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We have studied the magnetization reversal process in perpendicularly magnetized ultrathin
Pt /Co100−xBx /Pt films by means of magneto-optical magnetometry and microscopy. The addition
of boron enhances the effective Barkhausen volume indicating a decrease in domain-wall pinning
site density and/or strength. This potentially reduces the field and critical current-density for
domain-wall depinning/motion, indicating that perpendicularly magnetized Pt /Co100−xBx /Pt could
be an interesting candidate for domain-wall motion studies and applications. © 2010 American
Institute of Physics. �doi:10.1063/1.3280373�

Magnetic domain walls �DW� in magnetic nanowires
have attracted much attention recently due to their applica-
tion in field- and current-induced DW logic and magnetic
memory devices.1,2 Most of the reported results have been
obtained on systems with an in-plane magnetization and low
magnetocrystalline anisotropy, such as permalloy. These sys-
tems exhibit relatively complex and wide DW structures in
which the spin structure strongly influences the DW’s
dynamics.1,3,4 Moreover, the possible transformation of the
DW structure during its motion further complicates the
physical interpretation of the experiments and hinders a reli-
able control of the DW propagation. A promising way to
circumvent these difficulties reside in the use of ultrathin
films exhibiting a high perpendicular magnetic anisotropy
�PMA� resulting in a well-defined out-of-plane easy axis.
The high PMA results in narrow, robust, and simple Bloch
DWs for which current-induced DW motion/depinning is
predicted to be efficient5,6 and reported to show current-
induced DW depinning.7–11

Although this seems a promising step toward controlled
current-induced DW motion, it has been shown that field-
and current-induced DW motion in these systems is hindered
by a high areal density of DW pinning sites. This is due to
the intrinsic properties of the ultrathin and high PMA films,
in which narrow Bloch DWs are very sensitive to small local
variations in the magnetic/structural properties.8,12 Thereby,
these systems are prone to thermal activation, resulting in a
stochastic motion of the DW which prevents reliable control
over the DW, a prerequisite for DW based applications.
However, progress has been made showing high current-
induced DW velocities in out-of-plane systems with veloci-
ties as high as 40 m/s in Co/Ni wires,7 although the results
are still very stochastic. Field-induced DW motion in ultra-
thin PMA films has been studied extensively during the last
decades and it has been shown that the strong DW pinning
leads to thermally excited creep motion at low fields. This
frustrates the comparison between experimental results and
micromagnetic simulations or calculations based on the one-
dimensional DW motion model, which has boosted the un-

derstanding of DW motion in Py systems. It also has ob-
scured the observation of the so-called Walker breakdown12

in these ultrathin systems. A major challenge to use the ul-
trathin PMA films for applications therefore lies in the con-
trol of the intrinsic and extrinsic pinning site density and/or
strength for DW’s. Also fundamentally this has lead to sig-
nificant progress in the understanding of the interdimensional
universality of dynamic interfaces.13

In this letter, we show from the dynamics of magnetiza-
tion reversal that the pinning site density and/or strength for
DWs can be significantly reduced using boron-doped Co in
Pt /Co100−xBx /Pt. This is tentatively ascribed to a reduction in
the amount of grain boundaries due to a change from a poly-
crystalline state to an amorphous state when adding boron to
the magnetic layer. The combination of a high PMA �narrow
DWs� and low DW pinning makes Pt/CoB/Pt an interesting
candidate for efficient current and field-induced DW motion
based devices.

The samples consist of identically prepared Pt�4 nm� /
Co100−xBx�0.6 nm� /Pt�2 nm� with x=0, 8, 20, and 32 in
at. %. The stacks are deposited using dc magnetron sputter-
ing from stoichiometric targets on Si substrates coated with
2 �m SiO2. A superconducting quantum interference device
�SQUID� is used to determine the saturation magnetization
and Curie temperature of the films. Polar magneto-optic Kerr
effect �MOKE� is used to measure out-of-plane hysteresis
loops as function of field sweep rate. The microscopic mag-
netic domain structure during magnetization reversal was
studied with optical Kerr microscopy. All measurements
were performed at room temperature.

To determine the magnetic smoothness of the samples
and dominant magnetization reversal mechanism we mea-
sured DW movement using Kerr microscopy. The magneti-
zation reversal mechanism is investigated by so-called
relaxation and remagnetization measurements. In these ex-
periments, the magnetization is first saturated in one direc-
tion along the easy axis �out-of-plane� whereafter a small
field with opposite polarity is applied. In the remagnetization
experiment the field is again switched in polarity during the
relaxation allowing us to study the reversibility of the
magnetization.14–17 Figure 1 shows typical magnetization re-a�Electronic mail: r.lavrijsen@tue.nl.
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laxation and remagnetization curves obtained from the re-
versed area �black/white ratio� of a sequence of Kerr micros-
copy images of �a� Co and in �b� Co92B8 sample as shown to
the right of the graphs. The data is presented as the normal-
ized magnetization at the reduced time t / t50, i.e., the time
normalized to the time at which half of the observed area has
switched. The shape of the reversal curve reveals informa-
tion on the magnetic smoothness of the samples and the re-
versal mechanism.14,17,18

In all the reversal experiments we observe a very low
DW nucleation site density ��1 /mm2� originating from ex-
trinsic inhomogeneities �sample edges and scratches�, which
is typical for all Co and CoB compositions with a thickness
of 0.6 nm. Therefore, we conclude that the magnetization
reversal for the 0.6 nm films is dominated by DW motion.
On comparing the remagnetization curve with the relaxation
curve for both compositions we observe that they are similar
in shape and duration �although mirrored� within the experi-
mental limitation �time to reverse the field is finite� and is
evidence of reversible DW motion.17 The reversibility can
also be seen on comparing Kerr images 1 and 4 �t / t50=0.5�
with 3 and 6 �t / t50=1.3� which shows that the DW can be
moved back and forth in a reversible way.

The reversibility is linked to the magnetic homogeneity
which can be associated to the dispersion in the activation
energy barrier W, which is related to the DW velocity in the
thermally activated �depinning� regime, and can be ex-
pressed by18

v � v0 exp�− �W − �0MsHVB�/kBT� , �1�

where v0 is a scaling factor, W is the activation barrier
height, Ms the saturation magnetization, H the applied field,
kBT the thermal energy, and VB the Barkhausen volume, i.e.,
the typical volume that reverses during a single activation
event. At this point we like to mention that it is difficult to
verify that our experiments are in the depinning regime

rather than in the creep regime, which would require the
analysis of the DW velocity over many orders of
magnitude.12 Nevertheless, we will use the relaxation
measurements to obtain the dispersion �w in the activation
energy barrier W, fully in line with other studies on similar
systems and conditions.14,17,19 Assuming a square distribu-
tion of width �w around W, the maximum slope in a
reversed magnetization versus ln�t� plot is equal to
�−d�M�t� /Ms� /d ln�t��max=kBT /�w.14 For all our 0.6 nm
samples we systematically obtain �w=0.12–0.3kBT which is
smaller than reported by Bruno et al.14 �6kBT for Au/Co/Au�
and by Czapkiewicz et al.19 �0.7–1.5kBT� for Pt/Co/Pt,
showing that the samples exhibit a high magnetic homoge-
neity.

From Eq. �1� it follows that the DW velocity scales ex-
ponentially with MsVB in the so-called depinning regime,
i.e., W–�0MsHVB produces local energy barriers and ther-
mal activation is needed to overcome this barrier. In this
simple description decreasing W and/or increasing MsVB
would decrease the intrinsic DW pinning. A measure for
MsVB or W can be found by measuring another manifestation
of thermally activated magnetization reversal; the switching
field dependence on the field sweep rate. Figure 2�a� shows
partial �H�0� out-of-plane hysteresis loops at different field
sweep rates measured with MOKE for samples with different
boron content. First, we notice a significant decrease in the
switching field Hs by more than a factor of 6 when increas-
ing the boron concentration up to 32 at. %. Second, for each
sample, a clear increase in Hs is observed when the field
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FIG. 1. Example of magnetization relaxation and remagnetization curves
plotted against reduced time, the experimental curves are derived from se-
quences of Kerr microscopy images obtained for a Co sample �a� and �b�
Co92B8 sample. Images labeled 1 through 6 are examples of Kerr micros-
copy images showing the magnetization reversal corresponding to t / t50

=0.5, 1.0, and 1.3 as indicated in the graph. The black �gray� area corre-
spond to the magnetization pointing up �down� �Dim.: 350�250 �m2�.

FIG. 2. �a� Partial �H�0� hysteresis loops at different field sweep rates Ḣ,
increasing from 1.5 mT/s for the circles to 2.5, 5.0, 10, 20, and 30 mT/s for
the right pointing triangle, respectively. �b� Barkhausen volume VB �left
scale� and MsVB �right scale� as a function of boron content x, the lines are
a guide to the eye. The inset shows the switching field as a function of field

sweep rate Ḣ for pure Co and Co68B32 as obtained from Fig. 2�a� the solid
lines are a fit to Eq. �2�.
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sweep rate Ḣ augments. This behavior can be described for
low field sweep rates ��1 T /s� in a first order approxima-
tion as14

Hs =
kBT

MsVB
� �ln�Ḣ� + ln	ln�2��H=0

MsVB

kBT

� , �2�

where �H=0 is the relaxation time at zero field. By fitting the

change in Hs versus ln Ḣ we obtain �H=0 and VB. Note that
the derivation of VB in this way can be interpreted as an
effective VB since it is obtained from a limited range of field
sweep rates, without a real physical meaning on an expanded
field range. Again, it is not clear if these measurements are
taken in the creep or depinning regime, as we discussed be-
fore. We are, however, confident that we may compare the
obtained �effective� VB, since we are merely investigating the
change in the switching fields and are using a very limited
range of field sweep rates as pointed out before. Also the
good correspondence of fits to Eq. �2� for all compositions
indicates that this interpretation can be used when keeping
the above reservations in mind. An example of such a fit to
Eq. �2� are given in the inset of Fig. 2�b� for Co and Co68B32

showing that Hs indeed varies linearly with ln�Ḣ�. In Fig.
2�b� VB �MsVB on the right scale� is plotted against the boron
content x, where we used Ms=1420, 1390, 1320, and 1030
kA/m for x=0,8 ,10,32, respectively, as obtained from
SQUID measurements. A clear increase in VB and MsVB can
be seen for increasing boron content. We can translate VB in
a Barkhausen length lB through lB=�VB /d with d=0.6 nm,
which can be interpreted as the mean distance between DW
pinning sites.20 This leads to lB�60 nm for pure Co com-
parable to the results found by Mathet et al.20 on high quality
samples and increases to 118 nm for Co68B32, which is
nearly a factor two larger. Hence, we obtain a significantly
lower pinning site density and/or strength with increasing
boron content facilitating DW motion. Please note that a
lower Curie temperature Tc will favor easier DW motion. We
have estimated Tc from the shape of Ms�T� by SQUID mea-
surements up to 400 K �not shown� as has been done by Vaz
et al.21 For all the compositions under study we find Tc
�500�50 K indicating that a reduced Tc is not the origin
of the increased VB in the CoB. We speculate that the in-
crease in the distance between pinning centers is due to an
increasing amorphous character of the CoB layer when add-
ing boron, thereby decreasing the amount of grain bound-
aries that are known to be strong pinning sites for DWs.22 We
consider it unlikely that the large increase in VB could be
given by an increase in the DW width 	 with increasing
boron doping. The DW width is given by 	=�A /Keff where
A is the exchange stiffness and Keff the effective perpendicu-
lar anisotropy. We have estimated a decrease of Keff between
pure Co and Co68B32 of 20%. A is, however, hard to deter-
mine without making crude assumptions but we speculate
that it also decreases with boron doping since the coordina-
tion number between Co atoms decreases leaving the DW
width almost unchanged. Therefore, we conclude that the

addition of boron effectively decreases the amount of pin-
ning sites and/or strength.

In conclusion, the significant decrease in the pinning
site density and/or strength together with the high magnetic
homogeneity indicates that Pt /Co100−xBx /Pt has a great po-
tential for efficient current-induced DW motion based de-
vices. Furthermore, the ability to tune the magnetic proper-
ties, by choosing the boron doping level, adding Fe and/or
change the thickness of the layers, makes it an interesting
system for further research.23 We recently measured a high
Gilbert damping �
�0.2� in an identically prepared
Pt /Co48Fe32B20 /Pt sample which might make it possible to
measure the Walker breakdown, as a larger damping in-
creases the field at which the Walker breakdown occurs.23
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