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Dipolar-energy-activated magnetic domain pattern
transformation driven by thermal fluctuations
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Two-dimensional ferromagnetic layers can serve as a playground for the study of basic

physical properties of various pattern forming systems by virtue of their tuneable magnetic

properties. Here we use threshold photoemission magnetic circular dichroism in

combination with photoemission electron microscopy to investigate ultra-thin ferromagnetic

Fe/Ni/Cu(001) films in the stripe domain phase near the spin reorientation transition as a

function of film thickness, temperature and effective anisotropy. Here we report a metastable

domain state with domain width larger than the thermodynamically stable one as a result of a

rapid reduction of the anisotropy. The transformation into the equilibrium state takes place

via the propagation of a transition front, which originates from defined steps in the film

thickness.
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T
he formation of intricate domain patterns on mesoscopic
as well as macroscopic length scales is connected with the
competition between short-range attractive and long-range

repulsive interactions. In the particular case studied here—
magnetic domain patterns in ultra thin ferromagnetic films—the
basis for pattern formation is the interplay between various
magnetic energies where the ratio between uniaxial anisotropy,
dipolar and exchange interaction plays the decisive role.
Magnetic domain patterns in perpendicularly magnetized ultra
thin films are typically characterized by the geometric shape of
the domains, such as labyrinth, stripe, bubble or simply
disordered patterns1–5. According to theory and experiments,
these patterns appear in distinct sequences as a function
of temperature or film thickness. What is more, these two-
dimensional magnetic systems may exhibit a spin reorientation
transition (SRT) where the magnetization vector M rotates from
out-of-plane into the plane of the film. When approaching
the SRT from the perpendicularly magnetized region of the
magnetic film, the domain width becomes narrower and finally
assumes a minimum value—independent of the geometrical
shape of the domain pattern—before M finally rotates into the
plane6. In essence, in thermal equilibrium, the domain width in
the phase with perpendicular magnetization adapts to minimize
the free energy, which is dominated by exchange, anisotropy and
dipolar energy, which are, in turn, functions of temperature
and film thickness. As a consequence of the change of the
equilibrium domain width when approaching the SRT,
additional domains have to be introduced into the domain
pattern, which involves domain wall displacement driven by
thermal energy.

In any real system, the energy landscape shows local
corrugation caused by imperfections of the substrate or the
ferromagnetic film or arising from self-generated defects
in the domain pattern. It is due to these ripples in the
energy landscape that pattern transformations, initiated by the
change of, for example, the equilibrium domain width, are
in general stepwise reactions driven by thermal fluctua-
tions. Transitions can also be driven by changing external
parameters. In this case, ripples in the energy landscape remain
observable as long as the driving external parameter is of the
same order of magnitude as the thermal fluctuations. In the case
of tuning the externally applied magnetic field the corrugated
energy landscape is evidenced by the well-known Barkhausen
jumps.

As for any statistical process, thermally driven transitions have
a certain finite rate of change determined by the thermal energy
and the local corrugation of the energy landscape. As a
consequence, after a parameter changes faster than the systems
inherent relaxation time, which is determined by thermal
fluctuations, a metastable state in which the system may remain
for an unpredictably long time emerges. For the transition back
into the equilibrium state, a local activation across a certain
energy barrier may be sufficient, which eventually initiates a
global transition. A famous manifestation of such a transition is
the formation of a condensation front in supercooled liquids7,8.

In this article, we investigate the emergence of a metastable
magnetic state as well as its stepwise transformation into
equilibrium for the out-of-plane magnetized two-dimensional
system Fe/Ni/Cu(001). Here, we induce a magnetic metastable
state at low temperatures—connected to reduced thermal
fluctuations—by rapidly changing the ratio of the magnetic
energy contributions, which are responsible for the equilibrium
domain width. A global transition driven by a magnetic
condensation front is imaged using a unique non-stroboscopic
imaging technique, after the transition has been initialized by a
rare event.

Results
Experimental and system properties. The system Fe/Ni/Cu(001)
exhibits a stable out-of-plane phase and shows a wealth of
domain patterns9. The equilibrium domain width of the system is
determined by the temperature and thickness-dependent ratio of
the anisotropy, dipolar and exchange coupling constants.
Consequently, the domain width depends on the two
parameters temperature T and film thickness d. These
parameters can be condensed to an effective temperature
T�(d,T) of the magnetic system9, which is a characteristic
feature for the classification of the magnetic domain state4. A
full phase diagram of the magnetic domain configurations for this
system is given in10,11. In the vicinity of the SRT, the effective
temperature of the system increases, which leads to an evolution
of the domain pattern with an exponentially decreasing domain
width. The domain width finally reaches a finite value at the SRT.
Consequently, when changing the effective temperature, the
domain pattern has to adapt by inserting or eliminating domains,
where each single domain wall displacement must be thermally
driven. Thus, when rapidly changing the ratio of the coupling
constants while simultaneously suppressing thermal fluctuations
by cooling the system to low temperature, the system is unable to
adapt to the new equilibrium domain configuration. In other
words, in the absence of large thermal fluctuations the system
cannot leave the initial state and cannot gradually condensate into
its new equilibrium state. However, a local transition may take
place in regions where the final state is still energetically reachable
even with reduced thermal fluctuations or by the occurrence of
rare events. This initialization, in turn, leads to the emergence of a
transition front gradually moving across the system. For
supercooled water such a transition front is known as the
condensation front7. In our case, the system forms well-separated
regions with large and small domain width. As in the case of
supercooled liquids, where the crystallization front affects the
surrounding liquid molecules by absorbing their kinetic energy,
the magnetic transition front lowers the local energy in front of
the transition region by reducing the long-range dipolar energy
due to a higher domain wall density behind the front.

Thickness-dependent domain width evolution. Threshold
photoemission magnetic circular dichroism (TP-MCD)12,13 in
combination with photoemission electron microscopy (PEEM)
has been used to investigate the magnetic structure. As the work
function of Fe and Ni is around B5 eV and the used
photon energy is 3.06 eV, Cs adatoms were deposited before
PEEM operation in order to lower the work function and,
hence, to increase the photocurrent. Cs adatom deposition
affects the magnetic surface anisotropy such that the SRT is
shifted to lower Fe thicknesses. The reason for the shift of the SRT
is the modification of the magnetic surface anisotropy, which
depends on the chemical composition of the surface layer. Cs
deposition changes the occupation of the atomic orbitals of the
surface layer owing to hybridization14,15. However, the domain
patterns and the evolution of the patterns relative to the SRT
remain unaffected motivating the introduction of an effective
temperature, where the real temperature as well as the thickness
are incorporated on an equal footing.

Typical images acquired using TP-MCD PEEM are shown in
Fig. 1a,b. Images are obtained on wedge-type samples using an
exposure time of 12ms. Between the acquisition of images
recorded with left and right circularly polarized light about
B(10–30) s are required to read out the camera and to change the
circularity of the light. We show difference images (left–right)
normalized to the sum and identify the SRT in the centre of the
images. Figure 1c shows the domain width evolution versus the

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3054

2 NATURE COMMUNICATIONS | 4:2054 | DOI: 10.1038/ncomms3054 |www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


distance to the SRT, where a positive distance means a thinner
film thickness. The graph summarizes the dependence for
different samples as well as for a single sample, but at different
effective temperatures due to a change of the effective anisotropy
by Cs adatoms. The main result that can be extracted from this
figure is that the overall dependence of the domain width with
respect to the distance to the SRT remains similar, which is in
agreement with Won et al.9 and Abe et al.11 The film thickness
dependence of the domain width is mainly caused by the
variation of the effective anisotropy with film thickness, which
can be written as Ke ¼ðKB � 1

2 m0M
2
SÞþ ðKS þKIÞ=d (refs 10,16).

Here KB is the bulk anisotropy, MS is the magnetization at
saturation, KS and KI are the surface and interface anisotropies,
respectively, and d is the film thickness. For Ke40, the system
favors out-of-plane magnetization and at Ke¼ 0 the SRT occurs.
As has been shown by Won et al.9, the equilibrium stripe domain
width is an exponential function of the effective magnetic
anisotropy Ke, the exchange interaction J and the dipolar
energy O. All energy terms are assumed to be average
quantities with respect to the whole magnetic stack. In
addition, the exchange interaction is assumed to depend on
film thickness, J¼ J(d). Based on the dependence of Ke, it is clear
that any change of the chemical composition of the sample
surface, for example, due to deposition of Cs adatoms, leads to a
constant shift of the whole SRT, but leaves the overall domain
width dependence unchanged.

Temperature-dependent domain width evolution. In addition
to being thickness dependent, all microscopic coupling constants
in general also depend on temperature17. Therefore, we also
measured the temperature dependence of the SRT position, which
is shown in Fig. 1b,d. The SRT was extracted from images with

out-of-plane as well as in-plane contrast, Fig. 1b. In these images,
the Fe thickness increases from top to bottom. In addition to the
shift of the SRT, we can observe the formation of in-plane
domains (coloured in green). In-plane contrast can easily be
determined from the images due to the formation of larger
irregular domains, as shown in Fig. 1a. This is in agreement with
the theoretically predicted phase diagram by Cannas et al.18

These authors showed that only in a narrow temperature and
effective anisotropy interval, a paramagnetic phase exists between
the ferromagnetic out-of-plane and in-plane phase. The existence
of some fast moving domains near the SRT (image exposure time
12ms), as already observed in9, is confirmed in these images as
we observe zero contrast locally but within the perpendicular
stripe domain phase. Surprisingly, Fig. 1d shows almost the same
evolution as the thickness dependence in Fig. 1c signifying that
the interplay of Ke(T), J(T) and O(T) leads to a temperature
dependence comparable to an effective thickness dependence in
the vicinity of the SRT. This is in agreement with the evolution of
the domain width as a function of the real temperature measured
in ref. 19. Summarizing, these facts (Fig. 1c,d) show that
temperature and thickness affect the domain width and therefore
the domain pattern in the same manner. Hence, the introduction
of an effective temperature T �(d,T), implicitly depending on film
thickness d and real temperature T is reasonable. The equilibrium
domain width then depends on T �(d,T).

In addition, a change of the effective anisotropy due to Cs
deposition can be taken into account by introducing the effective
temperature T�

SRT at which the SRT occurs. A variation of the
effective anisotropy, which is neither caused by a change of the
thickness d nor caused by a change of the temperature T can
therefore be expressed by a variation of this effective SRT-
temperature shifting also the whole domain width evolution.
Based on these parameters (T�(d,T), T�

SRT) a comprehensive
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Figure 1 | Film thickness and temperature dependence of the domain width evolution. (a) TP-MCD PEEM image of the domain evolution at a

wedge as depicted in the schematic drawing, where in the upper part of this image the magnetization is perpendicular to the surface (ŝ is a vector

parallel to the surface) and in the lower part the sample is in-plane magnetized. The dashed line indicates the SRT. (b) Images taken during a heating cycle

at 296, 301, 305 and 308K. (c) Domain width evolution with decreasing distance from the SRT for one sample with different effective anisotropies

(sample 1) as well as for individual samples with different thickness slopes (samples 2, 3). The distances to the SRT are re-scaled to the slope of the

wedge of sample 1. (d) Motion of the SRT towards the out-of-plane phase while increasing the temperature. Scale bar, 10mm.
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model for the equilibrium and non-equilibrium evolution of the
domain width near the SRT can be derived leading to a
description of the experimentally measured transition front,
which is the main purpose of this article.

As the domain width depends on Ke(T), d and T one may ask
the questions: how might the domain width evolve upon a sudden
change of Ke(T) at reduced temperatures? To what extent do
thermal fluctuations determine the ability of a system to undergo
a transition into a different state? In other words, what happens if
a system is abruptly driven into an energetically unfavourable
state while simultaneously suppressing thermal fluctuations? The
result is a metastable state, in our case a state with wide domains.

Transition front velocity. The investigated stepped wedge Fe/Ni/
Cu(001) film exhibits large modifications of the domain width at
the individual thickness steps (0.2 or 0.4ML) of the Fe layer,
which are equally spaced by B(0.9–1.1)mm. Before cooling the
sample to about 180K, a small amount of Cs (surface coverage
oB0.1, see methods section) has been deposited, to be able to
image the domain evolution at the individual steps of the sample.
The cooling process shifts the SRT point towards the in-plane
region, that is, stabilizes the out-of-plane phase which is
equivalent to reducing the effective temperature T�(d,T) in our
model. To drastically reduce the effective uniaxial anisotropy
we deposit additional Cs for B5min (corresponding to o0.02
change of Cs coverage), which reduces the surface anisotropy
term KS. At room temperature, reducing KS leads to a shift of the
critical film thickness at which the SRT occurs of more than
0.2ML. However, at low temperatures this is not observed. The
system remains in the initial state at all terraces of the stepped
wedge sample for a random period of time (15–40min), until,
starting at a step of the film thickness, smaller domains spread out
of larger domains, see the insets of Fig. 2. Three features can be
extracted from this sequence of images. First, there is a clear front
with finite width of smaller domains slowly moving across the
sample. Second, all spreading domains have almost equal domain
width. And third, only very few domains with the ‘final’ domain
width emerge at larger distances from the transition front (some
hundreds of micrometres) but still in its vicinity. When the
position of the transition front is plotted as a function of time, a
straight line results, leading to a velocity of B3:0 mm min� 1.

Surprisingly, this velocity is about one order of magnitude larger
in regions with constant film thickness. At each step in film
thickness, the velocity returns to the lower value. Owing to the
small field of view of the PEEM we acquired only two images
(from the same position on the sample) in the region of a terrace
leading to a large unknown region, represented by the hatched
area in Fig. 2. Consequently, a large error in the determination of
the velocity of the transition front arises. However, as we are able
to map the position of the transition front onto the layer
thickness by analysis of the change of the domain width induced
by thickness variations, the transition front evolution can be
restricted to the hatched area in Fig. 2. Similar transition front
velocities have been observed in five different samples.

Discussion
The experimentally measured and theoretically predicted2,9

domain width dependence on the effective temperature T�(d,T)
results in an exponential evolution. This is shown in Fig. 3a,b.
Hence, for a given effective temperature T�(d,T) a certain
domain width wD results. Furthermore, a change of the
effective anisotropy can be expressed by a shift of the effective
SRT temperature T�

SRT. Hence, a reduction of the effective
anisotropy by Cs deposition reduces T�

SRT and consequently
accompanies a reduction of the equilibrium domain width for a
given effective temperature T�(d,T). Both results are in agreement
with our experiments. In case of an abrupt, large change of the
effective anisotropy the system is unable to adapt to the new
equilibrium domain width wD and leads to the metastability of
the initial state at wold

D . In Fig. 3c, both the equilibrium (black) as
well as the non-equilibrium (grey) domain width evolution is
plotted. A gradual transition towards the equilibrium domain
width is suppressed due to a large gap between these states
separated by an energy barrier when the system is kept at T�(d,T).

Corrugation of the energy landscape, caused by either
structural imperfections or self-generated glassiness8,20, renders
any domain pattern transformation into a gradual step-by-step
process. At low temperatures, the thermal energy in the system
may not suffice to overcome the individual energy barriers of the
corrugated energy landscape. Hence, the corrugated energy
landscape can be regarded as an effective global energy barrier
retaining the system in the metastable state. It is astonishing that
this local corrugation, which constitutes individual energy
barriers for each single-domain wall motion (which is typically
in the mm-range), is able to keep a magnetic domain pattern with
a domain width of some tens to hundreds of microns in a
metastable state on macroscopic length scales (the sample width
is in the mm-range). From this observation, one can conclude
that the overall corrugated energy landscape has to be rather flat
on average. At larger effective temperatures T�(d,T), the gap
between the initial and final state becomes smaller and the
transition becomes possible, as can be seen in Fig. 3d indicated by
the red line.

An explanation for the observed transition front can be given
in terms of our model by dividing the process into two parts. The
first is the activation process, which is the initialization of the
transition front by random nucleation of small domains some-
where in the sample. Once nucleation has taken place, the second
process is the transport of the activation energy, eventually
leading to the movement of the transition front. The activation
process can be induced either by a rare event in the sense of an
extremely large thermal fluctuation changing the domain state in
a sufficiently large area or simply by a large enough film thickness
variation. In the latter case, the domain width decreases with
increasing thickness and the transition from the initial to the final
state occurs, as shown in Fig. 3d. The actual domain width
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Figure 2 | Observation of the movement of the transition front. The

movement of the main transition front as a function of observation time is

shown. The error bars are much smaller than the symbols. Three regions with

individual transition front velocities can be recognized, which correspond to a

region with constant Fe thickness (region 2) and regions with varying Fe

thickness (regions 1 and 3). The images show the domain patterns used to

determine the transition front position. In region 2 only two images could be

obtained, which resulted in a transition front velocity faster than the field of

view divided by the acquisition time for both images. Scale bar, 10mm.
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evolution is represented by the red curve connecting the
non-equilibrium and equilibrium domain width evolution. The
transport of the activation energy, that is, the translation of the
transition front, is based on the reduction of the long-range
dipolar energy after the first step of the transition has occurred.

In Fig. 3f, a schematic dependence of the energy landscape in
the vicinity of the transition front is shown. A spatial coordinate
parallel to the propagation direction of the transition front is
plotted on the left axis and the other axis represents the domain
width. The energy level is given by the colour scale. The hatched
area represents the region of the transition front. Above the
hatched area, the system (red dots) is in the metastable state
(large domain width), whereas below the hatched area the system
is already in the equilibrium state, just as in the real images
Fig. 3e. The dipolar energy of the system is given by the actual
state of the system and is reduced when the system transforms
into a state with smaller domains, hence, further reducing the
global energy minimum, left part of Fig. 3f. A micromagnetic
simulation (The code is available at http://math.nist.gov/oommf)
supports this argument, as the dipolar energy density, extracted
from simulations of realistic domain configurations, is about
thirteen times smaller for the smaller domain width configuration
than for the large domain state. The initial configurations for the
two simulations were extracted from measured images, that is,
one before the transition front, with a domain width wD¼ 6.8 mm,
and the other after the transition front wD¼ 2.1 mm. Hence, the
domain state in the upper region of Fig. 3e has a characteristically
higher dipolar energy Edip than the lower part exhibiting small
domains. Owing to the long but finite interaction range of the
dipole interaction, this additional reduction affects the domain
states only in the vicinity of the transition front, as shown by the
hatched area in Fig. 3f. Hence, this could be an explanation for
the reduction of the energy barrier between the initial and final
domain state, which eventually makes the transition possible. In
addition, the transition front velocity is mainly determined by the
strength of thermal fluctuations as well as the corrugation of the

energy landscape. Each single domain wall displacement occurs
from pinning site to pinning site resulting in a distinct transition
front velocity. Note that it is only due to the corrugation of the
energy landscape that this transition is a continuous one.
However, the nature of the different but reproducible velocities
for regions with varying (regions 1 and 3 in Fig. 2) and with
constant thickness (region 2 in Fig. 2) is rather unknown.
Applying our model in regions with decreasing effective
temperature (in this case decreasing thickness), the gap between
the initial and final state opens up while the transition front
moves and thereby leads to an increasing relaxation time into the
equilibrium state. In regions with constant film thickness, the
energy gap stays constant. Hence, the transition front velocities
must be different for these regions.

In summary, we have employed a novel laboratory-based
microscopy technique capable of high speed non-stroboscopic
imaging of magnetic domains in ultra thin ferromagnetic films
with large magnetic contrast. The method opens up new
opportunities for the investigation of non-repetitive phenomena,
for example, in the vicinity of magnetic instabilities. Here, a
transition from a metastable magnetic domain state in the
domain pattern of ultra thin Fe/Ni/Cu(001) films has been
observed, where the metastability is induced by both corrugation
of the energy landscape and suppressed thermal fluctuations. The
emergence of a transition front slowly moving across the sample
can be attributed to thermal fluctuations of the domain pattern
and the long range but finite influence of the reduced dipolar
energy at the leading edge of the transition front. A model based
on the experimentally measured domain width evolution is
derived and successfully applied to the intricate situation of this
transition front. However, to fully predict the temporal evolution
of the domain patterns in this complex magnetic model system
detailed theoretical models and further experiments on even
shorter time scales are required. In principle, the method
presented in this paper can be extended to sub-microsecond
time scales and might become interesting in other fields such as
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spintronics where non-stroboscopic imaging techniques are
lacking, but necessary. A prominent example is the determination
of domain wall velocities in current-induced domain wall motion
experiments21.

Methods
Sample preparation. The experiments are conducted on a Cu(001) single-crystal
disk cleaned by cycles of Ar-ion sputtering at B(0.8–1) keV and subsequent
annealing at B800K. Fe and Ni thin films are deposited onto the Cu(001)-crystal
by means of electron-beam evaporation. The deposition rate for Fe is
B0.43MLmin� 1 and for Ni B0.34MLmin� 1, both are controlled by measuring
the molecular flux as well as by reflection high energy electron diffraction
oscillations. The Ni thickness was in all cases kept constant at 9ML, whereas the Fe
film was grown either as a continuous or as a stepped wedge, with a thickness
ranging from 0.8 to 2.4ML.

Experimental method. The illumination unit of the TP-MCD PEEM setup
comprises a 405 nm (3.06 eV) laser diode with an optical output power of
B(100–200) mW, a linear polarizer and a rotatable quarter-wave plate. The work
function of the investigated samples is lowered by depositing Cs adatoms onto the
sample surface during PEEM operation. According to Papageorgopoulos and
Chen22,23, the maximum coverage of the surface by Cs adatoms is B0.3, as above
this coverage the sticking coefficient becomes zero. For the photon energy used a
Cs coverage of B0.06 is sufficient to extract photoelectrons. A larger surface
coverage leads to larger photocurrents.

Simulation parameters. Simulations have been performed using the OOMMF
code with the following parameters: exchange constant A¼ 2� 10� 11 Jm� 1,
saturation magnetization MS¼ 7.7� 105 Am� 1, uniaxial anisotropy Ke¼ 3.848
� 105 Jm� 3, and cell size c¼ 10� 10� 1.79 nm3.
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