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Dynamic magnetization reversal in CoPt; dots: Magnetic force microscopy measurements at
remanence
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We have studied the magnetization reversal of Co,gPt;, single crystal dots down to 0.2 um diameter with
perpendicular anisotropy under slow magnetic field sweep rates (10* Oe/s) as well as with field pulses (6.7
% 10" Qe/s). The magnetic state of the dots in the remanent state is observed by magnetic force microscopy.
After application of short field pulses, 1 um dots are frequently multidomain, whereas 0.2 wm dots are always
single domain. The nucleation volume is estimated either from aftereffect measurements or by fitting the
increase of the dynamic coercive field versus field sweep rate. Its value amounts to a few 107! cm®. We show
that the wall velocity around nucleation centers is larger than in the rest of the sample.
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I. INTRODUCTION

Magnetization reversal dynamics in ferromagnetic thin
films or small structures is an important issue, especially
regarding patterned media with perpendicular magnetic an-
isotropy as a candidate to increase the bit density. With a data
transfer rate close to the gigahertz range, the reversal of an
individual bit should be carried out with a field pulse in the
nanosecond time scale.

Magnetization reversal in ferromagnetic thin films occurs
via nucleation and domain wall (DW) motion. Nucleation
occurs by random switching of activation volumes, and the
switching is thermally activated. DW motion takes place ei-
ther by the thermally activated switching of an activation
volume adjacent to existing domains or by viscous DW
motion."? Within this framework, several models were pro-
posed to describe the magnetization reversal.>* In particular,
they yield a relation between the coercive field and the field
sweep rate. These models mainly differ in the form of the
energy barrier that the activation volume has to overcome.’

In this work, we combine observations of magnetic do-
mains and dynamic magnetization measurements in order to
study the reversal of dots with perpendicular anisotropy upon
applying nanosecond field pulses.

II. EXPERIMENTAL PROCEDURE

The samples were grown in an ultrahigh vacuum molecu-
lar beam epitaxy system. The (0001)-oriented sapphire sub-
strate was first outgassed at 900 °C for several hours. A Pt
buffer layer of 11.5 nm was then deposited at 900 °C. After
lowering the sample temperature to 400 °C, Co and Pt were
then co-evaporated at a flux of 0.0047 and 0.016 nm/s, re-
spectively. The thickness of the alloy was 21.5 nm. The
sample was finally capped with 2 nm Pt to avoid any oxida-
tion.

Electron-beam lithography was used to pattern the film
into circular dots with diameter of either 1, 0.5, or 0.2 um.
The dots were arranged on a square lattice of 100
X 100 wm? with a periodicity of 2 um for the 1 and 0.5 um
dots, and 0.5 um for the 0.2 wm dots. A copper microcoil
was then created by lift-off on top of the array of dots such
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that magnetic field pulses may be generated on the dots
within the microcoil (Fig. 1).

This design, thus, forces the current to flow around a loop
of 23 um internal diameter and 65 um external diameter.
The current was driven through the coil by a homemade
generator to produce field pulses of ~230 Oe/A.® The time
for the current to pass from 10% to 90% of the peak value is
15 ns, almost independent of the peak value. The width at
half maximum decreases from 24 ns at 4.5 kOe to 22 ns at
12 kOe. The film was ion milled down to the sapphire sub-
strate so as to isolate the dots from the microcoil. The mag-
netic hysteresis loops were recorded by magneto-optical Kerr
effect (MOKE) and by superconducting quantum interfer-
ence device (SQUID). The diameter of the area probed by
the laser beam was =100 um. Magnetic force microscopy
(MFM) was used to image the remanent state of the dots.

III. RESULTS AND DISCUSSION

The epitaxial growth of the film was confirmed by in situ
high energy electron diffraction. The crystalline parameter in
the growth direction was determined by x-ray diffraction

FIG. 1. Scanning electron microscope view of the copper mi-
crocoil after lift-off. The 100X 100 wm? array of dots is situated in
the middle, but is hardly visible on this image.
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FIG. 2. X-ray diffraction intensity in the #-26 geometry using
Co K radiation (\=1.789 A).

(Fig. 2). From the intense diffraction peaks at 47.35° and
107.35°, we deduce a periodicity along the growth direction
of 1.92 A. This corresponds to the distance between the
(111) planes of a disordered fcc Co,Pt;_, alloy with a lattice
parameter of 3.84 A and x around 0.25. The very low inten-
sity of the peak characteristic of the L1, fcc ordered phase
(around 23°) indicates that the alloy is chemically disor-
dered. When compared to data on bulk disordered Co Pt;_,
alloys,” our 3.84 A lattice parameter reflect 72% Pt and 28%
Co concentrations. From the width of the (111) and (222)
diffraction peaks, we deduce a coherence length of 22 nm,
which is on the same order as the thickness of the film.

We present in Fig. 3 magnetic hysteresis loops obtained
using a SQUID magnetometer with the field in-plane and
perpendicular to the plane. The saturation magnetization M,
was found to be 340 emu/cm?. These loops are characteristic
of a film with an easy magnetization axis that is perpendicu-
lar to the surface. Along the easy direction, the loop is almost
square with 94% remanence and a coercive field of 2.4 kOe.
From the area enclosed between the magnetization loops
along the easy and hard axes, we deduce an effective aniso-
tropy of 1.9 X 10°% erg/cm®. The corresponding anisotropy
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FIG. 3. (Color online) Hysteresis loops with the field parallel
and perpendicular to the film plane.
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FIG. 4. (Color online) MOKE hysteresis loops for the film, and
1 and 0.2 um dots.

field is 11.2 kOe. The observation of a perpendicular easy
axis despite the lack of long-range ordering is in agreement
with previous results obtained on Co,Pt,_, alloys for which
the anisotropy was attributed to short-range order.®”

We now present in Fig. 4 magnetic hysteresis loops ob-
tained through MOKE. Note that the hysteresis loop of the
film differs from the one recorded by SQUID magnetometry
(Fig. 3). Indeed, the coercive field is larger (2.9 kOe) and the
remanence is 100%. This difference is due to the faster field
sweep rate in the magneto-optical measurements.'” A square
shape for the hysteresis loop is related, for films with a high
uniaxial anisotropy, to a magnetization reversal that begins at
a few nucleation centers, followed by an expansion of these
domains by DW propagation.!! Since the coercive field is
well above the Walker critical field H,.,;;=2amM ;=256 Oe in
our case (with a damping parameter @=0.12),'> DW motion
is not thermally activated but viscous, leading to a smooth
shape for the DWs.>!3 Patterning the film leads to an in-
crease in the coercive field, which reaches about the same
value for the 0.5 and 0.2 um dots. However, the magnetiza-
tion reversal starts at about the same field value for both the
continuous film and the arrays of dots. This shows that no
extra low nucleation field site appears upon structuring the
film. The observed increase in the field at which magnetiza-
tion starts to decrease—to 11.6 kOe for the 1 um dots and to
12.4 kOe for the 0.2 um dots—Ilikely reflects an increase in
the effective anisotropy field due to shape effects.

To obtain insight into the reversal mechanism of the 1 um
dots, we then turned to magnetic field pulses. After saturating
the magnetization, we first applied a 4.7 kOe magnetic field
pulse and then imaged the resulting magnetic domain struc-
ture. Depending on the dot, we observe either no reversal or
only one domain resulting from a nucleation event followed
by DW propagation [Fig. 5(a)]. The average diameter of a
domain created during a first pulse of 4.7 kOe is d,
~ 150 nm. A second pulse of the same amplitude was then
applied to study the expansion of the magnetic domains that
were created during the first pulse. Referring to Fig. 5(c), we
observe that the domain size increased by DW propagation.
We note that the size of the domains that were present before
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FIG. 5. MFM images of the domain structure for the 1 um dots
after (a) a first and (c) a second pulse of 4.7 kOe, and after (b) a first
and (d) a second pulse of 10.5 kOe.

the application of the second pulse increased very little due
to this second pulse: DW propagated over ~25 nm, such that
the domains reached a mean diameter of d, ~200 nm. Aside
from the expansion of the preexisting domains, there can
also be new nucleation events. If a nucleation occurs close to
a preexisting domain, it can lead, after the second pulse, to
one domain with an elongated shape. This cannot be distin-
guished from the anisotropic expansion of one single do-
main. For the analysis, we therefore disregarded the two
circled dots in Fig. 5(c).

The diameter of a domain after the first pulse is d,=d,,,.
+2v,At, where d,,. is the diameter of the initial nucleus and
vy is the DW velocity during the first pulse of duration Ar.
After an additional pulse, the diameter increases to d,=d,
+2v,At, with v, the DW velocity during this pulse. If we
assume that the DW velocity was the same during the first
and second pulses, we may subtract 50 nm due to DW propa-
gation from the 150 nm diameter of the domains after the
first pulse to find an unusually huge nucleation volume of
~100 nm in diameter. In order to test the assumption of
equal DW propagation speed during the first and second
pulses and to explain why the domains increase so little dur-
ing the second pulse, we will compare later on different
models that are available in the literature to extract an upper
limit for the nucleation volume.

Noting that the DW propagation velocity increases with
field, we observe that, for a field pulse of amplitude
10.5 kOe, most of the dots for which a nucleation event oc-
curred are almost completely reversed after the first pulse.
Those that are not fully reversed during the first pulse are
completely reversed after the second pulse.

Regarding the 0.2 um dots, we were not able to observe
any multidomain state: after one field pulse, there is either no
reversal or a complete reversal (Fig. 6). We observed fully
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FIG. 6. MFM images of the domain state for the 0.2 wm dots
after the application of one 8.5 kOe field pulse (left) and one
10.5 kOe field pulse (right).

reversed dots only after applying a field pulse as high as
8.5 kOe, in line with the higher anisotropy field of these
dots. For such a field value, the DW propagation is fast
enough to reverse a dot within the time duration of one field
pulse.

The nucleation volume can be evaluated by magnetic af-
tereffect measurements: after saturating the magnetization,
we measured, from the analysis of MFM images, the mag-
netization decrease as a function of time in a reversed field
close to the coercive field.'*!> Following Jamet et al.,'® we
define the time at which a proportion a=N(r)/N; of the dots
is reversed:

2M,V'H, a) ( - 2MXV*H)
p i P
exp .

t,(H)=
01( ) TO eXp( kT kT

I/7y is the attempt frequency, H,, is defined as
I S’P’“f(Hp)de:a, f(H,) is the activation field distribution,
M is the saturation magnetization, and V), is the activation
volume. This model is strictly only valid for reversal by ther-
mally activated DW propagation.'®!® Nevertheless, it pro-
vides a useful approximation in the case of reversal by nucle-
ation and subsequent viscous wall motion, and it yields
entirely analytical results (see hereafter for the validity of the
approximation). Figure 7 shows the magnetic aftereffect
measurements on the 0.2 um dots. Since with our microcoil
it is only possible to deliver short field pulses, the time win-
dow of several orders of magnitude was covered by applying
a succession of field pulses. The proportion a was then cal-
culated from MFM images at remanence by counting the
number N(z) of reversed dots. From t, 7, we deduce an ac-
tivation volume V* of (3%=1)x 107" cm?, and (2.3+0.7)
X 107! cm?® from ?0_5. Assuming a cylindrical shape for the
activation volume, its diameter is close to half the exchange
length VA/27M?=7.8 nm (A=0.43X107"" J/m is the ex-
change constant!’).

We try now to evaluate the nucleation volume by fitting
the evolution of the coercive field with field sweep rate
within three different models: a moving DW model,? a do-
main nucleation model,? and a droplet model.* These models
mainly differ in the expression of the activation energy E, as
a function of magnetic field: E A=V*MS(HP—H) for the
propagation model, EA:V:Ms(HK—H) /2H for the nucle-
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FIG. 7. (Color online) Normalized magnetization as a function
of time for the 0.2 um dots in different applied fields.

ation model, and E,=E,(1/H-1/€eHg) for the droplet
model. In the above equations, V" and V: are magnetic re-
versal activation volumes, H is the anisotropy field, and € is
a reduction factor that accounts for the fact that nucleation
occurs at spots with a reduced anisotropy.

The droplet model was introduced to explicitly account
for the creation of a domain wall during the nucleation.*
Within this model, the minimum diameter for a reversed
stable domain is y/ HM ;=22 nm for H=4.7 kOe, where v is
the DW energy density. The activation energy involved in the
nucleation model reduces to that of the moving wall model
provided that the field is small with respect to the anisotropy
field. It is, indeed, straightforward to show that we should
then have V*'= V: and H,=H/2. The model that we used to
determine the activation volume from the magnetic afteref-
fect measurements assumes that the energy barrier is of the
same form as the one involved in the moving DW model.

In Fig. 8, we present our experimental determination of
the dynamic coercive field for two dot sizes as well as the
best fits for the three models described above. The value of
the coercive field for the low sweep rate was determined
from hysteresis loops recorded by MOKE using an electro-
magnet. The value at high sweep rate was determined by
imaging the remanent state of the arrays of dots after apply-
ing one field pulse up to the intensity where half of the
magnetization was reversed. We observe a clear increase in
the coercive field, both with increasing field sweep rate and
with decreasing dot size. This is in agreement with the ex-
pected increase in the anisotropy field due to a reduction in
dot size. For the smaller dots, the coercive field at high
sweep rate is, within the error bars, equal to the anisotropy
field, which is the maximum coercive field expected for re-
versal by coherent rotation. Our data are not sufficient to
establish for sure which model is suitable to describe the
dynamic coercive field. However, if we assume that the mod-
els are valid, the fitting provides an estimation for the acti-
vation volume that can be compared to the value given by
the aftereffect measurements. The moving DW model is able
to fit our data with an activation volume of 3.50
X 107! ¢cm? for the 1 um dots, and 2.70 X 10~'° cm? for the
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FIG. 8. (Color online) Experimental values and fitting of the
coercive field as a function of field sweep rate for the 0.2 um (left)
and 1 wm (right) dots. From the fitting, V'=3.50x 1071, v*
=7.94x107', and €=0.80 for the 1 um dots, and V*=2.70
X 1071, V:=7.28 X 107!, and €=0.93 for the 0.2 wm dots!

0.2 um dots. The nucleation model is also able to fit our data
with an activation volume of 7.94 X 107! cm? for the 1 um
dots, and 7.28 X 107" ¢cm? for the 0.2 wum dots. If we assume
a cylinder for the nucleation volume, its diameter is close to
the exchange length. With the droplet model, it is not pos-
sible to perfectly fit our data. The best fit is obtained with
€=0.80 for the 1 um dots, and €=0.93 for the 0.2 um dots.?
The activation volume deduced from the moving DW model
is consistently close to that deduced from aftereffect mea-
surements, but is smaller than the one given by the nucle-
ation model. From the moving DW model, we predict a lin-
ear variation of the coercive field H, with the logarithm of

the sweep rate H as H.~ (kT/V* M )log(H). As soon as the
coercive field increases faster tlfan linearly with respect to
the logarithm of the sweep rate, one has to decrease the
activation volume to fit the data with the moving wall model.
Unfortunately, our experimental setup does not allow us to
cover the midrange sweep rate to check the nonlinearity of
this relation. We note that in the experiments of Moritz et al.,
the increase was, indeed, nonlinear.*

For a domain, the ratio p between the DW velocity during
the second pulse and the first pulse is given by (d,
-d,)/(d,;-d,,.). For a constant DW velocity during the first
and second pulses, p=1. From the analysis of eight dots with
one magnetic domain in Figs. 5(a) and 5(c), and with an
overestimated diameter d,,.=22 nm given by the droplet
model, we find p=0.39 with a standard deviation of 0.27.
The ratio between the DW velocity during the second pulse
and the first pulse is within a 95% confidence interval 0.13
<p<0.65. Clearly, the DW velocity is not constant, but
smaller during the second pulse than during the first one. We
are all the more confident regarding the DW velocity as the
overestimated value of d,,,. was given by the droplet model,
which is not able to perfectly fit the dynamic coercive field
(cf. Fig. 8). Hence, we conclude that the wall velocity at a
nucleation center is larger than in the rest of the sample. This
is opposite to what was observed in an exchange-biased soft
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layer that was magnetized in-plane.'® However, from the ex-
pression of the wall velocity given in Ref. 19 it is expected
that the propagation increases if the magnetic anisotropy de-
creases. Since there are always inhomogeneities in the
sample properties, nucleation occurs preferentially at places
where anisotropy is lower because the energy barrier is re-
duced, thereby explaining why wall velocity is larger at these
locations.

In summary, we have studied magnetic reversal of pat-
terned dots using short field pulses and MFM. For the 1 um
dots, we observe at moderate magnetic fields a partial rever-
sal after one field pulse, which may be explained within a
nucleation-propagation reversal mechanism. After one field
pulse, the 0.2 wm dots were either not affected or completely
reversed. The MFM images were interpreted in terms of
magnetic aftereffects and a dynamic coercive field. We then
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applied several models to estimate an upper limit for the
nucleation volume. A better agreement was obtained with the
nucleation model, leading to a cylindrical volume with a di-
ameter that is close to the exchange length, but all models
tested yield a nucleation volume of the same order of mag-
nitude. We, therefore, conclude that the size of the observed
domains is mainly due to domain wall propagation and that
wall velocity is higher around nucleation centers.
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