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We report the results of simulations of magnetic force microscope (MFM) contrast for low-coercive ferromagnetic and superparam-
agnetic nanoparticles. We show that two types of MFM contrast in the form of gaussian and ring distributions can be observed because
of probe-particle interaction. We discuss stabilization of the magnetic moment of nanoparticles by an external magnetic field. We have
calculated the values of stabilizing magnetic fields and their dependence on probe parameters and scanning heights.

Index Terms—Low-coercive magnetic nanoparticles, magnetic force microscopy, superparamagnetic particles.

I. INTRODUCTION

IZE reduction of the magnetic memory elements is a

fundamental requirement in the development of modern
magnetic data storage systems [1]-[3]. As a result, inves-
tigations of the magnetic states in small magnetic particles
by magnetic force microscopy methods (MFM) have a great
importance. One of the substantial problems is registration
and interpretation of MFM images from such objects [4]-[7].
In this case, MFM contrast is formed in conditions of strong
interaction between the probe field and the particle magnetic
moment, which leads to difficulties in the interpretation of
experimental results. Here, we report the results of model
calculations and computer simulations of MFM contrast for
low-coercive (LC) ferromagnetic and superparamagnetic (SP)
nanoparticles in external magnetic fields, which explain some
peculiarities in the experimental MFM images.

II. MFM CONTRAST SIMULATION FOR LOW COERCIVE
FERROMAGNETIC PARTICLES

In the calculations, the MFM tip was approximated as a uni-
form magnetized sphere (Fig. 1) with an effective magnetic mo-
ment m; = M,V; (M, is the remanent magnetization of the tip
capping material and V; is the effective volume of the interac-
tive part of the tip). The probe field was represented as the field
of a single magnetic dipole [8], [9].

Analysis of experimental data shows that the typical effective
volume of magnetic material for our probes with Co coating
(M, ~ 1400 G) is approximately 10° nm®. We also assume that
particles have uniform magnetization and the direction of their
moment is completely defined by the external magnetic field.
The distribution of phase shift Ay for cantilever oscillations
was calculated as model MFM images:
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Fig. 1. Schematic picture of the MFM probe and LC particle.
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Fig. 2. MFM contrast (a) and its central cross section (b) for spherical LC par-
ticle. Here, n = (Ap)/(Apig).r = (x/h) - Ap; is the phase contrast in
maximum.

where () is the cantilever quality factor, K is the cantilever force
constant, and F, is the force Z-component. Spherical and cylin-
drical single-domain Co particles with characteristic diameters
in the range of 50 to 20 nm and a coercive field H. lower than
the field of MFM probe: H. <« H; were considered as LC
particles. The calculations were performed in the dipole—dipole
approximation. Particles were represented as the point dipoles
with magnetic moment m,, = M,V (M, is the saturation mag-
netization and V), is the particle volume). Results of computer
simulation for MFM contrast from spherical nanoparticle are
represented in Fig. 2(a) and (b).
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Fig. 3. MFM contrast for spherical Co particle with 50 nm diameter in the
strong external field. (a) Hex > H;. (b) Hex > H.. Scanning height is
50 nm.

MFM contrast in maximum is defined by the following
expression:
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where d,, is the particle diameter, d; is the effective diameter
of the MFM probe, and h is the separation between the spher-
ical probe and particle centers (scanning height). The section
curve [Fig. 2(b)] crosses the abscissa axis in the 7 = £1.055 - h
points. As is clearly seen in Fig. 2(a), phase MFM contrast
from small spherical particles has the same symmetry as am-
plitude tapping mode contrast caused by the Van-der-Waals in-
teraction that essentially complicates analysis and interpreta-
tion of MFM measurements [5], [6]. In this situation, an ex-
ternal uniform magnetic field Hey applied in the sample plane
can help to separate the contribution of the magnetic interac-
tion in the MFM phase contrast. The calculations show that the
MFM image (Fig. 2) is transformed under increasing H.y so in
a strong magnetic field H.y > H; MFM contrast distribution
has bright and black poles, which correspond to the image from
the particle uniformly magnetized along H. [Fig. 3(a)]. At last
when H., > H. (where H; is the coercive field for th(i probe)
the magnetic moment of the probe is directed along H.. and
MFM contrast distribution has two black and one bright pole
[Fig. 3(b)].

The MFM contrast transformation under increasing Hy is
represented in Fig. 4(a). In extremely high magnetic fields, the
distance between minimum and maximum in MFM contrast
is equal to Az, = h/v/2. It should be noted that magnetic
contrast distribution transforms in the external field practically
without a decrease of contrast amplitude [Fig. 4(b)]. The value
of magnetic field, which stabilizes contrast on the level 90%
from Ay, (contrast minimum in extremely high magnetic
field) equals Ho g = 11 - (M;V;)/(h?) and is defined by tip
parameters and scanning height.

A similar situation is observed for the particles in the form
of circular discs. It was assumed that the magnetic moment is
freely rotated in the disc plane. The MFM image for the cir-
cular disc without external field has a ring distribution of the
phase contrast [Fig. 5(a)]. If a uniform magnetic field is applied
in the sample plane, MFM contrast redistribution is observed
[Fig. 5(b) and (¢)].

It is clearly seen that MFM contrast in the strong magnetic
field corresponds to the MFM image from the particle with uni-
form magnetization [Fig. 5(c)].
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Fig. 4. (a)is changing of MFM contrast cross section for spherical LC particle
under increasing of Hex from 0 to co. Here ¢ = (Ap)/(Apos), 7 = (x/h)
(where Ay, is value of minimum contrast at H., = o0); (b) is MFM con-
trast dependence for LC particle on external magnetic field: 1 is dependence for
module of MFM contrast minimum, 2 is dependence for value of contrast max-
imum, and 3 is difference between maximum and minimum of MFM contrast.

Fig.5. Simulated MFM contrast from the Co circular disc with 50 nm diameter
and 20 nm height in the external magnetic field. (a) H = 0; (b) H = 0.5 kOe;
(c) H = 5 kOe. Scanning height is 50 nm.

III. MFM CONTRAST SIMULATION FOR SUPERPARAMAGNETIC
PARTICLES

The peculiarities of MFM contrast formation from SP parti-
cles were considered for spherical Co particles with character-
istic sizes less than 10 nm. The magnetic moment of such parti-
cles experiences thermal fluctuations and can be approximated
by the Langevin function L(«) [10], [11]

m = moL <n;0TH) = myg (coth% — nfOTH> 3)

where k is Boltzmann constant, 7" is temperature, H is the ex-
ternal magnetic field, and mo = M, V), is the particle magnetic
moment in saturation.

The symmetry of MFM contrast for LC and SP particles are
practically the same (Fig. 6). The difference is only in the am-
plitude of the phase contrast for the SP particle, which is defined
by the following expression:
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which is distinguished from A7 ~ by Langevin function L(c).

The value of the magnetic moment reaches 0.9 M, for a value
of the argument o™ ~ 10 (see Fig. 7). It allows us to estimate
value of the magnetic field that stabilizes the magnetic moment
of the SP particle

kT

H* = o .
“ v,

(6)
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Fig. 6. MFM contrast distribution for spherical SP particle.
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Fig. 7. Langevin function.
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Fig. 8. Dependence of H* on particle diameter d,, at room temperature.

It is possible on the basis of criterion (6) to estimate the scan-
ning height parameter that will realize the effective MFM con-
trast formation for the SP particle. The condition H;, > H*
leads us to the following inequalities:

dp + dt 3 WszMt
T Sh<ddi ST ™

The parameter H* depends on the particle volume and temper-
ature (6). The dependence of H* value on particle diameter d,,
at room temperature is represented in Fig. 8.

As is shown in Fig. 8, stabilization of the magnetic moment
for a field 1 kOe (characteristic value of magnetic fields for in
situ MFM measurements) is possible only for SP particles with
diameters greater than 8 nm. To stabilize particles with d,, < 8
nm, high magnetic fields should be used or measurements per-
formed at low temperature.
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IV. CONCLUSION

The analytical calculations and computer simulations of the
MFM contrast from small low coercive ferromagnetic and su-
perparamagnetic particles in an external magnetic field were
performed. It was shown that two types of MFM contrast in the
form of gauss and ring distributions caused by probe-particle
interaction can be formed. The external magnetic field applied
in the sample plane stabilizes the magnetic moment of nanopar-
ticles. It leads to the MFM contrast transformation which al-
lows separation of contributions from Van-der-Waals and mag-
netic interactions in the MFM phase images. The possibility of
MEM contrast observation from superparamagnetic Co parti-
cles in strong magnetic fields was demonstrated. The values of
stabilizing magnetic fields and their dependence on probe pa-
rameters and scanning heights for low-coercive ferromagnetic
and superparamagnetic nanoparticles were calculated.
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