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Magnetic exchange force microscopy (MExFM) is an important
experimental technique for mapping the magnetic structure of
surfaces with atomic resolution relying on the spin-dependent
short-range exchange interaction between a magnetic tip and a
magnetic surface. RuO2 is a significant compound with
applications in heterogeneous catalysis and electrocatalysis. It
has been characterized recently as an antiferromagnetic (AFM)
material, and its magnetism has been predicted somewhat
surprisingly to play an important role in its catalytic properties.
In the current study, we explore theoretically whether MExFM
can visualize the magnetic surface structure of RuO2. We use
density functional theory (DFT) calculations to extract the
exchange interactions between a ferromagnetic Fe tip interact-

ing with an AFM RuO2(110) surface, as a function of tip-surface
distance and the position of the tip over the surface. Mimicking
the MExFM experiment, these data are then used to calculate
the normalized frequency shift of an oscillating cantilever tip
versus the minimum tip-surface distance, and construct
corrugation height line profiles. It is found that the exchange
interaction between tip and surface is strongest for a parallel
configuration of the spins of the tip and of the surface; it is
weakest for an anti-parallel orientation. In a corrugation profile,
this gives rise to a sizable height difference of 25 pm between
the spin-up and spin-down Ru atoms in the RuO2(110) surface
at a normalized frequency shift g= � 10.12 fNm1/2. The O atoms
in the surface are not or hardly visible in the corrugation profile.

Introduction

Ruthenium dioxide (RuO2) is a metal that has been successfully
applied in various fields, such as electrocatalysis,[1] heteroge-
neous catalysis,[2] Li-ion batteries,[3] and supercapacitors.[4] Its
favorable properties encompass its capability for reversible
redox reactions, a high proton conductivity, a large specific
capacitance, and a high thermal and chemical stability.[5] In
many of these application, reactions and processes that take
place at the surface of RuO2 play a decisive role.[6] RuO2 has a
rutile structure and most of our current understanding of the
processes and reactions at RuO2 surfaces is based on the (110)
surface, since that is the crystal surface with minimum surface
energy.[5,7] Bulk RuO2 and the RuO2(110) surface have long been
assumed to be non-magnetic.[8] Recently, bulk single-crystal
RuO2 has been found to be anti-ferromagnetic (AFM) at room
temperature.[9,10] DFT studies show that the antiferromagnetism
persists at the (110) surface and that the spin states of the
surface Ru atoms affect the catalytic activity of the surface, such
as the oxygen evolution reaction of water splitting.[11,12] So far,

the antiferromagnetism of the RuO2(110) surface has not been
demonstrated experimentally.

Magnetic exchange force microscopy (MExFM) is an exten-
sion of non-contact atomic force microscopy, which aims at
probing the spin-dependent short-range interaction between a
probe tip and a surface. MExFM has allowed to map out the
magnetic properties of nanostructures at surfaces with atomic-
scale resolution.[13–16] MExFM is essentially an AFM equipped
with a magnetic tip; the strength of the short-range exchange
interaction between tip and surface depends on whether the
spins on the atoms of the surface are parallel to those in the tip
or anti-parallel. Keeping the magnetization of the tip constant,
the direction and strength of the magnetic moments on the
surface atoms can then be mapped out by scanning the surface
with the tip.

MExFM is usually applied in tapping mode, with the tip
attatched to a cantilever oscillating near its resonance fre-
quency near the surface of the sample. Using a feedback loop
the minimal cantilever-surface distance is controlled by keeping
the frequency of the oscillating cantilever constant, which then
gives a topological magnetic image of the surface. In experi-

[a] Dr. Q. Liang, Dr. A. Bieberle-Hütter
Electrochemical Materials and Interfaces (EMI), Dutch Institute for Funda-
mental Energy Research (DIFFER), De Zaale 20, 5612 AJ, Eindhoven, the
Netherlands
E-mail: a.bieberle@differ.nl

[b] Prof. Dr. G. Brocks, Dr. A. Bieberle-Hütter
Center for Computational Energy Research (CCER), P.O. Box 513, 5600 MB,
Eindhoven, the Netherlands
E-mail: g.h.l.a.brocks@utwente.nl

[c] Dr. Q. Liang, Prof. Dr. G. Brocks
Materials Simulation and Modeling (MSM), Department of Applied Physics,
Eindhoven University Technology, P.O. Box 513, 5600MB, Eindhoven, the
Netherlands

[d] Prof. Dr. G. Brocks
Computational Materials Science, Faculty of Science and Technology and
MESA+ Institute for Nanotechnology, University of Twente, P.O. Box 217,
7500 AE Enschede, the Netherlands
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.202200429

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

ChemPhysChem

www.chemphyschem.org

Research Article
doi.org/10.1002/cphc.202200429

ChemPhysChem 2022, e202200429 (1 of 7) © 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 13.12.2022

2299 / 277950 [S. 1/8] 1

 14397641, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202200429 by U
niversity O

f T
w

ente Finance D
epartm

ent, W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-5436-5203
http://orcid.org/0000-0002-7639-4638
http://orcid.org/0000-0001-8794-9312
https://doi.org/10.1002/cphc.202200429
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcphc.202200429&domain=pdf&date_stamp=2022-12-02


ments, MExFM has been successfully used to resolve the atomic
scale AFM structure of the NiO(001) surface[13,17] and the
magnetic structure of a Fe monolayer on the W(001) surface, for
instance.[14,15]

The corrugation amplitude of the topological image
depends on the properties of the cantilever. In order to
compare experimental results with different cantilevers and/or
different oscillation amplitudes and frequencies, or to link
theoretical calculations with experiments, a normalized fre-
quency shift g is introduced, see the methods section for more
details. For the case of a Fe tip and a NiO(001) surface, Kaiser
et al.[13] have reported a corrugation amplitude of 4.5 pm at a
normalized frequency shift g= � 2.55 fNm1/2, and Pielmeier and
Giessibl[17] have reported a corrugation amplitude of 1.1 pm at
g= � 0.25 fNm1/2, demonstrating the sensitivity of MExFM.

Based upon a microscopic model of the surface and using a
Fe cluster to mimic the ferromagnetic Fe tip, DFT calculations
have been used to obtain the spin-dependent exchange force
between tip and surface, and, based upon this, the normalized
frequency shift and the topological magnetic image of the
surface. This has been done for the Fe tip and NiO(001) surface
system,[18–20] and for the Fe tip and Fe monolayer on W(001)
surface system, for instance.[14,21] For the former system,
Granovskij et al.[18,20] have reported a corrugation amplitude of
25 pm at g= � 22.0 fNm1/2.

In this work, we use spin-polarized DFT to study the
exchange interaction between a FM Fe tip and an AFM
RuO2(110) surface. The exchange energy and force are calcu-
lated as function of tip-surface distance for several positions of
the tip over the surface. Based upon these data, the normalized
frequency shifts g are calculated as a function of minimal tip-
surface approach distance, which are then used to calculate the
corrugation height profiles for different values of a fixed g, as
one would do in a MExFM experiment. We compare our results
with the results obtained for the NiO(001) surface. Our results
offer guidelines for the experimental detection and under-
standing of magnetism of the RuO2(110) surface.

Computational Details
All calculations are performed with DFT using projector augmented
waves (PAW) as implemented in the Vienna Ab initio Software
Package (VASP).[22–24] As PAW potentials, we use the Ru_pv and Fe_
pv potentials for Ru and Fe atoms, which include p semi-core
states, and the standard PAW potential for the O atom. All plane
waves up to a kinetic energy cutoff of 500 eV are included in the
basis set. The spin-polarized generalized gradient approximation
(GGA) functional of Perdew-Burke- Ernzerhof (PBE) is used to
describe exchange and correlation.[25] We perform GGA+U calcu-
lations, with U terms based on the scheme of Dudarev et al.[26] On-
site Coulomb/exchange energy parameters of U � J ¼2.0 eV9 and
4.3 eV27 are used for the Ru and Fe atoms, respectively.

The DFT optimized lattice constants of bulk RuO2 are a=4.51 Å, c=

3.12 Å, which are in good agreement with the experimental values
of a=4.49 Å, c=3.11 Å.[28] Cutting the bulk RuO2 along the [110]
direction, a five-layer stoichiometric slab with RuO2(110) surfaces is
constructed, see Figure 1(a), which has a surface unit cell with
lattice parameters a=3.12 Å, b=6.41 Å. The top surface of this

slab, which has a maximum exposure of Ru atoms, is then used to
probe the surface. Note that we do not use the surface structure
covered by oxygen bridges, as is used in several DFT studies of
RuO2 in the literature (see, e.g., Ref. [11]), Partially O- or OH-covered
RuO2 surfaces are stable under wet conditions. However, the
oxygen atoms do not acquire a magnetic moment.[12] Such
adsorbed oxygen species then shield the Ru atoms, which do have
a sizeable magnetic moment. As MExFM relies on short-range spin-
dependent interactions, adsorption of oxygen species will obstruct
measuring the surface magnetism. This also implies that – if MExFM
measurements will be carried out in the future – the RuO2 surface
needs to be maximally cleaned of adsorbed oxygen, including the
oxygen bridges found on the (110) surface.

The optimized lattice constant of bulk bcc Fe is 2.83 Å, in good
agreement with the experimental value of 2.87 Å.[29] The Fe tip is
modeled by a Fe cluster in bcc (001) orientation containing five Fe
atoms, as shown in Figure 1(b). Before coupling the RuO2(110)
surface and the Fe tip, we optimize the surface and tip separately.
After optimization, we obtain a tip structure with a=1.74 Å and b=

2.31 Å, see Figure 1(b), which is consistent with previous results.[30]

The magnetic moment of the apex Fe atom is 3.36 mB, and that of
the other four Fe atoms is 3.30 mB, all significantly larger than the
magnetic moment of 2.22 mB in bulk bcc Fe.[31] The total magnetic
moment of the five-atom tip is 16.56 mB.

This tip is then brought into proximity of the surface, see
Figures 1(c), and (d). A vacuum region of at least 15 Å is added
above the surface to allow the tip to move away from the surface
without interacting with the latter’s periodic image. Likewise, lateral

Figure 1. (a) Side view of the RuO2 slab with (110) surfaces at the top and
bottom. The anti-ferromagnetic ordering of magnetic moments on the Ru
atoms is indicated by orange and blue arrows. (b) Optimized structure of the
Fe tip. Side views of the (c) antiparallel (ap) coupling and (d) parallel (p)
coupling of the RuO2(110) surface and the Fe tip; z is the distance between
the centers of the tip apex atom and the surface Ru atom underneath. Red:
O, grey: Ru, brown: Fe.
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interactions between periodic images are suppressed by using an
in-plane 3� 2 surface supercell, with dimensions 9:36� 12:83 Å.
While varying the tip-surface distance, we do not relax the surface
and tip geometries. A 4×3×1 Monkhorst-Pack sampling of the
reciprocal space is used. Convergence tests regarding the size of
the slab and the supercell can be found in our previous work.[12]

The magnetic ordering and the magnetic moments on the Ru
atoms in the slab are presented in the Supporting Information
Figure S1 and Table S1. Anti-parallel and parallel coupling between
the magnetic moments on the tip and specific Ru atoms of the
RuO2(110) surface are illustrated in Figures 1(c) and (d).

In order to understand the chemical and magnetic interaction
between the Fe tip and the (110) surface, we calculate the magnetic
exchange energy Eex(z) and force Fex(z). The exchange energy is
obtained from the DFT total energies of the antiparallel (ap) and
parallel (p) configurations between tip and surface by calculating
the difference between the two total energy curves[21,33]

Eex zð Þ ¼ Eap zð Þ � Ep zð Þ; (1)

where z is the distance between the centers of the tip apex atom
and a surface Ru atom underneath without structural relaxations,
see Figure 1. Positive and negative signs for Eex zð Þ correspond to
preferential p and ap coupling, respectively. Similarly, the exchange
force Fex is defined as[21,33]

Fex zð Þ ¼ Fap zð Þ � Fp zð Þ, (2)

with Fap zð Þ and Fp zð Þ the total forces on the tip along the z
direction of the ap and p systems, respectively. Positive values of
Fex zð Þ indicate a more attractive interaction for the p coupling than
for the ap coupling.

Calculating the exchange forces and energy only makes sense, if
the tip cluster carries a stable magnetic moment. The total
magnetic moment of the Fe tip cluster after coupling with the
RuO2(110) surface, the magnetic moment of the apex Fe atom are
shown in Figure S2. For tip-surface distances z > 3:2 A∘, the apex
atom has a magnetic moment of 3.32–3.38 and the tip cluster has
a total magnetic moment of ~16.56 mB, values very close to those
of a free-standing Fe tip cluster. For shorter distances, the surface
and tip atoms start to hybridize appreciably, which decreases the
magnetic moments on the tip, although for 2:2 < z < 3:2 Å, they
are still within 10% of their free-standing values. The magnetic
moments of the surface Ru atoms also change for shorter distances
because of the tip-surface interaction. The magnetic moment on
the Ru"atom decreases considerably with decreasing distance, see
Figure S3. The magnetic moment on the Ru#atom also decreases
with decreasing distance, but to a lesser degree, Figure S3, before it
increases again for z <2.7 Å. This already indicates that the tip-
surface interaction for the p coupling is stronger than for the ap
one.

The topographic map of the surface can be obtained when
scanning the surface while maintaining a constant frequency shift
of the MExFM cantilever. To be able to compare results obtained
with different cantilevers, a normalized frequency shift is defined
that does not depend strongly on the elementary properties of the
cantilever (eigenfrequency, spring constant, oscillation amplitude).
In the large amplitude limit the normalized frequency shift can be
expressed as[20,34–36]

g dð Þ ¼
1
ffiffiffi
2
p

p

Z ∞

d

Fts zð Þ
ffiffiffiffiffiffiffiffiffiffiffi
z � d
p dz; (3)

where d is the minimum tip-surface distance during one oscillation
cycle. A schematic drawing of the cantilever with tip, and the
distances z and d is shown in Figure 2(a). Fts zð Þ is the total force
between tip and surface, which is the sum of a short-range
chemical term, Fsr zð Þ, and a long-range Van der Waals (vdw) term,
Fvdw zð Þ,[20]

Fts zð Þ ¼ Fsr zð Þ þ Fvdw zð Þ: (4)

As short-range term Fsr zð Þ, we use the forces on the Fe cluster tip,
Fap zð Þ or Fp zð Þ, as obtained from the DFT calculations.

To calculate the vdw forces one can use a simplified model,
consisting of a macroscopic parabolic tip and a planar surface[14,20]

Fvdw zð Þ ¼ �
AHR

6 z þ a
2

� �2 ; (5)

where R is the radius of curvature of the tip (we use R=10 nm),
and a is a height correction that results from the Fe cluster sticking
out from the tip, see Figure 2(b); AH is the Hamaker constant, for
which we use the value 1:865� 10� 19, following Ref. [20]

A corrugation height profile can be obtained by (numerically)
inverting g dð Þ to d gð Þ, and repeating the calculations for every
position x; y of the tip over the surface, giving a function dðg; x; yÞ,
where the function at fixed g then represents a corrugation height
profile. Because of the heavy computational demands, we perform
these calculations only for a restricted number of x; y positions,
namely those that correspond to positions of surface atoms.
Defining the magnetization of the tip as spin-up ("Þ, we use the Ru
atom with its magnetic moment spin-down (#Þ as reference. Using
the minimum tip-surface distance above the Ru# atom dðg; Ru #Þ as
the reference point, we then define

Ddðg;XÞ ¼ dðg, XÞ � dðg, Ru #Þ, (6)

where X marks the position of a surface atom, Ru" or O.

Results and Discussions

The DFT total energies and forces on the tip cluster are shown
in Figures 3(a) and (b) for tip-surface distances in the range

Figure 2. (a) Schematic drawing of an oscillating cantilever with a tip; A is
the oscillation amplitude, z is the distance between the tip and the surface,
and d is the minimum tip-surface distance during the oscillation. (b)
Microscopic model of an Fe tip over a RuO2(110) surface; a is the vertical
height of the Fe tip cluster. Long-range van der Waals (vdW) forces are
modeled using a continuum parabolic tip where z0 is the distance between
tip and surface, and R is its curvature radius.
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2:2 � z � 5:2 Å and three different positions x; y of the tip over
the surface. The subscripts ap and p represent the positions
over a Ru# and a Ru" atom, respectively; O stands for the
position over a surface O atom. At distances z > 4:4 A∘, the
difference in total energy between these positions is small, see
Figure 3(a), and generally increases with decreasing z. Above
the Ru# and Ru" sites, the total energies reach a minimum at
z=2.5 Å and 2.4 Å, respectively, and then increase again,
showing the hallmark of a typical chemical binding energy
curve. The total energy of the tip above the O site also
decreases as the tip approaches the surface and reaches a
minimum at z=2.0 Å.

The total force on the tip above the Ru# and Ru" sites
decreases with z decreasing from 5.2 Å to 3.0 Å, where it
reaches a minimum of � 0.93 nN and � 1.76 nN, respectively,
and then increases again with z decreasing from 3.0 Å to 2.2 Å,
as shown in Figure 3(b). The total force on the tip above the Ru
# and Ru" sites is negative for z > 2:5 Å; indicating an attractive
tip-surface interaction. Likewise, above the O site, the total force
decreases first with decreasing tip-surface distance and then
increases, reaching a minimum of � 2.96 nN at z=2.3 Å. The
force is negative for z > 2:0 Å, signaling an attractive inter-
action. The absolute values of these forces are consistent with
what is calculated for other systems.[20,30] In the range 2.2<z<
4.4 Å, the force for the tip above the Ru" atom is more
attractive than that of Fe tip above the Ru# atom, see
Figure 3(b), indicating that the p interaction is stronger than the
ap interaction. The force for the tip above the O atom is more
attractive than above the Ru atoms in the range 2.2<z<2.9 Å,
while it is less attractive than above the Ru" atom in the range
3.2<z<4.4 Å, signaling that the Fe� O interaction is more
attractive than the Fe� Ru interaction, but it has a shorter range.

We can compare our results with a similar calculation on an
Fe tip - NiO(001) surface, which has a well-known AFM ordering
of magnetic moments on the Ni atoms.[13] For NiO(001) at tip-
surface distances 2.0< z<2.7 Å, the forces are attractive, their
absolute value increases with decreasing distance, is larger for p
coupling between the tip and a substrate Ni atom, and is
largest for a tip position above an O atom.[20] We find the same
pattern for the RuO2(110) surface for tip-surface distances in the
range 2.2<z<2.9 Å. For NiO(001) at tip-surface distances z>
2.7 Å, the forces for ap coupling become more attractive than
for p coupling. For the RuO2(110), we find no such switch; at
large distances, the forces for p and for ap coupling simply
converge to the same value.

The exchange energies Eex zð Þ and Fex zð Þ, calculated from
the difference between tip positions above the Ru# and Ru"
atoms, see Eqs. (1) and (2), are plotted in Figures 3(c) and (d).
According to Figures 3(c) and (d), the Eex zð Þ and Fex zð Þ curves
have a similar trend and the exchange interaction between the
Fe tip and the Ru atoms increases with decreasing z. The
exchange energy Eex zð Þ reaches a maximum of 790 meV at z=

2.3 Å, and then drops again with further decreasing z. The
exchange force Fex zð Þ reaches a maximum of 944 pN at z=

2.7 Å, and then also drops with further decreasing z. For tip-
surface distances 2.4<z<2.9 Å, the exchange force shows a
relatively small variation in the range 908<Fex zð Þ<943 pN, and
drops to much smaller values for distances outside this range.
The maximum size of the exchange force is quite comparable
to the ~1100 pN found between a Fe tip and a NiO(001)
surface.[20] In the latter case, this maximum is located in the
range 2.0–2.2 Å,[20] reflecting smaller size of the Ni atom as
compared to the Ru atom. Based on the positive values for
both Eex zð Þ and Fex zð Þ (in combination with Eqs. (1) and (2)), it
can be concluded that p coupling is energetically more

Figure 3. The (a) total energy of the Fe tip - RuO2(110) system and (b) total force on the tip, above the Ru atoms ap and p configurations, and above an O site,
as a function of the tip-surface distance; (c) the exchange energy Eex zð Þ and (d) exchange force Fex zð Þ vs z.
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favorable than ap coupling for the Fe tip-RuO2(110) system at
all distances z <5.0 Å.

The differences in total energy and forces Eex zð Þ and Fex zð Þ
between the two surface Ru atoms displayed in Figure 3 may
not only be associated with their oppositely oriented magnetic
moments. The Ru# and Ru" atoms at the surface are fivefold,
respectively fourfold coordinated by oxygen atoms, see Figure 1
(and Figure S6 for a clearer picture of the structure), so they are
structurally slightly different. To distinguish between the pure
exchange and the structural effects, we reverse the magnet-
ization of the Fe tip, but keep the magnetic moments in the
RuO2 slab the same, and recalculate Eex zð Þ and Fex zð Þ. If the two
Ru atoms were structurally identical, then upon reversal of the
tip magnetization, Eex zð Þ and Fex zð Þ should change sign, but not
magnitude. Choosing the tip-surface distance z=3.6 Å as an
example, Eex changes from +0.16 eV to � 0.19 eV, and Fex

changes from � 418 pN to 354 pN. The changes in magnitude
are 15–20%, which notably is of the same order as the
difference in magnitude between the magnetic moments of the
two surface Ru atoms, see Figure S1 and Table S1. We conclude
that Eex zð Þ and Fex zð Þ partially reflect the structural difference
between the two Ru atoms, but that the difference between p
and ap exchange coupling is dominant. Despite their different
coordination, and opposite magnetic moments, the two surface
Ru atoms have a quite similar electronic structure, see Figure S6.
In the following we report on the results obtained with
magnetization of the tip up, as in Figure 1.

Is is noticed in Figure 3 that Eex zð Þ > 0, and Fex zð Þ > 0 for
2 Å<z<5 Å, implying that p coupling is stronger than ap
coupling. We suggest the main cause for this is that the
minority-spin electrons of the Fe tip couple stronger to the
substrate than the majority-spin electrons, see Figure S4, which
makes sense as the frontier orbitals of the Fe tip have minority-
spin character, see Figure S5. Choosing the magnetization of
the tip up, these states then have spin-down character. They
can then involve in a Heitler-London (valence bond) interaction
with the spin-up states of the surface Ru atoms, which is then
stronger for the Ru" and for the Ru# atoms. The interaction
results in a decrease of the magnetic moments on the Ru
atoms, as corroborated by Figure S3.

Based on the total force of Figure 3(b), the normalized
frequency shift g dð Þ is calculated according to Eq. (3) for
different positions of the Fe tip over the surface; the results are
plotted in Figure 4(a). The shapes of the two curves for
positions above the Ru# and a Ru" are similar. Decreasing the
minimal tip-surface distance d from 5.0 to 2.5 Å decreases the
frequency. Note that this region corresponds to the region af
attractive tip-surface forces, see Figure 3(b). Decreasing the
distance further from 2.5 to 2.2 Å then brings the tip into the
region of repulsive tip-surface forces, which increases the
frequency again. The absolute value of the frequency shift of
the tip position above the Ru" site is larger than that of the
position above the Ru" site, which reflects the stronger tip-
surface interaction of the former.

The values for the frequency shift g obtained for the tip
above the O site are more negative than those obtained for the
tip above the Ru sites in the range of distances

2:2 A∘ < d < 2:9 A∘, Figure 4(a). In the range of 3:0 A∘ < d < 4:2 A∘,
the O curve is between the Ru# and Ru" curves, and in the
range of 4:4 A∘ < d < 5:0 A∘ it coincides with Ru# curve at the
range of 4:4 A∘ < d < 5:0 A∘, showing the same trend as the total
forces, Figure 4(b).

To mimic an MExFM experiment and extract a corrugation
height profile, we have to invert g dð Þ to Dd gð Þ, see Eq. (6). In
view of Figure 4(a), this can be done for distances d�2.5 Å. We
take the Ru# curve as reference and calculate the height
differences Ddðg; Ru "Þ and Ddðg;OÞ according to Eq. (6); the
results are shown in Figure 4(b). The maximum contrast in a
corrugation height profile is obtained for maximum Dd. The
maximum contrast between Ru and O atoms is achieved with
the maximum difference between Ddðg; Ru "Þ and Ddðg;OÞ ,
which is for g= � 10.12 fNm1/2 and d=3.65 Å in Figure 4(b).

In Figure 4(b), we take the Ru#curve as a reference, which
means Δd(γ,Ru#) is always zero. We can plot the corrugation
height line profiles Δz based on Figure 4(b). At a given γ and

Figure 4. (a) Normalized frequency shift g as a function of the minimal tip-
surface distance d for tip positions above the Ru#, Ru" and surface O atoms;
(b) tip heights Ddðg; Ru "Þ and Ddðg;OÞ, calculated by Eq. (6), for tip
positions above the Ru" and surface O sites, using the Ru# site as reference
point.
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taking Δd(γ,Ru#) as reference, the Δz for Ru" and O can be
obtained according to Δd(γ,Ru") – Δd(γ,Ru#) and Δd(γ,O) –
Δd(γ,Ru#), respectively. Corrugation height line profiles Δz for
three representative values of g are shown in Figure 5. The
maximum corrugation decreases with decreasing g, from
56.3 pm for g= � 17.6 fNm1/2, 24.6 pm for g= � 10.12 fNm1/2, to
10.9 pm for g= � 1.57 fNm1/2. Although the shape of the
corrugation line profiles change somewhat as a function of g,
qualitatively the profile remains the same. The Ru" atoms

appear as peaks in the profiles, Ru# atoms appear as valleys,
and the O atoms appear somewhere on the slopes.

MExFM experimental measurements on NiO(001) give
maximum corrugations of 4.5 pm at g= � 2.55 fNm1/2[13] and
1.1 pm at g= � 0.25 fNm1/2,[17] whereas DFT calculations on the
same system give 25 pm at g= � 22.0 fNm1/2.[18,20] These values
are comparable to what we find for the RuO2(110) surface,
indicating that the effects are sufficiently large to be measured
in MExFM. In contrast to the measurements on NiO(001),
however, O atoms will not be visible directly in an MExFM
image or corrugation profile. For the RuO2(110) surface, only
the Ru atoms are visible, as they correspond to maxima or
minima in the corrugation profile.

Summary

In summary, we have performed DFT calculations to study the
exchange interaction between a magnetic Fe tip and an anti-
ferromagnetic RuO2(110) surface. The exchange forces and
energies have been studied as a function of the tip-surface
distance. The coupling between tip and surface where the
magnetic moments on the Fe tip and the surface Ru atoms are
parallel is energetically more favorable than antiparallel
coupling. This attractive chemical tip-surface interaction sets in
if the tip is sufficiently close to a surface Ru atom, ≲4:5 Å. Upon
decreasing the tip-surface distance to ≲2:5 A∘, repulsive chemical
forces start to dominate. We use the exchange forces to
calculate a normalized frequency shift of an oscillating tip
positioned over different sites on the surface. These frequency
shifts show qualitatively the same trends as a function of tip
position and tip-surface distance as the exchange forces.Finally,
we construct corrugation height profiles by fixing the frequency
shift and extract the points of closest approach of the oscillating
tip to a surface atoms for different positions of the tip over the
surface. Spin-up Ru atom appear as peaks and spin-down Ru
atom appears as valleys in the corrugation height profiles,
whereas O atoms will not be directly visible as they do not
correspond to maxima or minima. For a reasonable interval of
frequency shifts, we obtain corrugation height profiles with
amplitudes that are experimentally accessible. From a compar-
ison to the Fe tip-NiO(001) surface case, which has been well-
characterized both experimentally and computationally, we
predict that the corregation of a RuO2(110) surface, as observed
in a MExFM experiment, should be comparable in size to that of
NiO(001).

Supporting Information Description

Figure S1 and Table S1 gives the magnetic moments of the Ru
atoms in the RuO2(110) slab. Figures S2 and S3 present the
magnetic moments of the surface the Fe tip and the surface Ru
atoms as function of the tip-surface distance. Figure S4 shows
the changes in spin density due to the tip-surface interaction,
and Figure S5 displays the density of states, projected on the
surface Ru atoms, and the tip apex Fe atom. Figure S6 shows

Figure 5. (a) Top view of the RuO2(110) surface, where orange and blue
circles mark the Ru# (p) and Ru" (ap) atoms, respectively. Corrugation height
line profiles along the [010] (b) direction at different frequency shifts (b)
g= � 17.6 fNm1/2, (c) g= � 10.12 fNm1/2, and (d) g= � 1.57 fNm1/2. Orange,
blue, and red circles correspond to tip positions above Ru#, Ru", and O
atoms, respectively. Akima Spline was used to obtain full corrugation
profiles.
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the orbital-resolved density of states, projected on the surface
Ru atoms.
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