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Abstract
We present an accurate ab initio description of the magnetic exchange
force microscopy (MExFM). As a prototypical system, the antiferromagnetic
NiO(001) surface probed with a Fe tip is investigated. The tip–surface interaction
is described on two levels. Short-range chemical and exchange forces between
the tip apex and the surface atoms are described in the framework of spin-
polarized density functional theory while long-range van der Waals forces
are considered within a mesoscopic tip model. For the Ni atoms in the NiO
surface as well as the Fe atoms of the tip apex, an on-site repulsion U in the
transition-metal 3d shells is included. In order to understand the tip–surface
interaction, we investigate the changes in the electronic structure of tip and
surface versus distance. The resulting frequency shifts and MExFM images are
in good qualitative agreement with experimental data.

1. Introduction

Besides the interest in fundamentals of magnetic phenomena, developments toward high-
resolution magnetic imaging are driven by demands of modern magnetic data storage and
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logical devices at atomic scale [1, 2]. In this development surface-sensitive techniques play
an important role. The direct visualization of spin structures with atomic-scale resolution is,
however, a challenge for both experiment and theory.

Combining the atomic resolution of scanning tunneling microscopy (STM) with
spin sensitivity, spin-polarized (SP)-STM provides unprecedented insight into collinear
and non-collinear spin structures at surfaces of conducting magnetic solids and their
nanostructures [3–6]. However, (SP-)STM techniques cannot be applied directly to surfaces of
insulators. In order to achieve conductivity of the sample it has to be either doped [7, 8] or locally
irradiated with an electron beam [9]. Direct access to atomic resolution on insulating surfaces
is provided by non-contact atomic force microscopy (NC-AFM) by sensing the short-range
chemical interaction between tip atoms and surface atoms underneath [6, 10]. Spin imaging
is achieved by detecting the short-range magnetic interaction such as the exchange interaction
between a ferromagnetic tip and a magnetic sample and is, hence, called magnetic exchange
force microscopy (MExFM) [6, 11–13]. Its performance has been clearly demonstrated for the
(001) surface of antiferromagnetic NiO [13, 14] as well as an antiferromagnetically ordered Fe
monolayer on W(001) [15].

The 3d transition-metal monoxides (TMOs) attract much attention in condensed matter
physics because of their promising electronic and magnetic properties for information
technology and spintronics. This holds especially for their surfaces and nanostructures [16]. At
high temperatures, the 3d TMOs crystallize in an ideal rocksalt structure and show paramagnetic
behavior. Below their respective Néel temperature, the magnetic moments of the TM2+ ions
arrange in the antiferromagnetic ordering AFM II, and a small perturbation of the ideal rocksalt
structure occurs [17]. Superexchange mediated by the O2− ions has been identified to be
the driving mechanism behind the formation of the antiferromagnetic ordering [18, 19]. The
insulator NiO serves as a prototypical sample system: (i) due to its high Néel temperature of
525 K [20], NiO exhibits the antiferromagnetic ordering at room temperature. (ii) The cleavage
(001) surface is stable and displays the antiferromagnetic ordering of the bulk. It is therefore
easily accessible for experimental surface probe measurements [6, 13].

Ab initio calculations by means of spin-polarized density functional theory (DFT) [21, 22]
have contributed to an understanding of the atomic geometry, the electronic structure and the
magnetic interactions of the NiO(001)2 × 1 surface [23–25]. However, the results depend on
the description of exchange and correlation (XC), in particular, the local electron interaction
on the Ni 3d shell, e.g. described by an on-site Coulomb U parameter [26]. Apart from the
details of the geometry and electronic states of the NiO(001)2 × 1 surface, there remain open
questions. This is true for the theoretical description of atomic-scale scanning probe techniques
such as NC-AFM and MExFM. The central question concerns the tip–sample interaction, the
variation of chemical forces and magnetic exchange forces versus distance and their relative
contribution to the total forces. While the influence of the chemical nature of the tip material
has been studied theoretically and experimentally [27, 28], the mutual interaction, in particular
the redistribution of electron and magnetization densities in the tip apex and the surface due to
their interaction are less understood. Another difficulty of understanding concerns the magnetic
contrast which unambiguously reveals the antiferromagnetic ordering of NiO(001). It could
not be observed experimentally until recently [13, 27]. In addition to that, it was shown that
even with the same experimental setup, the magnetic contrast depends on the chosen frequency
shift or, equivalently, the minimum tip–surface distance [13]. The determination of optimum
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conditions to achieve a large magnetic signal is one of the important issues for experimental
setups.

First theoretical attempts to understand the tip–surface interaction have been made by
applying the unrestricted Hartree–Fock (UHF) method [29] or DFT within the local spin density
approximation (LDA) [30]. However, neither of these methods describe the Coulomb interaction
of the TM 3d electrons properly [31, 32]. In particular, the on-site Coulomb repulsion is either
strongly overestimated (UHF) or underestimated (LDA) [31, 32]. Further limitations of these
early attempts were due to the available computer resources. The tip apex was described by only
one individual atom. Moreover, these studies were restricted to a few self-consistent calculations
at several heights and, hence, a fitting of the potential energy [29] or force curves [30] to model
functions was inevitable. Such an approach, however, can only give a rough description of the
tip–surface interaction and its dependence on the tip–surface separation.

In the present paper, we study the tip–surface interaction for the prototypical sample, the
antiferromagnetic NiO(001) surface probed with a ferromagnetic Fe tip, within the framework
of spin-polarized DFT. The electronic interaction of the TM 3d shell is properly described
with an on-site Coulomb parameter U . Besides the short-range chemical and magnetic forces
obtained within the LDA+U approach also long-range van der Waals (vdW) forces are
considered. A dense sampling of the tip–surface distance allows a study of the details of
chemical and magnetic forces. The resulting MExFM images are discussed and a physical
explanation, particularly for the spin contrast, is given. In section 2, the theoretical model used
to calculate MExFM images and the treatment of the different long- and short-range forces are
described. The short-range tip–surface interaction is investigated in detail in section 3. Finally,
the resulting MExFM images and corrugations are presented in section 4. A brief summary and
conclusions follow in section 5.

2. Theoretical modeling

2.1. Frequency shifts and forces

We follow the description of a NC-AFM given in [33]. The cantilever with spring constant
k oscillates with the amplitude A at the resonance frequency f = f0 + 1 f which is shifted by
1 f from the resonance frequency of the unperturbed cantilever f0 due to the forces between
tip and sample. In the constant-force mode of operation, the average force acting on the tip
over one cycle and, hence, the frequency shift 1 f are kept constant. In general, the frequency
shift 1 f depends strongly on the various parameters of the experimental setup [33]. However,
if the amplitude A is much larger than the range of the forces acting between tip and sample, a
normalized frequency shift γ = k A3/21 f/ f0 that is independent of any experimental parameters
can be introduced [34]. For typical oscillation amplitudes [13] of more than 50 Å, this large-
amplitude approximation is a good approximation. Within the large-amplitude approximation,
the normalized frequency shift is given as [33]

γ (d; x, y) =
1

√
2π

∫
∞

d

Fts(x, y, z)
√

z − d
dz, (1)

where Fts(x, y, z) is the force between tip and surface, if the tip is located at the height z
over the surface at the lateral position (x, y). d is the minimum tip–surface distance during
one oscillation cycle. Different contributions to the tip–surface interaction Fts, such as long-
range vdW forces, short-range chemical and exchange-correlation forces, but also electrostatic
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Figure 1. (a) p(2 × 2) unit cell of the NiO(001) surface with the microscopic pyramidal
tip apex. Red (black) spheres indicate Ni2+ ions. Blue (green) spheres represent O2−

ions with underlying spin-up (spin-down) Ni2+ ions in the first sub-surface layer. Brown
spheres display the Fe atoms in the tip. The arrows indicate the orientation of the
magnetization of the various atoms. (b) Long-range vdW forces are considered for a
mesoscopic parabolic tip. The apex of the mesoscopic tip z′ is assumed to intersect the
microscopic pyramidal tip at half of the microscopic tip height, such that z′

= z + a/2.

forces can be identified [6, 33]. Here, we restrict ourselves to the most important contributions,
the short-range chemical and exchange-correlation forces Fchem and the long-range vdW forces
FvdW, so that

Fts = Fchem + FvdW. (2)

The long-range vdW forces FvdW(z) cannot be described within an ab initio calculation.
Therefore, we follow suggestions in the literature for an approximate description [34]. The
mesoscopic tip part is represented by a parabolic tip with curvature radius R at the height z′ of
the apex over the surface as depicted in figure 1(b). The resulting vdW force FvdW(z) between a
parabolic tip and a flat surface follows the simple power law [34]

FvdW(z′) = −
AH R

6z′2
(3)

with the Hamaker constant AH. The Hamaker constants are small and vary in the range between
10−19 and 10−20 J (see e.g. [35]). Since their variation with the interacting particles is small and
the tips used in experiments are frequently coated Si ones, we use the Hamaker constant for
Si–Si interaction in air [35] AH = 1.865 × 10−19 J. The curvature radius of the parabolic tip is
set to R = 10 nm. In order to connect the description of FvdW(z) to the description of Fchem(z),
we set the height of the apex of the mesoscopic tip z′

= z + a/2, where a is the vertical extent
of the microscopic pyramidal tip apex (see figure 1(b)).

2.2. Density functional theory

The short-range chemical and exchange-correlation forces are described self-consistently within
spin-polarized DFT and the approximation of collinear spins. The calculations are performed
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using the Vienna ab initio simulation package [36]. The 3d and 4s electrons of the transition-
metal atoms nickel and iron as well as the 2s and 2p electrons of oxygen atoms are described
as valence states. The one-particle wave functions are expanded in a basis set of plane waves
up to a cutoff energy of 800 eV, whereas the projector-augmented-wave method [37] is applied
to describe the wave functions in the core regions with an accuracy comparable to all-electron
calculations.

In contrast to recent NiO(001) treatments including gradient corrections to the XC
functional [26], here, we restrict ourselves to LDA in the parametrization of Perdew and
Zunger [38]. This approach better describes the chemical forces for larger distances, for which
the vdW interaction becomes important [39]. The interaction of the localized electrons on
the TM 3d shell is corrected by an on-site Coulomb parameter U as demonstrated within the
LDA+U method developed by Anisimov et al [40]. The present LDA+U calculations are based
on the scheme of Dudarev et al [41], where only the difference between the on-site repulsion
U and the exchange parameter J , U–J , enters the energy functional. Therefore, all values for
U given throughout this paper are effective values representing U–J . In accordance to previous
ab initio investigations of electronic and structural properties of the NiO bulk [32, 42] and the
NiO(001) surface [26] we apply an intra-atomic d–d Coulomb energy of U = 4 eV to the Ni
atoms. Such a U parameter opens the fundamental gap of bulk NiO [32], gives rise to a more
precise magnetocrystalline anisotropy [42] and describes the properties of the NiO(001) surface
properly [26]. Larger U values open the gap further [7, 8] but give rise to an incorrect energetic
ordering of the electronic band structure [32]. Also to the Fe atoms in the tip, a Coulomb energy
correction of U = 4 eV is applied for the same reasons as in the case of Ni [32].

2.3. NiO(001) surface

In the first step, we determine the equilibrium lattice constant of the antiferromagnetically
ordered NiO crystal, which is represented by a rhombohedrally distorted rocksalt structure
with a magnetic unit cell containing four atoms [17]. The corresponding Brillouin zone (BZ)
is sampled by a mesh of 8 × 8 × 8 k-points [43] and the internal degrees of freedom were
allowed to relax until the Hellmann–Feynman forces are below 1 meV Å−1. By fitting the energy
versus volume curve to the Murnaghan [44] equation of state an equilibrium lattice constant of
a0 = 4.064 Å is obtained.

Because of the antiferromagnetic ordering AFM II the smallest lateral magnetic unit cell of
the NiO(001) surface is p(2 × 1). However, both the antiferromagnetic NiO(001) surface as well
as the Fe tip have to be described within the same cell. In order to avoid the lateral interaction of
the Fe tips across adjacent cells, we double the size of the surface unit cell to a p(2 × 2) cell. The
chosen NiO(001)2 × 2 surface unit cell together with the Fe tip are depicted in figure 1(a). The
cell contains four formula units of NiO and can be described with basis vectors a1 = a0(1, 1, 0)

and a2 = a0(−1, 1, 0). Our calculations are performed within a supercell approach, where we
use symmetric slabs of five layers of NiO to represent the bulk NiO with two equivalent surfaces.
Previous calculations suggest that at least nine atomic layers and a vacuum thickness of 10 Å
are necessary in order to obtain well converged surface band structures [26]. However, we found
that the surface energies and the forces acting on the atoms at or close to the surface converge
faster with the slab thickness and are properly described with slabs of five layers. The NiO
slabs are separated by a vacuum of 23 Å. This value is sufficiently large to allow the placement
of the Fe tip in the vacuum such that it interacts only with one of the surfaces for the range
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Table 1. Relaxation, rumpling and magnetic moments of the first two layers of the
NiO(001) slab. The deviation from the bulk position in the i th layer are characterized by
the rumpling Ri and the layer relaxation 1i in per cent of the bulk lattice constant a0.

Layer i Ri (%) 1i,i+1 (%) µNi (µB) µO (µB)

1 0.89 −1.14 1.55 0.05
2 −0.79 0.01 1.53 0.03

of tip–surface distances studied in this work. Therefore, the supercell is described by the two
basis vectors, a1 and a2, together with a third basis vector, a3 = c(0, 0, 1) with c = 2a0 + 23 Å,
perpendicular to the NiO(001) surface. The corresponding BZ is sampled by a 0-centered
4 × 4 × 1 k-point mesh. The atomic positions of the slab are allowed to relax self-consistently
until the Hellmann–Feynman forces are smaller than 1 meV Å−1. The calculated values of the
interlayer relaxation 1i,i+1, layer rumpling Ri , as well as the local magnetic moments µ of
the Ni2+ and O2− ions in the surface and sub-surface layer are compiled in table 1. Both the
calculated surface relaxation and the rumpling are small, in the order of 1%, in agreement with
other available experimental and theoretical data [24, 45–50].

2.4. Fe tip and tip–surface system

The structure of the Fe tip apex that senses the short-range chemical and exchange-correlation
forces is described by a cluster of five Fe atoms following [51] (see figure 1(a)). We performed
several test calculations, where the tip was modeled by a single Fe atom as suggested earlier in
the literature [29, 30]. However, we observed that the electronic structure of such a single Fe
atom is rather unstable, most probably due to the partial occupancy of the minority-spin Fe 3d
shell. In particular, magnetic moments of the tip–apex atoms as well as the tip–surface forces
vary remarkably with the tip–sample distance and even change discontinuously. The tip apex
modeled as a ferromagnetic five-atom iron cluster as illustrated in figure 1(a) is much more
stable compared to the single Fe atom. Its shape corresponds to a pyramid of height a and a
square base of length b. The orientation of the tip above the surface is chosen such that the
pyramid base is parallel to the lateral basis vectors of the NiO surface a1 and a2, respectively
(see figure 1(a)). The positions of the tip atoms are optimized self-consistently in absence of
the NiO slab. We obtain the parameters a = 1.69 Å and b = 3.38 Å. In the five-atom cluster, the
magnetic moments of the iron atoms are assumed to be ferromagnetically ordered. The lower
Fe atom has a magnetic moment of µFe = 3.313 µB, while each of the four upper atoms has a
slightly smaller magnetic moment of µFe = 3.194 µB. The direction of magnetization of the Fe
tip determines the spin-up direction of the system of tip and surface. Ni2+ (and O2−) ions with
magnetic moments aligned parallel to the tip magnetization are, therefore, labeled Ni↑ (O↑),
those aligned antiparallel are labeled Ni↓ (O↓).

The total short-range force Fchem(z) between the Fe tip and the surface is given by the
sum over the Hellmann–Feynman forces acting on the tip atoms for a distance z of the Fe
atom in the tip pyramid closest to the surface. At each of the eight considered lateral sites in the
irreducible p(2 × 1) surface unit cell, the force Fchem(z) is calculated for tip–surface distances in
the range 1.75 Å6 z 6 5.00 Å in steps of 1z = 0.05 Å which results in a total of 66 force values
per site.
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3. Tip–surface interaction

3.1. Forces and energies

In figure 2(a) the calculated chemical forces Fchem(Aσ ; z) acting on the Fe tip–apex at different
heights 1.8 < z < 3.8 Å above the surface atoms of species A ∈ {Ni, O} and spin-orientation
σ ∈ {↑, ↓} (see figure 1) are depicted. The magnetic contrast of MExFM images depends on
the relative strength of the exchange forces FX(A; z) = Fchem(A↓; z) − Fchem(A↑; z) for both
species A, respectively. They are displayed in figure 2(b). Similarly, the difference in exchange
(and correlation) energy EX = E(A↓; z) − E(A↑; z) is obtained, where E(Aσ ; z) is the total
energy of the system if the Fe tip is placed at height z above the surface atom Aσ . The results
are plotted in figure 2(c). Negative (positive) exchange energies EX indicate that the antiparallel
(parallel) alignment of the magnetization of the Fe tip and the surface atom of species A is more
favorable.

In figure 2(a) clear differences can be seen for the chemical forces Fchem acting on the
tip above the different lateral sites in the surface unit cell. Above the O sites, attractive forces
dominate in a wide range down to an ‘equilibrium’ tip–surface distance of dFe↑−O = 1.85 Å with
Fchem(Oσ ; z) = 0. There are only small differences between the forces above the two different
O atoms, which can also be seen from FX in figure 2(b). However, the energy difference
EX (figure 2(c)) reveals a weak ‘antiferromagnetic’ coupling (EX < 0) that might be due to
superexchange interaction of the Fe tip atoms with the Ni atoms in the second layer mediated by
the oxygen atoms in the surface layer [18, 19]. Above the Ni atoms, the strength of the attractive
forces is smaller compared to the O sites and, consequently, the ‘equilibrium’ tip–surface
distance is larger with dFe↑−Ni↑ = 2.1Å (dFe↑−Ni↓ = 2.2 Å) above the Ni↑ (Ni↓) surface
atoms.

In contrast to the O sites, above the Ni sites, a contribution to the chemical forces that
depends on the magnetic orientation of the Ni surface atoms relative to the tip is clearly visible
in figures 2(a) and (b). Above the Ni↓ sites, the force curve is rather smooth with a maximum
attraction of Fchem = −1.45 nN at z = 2.7 Å. Above the Ni↑ sites, however, the situation is
more complex. While for tip–surface distances larger than z = 2.7 Å, the attractive forces above
the Ni↑ sites are smaller compared to the Ni↓ sites, the situation is reversed below z = 2.7 Å
and, hence, the exchange force FX(Ni) in figure 2(a) changes its sign. The appearance of an
additional attractive force on the Fe tip above the Ni↑ sites for tip–surface distances smaller
than z = 2.7 Å coincides also with the minimum of EX(Ni). From figure 2(c) it becomes clear,
that above z = 2.7 Å the antiferromagnetic coupling between tip and surface is most important
and stabilized with decreasing tip–surface distance. Below z = 2.7 Å an opposite contribution
to EX appears and the parallel configuration between tip and surface Ni atoms is stabilized
compared to the antiparallel configuration. The parallel configuration becomes the favorable
configuration below z = 2.3 Å for the tip above the Ni sites.

Our results agree roughly with those of Momida and Oguchi [30], where the tip was
modeled by only one Fe atom and no U correction was considered. However, a detailed
comparison of the results is not possible. Due to the few sampling points and the fitting
procedure used in their study, their force versus distance curves are smooth functions throughout
the whole range of heights studied. Most importantly, the sharp change of the interaction at a
height z = 2.7 Å above the Ni↑ atom is not visible in their force curves.
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Figure 2. (a) Chemical forces Fchem, (b) exchange forces FX and (c) exchange energies
EX at the lateral position of the four surface atoms in the 2 × 1 unit cell versus the
tip–surface distance z.
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Figure 3. Changes of the spin densities 1ρσ in the (010) plane due to tip–surface
interaction. The upper (lower) panels show the variation in the spin-up channel 1ρ↑

(spin-down channel 1ρ↓). Black dots indicate Fe tip atoms, while open circles represent
Ni and O atoms in the first two slab layers. The tip is positioned above the two surface
atoms Ni↑ ((a)–(f)) and Ni↓ ((e)–(h)) for two different tip heights z = 2.9 Å ((a), (b),
(e) and (f)) and z = 2.6 Å ((c), (d), (g) and (h)). Positive values (red areas) indicate an
accumulation and negative values (blue areas) a depletion of spin density caused by the
tip–surface interaction.

3.2. Redistribution of spin-polarized electrons

In order to understand the mechanisms that determine the tip–surface interaction, we investigate
the change of the spin densities 1ρσ

= ρσ
ts − ρσ

t − ρσ
s due to the interaction, where ρσ

ts is the
spin-density component σ of the interacting system and ρσ

t and ρσ
s are the spin densities of

the non-interacting tip and slab, respectively. In figure 3 1ρσ is depicted in the (010) plane
with the tip apex at two different heights, z = 2.6 and 2.9 Å, i.e. above and below the critical
distance of z = 2.7 Å, above the Ni↑ and Ni↓ atoms. For the chosen Fe tip the spin-up (spin-
down) channel in figure 3 corresponds to the majority-(minority-)spin channel. While for the
Ni↑ atom (figures 3(a)–(d)) the spin-orientation is the same as for the Fe tip atoms, the situation
is reversed for the Ni↓ atom (figures 3(e)–(h)). In particular, the spin-up (spin-down) channel
corresponds to the minority-(majority-)spin channel for the Ni↓ atom.

At the chosen heights, we observe that the presence of the ferromagnetic tip leads to a rather
strong redistribution of the spin densities in a dz2 state at the Ni surface atoms. In particular, we
find an increased density in the minority-spin dz2 state of the Ni surface atoms (figures 3(b),
(d), (e) and (g)), whereas the density of the majority-spin dz2 state of the Ni atoms decreases
(figures 3(a), (c), (f) and (h)). Interestingly, the redistribution of spin density at the Ni atoms
appears to be rather independent of the alignment of the magnetic moments with respect to the

9



New J. Phys. 16 (2014) 023020 M Granovskij et al

ferromagnetic tip. For the Fe atoms in the tip, the situation is more complicated and the actual
redistribution depends on both the height and whether the tip is located above the Ni↑ or Ni↓
atom. At the height z = 2.9 Å (figures 3(a), (b), (e) and (f)), we find no redistribution of the Fe
majority-spin electrons (figures 3(a) and (e)) and only a very weak redistribution of the minority-
spin electrons (figures 3(b) and (f)) above both Ni atoms. This, however, changes drastically at
the smaller distance z = 2.6 Å. Above the Ni↓ atom (figures 3(g) and (h)) the Fe majority-spin
electrons remain unpolarized (figure 3(g)), whereas we observe some redistribution of electrons
within the Fe minority-spin channel with a small accumulation of electron density between the
tip apex and the surface (figure 3(h)). In contrast, above the Ni↑ atom (figures 3(c) and (d)),
the changes are much stronger. Similar to the Ni atoms, we observe a strong redistribution of
the electron density in a dz2 state of the Fe atom at the tip apex. Also, here the minority-spin
density of the dz2 state increases (figure 3(d)), whereas the majority-spin density of the dz2 state
decreases (figure 3(c)). It is evident from figure 3(d) that above the Ni↑ atom at heights below
the critical height z = 2.7 Å (i) a strong redistribution of spin density at the Fe atom at the tip
apex takes place and (ii) some covalent bond between minority-spin electrons in dz2 like states of
the Ni↑ atom and the Fe atom at the tip apex is formed. Obviously, the presence of this covalent
bond causes both the additional attractive force on the Fe tip above the Ni↑ atom observed in
figures 2(a) and (b) as well as the additional ferromagnetic coupling visible in figure 2(c).

3.3. Interaction mechanisms

The differences in the chemical forces Fchem(z) (see figure 2) acting on the cores of the Fe
atoms at the tip apex, above the surface Ni and O ions with opposite ionic charges as well as
that between Ni ions with opposite spin moment indicate two leading mechanisms. The first one
is of electrostatic nature. It is due to the interaction of the Fe atoms with the electrostatic field
caused by the oppositely charged ions in the NiO surface. At tip–surface distances z larger
than a characteristic distance of 3 Å (see figure 2), that is of the order of nearest-neighbor
distances in Fe and Ni metals but somewhat larger than the nearest-neighbor distance in FeO,
the electrostatic fields of the oppositely charged ions in the NiO surface tend to cancel each
other. Hence, the action of the total electrostatic field caused by the slab of ions and, hence,
its contribution to the Hellmann–Feynman forces vanishes. However, this picture changes
drastically for small distances z < 3 Å. In this region, the local electrostatic field of the closest
probed surface ion becomes most important. The strongest interaction happens with the tip–apex
Fe atom that is differently polarized in dependence on the tip position above a Ni or O ion.
The core of the Fe atom at the tip apex is attracted (repelled) by the negatively (positively)
charged O2− (Ni2+) ions. This explains why the chemical forces Fchem(z) acting on the tip are
significantly larger above the O2− ions compared to the Ni2+ ions. Similar results regarding the
stronger attraction of metallic tips above anion sites compared to cation sites have been reported
also for non-magnetic AFM experiments, where a chromium tip was used to probe the surface
of sodium chloride [52].

The second important contribution to the Hellmann–Feynman forces Fchem(z) stems from
the redistribution of the spin electron densities in the vicinity of the Fe atom at the tip apex
and the surface ion underneath (see figure 3). Even the formation of some bonds, as in the case
shown in figure 3(d), may occur. Such a contribution leads to an attractive force on the tip.
Most importantly, these redistributions, figure 3, depend significantly on the distance, the spin
channel and the spin of the Ni surface ions. Therefore, the forces due to bond formation are also
responsible for the crossing of the Fchem(z) curves above the Ni↑ and Ni↓ atoms at z = 2.7 Å
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(see figure 2). If the tip is located above the Ni↓ atom, the electron density of the atom at
the tip apex remains almost unchanged (see figures 3(e)–(h)). Primarily, the redistribution of
spin density from the majority Ni dz2 into the minority Ni dz2 increases the electron density
between tip and surface and, hence, the attractive force on the tip is relatively small. Above
the Ni↑ atom, the situation is different. For z = 2.9 Å, only a small amount of minority-spin
density is accumulated between the tip and the Ni↑ atom (see figure 3(b)). Consequently, the
attractive force on the tip is small. This behavior changes drastically for distances z < 2.7 Å,
visible in figure 3(d) for z = 2.6 Å. Below z < 2.7 Å the bond formation between the minority-
spin electrons of the tip and the Ni↑ atom leads to a large displacement of valence electrons
and, hence, a strong attractive contribution to the Hellmann–Feynman forces.

In order to understand the bonding or non-bonding mechanisms above the Ni↑ and Ni↓
atoms more deeply, we focus on the interaction of the spin-dependent orbitals of the closest
tip–apex Fe atom and the Ni↑ and Ni↓ surface ions. For the tip above the Ni↓ atom, the electrons
in the dz2 states of the Fe tip atom and the Ni↓ atom belong to different spin channels. Therefore,
direct exchange interaction is not possible. The Coulomb repulsion of electrons with opposite
spin at the two transition-metal atoms also prevents the formation of a symmetric covalent bond
with spin-paired electrons. Consequently, the interaction between the Fe tip and the Ni↓ atom
is best described by the kinetic exchange mechanism according to Anderson [18, 19, 53]. This
mechanism is also expressed in the Kanamori–Goodenough rule [54, 55] for the interaction
between magnetic cations, which states that the interaction between two half-filled localized
orbitals located at different cations should be antiferromagnetic.

For the tip above the Ni↑ atom we identify two different mechanisms depending on the
tip–surface distance. At large distances z > 2.7 Å, the dz2 electrons of the tip Fe atom and
the Ni↑ atom are localized at the respective atom. Since both of them belong to the same
spin channel their interaction may be described by a direct Heitler–London exchange [56].
At intermediate distances, the formation of spin-dependent molecular orbitals occurs. The
unoccupied bonding ddσ minority-spin molecular orbital is shifted toward lower energies and
becomes occupied below z = 2.7 Å (see figure 3(d)). It is accompanied by an energy gain. This
bond formation has two consequences: (i) the ferromagnetic coupling between Fe tip and the
Ni↑ atoms, e.g. visible in the energy in figure 2(c), is stabilized and (ii) the redistribution
of electron density from the interacting atoms into the bonding region leads to an additional
attractive contribution to the force Fchem in figures 2(a) and (b). The observed mechanism might
be related to the ‘covalent magnetism’ reported earlier [57]. It is also interesting to note that
Goodenough [56, 58] pointed out the importance of a critical atomic separation of 2.9 Å for
the interaction in transition metals and their alloys, above which the electrons behave strongly
localized and below where bond and band formation appear.

4. Simulation of MExFM

MExFM images are obtained by plotting the corrugation height over the surface unit cell. We
choose the minimum tip–surface distance above the Ni↓ atom d(γ ; Ni↓) as the reference for
this height 1d(γ ; x, y) = d(γ ; x, y) − d(γ ; Ni↓). We further introduce the average chemical
corrugation

1dchem(γ ) =
1

2

∑
σ

{1d(γ ; Oσ) − 1d(γ ; Niσ)} (4)
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Figure 4. Minimal tip–surface distance d as a function of the normalized frequency shift
γ for tip positions above the four surface atoms of the NiO(001)2 × 1 surface unit cell.
The limiting frequency shift for the calculation of MExFM images γmax is indicated by
the dashed line.

as well as the magnetic corrugation between the two Ni atoms, i.e. the spin contrast

1dNi(γ ) = 1d(γ ; Ni↑) − 1d(γ ; Ni↓). (5)

The functions d(γ ; x, y) for the Fe tip above the four different surface atoms are plotted in
figure 4 versus the normalized frequency shift γ . We recognize that γ (d; x, y) versus d follows
the trend of the chemical forces. However, compared to figure 2(a), the curves in figure 4 are
smoother and shifted toward lower heights as a result of the integration and the inclusion of
attractive vdW forces. From figure 4 it is evident, that the largest possible frequency shift
for the calculation of MExFM images in our model is γmax = −22.1 fN m1/2. It is obtained
if the oscillating Fe tip is placed above the Ni↓ atom with a minimum tip–surface distance
of d = 2.3 Å. Further reduction of the minimum tip–surface distance above this site brings
the tip into the repulsive regime of the tip–surface interaction, which effectively reduces the
average force over one oscillation cycle and, hence, leads to a reduced frequency shift. Since
MExFM experiments are performed at tip–surface distances where the tip–surface interaction
is attractive, we will restrict our discussion to this regime as well.

For small frequency shifts −18 fN m1/2 < γ , the splitting in figure 4 between the d(γ )

curves is generally rather small. We observe that there is a certain splitting between the d(γ )

curves calculated above the two Ni atoms, while the d(γ ) curves obtained above the two
O atoms coincide with the d(γ ) curve above the Ni↓ atom. Consequently, some magnetic
contrast is visible between the two Ni atoms, while no contrast is visible between the Ni↓
atom and the two O atoms. Both the chemical corrugation 1dchem(γ ) and the magnetic
corrugation 1dNi(γ ) remain small with values of 6 and 12 pm, respectively. In the range
−22.1 < γ < −18.0 fN m1/2, the splittings between the d(γ ) curves change drastically. In the
interval −21.0 < γ < −18 fN m1/2, the chemical corrugation 1dchem(γ ) increases from around
7 to 13 pm, while the magnetic corrugation 1dNi(γ ) decreases from around 9 pm and vanishes at

12
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Figure 5. Calculated MExFM images at three different frequency shifts (a) γ =

−19.3 fN m1/2, (b) γ = −21.3 fN m1/2 and (c) γ = −22.0 fN m1/2. A p(2 × 1) surface
unit cell is indicated by a rectangle. The colors of the surface unit cell are the same as
in figure 1(a). The plots below represent the line profile indicated by the red lines in the
MExFM images. Orange and red (black) arrows indicate the spin alignment between
Fe↑ and Ni↑ (Ni↓).

γ = −21.0 fN m1/2. Corresponding MExFM images are calculated for the frequency shifts γ =

−19.3 and −21.3 fN m1/2 and depicted in figures 5(a) and (b). The vanishing magnetic contrast
around γ = −21.0 fN m1/2 visible in figure 5(b) is a direct consequence of the crossing of the
Fchem(z) curves above the two Ni atoms discussed earlier. For −22.1 < γ < −21.0 fN m1/2 both
the chemical and the magnetic corrugations increase and become large close to the critical
frequency shift γmax = −22.1 fN m1/2. The average chemical corrugation 1dchem(γ ) increases
to about 20 pm and the magnetic corrugation 1dNi(γ ) increases to about 11 pm slightly below
the critical frequency shift γmax = −22.1 fN m1/2. A corresponding MExFM image is shown in
figure 5(c) for γ = −22.0 fN m1/2.

Our results can be compared to the experimental investigations of Kaiser et al [13],
where two MExFM images were obtained at frequency shifts corresponding to γ = −2.6
and −2.7 fN m1/2. While the image taken at γ = −2.6 fN m1/2 shows only a chemical
corrugation 1dchem ≈ 4.5 pm, the other image obtained at a slightly higher frequency shift
γ = −2.7 fN m1/2 shows both chemical corrugation dchem ≈ 4.5 pm and a weaker magnetic
corrugation 1dNi ≈ 1.5 pm [13]. Our calculated MExFM images as well as the corresponding
line profiles in figures 5(b) and (c) agree qualitatively very well with the results of Kaiser et al
(figures 2(a) and (b) in [13]). In particular, the fact that we obtain vanishing magnetic contrast
between the Ni atoms while the chemical contrast is retained at a certain frequency shift in
figure 5(b) is noteworthy. In our calculations, this effect can be traced back to the crossing of
the force versus height curves in figure 2 above the Ni atoms, which is related to the formation
of a bond between dz2 -like states in the minority-spin channel of the Ni↑ and the Fe atom at the
tip apex. This effect might explain why Kaiser et al [13] could not observe magnetic contrast at
the lower frequency shift but only at a somewhat larger frequency shift, despite the otherwise
identical experimental setup with a strong magnetic field in order to magnetize the Fe coated tip.

In a recent experiment, Pielmeier and Giessibl [14] performed MExFM measurements on
the NiO(001) surface using a Fe tip, but in contrast to the experiment of Kaiser et al [13] without
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an external magnetic field to magnetize the tip. In their experiment, Pielmeier and Giessibl [14]
observe only a weak magnetic contrast if the Fe tip is located above the O ions, which they
relate to superexchange interaction of the Fe tip atom with the magnetic Ni ions in the first
sub-surface layer. Such magnetic contrast above the O ions is also present in our calculations,
however, it is small compared to the magnetic contrast above the Ni ions. Nevertheless, at the
frequency shift γ ≈ 21 fN m1/2 (see figure 4), where the magnetic contrast between the Ni↑ and
Ni↓ ions vanishes, the magnetic contrast above the O ions remains (see line plot in figure 5(b)).
These facts can be considered as a qualitative interpretation of the findings of Pielmeier and
Giessibl [14].

However, we have to state that the absolute values of frequency shifts γ and the calculated
corrugations 1dchem(γ ) and 1dNi(γ ), are much larger compared to the experimental values
of Kaiser et al [13] or Pielmeier and Giessibl [14]. Nevertheless, the ratio 1dchem/1dNi ≈ 2
in our calculations and 1dchem/1dNi ≈ 3 in the measurements of Kaiser et al [13] are very
close to each other. Some factors may explain the discrepancies between the calculated and
the measured absolute values: (i) the experimentally obtained corrugation heights depend on
the actual experimental setup. In other NC-AFM investigations of the NiO(001) surface a wide
range of corrugations of up to 40–50 pm are measured [5, 14, 59–62]. Our calculated results are
well below such large values. (ii) The vdW forces are treated within a simple model with certain
assumptions about the Hamaker constant and the tip shape. A more sophisticated approach
could also include vdW interaction directly in an ab initio method, e.g. in the framework
of the adiabatic-connection fluctuation-dissipation theorem [63]. (iii) We did not allow for
atomic relaxation of the surface and the tip due to their interaction. Theoretical studies of other
systems [51, 64] suggest that the inclusion of relaxation may have a strong influence on resulting
forces and especially on their distance dependence. Indeed, Kaiser et al [65] predicted a strong
relaxation influence for the MExFM on NiO(001).

Nevertheless, we have to point out the power of the present description compared to
previous theoretical studies [30]. They predict the largest corrugation between the two Ni atoms
while the O atoms show only intermediate corrugation with respect to the Ni atoms. This is
clearly in conflict with our results and the experimental data of Kaiser et al [13]. Therefore, we
claim that not only the improved description of the tip apex by a pyramid of five Fe atoms and
the higher sampling of the forces at various distances, but also the inclusion of vdW interaction
and the accurate calculation of the frequency shift according to (1) are essential for the predictive
power of the presented theory for magnetic images.

5. Summary and conclusions

We have presented ab initio calculations of the quantum-mechanical interactions between the
surface of a substrate with magnetic ordering and a ferromagnetic tip. The antiferromagnetic
NiO(001)2 × 1 surface together with an iron tip have been considered as prototypical examples.
The tip apex has been modeled as a pyramid of five ferromagnetically aligned Fe atoms.
The chemical forces, calculated within an ab initio approach, are combined with an empirical
description of the vdW forces between the surface and the more distant parts of the tip.

The chemical and magnetic exchange forces and energies have been studied as functions
of the tip–surface separation and the lateral position of the tip. In agreement with experiments,
we observe larger attractive chemical forces if the Fe tip is located above the negatively charged
oxygen ions rather than above the positively charged nickel ions. The reason for this is the
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electrostatic attraction (repulsion) of the core of the Fe atom at the tip apex closest to the surface
above the negatively (positively) charged ions. An interplay of different interaction mechanisms
is responsible for the magnetic contrast between the surface Ni ions. In the long-distance
regime, the chemical forces are dominated by kinetic exchange while, for small distances, spin-
dependent covalent bonding appears. The drastic changes in the tip–surface interaction, below a
critical tip–surface distance, are explained by the bond formation between the Fe tip and the Ni↑
atoms, which leads to an additional attractive force and, hence, causes a crossing of the force
versus distance curves above the two Ni atoms. The corresponding exchange energy favors an
antiparallel spin alignment between the tip apex and the closest probed surface Ni ion above
the critical distance and a parallel spin alignment at small distances. The spin alignment of the
oxygen atoms is less important.

The simulated MExFM images and corrugation heights along high-symmetry directions
are in good qualitative agreement with recent experimental studies. In particular, the presented
theoretical description shows how and why magnetic contrast is obtained at a certain frequency
shift, while it vanishes at slightly smaller ones. The presented theory possesses a predictive
power for the contrast pattern over the entire surface unit cell but especially for the contrast
between the magnetic ions. The absolute values of normalized frequency shifts and corrugation
heights are, however, overestimated. Even though earlier force microscopy studies indicated the
possibility of corrugation heights in the order of magnitude obtained here, we believe that further
improvements of the simulation should be made. Critical are the tip size and the description
of the vdW interaction. The inclusion of atomic relaxation due to tip–surface interaction and a
description of the electronic and magnetic phenomena including spin–orbit interaction may also
improve the quantitative description.
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