Magnetic force microscopy of a CoCr thin film
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We present high-resolution magnetic force microscopy (MFM) images of a Co,Cry, film with
a thickness of 230 nm. We clearly observe a stripe domain structure with a domain width of
220 nm, the highest resolution of a periodic magnetic structure measured by MFM to this date,
by measuring forces as small as 0.1 nN. The micromagnetic structure is compared to the
morphology of the sample, which consists of vertical columns with an average cross section of
about 40X 60 nm?. The average surface roughness of this film did not exceed 12 nm on a l-um
iateral scale. A magnetic fine structure of typically 50 nm width and more than 200 nm length

is observed. Theoretical calculations of force traces are in reasonable agreement with
experiment. A nonuniform sample magnetization, correlated to the morphology, has to be
assumed to simulate the observed fine structure of force traces. Calculated images
characteristically depend on the effective domain structure of the last 500 nm of the tip.

L INTRODUCTION

Polyerystalline CoCr thin films are promising candi-
dates for uitra-high-density storage media’? where densities
of 100 Mb/cm? are expected.® Micromagnetic domain struc-
ture information is necessary in order to improve the under-
standing of these films and to interpret macroscopic observa-
tions.* Such microscopic investigations have been made on
CoCr by the Bitter pattern technique,' by means of the mag-
neto-optic Kerr effect,” or by Lorentz microscopy.® Recent-
1y, force microscopy’ has been applied to the study of mag-
netic samples on a submicrometer scale.®®

The force sensor in magnetic force microscopy (MFM)
consists of a sharp ferromagnetic tip mounted on a cantile-
ver. Forces acting on the tip cause a defiection of the can-
tilver, which can be measured by electron tunneling,”® or
result in a change of resonance frequency, which can be de-
tected by interferometry®'® or piezoelectrically.!' The mea-
sured interaction forces depend on the magnetic structure of
the sample and the physical properties—such as magnetiza-
tion and geometry—of the tip.'* Measurable magnetic forces
are a result of gradients of magnetization® or are associated
with local changes of the sample magnetic moments induced
by the magnetic field of the tip.'* Lateral magnetic resolu-
tions of less than 10 nm has been reported for domain walls, a
nonperiodic structure, in Fe-Nd-B.'*

In this paper we present images of 220-nm-wide do-
mains of Cog,Cr,, thin filins as measured by MEM. To eluci-
date the origin of fine structure with a width of less than 50

‘nm observed on MEFM traces we simulated numercus images
by calculating the tip-sample interaction. Resonable overali
agreement between simulated and experimental traces was
thus obtained. From simulations assuming a tilted sample
magnetic structure it can tentatively be concluded that the
observed magnetic fine structure might be due to a nonuni-
form sample domain structure.

il. METHODS

The instrument used in our experiments is described in
detail in a previous paper.’® It was operated in the variable
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deflection mode in the regime of attractive forces when mea-
suring magnetic structures and in the regime of repulsive
contact forces when topographic information was needed.
Images were obtained by scanning the sample in x and y and
simultanecusly measuring the cantilever deflection in z. All
measurements were performed in ambient air on a passively
dampened optical table. Magnetic force sensors were cut
from 10-um Wi foil and electrochemically etched to a tip of
less than 100-nm radius with an apex angle of 10° at one end.
They were not subjected to any magnetic pretreatment.
Typical force constants of the lever are 0.1 N/m. The angle
between the force sensing tip and the sample was approxi-
mately 55°. Some topographic measurements were done with
microfabricated Si0, force sensors,

The 230-nm-thick Coy,Cr,,; sample investigated was
sputtered on 2 polyimide { Kapton) support with a Ti under-
layer. Cross-section TEM images clearly show a columnar
structure with an average column diameter of about 50
nm.'® Hysteresis measurements give 2 saturation magnetiza-
tion 47, = 4400 G and a coercivity . = 920 Oe in the
perpendicular direction. The in-plane remanent magnetiza-
tion is 1.86 and the in-plane coercive field is 3.03 times
smaller than the corresponding perpendicular compo-
nents.'®

Calculations of the lines of force were done by the same
method as presented in previous publications (see Ref 12
and references therein). Analytical formulas describe the
magnetic field above a sample of constant thickness with
perpendicular anisotropy and a periodic domain structure,
transitions between domains are modeled as being infinitely
sharp, which is a sensible approximation as the domain peri-
od is comparable to force sensor tip dimensions. The tip-
sample interaction can then be calculated by assuming a
truncated pyramid as a tip model. !> The calculation is much
easier if the magnetization direction is changed instead of the
geometric axis of the model tip in order to account for any
tiit of the force sensor with respect to the sampie in the exper-
iment. The calculated forces thus have a slightly smaller
peak-to-peak force amplitude and a better lateral resolution
than the results of the more complicated simulation with a
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tilted geometric tip axis. This is due to the larger proportion
of volume close to the sample in the latter case. In extensicn
to previously published calculations we can incorporate a
domain structure in our tip model in order to better simulate
the measured lines of force and their distance dependence.

fit. RESULTS

Typical images obtained with a Ni force sensor on a
Cog,Cr, sample show a stripe structure with a periodicity of
440 nm [Fig. 1 (a)]. It is not possible to determine the exact
absolute value of the forces with the present instrument due
to thermal drift and unavoidable piezo creep; the maximum
force variation observed in this image is about 2.7 nN. The
noise level during these scans was well below 0.1 nN, and the
typical image acquisition time was 60 s.
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FIG. 1. (a) A stripe structure with a 440-nm period is typically observed on
MFM image of a Co,,Cr,, thin film. The total gray scale range corresponds
to a variation of 2.7 nN of the attractive force. The acquisition time was
about 60 s for this image with a side length of 900 nm. (b) The two scans are
separated by more than 300 nm in (a), where their position is indicated by
arrows. They were shifted in x with respect to each other to compensate for
the slant of the stripe structure observable in (a). Single traces clearly show
a 440-nm periodicity, a slight asymmetry, and fine details (examples
marked by arrows ) that are typically at least 200 nm long, 50 nm wide, show
a force modulation of less than 0.5 nM, and run paraliel to the stripe struc-
ture of (a).
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Single-scan lines demonstrate this 440-nm periodicity
even clearer | Fig. 1(b)]. All iraces show a slight asymmetry
and fine details (marked by arrows) that are typically at
ieast 200 nm long and 30 nm wide, show a force modulation
between 0.1 and less than 0.5 nN, and run paraliel to the
stripe structure of Fig. 1(a). In some cases the length ex-
ceeds the total scan range of 900 nm; the structures observ-
able between 700 and 850 nm are an example for this case. It
is difficult to see the fine structure in Fig. 1(a) due to the
Iimited number of gray scales available for encoding the
large dynamic range of forces. This fine siructure is magnetic
in nature, as the interaction is long-ranged and the overall
lateral dimensicns are much larger than that of topography.

We tried to simulate these scans by choosing a model tip
with dimensions well comparable to those of experimental
force sensor tip. We considered a variety of magnetic struc-
tures of the tip as well as that of the sample (Fig. 2). The
calculated force traces for both single- and two-domain tip
model are a result of the interaction of the tip magnetization
with the perpendicular and in-plane components of the mag-
netic sample stray field and its distance dependence as pre-
sented in Ref. 12. The force traces calculated for the CoCr
sample used in the experiment show only slight changes of
the order of pN if the model tip is made longer than 500 nm,
we thus limited its length to this size. The tip sample separa-
tion in the simulation was set to 15 nm. van der Waals forces
were included although at this separation their contribution
is calculated to be much smaller than 0.1 nN.
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FIG. 2. Force traces for two different tips, modeled as truncated pyramids,
and simulated for a sample with perpendicular anisotropy, periodic stripe
domain structure of 440-nm period, and magnetic parameters correspond-
ing to the measured CoyCryy film. Alternatively, the direction of the sample
magnetization was tilted by 20°. The domains are indicated in the lower part
of the figure. The trace with the amplitude of 2.4 nN (full line} arises from
the single-domain model tip (left inset). The angle of 202° for the magneti-
zation was chiosen to account for the experimental tilt of the force sensor tip
with respect to the sample. The second trace (dotted) of the 1.4-nN peak-
to-peak force amplitude, showing a distinct substructure, results from a
model tip with a domain structure (right inset ). The tilt of the domain with
alength of 120 nm is 140°, the second, larger domain is tilted 260°. The third
trace (dashed) is the result of the interaction of the single-domain tip and
the sample with the tilted magnetic structure and leads 1o 2 peak-to-peak
amplitude of 2.8 nN.
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The magnetization direction of the tip with a single do-
main (dimensions indicated in the inset of Fig. 2) was cho-
sen to account for the measured angle between tip and sam-
ple in the experiment. An asymmetric, structureless trace is
calculated for this case with a peak-to-peak force amplitude
of 2.4 nN and a good overall guantitative similarity to the
experimental traces of Fig. 1(b).

If the magnetic tip is modeled with two domains (di-
mensions indicated in the inset of Fig. 2), the peak-to-peak
force amplitude becomes smaller (for the case plotted 1.4
nN), the resulting traces less asymmetric, more square in
shape, and a substructure of less than 0.1 nN amplitude ap-
pears. In order to enhance the amplitude of the substructure,
this trace was calculated at a tip sample separation of 5 nm.
Changes in the length or the angles of the two domains alter
the amplitude or position of this substructure, as does a
change in the number of domains taken to model the effec-
tive tip magnetization. Although we simulated numerous tip
domain structures, we could not obtain a force amplitude of
close t0 2.7 nN with a substructure amplitude above 0.1 nN.
These model domains do not have to correspond to physical
real domains; they should rather be regarded as the math-
ematical representation of 2 nonuniform tip magnetization,
which is a result of the physical domain structure of the tip,
but also of the geometry-dependent demagnetization field
and very local, surface-roughness-dependent stray fields.

If the sample is modeled with at tilted magnetization,
the peak-to-peak force amplitude can change by more than
0.2 nN when compared to the results obtained with the iden-
tical tip model and a perpendicular magnetized sample. Fur-
thermore, a slight change in the position of the extrema is
observable, the symmetry of the trace is however unchanged.
The corresponding simulation for the multidomain tip
differs insignificantly from the result for the perpendicular
magnetized sample.

In constrast to the magnetic structure, the typical sam-
ple morphology measured in the repulsive contact regime
seems to consist of individual grains with an average diame-
ter of 50 nm. The sample is fairly flat, and a maximum
roughness of 12 nm is observable. No similarity to the im-
ages and traces acquired in the attractive regime (Fig. 1) is
observable. Figure 3(a) shows a typical image of 900 <900
nm? obtained by measuring the lateral variation of the repul-
sive contact forces with a sample loading of some 101N and
thus is a good measure of surface topography. The contribu-
tion of magnetic forces to this image, however, cannot be
totally neglected as the identical force sensor as in the images
of Figs. 1 and 4 was used.

Higher-resolution images measured with a microfabri-
cated Si(, force sensor such as Fig. 3(b) indicate a slightly
elongated shape with typical grain dimensions of 40 X 60 nm
[Fig. 3(b)]. This can be quantified best by comparing sin-
gle-scan lines taken in orthogonal directions {Fig. 3(c)].
The grain morphology and dimension correlates very well
with the columnar structure as observed by cross-section
TEM images.'®

The distance between sample and force sensor can be
changed by applying a suitable dc voltage to the sample z-
piezo. Figure 4 shows traces of images acquired at different
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FIG. 3. {a) A typical image of 900X 900 nm” obtained by measuring the
lateral variation of ihe repulsive contact forces and thus is a2 geod measure of
surface topography. A maximum roughness of 12 nm is observable, encod-
ed with a gray scale, and measurable from the trace. Grains about 50 nm in
diameter can be detected. {b) The sample topography on 2 170 X 170 nm>
scale as observed with a nonmagnetic microfabricated Si(3, force sensor.
Clearly different, slightly elongated grains are observable. The grain dimen-
sion and morphology corresponds very well to the columnar structure as
observed by cross-section TEM {Ref. 16). (¢} Single traces from (b), al-
lowing the precise determination of grain dimensions. The top traceis taken
in x, while the lower trace is in the y direction, demonstrating the slightly
elongaied grain morphology.
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FIG. 4. Three sinusoidal traces in the top part of the figurc are from images
measured fairly far from the sample surface. The trace marked by circles
(reference} was measured about 80 nm closer to the sample than the one
marked with stars; the reference is about 20 nm closer than the trace marked
by squares. The absolute distance between the sample and the reference
could not be determined due to problems mentioned in the text. The trace in
the lower part of this figure was acquired in the repulsive contact force oper-
ation mode of the microscope and thus is a measure of topography. It is
from Fig. 3(a} and clearly demonstrates that the topography and magnetic
structure of this sample arc very different.

relative force sensor to sample distances. The three sinusoi-
dal traces in the top part of Fig. 4 are from images measured
fairly far from the sample surface in the attractive force re-
gime. At first sight these three traces, representative for im-
ages obtained at relative distances 60 and 80 nm closer to the
sample, look similar. This z independence is expected if the
main contribution to the force corrugation is magnetic in
nature, as the magnetic force gradient is very small and of the
order of 107* N/m at a distance of 100 nm from the sam-
pie."® These three traces differ significantly from the fourth
trace in the lower part of Fig. 4. This trace corresponds to
surface topography as it was obtained by measuring repul-
sive contact forces.

If the three sinusoidal {races are analyzed more closely,
they reveal subtie differences. The peak-to-peak amplitude
of the trace obtained closest to the sample (and marked by
circles) is 3.3 nN and changes to 2.7 and 2.4 nN for increas-
ing tip-to-sampie separation. This corresponds to a 30% dif-
ference in force corrugation for a change in the interaction
distance of 80 nm.

The relative lateral displacement of the individual traces
was corrected for as exactly as possible. This correction is
difficult as the determination of thermal drift and piezo
creep in the direction parallel to the stripes is inaccurate due
to a lack of characteristic features in this direction. The abso-
lute force sensor-to-sample distance is unknown, as the force
sensor suddenly becomes unstable when approaching the
sample. Such instabilities are expected when the sample
force gradient is larger than the lever constant.’” The point
of instability depends on the lateral position of the force sen-
sor with respect to the sample, as the total sampie force gra-
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dient is the sum of both van der Waals and magnetic force
gradients, the value and sign of the latter showing a large
lateral variation. The force sensor is finally stabilized again
by repulsive contact forces. As a result the difference in sam-
ple to force sensor distance between the trace marked by
circles and the sample surface (lower part of Fig. 4} cannot
be detemined precisely.

V. INTERPRETATION AND DISCUSSION OF RESULTS

It is possible to observe by MFM the micromagnetic
structure of a CoCr thin film with a stripe domain structure
and a domain width of about 220 nm with very high resolu-
tion difficult to achieve by other techniques on this sampie.
The observed magnetic fine structure with a 50 nm width
and a length of at least 200 nm is sample specific. By com-
parison with image simulations we tentatively attribute this
magnetic fine structure to a local variation of the sample
magnetization direction. We observe a mean column dimen-
sion of 40 X 60 nm?, which is substantially smaller than the
domain width of 220 nm.

We conclude that magnetic forces are measured from
the differences observed when imaging repulsive, topo-
graphic forces. A further confirmation of this interpretation
is the first-order distance independence of the measured
forces, which points to a small force gradient of the mea-
sured interaction. Thus the forces measured are predomi-
nantly magnetic in nature, as topographic (van der Waals)
forces have a large force gradient.>'>*® A similar stripe do-
main structure for certain CoCr samples has previously been
observed by Kerr®® and Lorentz microscopy.'?

The overall correlation of the measured force traces
[Fig. 1(b}] with the simulation assuming no tip domain
structure (Fig. 2) is good. The observed general shape and
magnitude of force is well reproduced in the realistic theo-
retical calculation. An indirect approach has to be chosen to
understand the observed magnetic fine structure. We will
proceed as follows: first, we will discuss the simulations in-
volving a nonhomogeneous tip domain structure, leading to
the conclusion that the observed magnetic fine structure is
sample specific. We then assume that the correlation of the
characteristic width of the fine structure of about 50 nm with
the typical column diameter is not a coincidence. This points
to a possible origin of the fine structure as being due to a local
variation in the sample magnetization direction, as simula-
tions show that a tilt of the sample magnetization leads to a
change in amplitude and position of the extrema of the force
traces. The currently employed simulation method is based
on a periodic sample magnetic structure model (see Ref. 12
and references therein ). Thus deviations from this periodic-
ity, such as magnetic defects, cannot presently be simulated
directly.

As indicated above, we will now first discuss the simula-
tions attributing the origin of fine structure to a tip domain
structure {dotted line in Fig. 2). Such 2 nonhomogeneous
tip magnetization might explain some details, but we are
convinced that most of the fine structure is really a sample
specific magnetic property, as the effect of a tip magnetic
structure should manifest itself on the traces of all domains
and have the same length as these. This is evidently not the
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case; in Fig. 1{b) the fine structure in the two minima of the
force traces is different and the observed length is sometimes
limited to 200 nm. We also could not simulate the correct
peak-to-peak force amplitude and simultaneously a fine
structure amplitude above 0.1 nN assuming a multidomain
tip. Furthermore, there is no reason why the width of the fine
structure, observed with different magnetic force sensors,
should be similar and often about 50 nm.

As simulations show (dashed line in Fig. 2), a tiit of the
whole sample magnetization direction leads to a shift of the
position and achange in the amplitude of the force trace. It is
thus reasonable to assume that a magnetic defect {i.e., alocal
tilt of the sample magnetization direction) will give rise to
fine structure. Referring to Fig. 2 and assuming a tilt of the
sample magnetic structure between 500 and 350 nm, the re-
sulting force trace can be visualized to zeroth order by fol-
lowing the full line in Fig. 2 and skipping to the dashed line
between 500 and 550 nm. This produces a smooth trace with
a fine structure due to a magnetic defect. The correlation of
the characteristic fine structure width of 50 nm with the
typical dimension of a single grain would then be no conci-
dence, as the easy axis of magnetization is along the ¢ axis of
the hep CoCr crystallites. The texture of the CoCr thin film
is not absolutely perfect; the c-axis orientation might how-
ever show some degree of local correlation, possibly more
along a certain direction due to external parameters such as
sputter direction, magnetic fields, or substrate stress during
film deposition. As argued above, this would locally modify
the magnetic forces and possibly explain the observed fine
structure. Furthermore, the existence of small reversal do-
mains at the surface, known as spikes, cannot be excluded
(see Ref. 20 and references therein). Such reversal domains
would also locally modify the measured force traces.

Simultaneous measurement of topography and magnet-
ic forces would help to verify this interpertation. The mag-
netic contrast observed might further be enhanced by the
magnetic “anisotropy” force,"*?" as CoCr is very anisotrop-
ic. From the theoretical simulation we see that the localiza-
tion of the domain transition region is dependent on many
parameters, among them the model sample magnetic struc-
ture. Domain walls are expected to be very narrow (to the
authors knowledge no direct determination has been pub-
lished) and difficult to observe experimentally by MFM as
the domain period is comparable to the physical tip dimen-
sion.*” Domain walls thus probably cannot be directly corre-
lated to the observed fine structure.

An important issue is whether it is possible to observe
magnetic structures 50 nm in size when the tip has an ex-
tended geometry and is 100 nm away from the sample. Re-
cent theoretical simulations show that it might be difficult to
achieve a resolution comparable to the dimension of the ob-
served fine structure with realistic tip geometries at a dis-
tance of 100 nm.'* Experiments on FeNdB, however, dem-
onstrate a 10-nm resolution with similar force sensor tips as
employed in this experiment,'*”” thus pointing to the possi-
bility that the effective tip magnetization volume is smaller
than the geometrical tip dimensions as determined by scan-
ning electron microscopy. A slight variation of about 10% in
domain width is observable. The variations, however, do not
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seem to correlate spatially with typical grain dimensions. All
the domains observed are about 4 times wider than the mean
grain size of 30 nm. As this number is significantly larger
than 1, this suggests that there is significant exchange cou-
pling across column boundaries. Domain widths several
times larger than the average grain dimension are reported
for certain CoCr thin films in the literature.*>%%?

One of the open problems is the interpretation of the
experimentally observed distance dependence (Fig. 4),
which is closely linked to the problem of determining the
absolute force sensor to sample distance. I this distance is
small, then the magnetic force gradients are large; the sam-
ple roughness will lead to a local variation of the separation
between tip and sample and thus of the magnetic force that
should not be neglected in a realistic simulation. Further-
more, the contribution of attractive van der Waals forces
(topography) to the measured total force can be substantial
at very small separations. If we assume a small and constant
separation of 15 nm between force sensor and sample and
calculate the force traces, we get a peak-to-peak value of 2.4
n! for the tip geometry chosen. The contribution of van der
Waals forces at this distance is already very small and
amounts to less than 0.1 nN. The distance dependence, how-
ever, of the peak-to-peak force is much larger than the ex-
perimentally observed 30% for a change in distance of 80
nm. On the other side, assuming a large separation of about
100 nm between force sensor and sample also leads to an
inconsistency with experiment: The 30% relative change in
peak-to-peak force amplitude for a 80-nm change in interac-
tion distance is now reasonable, not so, however, the large
absolute value of 2.7 nN.

It is currently not possible to answer this question and
thus not possible to discuss the experimental observed dis-
tance dependence. Either the simulation lacks an important
contribution to the force modulation (“‘anisotropy” force?)
or the sample position measurement uncertainty is much
larger than the estimated 10 nm.

¥. CONCLUSIONS

We conclude from the results and discussion presented
above:

{1) The stripe domain structure of a Coy,Cry thin film
with a domain width of 220 nm is observable by MFM in air
with very high resolution without any special sample prep-
aration.

{2) Magnetic fine structure with dimensions smaller
than 50 nm is observable. This fine structure is probably
sample specific and might be attributed to local variations of
the sample magnetization direction resulting from varia-
tions in the c¢-axis orientation of the columns characteristic
for this film.

(3) The morphology of the film consists of grains with
an average dimension of 40X 60 nm” and a surface rough-
ness not exceeding 12 nm on a 1-um scale.

(4) A statistical correlation of micromagnetic structure
to topography is possible; the domain width is about four
times larger than the average grain size, suggesting that there
is a significant exchange coupling across column boundaries.

(5) In order to interpret MFM measurements, image
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simulation is very helpful. Reasonable overall agreement
could be obtained when comparing experiment and theoreti-
cal calculations. Discrepancies are probably due to the as-
sumptions of static magnetic moments in the sample (thus
neglecting “anisctropy’” forces'*?!), the approximation of
the sample domain structure used to calcuiate the sample
stray field, the assumed identity of the geometric and effec-
tive magnetic volume of the tip, and the uncertainty in the
gbsolute sample position. It wourld be very helpful if magnet-
ic defects could be simulated.

(8} The correct interpretation of the distance depen-
dence of the observed force traces is open.
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if the clements of the susceptibility tensor are not all equal, i.e., are orienta-
tion dependent or “anisotropic.” The susceptibility tensor might show
somie local variation, too.
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