters of angular de-
pendence of M-H loops and a reciprocal cosine angle
dependence of coercivity clearly evidence the domain
wall pinning in magnetization reversal process.

In summary, we have investigated the magnetiza-
tion reversal of ultrathin Fe/Cu(100) films with the
thicknesses of 8 ML with out-of-plane magnetization
and 12ML in-plane magnetization separately before
and after spin reorientation transition. We have anal-
ysed in detail Kerr curves of iron films at different
angles of an external field around a plane of the inci-
dence. Through the evaluation of coercivity we find
that the coercivity is proportional to the reciprocal of
the cosine with respect to the easy axis both for 8 and
12ML thick Fe/Cu(100) films. The domain expansion
is mainly due to the motion during the magnetization
reversal in this system. For a 12 ML thick film the
polar signal with a diverging slope is coupling to the
longitudinal signal.
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