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STM IMAGING OF MAGNETIC DOTS
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We report on imaging of isolated, few nanometers in size, magnetic dots
(Co, Ni) by the use of a scanning tunneling microscope equipped with a ferro-
magnetic Co tip in the presence of external magnetic field. The dependence of
apparent height of dots as a function of magnetic field takes a hysteresis-like
shape. We discuss possible mechanisms of the scanning tunneling microscope
tip interactions with dots.
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1. IntrOduction

Contemporary trend of increasing information storage at a rate of 60% a
year stimulates new research in mesoscopic magnetic systems, e.g. ferromagnetic
dots. The structures which now offer writing density of order 10 10 -10 11 bits/in2

are quite easily fabricated by lithographic methods [1-3], by the use of a scanning
tunneling microscope (STM) [4] and as self-organised arrays [5].

The aim of our investigations is to probe by the STM with a ferromagnetic tip
the magnetization reversal in isolated magnetic particles, few nanometers in size
— promising for application in high density magnetic memory. For this purpose
the changes of apparent dot height in applied magnetic field are analysed.

2. Experimental

The whole experiment, i.e. the particle deposition and the STM observations
were carried out in the vacuum 10 -10 Torr at room temperature. Analyzed dots
were deposited in two different ways. The first method relied on ablation from
appropriate targets (Co and Ni) by an excimer KrF laser through a quartz window.
In the second one scanning of the STM tip was halted, the tip was approached
towards the substrate and a pulse of voltage was applied between the STM tip and
the surface. Nanoparticles were deposited onto highly oriented pyrolithic graphite
(HOPG) and Si(111) treated chemically and thermally  in a standard way.
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The STM tips were cut from Co and Ni wires and etched in HCI. Before
measurements the tips were heated in the UHV system and cleaned by scanning
with high tunneling current and by applying voltage pulses. Magnetic field was
induced by a coil to the maximum value of 130 Oe in perpendicular direction to
the surface. More experimental details are given in Ref. [6].

3. Results and discussion
Because the observed effects are expected to be a result of mutual rotation

of magnetization vectors in the STM tip and analyzed dot, in the flrst step we
carefully studied magnetoelastic properties of tips. From the measurements of tip
elongation under applied magnetic field, we find that the magnetization of the Ni
tip rotates easily and switches its direction relatively to the tip axis in 12 Oe.
On the contrary, the Co tip is magnetically hard and even maximum applied field
of 130 Oe is insuffIcient to rotate its magnetization. It is reasonable to assume
that the topmost magnetic domain on the apex of the tip, which plays most cru-
cial role in the experiment, behaves statistically in the same way. Expecting that
the magnetization of dots rotates under magnetic field, we chose for experiment
magnetically hard Co tip.

Nine-point hysteresis loops presented below are a compromise between pos-
sibly detailed analysis and successful experiment. The apparent height was de-
termined from topography images recorded in the fixed field, which was changed
from a scan to scan. Other parameters as the intensity of tunneling current, the
bias voltage, and feedback remained constant during a cycle of measurements. The
section profiles, used for dot height determination, were parallel to the scan lines.
The apparent height was measured between the highest point of the dot and the
level of surrounding substrate. No interpolation procedures of studied topographic
images were performed.

Figure 1 shows the dependence of apparent height of various objects on the
magnetic field. The height of as deposited Ni dot measured without magnetic
field is equal to 1.7 nm and its lateral size is 5 nm. Hysteresis-like shape is very
clear here (triangles). Co dot deposited from the STM Co tip on Si(111) substrate
with dimensions of 10 nm in lateral size and 2.1 nm in height exhibits similar
behaviour (diamonds). The apparent height also changes with the applied field.
On the contrary, this effect is not observed for Co dots on Si(111) with height
smaller than 1 nm and 3 to 5 nm in diameter (circles) and for Ni dots on HOPG
with height equal to 0.3 nm [6]. The measured heights remain unchanged in the
whole range of magnetic field. In order to exclude the possibility that observed
dependencies of dot apparent height on magnetic field are an artifact, the height
of Si(111) step, as an example of non-magnetic object, was measured with Co tip
in the same range of magnetic field. It was measured between the fixed Si adatoms
on upper and lower terraces. No traces of Si step height dependence are found
(squares).

Generally, the dependence of apparent height of dot on magnetic field is
found only for big particles with height larger than 1 nm. It takes clearly hys-
teresis-like shape. However, the changes of the apparent height are too large to
explain them only in terms of spin polarized electrons tunneling (SPET). For the
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Fig. 1. The apparent height dependence on magnetic field of: Ni dot 1.7 nm in height
and 5 nm in lateral size on HOPG (triangles), Co dot 2.1 nm in height and 10 nm in
lateral size on Si (diamonds), Co dot 0.7 nm in height and 3.3 nm in lateral size on Si
(circles), and Si step (squares). Dotted lines are a guide for an eye.

pure SPET phenomenon the variation of the apparent height should be of order of
fraction of angström [7]. Therefore other mechanisms have to be taken into consid-
eration. In the proximity regime dipolar interactions between magnetic moments
of the tip and the sample may play an important role. The gradient of the stray
fields, close to irregular objects as a dot and the apex of the tip, is higher than that
for flat surfaces. The estimations of acting forces have been already performed [8]
for tip—sample distances of order of a few tens of nanometer. In typical of tun-
neling microscope regime the forces take much higher values. In the beginning
of this section we mentioned magnetoelastic effects of the STM tip observed in
applied external fleld. During the scanning above dot both the tip and analyzed
particle each other experience their strong, stray magnetic field. This field results
in the change of geometrical dimensions of both magnetic objects. The orientation
of magnetic vectors on the apex of the tip and a dot is determined by crystalline
and shape anisotropy. However, theoretical arguments suggest that strong modi-
fications of surface spins (their fraction in a nanoparticle is very high) may occur
and substantially change the anisotropy [9]. Moreover, the atoms on the tip sur-
face and the apex exhibit enhanced moment as compared to the bulk due to their
reduced coordination number [10]. The type of substrate is another factor, which
many influence properties of deposited dots.

There are strong evidences of magnetic interactions between the dots and
the STM tip. The hysteresis is very clear only for dots with a height larger than
1 nm. In the case of Ni dot the loop is closed. It suggests that magnetization
of Ni dot rotates easily. The geometry of dot and the tip is unchanged during
the series of scans and return to the initial tunneling conditions results in the
same apparent height. The opened loop for Co dot is probably due to insufficient
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magnetic field to rotate reversibly its magnetization vector. This is consistent with
magnetoelastic effects observed for magnetically hard Co STM tip. For smaller
particles and for non-magnetic objects as Si substrate step there is no traces of their
height changes in different magnetic fleld. The lack of apparent height dependence
on applied magnetic field for smaller dots can be explained as a result of their
superparamagnetic character.

4. Summary

The imaging of ferromagnetic dots few nanometers in size deposited on Si
and HOPG substrate were studied with the use of STM equipped with ferromag-
netic tips. The dependence of apparent height of dots on applied magnetic field
clearly takes the shape of hysteresis. The tunneling of spin polarized electrons
cannot merely explain the observed results. The magnetostatic interactions and
magnetoelastic properties of the tip and dot seem to play an important role and
have to be involved in the understanding of observed effects.
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