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Comparison of MFM/STM Data of Patterned
Ultrathin Iron Films Grown on Si(001),

SiO2, and NiO in UHV
M. Dreyer, C. Krafft, and R. D. Gomez

Abstract—The topographic and magnetic structures of pat-
terned 20-nm-thick Fe films grown on Si (001), polycrystalline
NiO, and SiO2 substrates are compared by scanning tunneling
microscopy/magnetic force microscopy measurements under
ultrahigh vacuum conditions to investigate the influence of the
different substrates. Iron grows as a polycrystalline film. The size
of the crystallites decreases from Si to NiO and SiO2 substrates,
respectively, while the surface roughness increases. The increased
disorder in the film structure does not necessarily lead to an
increased disorder in the magnetic domain structure. Instead, the
magnetic structure of iron on NiO is the most complex, which
can be attributed to the exchange coupling to the substrate. The
antiferromagnetic NiO crystallites exhibit no long range crystal-
lographic ordering which leads to random magnetic orientation.
More evidence of the influence of the exchange coupling is found
when comparing the magnetic structures of iron on NiO and SiO2
as a function of film thickness in the range of 0–10 nm.

Index Terms—Magnetic force microscopy, patterned films, scan-
ning tunneling microscopy, ultrahigh vacuum, ultrathin iron films.

I. INTRODUCTION

T HE MAGNETIC domain structure of a patterned thin
magnetic film is known to depend on the shape of the

respective element [1]. This dependence together with the
magnetization reversal process has been studied for various
materials since it is an important basis for the manufacturing
of magnetic devices. Furthermore, the magnetic structure of
ultrathin films was found to be influenced by capping layers or
contamination of the film [2]. In this paper, we present magnetic
force microscopy (MFM) and scanning tunneling microscopy
(STM) images of ultrathin structured iron films grown on Si
(001), polycrystalline NiO and SiOsubstrates in ultrahigh
vacuum (UHV) conditions to determine the influence of the
substrate on the film growth as well as the magnetic domain
structure. We found that the influence of the exchange coupling
to the NiO substrate to be more important in determining
the magnetic structure of the iron films than the microscopic
structure of the films themself.
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II. EXPERIMENTAL DETAILS

The substrates were flushed with isopropanol and blown dry
with prior to introducing them into the UHV system (base
pressure: mbar). Here, further cleaning steps were
performed. The Si (001) substrate was flash heated to 1250C to
remove the native oxide layer [3]. The success of the cleaning
procedure was confirmed by STM measurements prior to the
evaporation of Fe. The STM images showed atomically flat
plateaus separated by steps of a quarter of a unit cell of Si (1.36

). On the plateaus the typical (12) reconstruction with some
defects in the form of missing dimers was visible. On some
samples with a relatively high defect concentration an align-
ment of the defects was observed [4]. The polycrystalline NiO
substrates were heated to a temperature of 500C. After that
treatment, only the signatures of Ni and O could be observed by
Auger electron spectroscopy (AES). The substrate shows crys-
tallites of 15–30 nm in diameter. Si (001) wafers with a native
oxide layers were used as the SiOsubstrates. These substrates
were heated to 300C in UHV in order to remove water or iso-
propanol residues.

To form the iron structures, 20-nm-thick Fe films were de-
posited by electron beam evaporation at a base pressure better
than 5 10 mbar at a rate of about 0.3 nm/min at room tem-
perature onto the substrates. During the evaporation, a copper
mesh with rectangular holes of 88 m was held at a distance
of 100 m above the respective substrate. This shadow mask
produces rectangular structures with a thickness gradient at the
edges. The gradients are due to a reduction of the evaporation
rate by the partially blocking the source as seen by the sample.
The width of the transition region is in the order of 2–3m.
Since the area of evaporation on the sample is larger than the
mask holder, the edges of the holder also generate wedges with
a transition length of 15 m. These wedges can be found on
either side of the structured region and allow a more detailed
study of the development of the magnetic structure with film
thickness.

The measurements were performed using a combined UHV
atomic force microscope (AFM)/STM [5] with a maximum scan
range of 6 m. The instrument was attached to the prepara-
tion chamber. The topography was characterized by STM using
etched tungsten wires as tips. The tips were heated using an elec-
tron beam heater to remove the oxide layers. For the MFM mea-
surements commercial Si cantilevers (spring constant: 1–4 N/m,
resonance frequency: 60–80 kHz) were used. The cantilevers
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Fig. 1. STM images of 20 nm of iron grown on (a) Si (001), (b) NiO, and (c)
SiO . The corrugation (rms) values of the data is 3.4 nm (0.51 nm), 6.3 nm (0.81
nm), and 7.5 nm (0.88 nm), respectively.

were cleaned by argon ion etching (1.5 keV) and were subse-
quently coated with an 8-nm-thick film of iron. The now mag-
netic tips were tested on a 200-nm-thick permalloy film, which
showed a characteristic stripe domain pattern [6].

III. RESULTS

Fig. 1 shows a comparison of STM images of a 20 nm-thick
iron film grown under identical conditions in UHV on the
Si (001), NiO and SiO substrate. The images were taken in
the center region of the respective square shaped structures.
Fe–Si [Fig. 1(a)] grows in needle-like shapes of 20–70 nm
length and 10–15 nm width. The needles show a long range
order forming domains in different orientations. In contrast,
the Fe film grown on NiO and especially on SiOshow less
order. While short needles with small ordered areas are still
present on Fe–NiO [Fig. 1(b)], Fe–SiOappears completely
disorganized [Fig. 1(c)]. This observation is also supported by
the corrugation and root mean square (rms) roughness values.
The corrugation increases from 3.4 nm (a) to 6.3 nm (b) and 7.5
nm (c) with a rms roughness of 0.51 nm, 0.81 nm, and 0.88 nm,
respectively. The differences in topography can be understood
in terms of the surface structure of the respective substrate and
the interaction with the iron during the film deposition. Iron
forms silicides on pure silicon even below room temperature
[7]. When grown at elevated temperatures, the FeSi forms
an epitaxial film with the unit cell oriented along the
direction [8]. The first monolayers of iron are possibly inducing
the long range order of the iron needles. Although the observed
structures suggests a highly ordered growth, the film is still
polycrystalline and no low energy electron diffraction (LEED)
pattern could be observed. The silicon substrates itself shows
atomically flat terraces of 500–2000 nm width with single
steps or step bunches. The steps do not seem to interfere
with the needle growth of the iron film. The polycrystalline
NiO substrate and the growth of iron is described in [9]. The
substrate has an rms roughness of 0.69 nm. The iron film starts
to grow on the individual NiO crystallites and coalesce at a film
thickness of 2 nm. Finally, the SiOsubstrate has flat terraces
with a roughness 0.2 nm as measured by contact AFM
(similar to, e.g., [10]). The terraces are separated by single or
double steps of Si (001). The iron growth starts at numerous
nucleation sites (Fig. 2). It seems to have a low mobility on the
surface although it does not seem to mix with the SiO. The
average size of the island increases with film thickness and the
film coalesce at a thickness of about 1 nm forming a rough
polycrystalline film.

Fig. 2. Composite STM image of the edge of an iron square on SiO. The film
thickness increases in the field of view from 0 nm to about 8 nm. The inset in
the upper left corner shows a 100� 100 nm closeup view of the onset of the
iron film growth.

Fig. 3. MFM images of 20 nm-thick iron squares grown on (a) Si (001), (b)
NiO, and (c) SiO. The inset in Fig. 3(b) shows a zoomed area of 1� 1 �m
of the complex domain pattern of Fe–NiO.

The magnetic structure of the iron squares also depends on the
respective substrate. Fig. 3 shows one example for each case.
Note that the field of view is much larger than in Fig. 1. The
images show a mixture of the magnetic and electrostatic inter-
action. The later is responsible for the dark/bright halos around
the squares. The effect is relatively strong in the case of NiO
and SiO, but shows a simple transition when going from the
metal to the insulator. In the case of Fe–Si, the electrostatic con-
trast is not as strong, but the transition shows a structure indi-
cating the intermixing of iron and silicon with the formation of
silicides. In the center of the squares, where the material does
not change, the observed structures are purely magnetic. The
Fe–Si film [Fig. 3(a)] shows domain walls—indicated by ar-
rows—that fan out toward the edge and disappear near the edge
of the respective square. In contrast, the magnetic domain struc-
ture of the Fe–SiO[Fig. 3(c)] and especially the Fe–NiO film
[Fig. 3(b)] is more complex. In the center of the squares, we
observe a cross-tie domain structure with a couple of Néel wall
segments as well as some magnetic ripples. Toward the edge,
the magnetic contrast and the structure size diminishes as the
film thickness decreases. At a film thickness of about 1 nm the
magnetic contrast vanishes, while the electrostatic contrast still
indicates the presence of iron. Fig. 4 shows the transition for
Fe–NiO and Fe-SiOin more detail. As mentioned earlier, the
shadowing effect of the mask holder itself generates a wedge
with a transition length from the clean substrate to the full film
thickness of about 15m. The MFM images were taken at those
wedges and show a range of the film thickness from left to right
of 0–10 nm. The magnetic structures on Fe–NiO start as ran-
domly oriented regions of 50 nm in diameter. The size of the
regions increases to about 300 nm before the film starts to show
cross-tie domain walls. This development of the magnetic struc-
ture is consistent with the magnetic structures found in contin-
uous films of different thickness [9], but the occurrence of a spe-
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(a)

(b)

Fig. 4. MFM images of a long wedge iron grown on (a) NiO and (b) SiO.
The film thickness increases within the field of view from near 0 (left) to about
10 nm (right).

cific structure is shifted to a lower film thickness. The shift can
be explained by the influence of the magnetic stray field of and
the exchange coupling to the thicker part of the iron film which
shows an in-plane magnetization. Both effects tend to align the
magnetic moments in the same orientation, favoring an in-plane
structure at the edge. The magnetic structure of Fe-SiOshows
a different behavior as the film thickness is reduced. A structure
of Néel domain walls or magnetic ripples exists all the way to
the edge with a fading contrast somewhat similar to the behavior
of Fe–Si.

IV. DISCUSSION

In general, we expect the size of the magnetic domains of a
thin polycrystalline film to decrease as the surface roughness in-
creases or as the size of crystallite decreases. A higher surface
roughness or smaller crystallites yield more defect sites within
the film which promote the formation of domain walls since the
energy cost to form a wall at the defect sites is reduced. That
way, the magnetostatic energy of the film can be minimized.
The observed surface structures suggests an increasing disorder
within the iron films as the substrate is changed from Si to NiO
and finally to SiO. This morphological appearance is only in
part reflected in the observed magnetic structures. While the
Fe–Si film shows the least complicated magnetic structure, the
“ranking” is reversed for the Fe–NiO and Fe-SiOfilms. The
higher complexity is induced by the exchange coupling to the
underlying NiO substrate with its random magnetic structure.
The comparison with Fe–SiOshows that the influence leads
at a film thickness of 20 nm to smaller magnetic domains of

roughly half the size of the domains of Fe–SiO. Toward the
edge of the square patterns, the film thickness is reduced. On the
Si and SiO substrates, the magnetic structure in this regions is
determined by the influence of the thicker parts of the iron film
by the magnetic stray field and exchange coupling. Both inter-
actions, which decrease toward the edge, lead to a in plane mag-
netic structure. On the NiO substrate, this influence is gradually
overcome by the film thickness independent exchange coupling
to the randomly oriented NiO crystallites.

V. CONCLUSION

Eliminating other possible influences on the magnetic struc-
ture, we can conclusively show the important role that the sub-
strate plays on the magnetic structure either by inducing a dif-
ferent growth modes or by the direct influence of exchange
coupling. Detailed MFM images of the edges of the patterned
structure illustrate that without a magnetic influence of the sub-
strate the magnetic domain structure prevails with decreasing
film thickness until the film becomes paramagnetic. Exchange
coupling to a randomly oriented substrate influences the mag-
netic structure and becomes dominant as the film thickness de-
creases.
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