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We report on the results of a magnetic force microscopy investigation of remagnetization processes
in arrays of CoPt nanodisks with diameters of 35 and 200 nm and a thickness of 9.8 nm fabricated
by e-beam lithography and ion etching. The controllable magnetization reversal of individual CoPt
nanodisks by the magnetic force microscope 共MFM兲 tip-induced magnetic field was demonstrated.
We observed experimentally two essentially different processes of tip-induced remagnetization.
Magnetization reversal of 200 nm disks was observed when the probe moved across the particle
while in case of 35 nm nanodisks one-touch remagnetization was realized. Micromagnetic modeling
based on the Landau–Lifshitz–Gilbert 共LLG兲 equation demonstrated that the tip-induced
magnetization reversal occurs through the essentially inhomogeneous states. Computer simulations
confirmed that in case of 200 nm disks the mechanism of embryo nucleation with reversed
magnetization and further dynamic propagation following the probe moving across the particle was
realized. On the other hand one-touch remagnetization of 35 nm disks occurs through the
inhomogeneous vortexlike state. Micromagnetic LLG simulations showed that magnetization
reversal in an inhomogeneous MFM probe field has a lower energy barrier in comparison with the
mechanism of coherent rotation, which takes place in a homogeneous external magnetic field.
© 2009 American Institute of Physics. 关doi:10.1063/1.3202354兴
I. INTRODUCTION

Bit-patterned recording media and especially arrays of
dots with perpendicular magnetic anisotropy are very promising for the realization of data storage densities up to
1 Tbit/ in.2.1–7 In this connection considerable efforts have
been applied to the investigation of coercivity, thermal stability, and recording properties of patterned systems.8–16
However most studies focused on the investigation of the
array’s averaged properties and inhomogeneous dot’s switching in an external homogeneous magnetic field. In this article
we discuss the peculiarities of the magnetization reversal of
individual dots in a nonhomogeneous magnetic field. The
simplest way to realize a highly inhomogeneous magnetic
field is to use a magnetic force microscope 共MFM兲 tip. In
this case, one can change the magnetic state of the particle
and simultaneously analyze the new state. The influence of
the MFM probe on the magnetic states of ferromagnetic
nanoparticles was partly discussed in Refs. 17–19, but the
efforts were concentrated on the study of the in-plane magnetization reversal of uniform magnetized single domain elliptical nanodisks. Previously we also reported the influence
of the MFM probe inhomogeneous magnetic field on the
in-plane remagnetization processes in elliptical ferromagnetic nanodisks.20–22 We showed experimentally and by micromagnetic simulations that nonsymmetrical scanning of
the inhomogenous tip field over the particle allows one to
a兲
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induce transitions between uniform states with different orientations and between uniform and vortex states. In the
present paper we report on the processes involved in tipinduced remagnetization in circular CoPt nanodisks with perpendicular magnetic anisotropy. We demonstrate the possibility of controllable reading/writing and discuss the
mechanisms of tip-induced magnetization reversal and its dependence on tip and particle sizes.
II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

The initial CoPt multilayer thin film consisting of seven
bilayers of Co共4 Å兲/Pt共10 Å兲 was grown by magnetron sputtering on silicon substrates at the University of
Nebraska-Lincoln.23,24 The film was protected by a 20 nm
thick SiO2 overcoat. This multilayer structure demonstrated
perpendicular magnetic anisotropy and had a square hysteresis loop with a coercitivity of 200 Oe. The two arrays of
nanoparticles in the form of circular disks with diameters of
35 and 200 nm were fabricated by electron beam lithography
and ion beam etching. The spatial periods of these arrays
were 120 and 500 nm, respectively. Some details of the lithographic processes are described in Ref. 25.
Scanning electron microscopy 共SEM兲 investigations and
e-beam lithography were performed using a “SUPRA 50VP”
electron microscope 共“Carl Zeiss” Co.兲. The MFM investigations of the magnetic states and remagnetization effects in
CoPt nanoparticles were carried out using a vacuum scan-
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ning probe microscope “Solver HV” 共“NT-MDT” Co.兲.
MFM measurements were performed in the oscillatory noncontact 共constant height兲 mode using home made MFM cantilevers with Co coating with 20–50 nm thickness. In imaging mode the double-amplitude of the cantilever oscillations
was about 30 nm and the average scanning height was 50
nm. The phase shift of the cantilever oscillations caused by
the gradient of the sample magnetic field was used to obtain
MFM contrast. All measurements were performed in a
vacuum of 10−3 Torr, which increases the MFM signal relative to an in-air measurement due to an increase in the cantilever quality factor.
III. COMPUTER SIMULATIONS

Modeling of remagnetization processes in nanodisks under an MFM probe magnetic field was performed using specially developed software based on solving the Landau–
Lifshitz–Gilbert 共LLG兲 equation for the magnetization
ជ 共rជ , t兲:
M
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where ␥ is the gyromagnetic ratio, ␣ is the dimensionless
damping parameter, and M s is the magnetic moment at satuជ eff = −␦E / ␦ M
ជ is a variation deration. The effective field H
rivative of the energy function. The total energy of the particle can be defined by
E = Eex + Em + Ea + Eh .

共2兲

The first term Eex is the energy of the exchange interaction,
the second term Em is the demagnetization energy of the
disk, and Ea is the magnetic anisotropy energy. Expressions
for these terms have conventional form.26 The last term Eh is
the energy of the interaction between the particle magnetizaជ . An external uniform
tion and an external magnetic field H
magnetic field and the magnetic field of an MFM probe were
ជ in computer simulations. Both the dynamics of
applied as H
the
magnetization
in
a
CoPt
nanodisk
关M x共rជ , t兲 , M y共rជ , t兲 , M z共rជ , t兲兴 and the averaged total energy of
the disk Ē were calculated as a function of the magnetic field
ជ.
H
In the calculations the MFM tip was approximated by a
uniformly magnetized sphere with an effective magnetic moment, mt = M tVt, where M t is the remanent magnetization of
the tip capping material and Vt is the effective volume of the
interactive part of the tip. Analysis of experimental data
shows that the typical effective volume of magnetic material
for our probes with a Co coating 共M t ⬃ 1400 G兲 is approximately 1 ⫻ 105 – 5 ⫻ 105 nm3, that is, the radius of the effective sphere Rt is 30–50 nm.
We studied the dynamics of the magnetization in an external uniform field as well as the redistribution of the magnetization during the motion of the probe across the particle
and perpendicular to it right down to contact. In the case of a
moving MFM tip, for each position, the stationary solutions
of the LLG equations for the particle magnetization in the
inhomogeneous field of the MFM tip were found. After find-

FIG. 1. 共Color online兲 The MFM tip produced domains with reversed magnetization in a CoPt thin film with perpendicular magnetic anisotropy. 共a兲 is
the MFM image of a circular domain obtained by one-touch inversion. 共b兲 is
the MFM image of linear domains obtained by selective scanning in contact
mode. 共The white scale bars are 1 m.兲

ing the solution at a given position the probe was moved and
the LLG equations were solved again with the previous magnetization distribution used as the initial state for the next
step computation. The reverse influence of sample magnetization on the tip magnetic moment was neglected since in
our experiments the coercivity of MFM tip was larger than
that of the CoPt nanodisks.
The calculations were carried out for the following CoPt
disks parameters: the constant of exchange interaction was
J = 10−6 erg/ cm, the remagnetization in saturation was M s
= 800 emu/ cm3, and the anisotropy constant, K, was in the
range from 5 ⫻ 106 to 5 ⫻ 107 erg/ cm3.27–30
IV. EXPERIMENTAL RESULTS AND DISCUSSION

The preliminary experiments on the tip remagnetization
of CoPt films showed that the characteristic size of a stable
domain with reversed magnetization was about 500 nm. As
an example, the MFM images of a CoPt film with circular
and strip shape domains of reversed magnetization are represented in Fig. 1. The film was initially magnetized in the
opposite direction to the MFM probe magnetic moment. The
reversed domains were formed by the influence of the magnetic tip in contact mode.
For the tip-induced remagnetization experiments on patterned films, we fabricated arrays of nanodisks with diameters smaller than the stable domain dimension. As we show
below, we expect the tip-induced remagnetization process to
be different for the two sizes of nanodisk. We considered the
simple but realistic model of uniform magnetized parabolic
MFM probe with magnetic coating 共Fig. 2兲.
The h and  共 = 兩ជ 兩兲 components of the magnetic field of
the parabolic probe can be represented by the following expressions:
Hh共,h兲 = M t

冕

2共z + h兲2 − 共ជ − rជ兲2
dV,
关共h + z兲2 + 共ជ − rជ兲2兴5/2

共3兲

冕

3共z + h兲兩ជ − rជ兩
dV.
关共h + z兲2 + 共ជ − rជ兲2兴5/2

共4兲

Vt

H共,h兲 = M t

Vt

For example, the results of numerical calculations for the
endless parabolic MFM probe with the parameters a = 0.025
共parabolic coefficient兲 and d = 30 nm 共magnetic coating
thickness兲, which are representative of experimental values,
are shown in Fig. 3. We introduced the normalized values
H̃h = Hh / Hh共0 , ␦兲, H̃ = H / Hz共0 , ␦兲, and ˜ =  / Rt, where the
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FIG. 4. SEM images of CoPt nanodisks arrays. 共a兲 is for the 200 nm nanodisk array with a period of 500 nm. 共b兲 is for the 35 nm nanodisk array with
a period of 120 nm. 共The white scale bars are 200 nm.兲

FIG. 2. The parabolic model of the MFM probe with magnetic coating. The
x, y, and z are the coordinates of integration 共r2 = x2 + y 2兲, while h and ជ are
the coordinates of the observation point.

disk’s capping layer thickness ␦ = 20 nm and the spherical
probe radius Rt = 30 nm. The h component of the magnetic
stray field near the surface of the parabolic probe 共h = 0, 
= 0兲 can be written as
Hh共0,0兲 =

16adM t
.
共1 + 4ad兲

共5兲

This value for Co based probes 共a = 0.025, d = 30 nm兲 is
about 13 kOe and exceeds the coercivity of CoPt nanodisks.
On the other hand the MFM probe can be approximated
by the effective spherical probe. In the case of the spherical
probe, we have more simple expressions for the h and 
components of probe’s field
4 M tR3t 2共h + Rt兲2 − 2
Hh共,h兲 =
,
3
关共h + Rt兲2 + 2兴5/2

共6兲

共h + Rt兲
.
关共h + Rt兲2 + 2兴5/2

共7兲

H共,h兲 = 4 M tR3t

The spatial distributions of h and  components of the magnetic fields 共6兲 and 共7兲 for the spherical probe with Rt
= 30 nm are represented in Figs. 3共a兲 and 3共b兲. It is seen that
expressions 共6兲 and 共7兲 give us the quite reliable approximation of the parabolic probe’s field but they are more appropriate for LLG simulations.

Moreover it seen from Fig. 3 that the characteristic spatial scale of the magnetic field is comparable with the probe
radius  ⬃ Rt. Therefore the remagnetization process should
differ for the CoPt disks with Rd ⬎ Rt and for Rd ⬍ Rt.
We fabricated two arrays of CoPt circular nanodisks
with diameter Dd = 200 nm 共Rd ⬎ Rt兲 and Dd = 35 nm 共Rd
⬍ Rt兲. The typical SEM images 共plan view in secondary electrons兲 of fabricated CoPt nanodisks are represented in Fig. 4.
The SEM contrast in this mode 共Fig. 4兲 highlights the
disk’s edges,31 which allows one to control the shape and
sizes of particles. To exclude interparticle interaction we fabricated particles arrays with a period L larger than disk’s
diameter Dd 共L ⬎ 2Dd兲 and larger than probe diameter Dt
共L ⬎ Dt兲. Thus the 200 nm CoPt nanodisks were arranged in
a square array with a 500 nm period and the 35 nm nanodisks were arranged in a square array with a 120 nm period.
A. MFM probe induced remagnetization of 200 nm
CoPt nanodisks

The magnetization reversal of magnetic nanoparticles in
an external homogeneous magnetic field has been widely
discussed. In general two simple and realistic mechanisms of
remagnetization are commonly considered. The first is the
Stoner–Wolhlfarth mechanism suggesting that remagnetization occurs through coherent magnetization rotation32–34 and
the second one is the reversed embryo nucleation and
growth.34–37 However we expected that remagnetization in
the highly inhomogeneous MFM probe field could occur by
essentially different processes.
In the first series of experiments we studied the tipinduced remagnetization of 200 nm CoPt nanodisks 共Rd
⬎ Rt兲. The sample was previously magnetized in a perpen-

FIG. 3. 共a兲 is the spatial distributions of H̃z共˜兲 in the plane h = ␦ for parabolic 共dashed line兲 and for spherical 共solid line兲 probes. 共b兲 is the spatial distributions
of H̃共˜兲 in the plane h = ␦ for parabolic 共dashed line兲 and for spherical 共solid line兲 probes.
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FIG. 5. 共Color online兲 MFM image of the 200 nm CoPt nanodisk array. The
sample has been previously magnetized in the perpendicular 共z兲 direction
opposite to the MFM tip moment. 共The white scale bar is 1 m.兲

dicular external field of 15 kOe in the opposite direction to
the probe moment. The MFM image of the initial state of
CoPt disks array is shown in Fig. 5. It is evident that all
particles are in a single-domain state and bright contrast in
the MFM image corresponds to the disks areas.
The MFM tip-induced controllable writing on this particle array was investigated experimentally. It was found that
a reliable inversion of the particle magnetization was not
possible with a one-touch method so we used a different
approach. The writing to selected particles was realized by
reducing the tip-sample separation during scanning across
the particle right up to switching of the magnetization. The
step by step MFM images of the controllable writing on the
200 nm CoPt disks array are shown in Fig. 6 and the detailed
images of remagnetization process are shown in Fig. 7.
The images in Fig. 7 demonstrate the remagnetization of
an individual 200 nm CoPt nanodisk by moving the MFM
probe across it. The characteristic moment of remagnetization for the selected nanodisk is shown in Fig. 7共b兲. The
probe-particle separation was decreased during probe scanning across central part of disk 共at the line AB 关Fig. 7共b兲兴兲

FIG. 6. 共Color online兲 The MFM tip-induced writing in the ordered array of
200 nm CoPt nanoparticles. 共a兲 is the MFM image with three reversed
particles. 共b兲 is for six reversed particles, 共c兲 is for seven reversed particles,
共d兲 is for eight reversed particles. 共The white scale bars are 1 m.兲

FIG. 7. 共Color online兲 The remagnetization of an individual CoPt nanodisk
by moving the MFM probe across it. 共a兲 is the constant height MFM image
of the initial state of the CoPt array area with two particles not inverted. 共b兲
is the MFM image obtained in writing mode with a low scanning height
along the line AB. The contrast inversion is clearly seen. 共c兲 is the final state
of the same area after MFM writing. 共The white scale bars are 1 m.兲

and after sharp MFM contrast inversion was reset again. The
final MFM image 关Fig. 7共c兲兴 confirms that local remagnetization really took place in this process.
The above mentioned behavior of nanodisks with Rd
⬎ Rt was confirmed in micromagnetic LLG modeling. It was
shown that when the spherical MFM probe 共radius 50 nm兲
was placed over the center of particle then the local reversed
embryo nucleation was observed but the probe field was not
large enough for one-touch remagnetization. The results of
LLG calculations of the probe induced remagnetization process for 200 nm CoPt disks are represented in Fig. 8. At the
first stage 关Fig. 8共b兲兴 the formation of a radial component of
the magnetization caused by the radial component of the
MFM tip field was observed. After that the nucleation of the
reversed embryo through the quasivortex state 关Figs.
8共a兲–8共c兲兴 was observed. The embryo expands and is stabilized at a lateral diameter of about 150 nm. When the probe
is moved out, the relaxation of magnetization to the initial
uniform state is observed 关Figs. 8共e兲 and 8共f兲兴. We ascribe
the stability of the 200 nm particles to edge effects since the
remagnetization through domain wall propagation is accompanied by a significant increase in magnetostatic energy at
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FIG. 8. 共Color兲 Step-by-step stages of the remagnetization process for 200
nm CoPt disk under the MFM probe magnetic field 共at a temperature of 0
K兲. The spherical 共Rt = 50 nm兲 probe is situated over the center of particle.
共a兲–共d兲 are magnetization distributions at different times during the remagnetization process. The stable state corresponds to picture 共d兲. When the
probe was moved out the relaxation of the magnetization to the initial state
is observed 关共e兲 and 共f兲兴. The positive Z-component of the magnetization is
indicated by red and the negative Z-component by blue.

the disk’s edge. The increase in coercivity of particles in
comparison with the coercivity of a continuous film was also
discussed in Refs. 34 and 10.
The simulations were also performed for remagnetization by MFM probe scanning. The step by step model pictures of the remagnetization process during probe scanning
across the 200 nm CoPt nanodisk are represented in Fig. 9.
The initial state 关Fig. 9共a兲兴 corresponds to the uniform magnetization directed up along the Z axis 共indicated by the red
color兲. At the first stage the spherical MFM probe 共radius 50
nm兲 was placed over the edge of the nanodisk 关Fig. 9共b兲兴 and
part of magnetization was reversed under the field of the tip.
In fact the strong local probe field overcomes the barrier for
remagnetization caused by the particle edge. Further as the
tip moves across the particle it is followed by a wave of
remagnetization 关Figs. 9共c兲 and 9共d兲兴. Since at the first stage
the magnetization near the edge was already reversed the
process of remagnetization sweeps practically the whole particle. At the final stages when the tip passes the center the
remagnetization reaches the opposite edge and the particle
changes its direction of magnetization 关Figs. 9共e兲 and 9共f兲兴.

J. Appl. Phys. 106, 053911 共2009兲

FIG. 9. 共Color兲 Step-by-step stages of remagnetization by the MFM probe
moving across the disk with Rd ⬎ Rt 共Rd = 100 nm, Rt = 50 nm兲. The probe
position is indicated by the black circle. The positive Z-component of the
magnetization is indicated by red and the negative Z-component by blue.

B. MFM probe induced remagnetization of 35 nm
CoPt nanodisks

In the second series of experiments, we investigated the
tip-induced remagnetization of 35 nm CoPt nanodisks with
radius Rd ⬍ Rt. The sample was previously magnetized in a
perpendicular external field of 15 kOe in the opposite direction to the probe moment. The MFM constant height image
of the initial state of 35 nm CoPt disks array is shown in Fig.
10.
The MFM tip-induced controllable writing on this particle array was also investigated experimentally. The writing
to selected particles was achieved by reducing the tip-particle
separation down to touching so a one-touch mechanism of
remagnetization was realized. The step by step MFM images
of the controllable bit writing on 35 nm CoPt nanodisks is
demonstrated in Fig. 11.
The one-touch mechanism of remagnetization for 35 nm
CoPt nanodisks was confirmed by LLG computer simulations. The step by step LLG model process of particle remagnetization by the inhomogeneous MFM probe magnetic field
is shown in Fig. 12. The spherical probe 共Rt = 30 nm兲 was
situated over the center of particle and the tip-sample sepa-
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FIG. 10. 共Color online兲 MFM image of perpendicularly magnetized 35 nm
CoPt nanodisks. 共The white scale bar is 200 nm.兲

ration was reduced down to touching. When the tip magnetic
field exceeded some critical value the remagnetization was
observed.
It is clearly seen in Fig. 12 that the remagnetization process goes through the inhomogeneous vortexlike state. The
initial magnetization is directed up along the Z axis 关Fig.
12共a兲兴. At the first stage of remagnetization the radial component of magnetization appears 共due to the radial component of the probe field, see Fig. 3兲 and afterwards the curling
state is formed 关Fig. 12共b兲兴. We think that the formation of
this vortexlike state with a spiral distribution of magnetization is the result of competition between the magnetostatic
energy through the particle edge and the Zeeman energy connected with the radial MFM tip magnetic field. At the next
stage the magnetization in the narrow circular region
changes the sign of the Z component 关blue region in Fig.
12共c兲兴. Finally this nucleus with opposite Z component
spreads throughout the particle 关Figs. 12共d兲–12共f兲兴. The
model remagnetization process calculated for a temperature
of 300 K demonstrates a similar behavior of the magnetization but with a chaotic component caused by the influence of
temperature.

FIG. 12. 共Color兲 Step-by-step stages of 35 nm CoPt nanodisk remagnetization by the MFM probe magnetic field 共at a temperature of 0 K兲. The probe
was situated over the center of the particle and tip-sample separation was
reduced down to touching. 共a兲–共e兲 are magnetization distributions at different times of the remagnetization process. The positive Z-component of the
magnetization is indicated by red and the negative Z-component by blue.

As well as calculating the dynamics of magnetization in
numerical simulations, we also determined the average disk’s
total energy to compare the energy barriers for remagnetization in a homogeneous external field ⌬Ehom and for remagnetization in the nonhomogeneous field of an MFM tip ⌬Etip.
The LLG simulations showed that remagnetization of 35
nm CoPt nanodisk in a homogeneous external field occurs by
coherent rotation. In calculations we increased the magnitude
of the external magnetic field right up to the start of remagnetization and the critical field parameters and value of total
ⴱ
were determined. The value
energy in the critical state Ehom
of the remagnetization barrier was calculated as the differⴱ
and the energy of
ence between the critical total energy Ehom
the initial state E0.
ⴱ
− E0 .
⌬Ehom = Ehom

FIG. 11. 共Color online兲 The MFM tip-induced bit writing in the ordered
array of 35 nm CoPt nanoparticles. The remagnetization is accompanied by
MFM contrast inversion. 共a兲 is the MFM image with 1 reversed particle. 共b兲
is for two reversed particles, 共c兲 is for three reversed particles, and 共d兲 is for
four reversed particles. 共The white scale bars are 200 nm.兲

共8兲

On the other hand we calculated the effective energy
barrier for non-homogeneous remagnetization of 35 nm CoPt
nanodisk in the nonhomogeneous field of a spherical MFM
tip with an effective radius of 30 nm. In these model calculations the probe radius Rt was fixed and the magnitude of
the tip moment was increased only by increasing the M t
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parameter, so the geometry of this numerical experiment was
not changed. At the beginning of remagnetization, the critical
field parameters and value of total energy in the critical state
ⴱ
were also determined. Thus the remagnetization barrier
Etip
in the MFM tip field was calculated as
ⴱ
⌬Etip = Etip
− E0 .

共9兲

The estimates based on LLG computer simulations
showed first that the averaged Z component of the critical
field of the MFM tip is smaller than the value of the critical
homogeneous field and second the energy barrier for tipinduced remagnetization is considerably lower than the barrier for magnetization reversal in a homogeneous magnetic
field. For example, for 35 nm CoPt particle with an anisotropy constant K = 8 ⫻ 106 erg/ cm3, the remagnetization barrier in the nonhomogeneous MFM tip field was ⌬Etip = 5.7
⫻ 10−11 erg, while the barrier in an external homogeneous
magnetic field was ⌬Ehom = 11.7⫻ 10−11 erg.
V. CONCLUSION

We reported the results of MFM investigations and micromagnetic model LLG calculations of MFM tip-induced
remagnetization processes in CoPt nanodisks with a perpendicular magnetic anisotropy. We studied two different arrays
of circular disks with a diameter of 200 nm 共Rd ⬎ Rt兲 and 35
nm 共Rd ⬍ Rt兲. The controllable MFM tip-induced bit writing
on selected CoPt nanodisks was demonstrated in both cases,
but writing processes had different mechanisms: the magnetization reversal of 200 nm disks was realized when the
MFM probe moved across the particle, while in case of 35
nm nanodicsc one-touch remagnetization was obtained.
Computer simulations showed that in case of 200 nm
disks the mechanism of embryo nucleation with reversed
magnetization and further dynamic propagation following
the probe moving across the particle was realized. On the
other hand the one-touch MFM tip-induced remagnetization
of 35 nm disks occurs through the inhomogeneous spiral
vortexlike state.
In addition, the micromagnetic simulations showed that
magnetization reversal in an inhomogeneous MFM probe
field has a lower energy barrier in comparison with remagnetization of the same particles in a homogeneous external
magnetic field, which occurs by a coherent rotation.
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