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Magnetization switching of submicrometer Co dots induced by a magnetic force microscope tip
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We have applied magnetic force microscapjM) with anin situ electromagnet to study the switching of
the magnetization of submicrometer Co dots fabricated by means of electron-beam lithography. By using the
MFM tip as a local-field source, the magnetization of individual single-domain Co dots could be reversed.
Micromagnetic simulations show that the switching process is induced by the stray field of the MFM tip.
Furthermore, the external field that is necessary to support switching of the dot depends on the tip-dot sepa-
ration.[S0163-18268)01333-3

[. INTRODUCTION Nanoscope llla systethin the dynamic “lift mode.” We
used Si cantilevers with integrated tips and spring constants

Nanostructured ferromagnetic particle arrays have bebetween 3 and 5 N/m. The resonance frequencies were found
come of increased interest because of their possible applicée be 55-73 kHz. A single layer of 28 nm iron served as a
tion as a high-density magnetic storage mé&éiand their ~magnetic thin-film coating for the tips. Magnetic force gra-
potential as semiconductor-ferromagnet hybrid systéfns. dients were measured by detecting phase shifts in the canti-
The storage density of thin magnetic film recording media isJever oscillation due to attractive or repulsive forces acting
among other reasons, limited by domain walls and rippleon the ferromagnetic MFM tip. We added an electromagnet
structures that contribute to noise in the readback siyBgl.  for applying fields in the plane of the sample. The micro-
using single-domain ferromagnetic particles as a storage mescope was placed in the center of a Helmholtz coil pair. In
dia, this limitation can be overcome. Theory suggests thathis manner we were able to apply fields up to 60 kA/m.
ferromagnetic particles below the critical size are in a single In order to study the switching behavior, we used the
domain stat&’ Magnetization of a single-domain particle following procedure. The scan area is chosen so that only the
can be in two discrete states. Therefore, each particle is ablot we want to switch the magnetization on is scanned. We
to code a single bit in a microstructured recording média. use the same parameters as in all other measurements pre-

To study the average magnetic switching behavior of suclsented here. After an image of the initial state is obtained, the
single-domain particles, hysteresis curves of large arrays afxternal field is switched on while the scanning is continued.
particles have been taken using a magnetonfétbtagnetic  In this way the dot is influenced by the tip’s stray field and
force microscopy (MFM) provides an excellent opportunity the external field at the same time. The external field is in-
to image the magnetization of individual dots because of itsreased until the magnetization direction of the dot changes.
high resolution and sensitivit{f:'* Then the external field is turned off. The dot is scanned again

We report on an investigation of the micromagnetic prop-to see if the magnetization remains stable without the exter-
erties of Co dot arrays on GaAs substrates in the presence ol field.
an external magnetic field. The experimental results are

complemented by micromagnetic simulations.
Ill. RESULTS AND DISCUSSION

Figure 1 shows the topography of AmXx3 um area
and the corresponding MFM image of a Co dot array with a

Large arrays of ferromagnetic Co dots were fabricated orheight of 7 nm. The dot diameter is 180 nm as determined
GaAs substrates using electron-beam lithograjthin order ~ from topographic measurements. The MFM image is charac-
to improve adhesion, the GaAs substrates were covered witlerized by a bright and dark contrast over each Co dot. The
a Cr layer of 3 nm thickness. MFM tip was magnetized in the direction(perpendicular to

The structures were written by an electron beam into twahe plane of the samplgrior to the measurement. Therefore,
layers of a photoresistant material. After developing, the exthe magnetic contrast can be explained by an interaction be-
posed PMMA (polymethylmetacrylateresistant Cobalt was tween the in-plane magnetized dots and the MFM tip. For a
evaporated. After liftoff in acetone, dot arrays were obtainedCo dot height of 7 nm in an as-prepared state with a circular
The dots have diameters in the range of 100—-300 nm and shape, we did not observe any preferential alignment of the
thickness of 4—17 nm. They were studied with MFM using adots’ magnetization direction.

Il. EXPERIMENT
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(a)

FIG. 3. MFM images of dotg¢diameter: 200 nm, thickness: 17
nm) that have been magnetized in a strong external figlaD
FIG. 1. (a) Topographical angb) MFM image of circular cobalt  kA/m) outside the microscope. After scannifay the field has been
dots (diameter: 150 nm, thickness: 7 hiim the as-prepared state. applied in the opposite direction. The small figures show the results
The magnetic dipole contrast indicates that the dots are magnetized a simulation for the MFM contrast of dots magnetized in tk (
in plane. Scan size: um X2 um. and (—x) direction (marked and scanned by using a tip magne-
tized in thez direction (perpendicular to the plane of the sample
Changing the geometry of the dots led to a change of thé&can size: 1.lumX 1.1 um.
magnetization direction. For elliptically shaped Co dots the

magnetization direction is aligned parallel to the long axis,attractive interaction by dark contrast. Repeating the same
even for an as-prepared sample. Figure 2 presents the topogikperiment with an in-plane magnetized MFM tip led to a
raphy and the corresponding MFM image of an as-prepareghagnetic contrast that is characterized by an attractive inter-
sample with an elliptical shape of Co dots. The lateral di-action above the center of a dot and a repulsive interaction at
mensions of these dots are 140 @50 nm and the height both endgFig. 4@a)]. After the Co dot sample was magne-
is 7. nm. The magnetization directions of the dots are alignedized in the opposite direction, a repulsive interaction above
parallel to the long axisx direction. Only a few dots re- the center of a dot and an attractive interaction at both ends
vealed a different orientation of the magnetization. was observedFig. 4(b)]. In conclusion, the remanent state

In order to explain the magnetic contrast mechanism, wef the Co dots could be described as a single domain. Ap-
magnetized the Co dot sample in a strong external 0@  plying an external field led to a preferential alignment of the
kA/m) outside the MFM system. The magnetic field wasmagnetization direction of the Co dots. In order to study the
applied in-plane of the sample, parallel and antiparallel to thenagnetic switching behavior of individual dots, we placed
x direction. Figure 8) shows a MFM image (1.lum  the microscope between a pair of Helmholtz coils. We could
X 1.1 um) with Co dots in the remanent state. The dot arrayapply a field up to 60 kA/m in-plane of the sample.
was magnetized by a field applied along thex) direction The principle of this switching process is illustrated in
[marked by a black arrow below Fig(&8] prior to the MFM  Fig. 5. The applied field is chosen to be not so strong as to
measurement. The magnetization directions of the dots arghange the magnetization of the dots. However, the dots are
aligned in the direction of the applied field. Bright contrastalso influenced by the stray field of the tip. The magnetic
on the right-hand side and black contrast on the left-han@oating of the tip is chosen in a way that its stray field does
side are clearly visible. Applying the field in the opposite not switch the dot either. But if a dot is influenced by the
direction[marked by a black arrow below Fig(l8] led to an  superposition of the tip’s stray field and the applied field, its
inverse magnetic contrast. magnetization direction should change.

The MFM measurements were performed in the dynamic In a previous experimettwe have found that performing
mode with a phase detection system. Resonance frequenswitching experiments with arrays of circular-shaped Co dots
shifts towards higher frequencies led to a bright contrast irof 7 nm thickness did not lead to a change of magnetization
the phase detection. Therefore, a repulsive interaction befirection by 180° of individual dots. The angle between the
tween tip and sample is represented by bright contrast and anitial and final direction of the dots’ magnetization depends
therefore on the shape and magnetocrystalline anisotropy of
the sample.
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FIG. 2. (a) Topographical andb) MFM image of elliptical co- FIG. 4. MFM images of the dots used in Fig. 3 magnetized
balt dots (140 nnx250 nm, 7 nm thicknegsn the as-prepared again in two opposite directions and scanned with a tip magnetized
state. The magnetization of most dots is parallel to their long axesn thex direction. Attached are the results of the simulation for a tip
Scan size: 6umxX6 um. magnetized in the direction. Scan size: 1.umx 1.1 um.
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we switched the magnetization of each of the three dots on
the right before scanning Fig.(d. Finally, the dot on the
left-hand side as marked in Fig(d is switched. For each
dot a different external field was needed to change its mag-
netization. For the five switched dots, we used fields from 22
— — kA/m up to 40 kA/m. Other dots showed no change in their
magnetization, even at fields up to 60 kA/m.
The different switching behavior of the Co dots can be

- explained by their polycrystalline structureThe net mag-
V <« netization of a Co dot is given by the sum of the magnetiza-
<
c) — «—

tion of randomly orientated crystallites. The switching fields
are also dependent on the orientation and the magnetic cou-

( pling of the crystallites.

FIG. 5. Principle for magnetic switching of individual dots. The
tip and the external field are chosen in a way that neither the stray

field of the tip (a) nor the external fieldb) are strong enough to IV. MICROMAGNETIC MODEL
cause a dot to switch. Only the superposition of the two leads to a ) . o .
change of the dot's magnetizatiéo). In order to investigate the switching mechanism of the Co

dots in more detail, a micromagnetic simulafidwas per-
formed. The model consists of a tip that is positioned above

As the elliptical dots shown in Fig. 2 are preferably mag- "~ . e ellintical dot. A | di
netized in two opposite directions, they are good candidate@ Single €lliptical Co dot. A rectangular coordinate system

for switching experiments. Applying an external field paral-XYZ1S deflqed vv.|th. the origin in the center of the do't and the
lel to the long axis of the sample with a strength of 400 kA/mX @ndy axis pointing along the long and short axis of the
led to a homogeneous alignment of all Co dots. For the locallipse, respectively. The tip is positioned at a heidipt
MFEM switching experiment, we chose an array of 3 dots. above the dot and Symmetrically with respect to the Iong axis
Figure 6 shows that the dots are all aligned in the initial state@f the dot. The tip is modeled as a nonmagnetigNgibody
Then the scan size is decreased so that only the dot in theated with 28 nm Fe with a homogeneous magnetizatipn
middle is inside the scanned area. While the dot is scanneg@pinting in the (~2z) direction. The tip’s magnetization was
the external field is increased until the magnetization direcehosen to be rigid, as our experiments showed that the mag-
tion of the dot changes. Another scan of all 9 dots takemetization of the tips we used was not altered by the dot’s
without an external field shows that the new magnetizatiorstray field nor by the external field. The magnetic field of the
state of the dot in the middle is stable and that the magnetitip was calculated analytically.

zation of the other dots has not changed. In the same way, A 245 nmix 147 nm elliptical Co dot with a height of 7
nm was discretized into uniformly magnetized cubes with a
sidelength of 7 nm. As a consequence of this discretization,
only an approximation to the elliptical dot shape is achieved.
The magnetization of each cubg was assumed constant in
magnitude W14=1.4x10° A/m) but allowed to rotate. All
contributions to the interaction ener@ipe magnetic fields of
the other cubes, exchange interaction, tip’s stray field and
external field have been expressed as magnetic fields acting
on m; . For the micromagnetic simulation, an exchange en-
ergy constant ofA;=2x10 %' J/m has been choséf.
Crystalline anisotropy was neglected to account for the poly-
crystalline nature of the dot.

In order to perform the simulation, all cubes of the dot
were initially magnetized in th& direction. Then the simu-
lation was started. Each step of the simulation consisted of
two parts. First, the magnetic fields acting on each cube were
computed. To save computing time, the magnetic fields of
the cubes were approximated by dipole fields for cubes sepa-
rated by more than 21 nm and were neglected for cubes
FIG. 6. Local manipulation experiment. After the dots were separated by more than 210 nm. Second, the Landau-

magnetized in a strong external fiele) was scanned. Then the dot LifShitz-Gilbert equation was solved for each; using a
in the middle was scanned individually with a field of 20 ka/m fourth-order Runge-Kutta method with adaptive time steps.

applied.(b) shows that this dot has switched. In the same way, eact he simulation steps were carried out until a local energy
of the three dots on the right-hand side has been scanned afBinimum was reached. An indication for the minimum was
switched individually with fields of 22 kA/m up to 40 kA/m. Fi- taken so that the maximum rotation of thg in a single
nally, the dot on the left-hand side) was switched in the same simulation step was less than 0.1°. Additionally, the energy
way. was computed separately and monitored.
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FIG. 7. This diagram shows the minimum field required to re-
verse the magnetization of a 147 w45 nmx7 nm cobalt dot
(switching field as a function of the tip-dot separation.

The tip was positioned 100 nm right off the center on the
long axis and an external field was applied. The simulation -
was carried out until the energy minimum was reached. The:
external field was then increased and the simulation of the™
dot was carried out again. This was repeated until the ne
magnetization of the dot was pointing in the X) direction.
This external field was defined as a “switching fieldH',,
and plotted as a function of the vertical tip-dot separation FIG. 8. Simulated stages of the magnetization configuration of
(Fig. 7). The switching field increases with the tip-dot sepa-the dot during the switching process. The arrows represenk the
ration up to about 150 nm. If the tip is moved further away,andy components of the dot magnetization at the position marked
the switch is only due to the external field and not inducecPy the tail of an arrow(a) the prepared single-domain state of the
by the tip. After determining the switching field, we visual- dot before any field is appliedb)—(g) intermediate stages of the

. . o . switching process. The tip is positioned 50 nm above the surface of
I_l%;"d glf{err]ent ts)tages of the;_swclltthng rirocess I;[:GEIQ.I ?) I tthe dot 100 nm toward its right end. An external field of 500 kA/m
€ dot has been magnetized In a strong external field 1 applied in the -x) direction.(h) Final stage, external field and

align the magnetization of all cubes along thedirection. iy are removed. The magnetization of the dot has switched.
Then the external field was turned off and the simulation was
started to find the minimum energy for the starting configu-experiment. Further investigation of the internal structure of

ration of the switching proced§ig. 8(@]. Then the tip was  tne dots will probably be necessary to explain this difference.
positioned 50 nm above the dot and 100 nm right off its

center. The previously calculated switching field has been
applied. In Fig. 8) one can see a change of the magnetiza-

tion along the x) direction (upper- right and lower-right In summary, we have applied magnetic force microscopy
part of the dot Two domain walls and a disturbance on the to study the magnetic switching behavior of cobalt dots. Dots
right can be seen . In Fig(® vortices show up that subse- of diameters below 250 nm and a height of 7 nm appeared to
quentially move out of the ddiFigs. 8d)-8(g)] while the e in a single-domain state with the magnetization lying in-
area of homogenous magnetization along the) direction  plane. Elliptical dots are preferentially magnetized parallel to
increases. In Fig. @), the dot is mostly magnetized in the their long axis due to shape anisotropy. By combining an
(—x) direction except the right-hand side where the influ-external field with the stray field of the ferromagnetic tip, we
ence of the tip’s stray field is still visible. After the tip is changed the magnetization direction of a single dot by 180°.
removed and the external field is switched off, the dot stay$rom our micromagnetic simulations we conclude that the
in a single-domain statg=ig. 8h)]. switching process is due to a nucleation of domain walls and
Our micromagnetic simulations suggest that the switchingsortices in the dot. Theoretical simulations also show that the
process cannot be described by a uniform rotation of alkxternal field that is needed to switch the magnetization of a

magnetic moments in the d¢Btoner Wohlfartf) but by a  dot decreases when the magnetic tip is getting closer to this
nucleation and movement of vortices and domain wallsdot.

caused by the superposition of the tip’'s stray field and the
homogenous external field. This explains why the magneti-
zation of a dot can be switched with lower external fields if
the MFM tip is scanning over the dot. A quantitative com-  Financial support from the BMBEGrant No. 03N1023A
parison shows that the switching fields determined by thend the Graduiertenkolleg “Nanostrukturierte Féstiar” is
simulation are about five times higher than those used in thgratefully acknowledged.
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