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Observation of thermally activated domain wall transformations
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The spin structure of head-to-head domain walls in Ni80Fe20 structures is studied using
high-resolution photoemission electron microscopy. The quantitative phase diagram is extracted
from these measurements and found to exhibit two phase boundaries between vortex and transverse
domain walls. The results are compared with available theoretical predictions and micromagnetic
simulations and differences to the experiment are explained, taking into account thermal excitations.
Temperature-dependent measurements show a thermally activated transformation of transverse to
vortex domain walls in 7 nm thick and 730 nm wide structures at a transition temperature between
260 °C and 310 °C, which corresponds to a nucleation barrier height for a vortex wall between
6.7⫻ 10−21 J and 8.0⫻ 10−21 J. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2168677兴
Domain walls in nanoscale ferromagnetic elements are
in the focus of interest because of their potential for applications in a variety of fields like magnetic logic1 as well as data
storage2 and due to their associated fundamental physical
effects.3–7 Magnetoresistance effects related with domain
walls have been investigated in recent years.3,4 Domain wall
motion induced by external fields5,6 has been studied and
wall mobilities and depinning fields7 have been determined.
The interaction between spin polarized current and domain
walls 共domain wall magnetoresistance and current induced
domain wall motion兲 has been the subject of rising interest
recently and was shown to depend critically on the wall spin
structure1,3–8 with the investigation of critical current densities and of domain wall velocities. The resistivity of a domain wall, its mobility, the depinning fields and critical currents, and the spin torque effect depend critically on the wall
spin structure.1,3–8 Ni80Fe20 is a particularly important material in this context 1,4,5,7–9 and a comprehensive study of the
domain wall spin structure in this material therefore is of
paramount interest. In this field, temperature and heating effects play a key role,10,11 in particular, the wall spin structure
was predicted to depend on the temperature.11
Ring elements have proven to be a useful geometry for
an investigation of domain walls since they can easily be
created and positioned by applying an external uniform magnetic field. Ferromagnetic rings can be in the flux closure

vortex state or in the onion state characterized by 180°-headto-head and tail-to-tail domain walls, which can be of either
vortex or transverse type12,13 with the spin structures shown
in Figs. 1共a兲 and 1共b兲, respectively. In Co elements, the domain wall type has been determined for various geometries
at room temperature and the corresponding phase diagram
with a boundary between vortex and transverse walls was
extracted.12 The results were compared with calculations13 as
well as micromagnetic simulations and both differed from
the experimentally found phase boundary. This was attributed to the fact that vortex and transverse walls constitute
local energy minima separated by a barrier that can be overcome by thermal activation, but no direct experimental
evidence has been brought forward so far.
In this letter, we systematically study the spin structure
of head-to-head domain walls in NiFe at variable temperature by direct imaging. We present the phase diagram and
compare the results with available theoretical calculations
and the results of micromagnetic simulations. We explore the
difference between the experimentally found phase boundary
and the 0 K theory by taking into account the energy land-
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FIG. 1. Spin structure of 共a兲 a vortex wall and 共b兲 a transverse wall simulated using the OOMMF code. PEEM images of 共c兲 a 30 nm thick and 530 nm
wide 共D = 2.7 m兲, 共d兲 a 10 nm thick and 260 nm wide 共D = 1.64 m兲, and
共e兲 a 3 nm thick and 730 nm wide 共D = 10 m兲 ring. The gray scale shows
the magnetization direction.
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FIG. 2. 共Color online兲 共a兲 Experimental phase diagram for head-to-head
domain walls in NiFe rings at room temperature. Black squares indicate
vortex walls and red circles transverse walls. The phase boundaries are
shown as solid lines. 共b兲 A comparison of the upper experimental phase
boundary 共solid line兲 with results from calculations 共dotted line兲 and micromagnetic simulations 共dashed line兲. Close to the phase boundaries, both wall
types can be observed in nominally identical samples due to slight geometrical variations. The thermally activated wall transitions shown were observed
for the ring geometry marked with a red cross 共W = 730 nm, t = 7 nm兲.

scape involved and relate it to thermally activated transitions
from one wall type to another. This allows us to derive a
qualitative temperature dependence of the phase boundary
and extract the energy barrier height for the vortex nucleation. Furthermore, the low thickness regime 共t ⬍ 5 nm兲 of
the phase diagram is investigated.
Arrays of polycrystalline NiFe rings with thickness t between 2.5 and 38 nm, width W between 110 and 1800 nm,
and outer diameter D between 1.64 and 10 m were fabricated using electron-beam lithography and molecular beam
epitaxy with subsequent liftoff, as described in Ref. 14. The
edge-to-edge spacing between adjacent rings was more than
twice the diameter to prevent dipolar interactions that would
otherwise influence the domain wall type.15 To determine the
spin structure of the domain walls as a function of the ring
geometry, the samples were imaged using x-ray magnetic
circular dichroism photoemission electron microscopy
共XMCD-PEEM兲.16 The secondary electron yield in this microscopy technique is proportional to the dot product of the
magnetization M and the helicity P of the elliptically polarized monochromatic light from a synchrotron source. The
yield difference between opposite helicities is visible as
magnetic contrast in the obtained images.
In Fig. 1, we present PEEM images of 共c兲 a thick and
wide ring 共t = 30 nm, W = 530 nm, D = 2.7 m兲, 共d兲 a thin and
narrow ring 共t = 10 nm, W = 260 nm, D = 1.64 m兲 and 共e兲 an
ultrathin ring 共t = 3 nm, W = 730 nm, D = 10 m兲 measured at
room temperature. The domain wall type was systematically
determined from PEEM images for more than 50 combinations of ring thickness and width and the quantitative phase
diagram shown in Fig. 2共a兲 was extracted. The phase diagram exhibits two phase boundaries indicated by solid lines
between vortex walls 共thick and wide rings, squares兲 and
transverse walls 共thin and narrow rings, circles兲 and again
vortex walls for ultrathin rings. We first discuss the upper
boundary that was similarly observed for Co.12 To understand theoretically this phase boundary, McMichael and
Donahue13 calculated the energies for a vortex and a transverse wall and determined the phase boundary by equating
these two energies. The calculated boundary is of the form
t · W = C · ␦2, where ␦ is the exchange length and C a universal
constant. The phase boundary is shifted to lower thickness
and smaller width compared to the experimental boundary as
shown by the dotted line in Fig. 2共b兲. We have suggested12
that this discrepancy can be understood by taking into ac-

FIG. 3. PEEM images of a 7 nm thick and 730 nm wide ring imaged during
a heating cycle at temperatures of 共a兲, 共d兲 T = 20 ° C 共before and after heating, respectively兲, 共b兲 T = 260 ° C, and 共c兲 T = 310 ° C 共estimated errors are
±10 K兲. The two transverse walls 共a兲 are not visibly influenced by heating
共b兲 up to the transition temperature 共c兲, at which a thermally activated transition to a vortex type occurs in both walls. 共d兲 The vortex walls are retained
after cooling down. The gray scale shows the magnetization direction.

count the following: The calculations13 compare total energies and therefore determine the wall type with the absolute
minimum energy as being favorable. In the experiment, the
wall type was investigated after saturation of the ring in a
magnetic field and relaxing this field to zero. During relaxation, first a transverse wall is formed reversibly.17 For the
formation of a vortex wall, an energy barrier has to be overcome to nucleate the vortex core. So the observed spin structure does not necessarily constitute the absolute minimum
energy, but transverse walls can be observed for combinations of thickness and width, where they constitute local energy minima, even if a vortex wall has a lower energy for
this geometry. To shed further light onto this, we have simulated the experiment by calculating the domain wall spin
structure after reducing an externally applied field stepwise
using the OOMMF code18 共M s = 800⫻ 103 A / m , A = 13
⫻ 10−12 J / m, 5 nm cell size兲. The simulated boundary is
shifted to higher thickness and larger width compared to the
experiment. This we attribute to the fact that thermal excitations help to overcome the energy barrier between transverse
and vortex walls at room temperature, while they are not
taken into account in the 0 K simulation. So we can expect
that for temperatures above room temperature the upper
phase boundary is shifted to lower thickness, in other words,
that transverse walls formed at room temperature change to
vortex walls with rising temperature. This means that with
rising temperature the experimental phase boundary approaches the theoretical one since the walls attain the energetically lower spin structure. In order to check this aspect,
we have performed temperature-dependent XMCD-PEEM
studies. Figure 3 shows an image series of a 7 nm thick and
730 nm wide ring for different temperatures of 共a兲, 共d兲 T
= 20 ° C 共before and after heating兲, 共b兲 T = 260 ° C, and 共c兲
T = 310 ° C. Transverse walls are formed 共a兲 during saturation
in a magnetic field and relaxation before imaging. At first,
heating does not influence the spin structure of the domain
walls, as shown in 共b兲, only the image contrast becomes
weaker because imaging is more difficult at higher temperatures due to drift problems and decreasing magnetization. At
a transition temperature between T = 260 ° C and T = 310 ° C
corresponding to a thermal energy between 6.7⫻ 10−21 J and
8.0⫻ 10−21 J, the transverse walls change to vortex walls 共c兲,
which means that a domain wall spin structure was created
that is not accessible for the same ring geometry by only
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applying uniform magnetic fields. The investigation of a
larger number of domain walls shows that the transition temperature slightly varies between different domain walls in
rings of the same size. This can be expected because the
change of the domain wall spin structure with temperature
from transverse to vortex—related with overcoming the energy barrier between the two wall configurations—is a stochastic thermally activated switching process with a distribution of energy barriers, which leads to a variation in the
transition temperature. Imperfections of the microstructure
may also cause a variation of the transition temperature for
nominally identical rings since defects can assist as well as
impede the change of the spin structure from transverse to
vortex. Figure 3共d兲 confirms that the vortex wall is stable
during cooling down and that a XMCD signal as strong as in
共a兲 is retrieved. This means that both domain wall types are
共meta-兲stable spin configurations and therefore constitute local energy minima at room temperature. These PEEM experiments directly show that the position of the upper experimental phase boundary is temperature dependent and is
shifted to lower thickness and width with increasing temperature. These results thus confirm the hypothesis about the
discrepancy between experiment and theory put forward in
Ref. 12: Both domain wall types constitute local energy
minima, with the transverse wall attained due to the magnetization process, even if a vortex wall has a lower energy. It
can be seen by comparing the boundaries from Fig. 2 with
the corresponding results in Ref. 12, that for NiFe the
calculations13 fit the experiment better than the simulations
while for Co it is vice versa. The energy barrier between a
transverse and a vortex wall can be overcome more easily in
the case of NiFe rather than Co, so that transverse walls
created are more likely to be retained at a certain temperature
in a Co ring than in a NiFe ring with analogous dimensions.
This is consistent with the observation that in NiFe there is a
more abrupt change between transverse and vortex walls
with varying geometry than in Co.15 The reason for this difference is thought to be the smaller number of pinning sites
in the soft NiFe fcc crystallites with weak anisotropy compared to the strongly anisotropic hcp Co crystallites that lead
to more pinning sites.
We turn now to the discussion of the low thickness regime, where a second phase boundary between 3 and 4 nm is
found. In terms of energetics, this is not expected because the
calculations13 show that a transverse wall has a lower energy
than a vortex wall in this thickness regime. But these calculations assume a perfect microstructure and do not take into
account morphological defects such as the surface roughness.
Holes that might serve as nucleation centers for the vortex
wall formation, were not observed in atomic force microscopy images. However, this does not exclude a spatial modulation of magnetic properties19 such as the exchange or the
saturation magnetization, which could locally allow a stronger twisting of adjacent spins at a reduced cost of energy.
Thus a vortex wall is energetically more favorable in this
thickness regime only due to imperfections of the microstructure or the morphology. Since the ultrathin limit was not
investigated in Ref. 12 we have performed PEEM imaging
also for Co elements in this regime. Images are not shown
here, but the measurements clearly indicate the existence of a
phase boundary at a similar thickness like in NiFe. This can
be expected because the suggested explanation applies for
Co as well as for NiFe.

In conclusion, we have determined the spin structure of
domain walls in NiFe by XMCD-PEEM and extracted the
corresponding room temperature phase diagram which exhibits two phase boundaries between the wall types. In
temperature-dependent XMCD-PEEM imaging, we have observed a thermally activated switching from transverse walls
to vortex walls at elevated temperatures at a transition temperature between 260 °C and 310 °C. This gives direct experimental evidence for the fact that transverse and vortex
walls are separated by an energy barrier which can be overcome thermally. The discrepancy between experiment and
simulation can now be attributed to thermal excitations, confirming previous conjectures.12 The low thickness regime of
the phase diagram revealed a second phase boundary, which
we attribute to spatial modulations of the magnetic properties
in our thinnest samples.
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