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Evaluating local properties of magnetic tips utilizing an antiferromagnetic surface
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We infer the most relevant local magnetic properties of different iron-coated tips by comparing atomic scale
contrasts obtained by magnetic exchange force microscopy utilizing the well-known structural, chemical, and
magnetic configurations of NiO(001). Tips with only a single magnetic atom at the apex reflect the genuine
antiferromagnetic structure of the nickel atoms, while for magnetic double tips an apparent magnetic contrast
on oxygen atoms is observed. Furthermore, we found that even large external flux densities are not sufficient
to fully align all magnetic moments of the tip and that local reconfigurations at the apex strongly influence
magnitude and direction of the magnetic moments of the foremost tip atom. Knowing what kind of processes
take place at tip apices will help to understand and tailor magnetic-sensitive tips for scanning probe techniques.
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It is well known that atomic scale images obtained by
near-field scanning probe techniques such as atomic force
microscopy (AFM) or scanning tunneling microscopy (STM)
contain both sample and tip properties. For instance, an iso-
lated adsorbate will appear twice, if imaged with a structural
double tip," and, depending on the kind of the foremost tip
atom, a particular kind of atomic species of the surface can
be imaged as protrusion or depression.” In the case of
magnetic-sensitive techniques such as spin-polarized STM
(SP-STM) (Refs. 3 and 4) or the more recently established
magnetic exchange force microscopy (MExFM) (Refs. 5 and
6), the problem is even more complex because the image
contrast depends also on the magnetic tip properties. Usually
one is interested in the sample’s properties and assumes that
the tip influence is negligible. In this paper we will pursue
the inverse approach and image a well-known periodic mag-
netic structure in order to probe the tip apex using MEXFM.
For a relatively new technique such as MExFM, which is a
promising tool for magnetic imaging with atomic resolution,’
it is particularly important to clarify the imaging mechanism
as well as possible aberrations due to peculiarities of the used
magnetic tips. Their properties are usually quite ill defined
and not well controllable. Although we discuss this issue for
a particular system, i.e., NiO(001) probed with iron-coated
tips, our findings are of general validity and similarly appli-
cable for other tip sample systems or even for SP-STM stud-
ies.

For all measurements presented here we employed a
home-built force microscope’ that uses a flexible cantilever
with a sharp tip at its free end as a force sensor. The micro-
scope was operated at 8 K under ultrahigh vacuum condi-
tions utilizing the frequency modulation (FM) technique to
probe the tip-sample interaction force (FM—AFM).? In this
mode of operation the frequency shift Af of the cantilever’s
resonance frequency f is kept constant to record the surface
topography, while a second feedback loop keeps the oscilla-
tion amplitude A constant. Height variations in constant Af
images on the atomic scale correspond to local variations in
the short-range chemical and magnetic exchange forces. Ob-
taining atomic resolution with FM—AFM in the noncontact
(NC) regime (NC-AFM) is well established.” Achieving
atomic resolution with MExXFM by detecting the short-range
magnetic exchange force between the magnetic moments of
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the foremost tip atom and the surface atoms was presented
by us recently.’

The sample in this study used to probe properties of iron-
coated tips is NiO(001), which is prepared by in situ cleav-
age and subsequent heating. Chemical, structural, and mag-
netic properties of this surface are well known: Nickel oxide
is an antiferromagnetic insulator with the crystal structure of
rocksalt. The surface is nearly bulk terminated (except for a
tiny rumpling'®) and exhibits a (1 X 1) chemical surface unit
cell. The magnetic moments of the nickel atoms show a fer-
romagnetic ordering within (111) planes and an antiferro-
magnetic one between neighboring (111) planes. Therefore, a
row-wise arrangement of the magnetic moments is found at
the (001) surface resulting in a (2 X 1) magnetic surface unit
cell. Magnetic ordering is due to superexchange between the
nickel atoms mediated by the 2p electrons of the bridging
oxygen atoms. The magnetic moments of the nickel atoms in
the bulk as well as at the (001) surface are canted and point
in one of twelve possible (211) directions.!! For eight of
these configurations the polar angle on the (001) surface is
about 29.2°, while it is about 60.8° for the other four
directions.

From a practical point of view NiO(001) is well suited to
evaluate properties of magnetic tips because this system was
previously investigated with MEXFM (Ref. 5) and density-
functional calculations exist for this distinct surface.!> The
tips analyzed in the following were made from silicon and
coated in situ with about 22 nm of iron. A magnetic-flux
density B of 5 T, which is larger than the bulk saturation
magnetic polarization of iron (Jg,=2.1 T), was applied per-
pendicular to the sample surface to achieve out-of-plane
sensitivity.>® Note that the antiferromagnetic configuration
of NiO(001) will not be altered by 5 T.

Exchange interactions between atomic magnetic moments
are mediated by the electron spin and can be described in the

Heisenberg model with the Hamiltonian H=-2J, ij(§i~§ ). In

this relation, §i and §; are the interacting spins and J;; is the
exchange coupling between them. Assuming that only the
spins of the foremost tip atom and the underlying surface
atom interact during atomic resolution imaging, the magnetic
exchange interaction depends strongly on the angle ¢ be-

tween both spins. Maximal and vanishing magnetic interac-
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FIG. 1. (Color) (a) AFM and (b) MEXFM images of NiO(001),
respectively. Both images exhibit the characteristic lattice periodic-
ity. Maxima and minima represent oxygen (blue shaded spheres)
and nickel (red and green shaded spheres) atoms, respectively. The
MEXFM image reveals the row-wise antiferromagnetic arrangement
of the nickel atoms and the (2 X 1) magnetic surface unit cell as
reported in Ref. 5. Every second nickel row appears darker than the
other ones (see arrows). In the right part of the images averaged
representations of the raw data (Ref. 17) are shown. Line sections
thereof are presented on the right-hand side. Only in the MEXFM
data a clear difference between chemically and structurally equiva-
lent rows of nickel atoms is visible, which represents the genuine
antiferromagnetic structure of NiO(001) (Ref. 18). Note that the
corrugations are different for (a) and (b) since we used different tips
and imaging conditions during data acquisition. Parameters: (a) f,
=164 986 Hz, Af=-11 Hz, A=*15 nm, ¢,=36 N/m, and Q
=103 000; (b) fo=158995 Hz, Af=-234 Hz, A=%6.7 nm, c,
=34 N/m, Qy=27 700, and B=5 T.

tion is obtained for (anti)parallel and perpendicular configu-
rations, respectively. To elucidate the influence of the tip on
the imaging process in MExFM, we compare experimental
results taken with different tips but under similar conditions.

First, the contrast, which corresponds to the genuine con-
figuration of the sample, i.e., NiO(001), has to be identified.
Atomic resolution on NiO(001), typically obtained by AFM
using a tip without magnetic sensitivity, reveals the (1 X 1)
chemical surface unit cell as shown in Fig. 1(a). The image
contrast agrees well with previously published data.!*-!5 In
such experiments, an atomically sharp tip is approached to
distances of only a few hundred picometers above the sur-
face while the oscillating cantilever is at its lower turnaround
point. At these distances the electronic states of the foremost
tip atom and the underlying surface atom begin to overlap,
resulting in a strong electron-mediated chemical interaction.
If a metallic tip is used, the interaction between the tip and
sample is expected to be strongest above the oxygen sites
because the valence charge density is largest at these
positions.!® Therefore, maxima in constant Af images of
NiO(001) represent oxygen atoms, as indicated by spheres in
Fig. 1. In Fig. 1(b) a magnetically sensitive tip is used, re-
sulting in an additional row-wise atomic scale contrast on the
minima, i.e., the nickel atoms. This additional modulation on
structurally and chemically identical rows of nickel atoms in
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FIG. 2. (Color) (a) MEXFM image of NiO(001) recorded with
an iron-coated tip showing a magnetic exchange contrast on neigh-
boring rows of nickel atoms and neighboring rows of oxygen atoms
[left: raw data; right: averaged data (Ref. 17)]. Darker nickel rows
are marked by arrows. (b) Line section obtained from the averaged
data. Maxima appear wider than minima and the slopes are asym-
metric. (c) Sketch of a magnetic double tip, which can explain the
experimentally observed contrast qualitatively (cf. main text).
Parameters:  f,=158 891 Hz, Af=-20.5 Hz, A==*6.3 nm,
¢,=34 N/m, Qy=54 700, and B=5 T.

MExXFM images reflects the genuine antiferromagnetic struc-
ture of NiO(001). Since this contrast agrees well with theo-
retical calculations presented in Ref. 12, where the tip was
modeled by a single iron atom, we can infer that Fig. 1(b)
represents the contrast expected on NiO(001) if imaged with
an iron tip apex for which the foremost tip atom dominates
the tip-sample interaction (cf. Ref. 5).

Using Fig. 1(b) as starting point, we can now analyze
qualitatively different image contrasts obtained with other
tips. For example, in Fig. 2(a) we find a modulation between
neighboring rows of nickel atoms and between neighboring
rows of oxygen atoms, as clearly visible in the line section in
Fig. 2(b). The modulation on neighboring rows of oxygen
atoms also has to be of magnetic origin, because, as for the
nickel rows, they are structurally and chemically equivalent.
However, such a modulation does not reflect the genuine
antiferromagnetic structure of NiO(001), which is related to
the nickel atoms [cf. Fig. 1(b)]. Hence, the contrast seen in
Fig. 2(a) has to be related to the magnetic configuration at
the tip apex. It should be mentioned that in Ref. 12 a mag-
netic moment of 0.07ug was determined for surface oxygen
atoms. Thus, a small magnetic exchange interaction would
also be expected on oxygen atoms. However, the moment for
nickel atoms is on the order of 1.16up. As visible in the line
section in Fig. 2(b), the contrast between oxygen atoms is on
the same order of magnitude as on nickel atoms, while the
predicted magnetic moments differ by a factor of about 16.
Another mechanism to explain the height modulation on the
neighboring rows of oxygen atoms would be a superex-
change interaction between the foremost tip atom and the
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second layer nickel atoms, which are located below surface
oxygen rows. If such a mechanism would be also relevant,
we would expect to always see a modulation on neighboring
rows of oxygen atoms, which is not the case.

The most likely cause, which explains all features ob-
served in Figs. 2(a) and 2(b) qualitatively, is a magnetic
double tip as sketched in Fig. 2(c). Here, two magnetic atoms
(A and B) at the tip apex contribute to the magnetic signal. If
the foremost tip atom A is, for example, above the oxygen
atom at position 3, the magnetic moment of tip atom B in-
teracts with the magnetic moment at the neighboring nickel
site (position 2). As a result, a contrast modulation is found
not only on the nickel atoms but on the oxygen sites as well
(see the line section). This effect is analogous to a structural
double tip. However, it should be emphasized again that a
pure structural double tip could not result in the observed
contrast. The described wedgelike two-atom tip apex model
is also strongly supported by the shape of the line section in
Fig. 2(b), which reveals maxima that are wider than the
minima and asymmetric slopes.'® In contrast, a single-atom
tip apex exhibits symmetric slopes, cf. line section in Fig.
1(b). Note that an iron double tip still allows atomic reso-
lution on NiO(001), because two maxima at this surface (the
oxygen atoms) are 417 pm apart, while the iron-iron distance
is only about 286 pm (value for bulk a-Fe).

Surprisingly, the magnetic contrast on neighboring rows
of oxygen atoms (3.1£0.9 pm) is on the same order of
magnitude as on neighboring rows of nickel atoms
(2.6 0.9 pm). Intuitively, one would expect that the mag-
netic contrast on nickel atoms is larger than on oxygen at-
oms, since the mean tip sample distance above the nickel
atoms in this constant Af image 1is approximately
12.5+0.9 pm smaller than above the oxygen atoms [cf. Fig.
2(b)]. However, this is possible if the magnetic moment of
atom B is farther away but better aligned relative to the
canted magnetic moments of the nickel surface atoms than
that of atom A (cf. Heisenberg model). This would indicate
that 5 T is not sufficient to fully align the magnetic moments
at the tip apex along the direction of B.

To achieve a large magnetic signal, the relative orientation
between the magnetic moments of the foremost tip atom and
the surface atoms is crucial. If antiferromagnetic samples are
investigated, an obvious way to control the direction of the
magnetic moments of the tip is to apply a sufficiently large
external magnetic field that does not alter the sample. How-
ever, we found direct proof that even for B>J, the mag-
netic moment at the foremost tip apex atom is not necessarily
collinear to B. Figures 3(a) and 3(b) show the same location
of the sample imaged by MEXFM in 5 T with atomic scale
magnetic resolution. The structural defect in the lower left
corners, marked by dashed circles, acts as a marker to check
the registry of the atomic positions. Between recording im-
ages in Figs. 3(a) and 3(b) the tip apex changed its configu-
ration spontaneously. Close inspection reveals a reversal of
the magnetic contrast, i.e., rows of nickel atoms with deeper
minima in Fig. 3(a) appear as rows of nickel atoms with
shallower minima in Fig. 3(b) and vice versa.

How a spontaneous tip change can alter the direction of
magnetic moments at the foremost tip atom is explained by
employing a simplified two-dimensional tip model sketched
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FIG. 3. (Color) MEXFM images (low pass filtered) of the same
location in NiO(001) recorded before (a) and after (b) a spontane-
ous tip change. A comparison of identical nickel atoms (e.g., those
marked by rectangles) using the defect in the lower left corner as a
marker reveals a magnetic contrast reversal. Note that darker nickel
rows are marked by arrows. In (c) and (d) a simplified tip model is
shown that explains the reversal of the magnetic contrast on
NiO(001) with canted magnetic moments. A spontaneous jump of
atom A close to the tip apex alters the direction of the magnetic
moment at the foremost tip atom via spin-orbit coupling. In the
given example the angle between the magnetic moments of tip and
sample atom changes from ¢;=~55° to ¢;=125°. Parameters: f
=158 891 Hz, Af=-21 Hz, A==%63 nm, c¢,=34 N/m, Q,
=54700, and B=5 T.

in Figs. 3(c) and 3(d). Let us first list the energy contribu-
tions, which govern the direction of the magnetic moments
of the tip: The Zeeman energy forces magnetic moments
parallel to B. However, even if B> J,, magnetic moments at
the side faces of the tip are rotated into an orientation parallel
to the surface of the iron film due to the shape anisotropy,
which is in our case perpendicular to B at the tip apex.®
Therefore, the magnetic moments at the tip apex are likely to
be in a noncollinear frustrated state. Since the local coordi-
nation of the foremost tip apex atom, which is certainly not
bulk coordinated, strongly influences the direction of the
magnetic moment via spin-orbit coupling, structural recon-
figuration will also change the direction of the magnetic mo-
ment of the foremost tip atom. Note that the Zeeman energy
per atom related to 5 T is on the order of 1 meV, whereas the
magnetic exchange energy between closely spaced iron
atoms is one order of magnitude larger.

Let us assume that the above-mentioned energy contribu-
tions lead initially to an angle of ¢; =~ 55° between the mag-
netic moments of the foremost tip atom and the canted mag-
netic moment of the nickel atom as sketched in Fig. 3(c).
Spontaneous jumps of an atom near the tip apex, as it was
described for a nonmagnetic system in Ref. 20, can now
significantly change the alignment of the magnetic moment

104418-3



KAISER, SCHWARZ, AND WIESENDANGER

at the apex. In Fig. 3(d) the result of such a tip change is
shown, where a rearrangement of atoms near the apex modi-
fies the effective local anisotropy energy at the foremost tip
atom in a way that an angle of ¢; = 125° is found. According
to the Heisenberg model the strength of the magnetic ex-
change interaction scales with the cosine of ¢. As a result,
the tip configuration in Fig. 3(d) would lead to an inverted
magnetic contrast in comparison to the one shown in Fig.
3(c).

In summary, our study of different tips on a well-defined
surface demonstrates the important role of the atomic and
magnetic configurations at the tip apex. While single-atom
tips reflect the genuine magnetic structure at the surface,
magnetic double tips could result in an apparent magnetic
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signal on atoms, which do not possess a magnetic moment.
Moreover, we found that the local anisotropy energy at the
tip apex can dominate over the Zeeman energy even if B
>J. Our observations also highlight the interrelation be-
tween atomic configuration and the direction of magnetic
moments at the tip apex via spin-orbit coupling. For the fu-
ture development of magnetic sensitive scanning probe tech-
niques such as MExFM and SP-STM, it is important to
know how to interpret the magnetic contrast and to identify
possible tip effects, particularly on unknown surfaces and
surfaces with complex noncollinear magnetic structures.
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