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Atomic-scale magnetic dissipation from spin-dependent adhesion hysteresis
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In this paper we develop a realistic theoretical understanding of the atomic-scale spin-dependent dissipation
observed in recent magnetic exchange force microscopy experiments. The origin of dissipation is investigated
using Monte Carlo energy minimization techniques for experiments performed with an Fe-coated tip on the
antiferromagnetic insulator NiO(001). Our calculations demonstrate that adhesion hysteresis is site as well as
distance dependent. The magnitude of the computed spin-dependent adhesion hysteresis agrees well with the
experimentally measured magnetic dissipation. Particularly, we show that this mechanism does not necessarily
involve spin flips but includes the previously proposed Caldeira-Leggett-type dissipation as a special case.
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I. INTRODUCTION

Spin-sensitive studies of magnetic surfaces at the atomic
scale are currently a very active field of research. Most ex-
periments visualizing magnetic surface structures with atomic
resolution were performed by employing spin-polarized scan-
ning tunneling microscopy (SP-STM).! Recently, magnetic
exchange force microscopy (MExFM) experiments demon-
strated that spin mapping with atomic resolution can also
be achieved with an atomic force microscopy (AFM) based
setup,>™ thereby enabling the investigation of magnetic
insulators.” Additionally, the dynamic mode of operation used
to acquire MExFM data allows to simultaneously measure
the dissipated energy due to nonconservative tip-sample
interactions as reported in Refs. 1,4 without theoretical
analysis. The dissipative signal in MExXFM is to some extent
analogous (and at the same time complementary) to inelastic
tunneling processes of magnetic origin. Recently, the latter
gave important new insights into atomic-scale magnetism on
conductive samples.i6 However, insulators such as NiO can
only be studied with MExFM.

While possible atomic-scale dissipative mechanisms for
nonmagnetic tip-sample systems have been discussed inten-
sively in the literature (see Ref. 7 for a review), we are
aware of only two publications addressing atomic-scale mag-
netic dissipation, i.e., spin excitations via friction following
Landau-Lifshitz-Gilbert dynamics® and spin-phonon coupling
within the Caldeira-Leggett model.” Spin excitation is a
straightforward mechanism for a dissipation signal of magnetic
origin. However, this mechanism is not very efficient due to
the large mismatch between the oscillation frequency of the
cantilever in the dynamic mode (=158 kHz in our case) and
typical spin excitation resonances (GHz regime). Note that
analogously, phonon excitations cannot be responsible for the
experimentally observed magnitude of the dissipation contrast
found between chemically different species in atomically
resolved AFM images.'? Instead, the site-dependent adhesion
hysteresis appeared to be the dominating mechanism for
nonmagnetic dissipation.” Due to the adhesion hysteresis
strong chemical interactions at small tip-sample distances lead
to reversible but hysteretic reconfigurations of atoms during
approach and retraction of each oscillation cycle.'!

Here, we analyze magnetic dissipation data obtained with
an Fe-coated tip on the antiferromagnetic insulator NiO(001)
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and provide simulations using Monte Carlo minimization
techniques. We demonstrate that the magnetic dissipation is
complementary to the normal nonmagnetic adhesion hystere-
sis: For a magnetic tip-sample system the magnetic exchange
interaction contributes to the total interaction. As a result, the
hysteretic reconfiguration at the tip apex, and hence the energy
dissipation involved in this process, depends on the relative
orientation between the interacting spins, which in turn lead
to a spin-dependent dissipation. Based on our calculations we
are able to explain the experimentally observed dissipation
contrast on chemically equivalent Ni and on O surface atoms
by spin-dependent adhesion hysteresis.

II. DISSIPATION MEASUREMENT

To understand the origin of the dissipation signal, we shortly
introduce the way of data acquisition: MEXFM combines the
atomic-resolution capabilities of AFM with spin sensitivity by
using a magnetic tip mounted on the free end of a cantilever asa
probe.!? For detection the frequency modulation (FM) scheme
is employed, where the cantilever self-oscillates with constant
amplitude Ay at its resonance frequency fy.'3 In the presence
of tip-sample interactions, fy of the free cantilever is shifted
by Af. To measure at a constant tip-sample interaction, Af is
kept constant by adjusting z accordingly during scanning via a
feedback loop. The resulting z(x,y) image is the topography.
On the atomic scale z corrugations reflect the relative strengths
of the electron-mediated short-range interactions, i.e., the
chemical interaction and for magnetic tip-sample systems
the magnetic exchange interaction as well. Simultaneously,
Ao is kept constant by adjusting the excitation amplitude
aexe With a second feedback loop that drives the cantilever
oscillation. The applied excitation amplitude a.x. compensates
for the dissipated energy Ep due to nonconservative tip-sample
interactions.'* Thus, dexc(x, y) and Ep(x,y) are called the
dissipation image. Note that the amount of energy dissipated
per oscillation cycle can be easily calculated using'’

ARy = TEAD <—“°XC - 1), (1)
Q Aexc,0

where c, is the spring constant of the cantilever, dexc o is the
excitation amplitude required to compensate intrinsic losses
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FIG. 1. (Color online) Atomically resolved MExFM topography
image (a) and simultaneously recorded dissipation image (b). Dis-
played are the unit cell averaged data (Ref. 17). The ball model shows
the chemical and magnetic structure of the surface. Line sections
along the [100] direction of the unit cell visualize the magnitude of the
spin-dependent contrast due to conservative (a) and nonconservative
(b) tip-sample interactions, respectively. Note that the images were
obtained in the attractive noncontact regime (Af = —23.4 Hz) and
that Ap = 6.65 nm is large compared to the characteristic decay length
of the short-ranged interactions that dominate contrast formation on
the atomic scale.

determined far away form the surface, and Q is the quality
factor of the resonant oscillation.

Figure 1 displays atomically resolved spin-dependent unit
cell averaged experimental data obtained with an Fe tip on
NiO(001) as presented by us previously.!> The spin-carrying
d electrons localized at the Ni atoms are coupled ferromag-
netically along the (110) directions and antiferromagnetically
between {111} planes by superexchange via the O atoms.
Hence, a row-wise antiferromagnetic order emerges at the
(001) surface. The topography image (a) obtained with an
Fe-coated tip reproduces the chemical arrangement of atoms at
the (001) surface due to the presence of chemical interactions
as well as the row-wise antiferromagnetic order due to the
presence of the magnetic exchange interaction. Since anions
on ionic surfaces generally interact more strongly with metal
tips than cations,'® O sites are imaged as maxima and Ni sites
as minima. This assignment is consistent with the row-wise
magnetic contrast visible on minima, which reflect the spin-
carrying Ni cations. The ball model depicts the positions of the
O (gray) and Ni sites (red and green to indicate opposite spin
orientations). The simultaneously recorded dissipation image
(b) also exhibits a row-wise contrast on Ni atoms with opposite
spin orientation. Peculiarly, there seems to be an additional but
weaker contrast between rows of O atoms with Ni atoms of
opposite spin orientations in the layer below, which is absent
in the topography signal.

The line sections in (c) and (d) along the [110] direction
visualize the magnitudes of the site- and spin-dependent
topography and dissipation signals, respectively. The spin-
dependent contrast between Ni atoms with opposite spin
orientations is about 1.5 pm and thus much smaller than the
chemical contrast between Ni and O atoms. No difference is
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FIG. 2. (Color online) Tip-sample geometry and definition of
distances used in the simulations. Green and yellow balls denote “up”
and “down” Ni atoms, respectively, while red balls correspond to the
oxygen atoms. « indicates the four different positions on the surface
atoms Nit, Ni|,, O1, and O|. The tip-sample distance is defined as
r4re—Nio- The distances rge_gy, Fo—nio, and r4pe_pe correspond to the
distances between the foremost Fe atom and the studied atom, the
studied atom and the unperturbed surface, and the studied atom and
the rest of the tip, respectively.

visible between O atoms. In the dissipation signal the contrast
is inverted; i.e., more energy is dissipated above the Ni atoms
than above the O atoms. The magnetic dissipation on Ni atoms,
i.e., the energy difference between Ni atoms with opposite
spin orientations, is about 13.3 meV /cycle. For O atoms with
oppositely oriented spins at the Ni atoms below them the
magnetic dissipation is about 6.2 meV/cycle.

III. THEORETICAL MODEL

To investigate the origin of the large spin-dependent
dissipation on Ni and O surface sites, we model the coupled
tip-sample systems including all magnetic and nonmagnetic
interactions between tip and sample on an atomistic level.

A. Geometry

The geometry of the system under investigation is defined in
Fig. 2. As a model for the Fe tip we used a pyramidal 14-atom
cluster of bcc(001) stacking with parameters taken from
Ref. 34. For the sake of simplicity only vertical equilibrium
motions of the tip with dr/9t — 0 have been permitted. The
tip-sample distance r4p._nio has been defined as the distance
between the second layer of the pyramidal cluster consisting
of four Fe atoms and the unperturbed surface of NiO. The
foremost Fe atom of the tip was free to relax. The rocksalt
structure of the NiO crystal has been represented by a slab
with dimensions 8 x 8 x 8 interatomic distances a. According
to the theoretical'® as well as experimental studies'*?! the
relaxation of a bulk-terminated, clean NiO(001) surface layer
is smaller than 3% of an ideal interlayer distance while the
relaxation of deeper layers is negligible. Therefore, we assume
a bulk-terminated NiO(001) structure without rhombohedral
distortion with vertical structural relaxation of the surface
atomic layer only. Below its Néel temperature of 525 K, NiO
is a collinear antiferromagnet with ferromagnetic {111} sheets
stacked in an antiferromagnetic order. The two oppositely
magnetized sorts of Ni atoms ({111} planes) are presented
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as green and yellow balls in Fig. 2. The red balls represent
the oxygen atoms. The tip-sample distance r4p._nio has been
defined as the distance between the second layer of the Fe
tip consisting of four Fe atoms and an unperturbed surface
layer of NiO. The distances between the foremost Fe atom and
the studied atom rg._q, the studied atom and the unperturbed
surface ry_njo, and the studied atom and the rest of the tip
r4re—q have been analyzed as a function of the tip-sample
distance. The studied atom « is either Nif, Ni|, O1, or O},
where the arrows at the O atoms refer to the spin orientations
of the Ni atoms in the layer underneath.

B. Simulation procedure

All structural relaxations have been performed in the frame-
work of the standard Monte Carlo (MC) technique®>** or by
steepest-descent energy minimization including generalized
Buckingham potentials and magnetic exchange. Since the
employed model allows for movements along the vertical
axis only, these two methods give identical results at zero
temperature.”* The Hamiltonian of the coupled tip-sample
system can be expressed by

H=> Vij(r)+ J(r) Y _ SiS;. ©)

i<j i<j

where the summation includes all considered interatomic inter-
actions with the corresponding distance-dependent potential
V(r) and the exchange parameter J(r). In the simulations
all interactions within the NiO slab and the Fe tip as
well as between all tip and sample atoms were considered.
The coefficients in Eq. (2) have been taken from ab initio
calculations or experiments.>> No parameters were fitted to
match the experimental data.

First, the NiO crystal has been relaxed without the Fe tip.
The relaxed NiO surface showed an outward expansion of Ni
and inward contraction of O atoms (rumpling). This result
is in good agreement with molecular dynamics calculations®
and experiments.?! For the calculations including the magnetic
tip we considered an unperturbed initial configuration of the
Fe tip. However, the foremost tip atoms were able to relax
during the simulation. A starting distance ryp._nio = 6.2 A
was chosen to ensure an initially well-separated tip-sample
system. In the next step r4r.—nio Was decreased stepwise. For
each tip position the system was relaxed during n( initial
steps plus N additional MC steps until convergence was
reached. At each MC step the positions of the foremost Fe
atom as well as of each of the 24 surface atoms have been
sampled within a step width of k = 41072...107* A and
accepted or rejected according to the Metropolis probability
or the steepest-descent procedure. Note that during the
relaxation, interactions between all NiO and Fe atoms have
been considered. The condition for the convergency was set
as |rni(no + N) — rni(no)| < k and |ree(no + N) — ree(no)| <
k. The coarser resolution was applied only in cases when
comparable calculations with k = +10~* A provided similar
results. For the sake of simplicity we did not allow for spin
flips in this set of simulations; i.e., the magnetization of Fe
atoms was always “upward.”
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C. Atomic and magnetic potentials

The effective chemical potential for atomistic simulations
on NiO includes pairwise ionic as well as Buckingham-type
potentials of general form?

4i4; + AP — E 3)

VNlO - - 6 >

with p extension of the occupied spin orbitals, g ionic charges,
and parameters A and C. The parameter set for NiO is
by no means unique. The coefficients A and C have been
generated variationally to best fit experimental data for bulk
NiO.> While the electrical charges can be considered as
localized in the bulk of this ceramic material they become
more and more delocalized near the surface of the crystal. The
values of the effective Mulliken charges vary in the literature
from 0.99¢7 to 1.5¢.® To adopt the simplest, most obvious
parametrization consistent with experimental data we used
nominal ionic charges Ni>* and O?~ for the bulk part of
the crystal, while varying g.g between 0.99¢ and 1.5¢ for
the surface layer. Stable structures have been obtained in the
range of ger = 1.25¢...1.35¢. In the following we use data
for gesr = 1.3e for the surface layer. In our computations, the
interaction cutoff length is taken as r., 2~ 6a. This corresponds
to 520 bonds in NiO.

Magnetic structure of NiO originating from the Anderson-
type superexchange is of the antiferromagnetic AFII order,
characterized by planes of opposite magnetization which are
stacked in the [111] direction. The superexchange interactions
in NiO are long ranged and have a ferromagnetic character
within the (111) planes between nearest-neighboring Ni spins
and antiferromagnetic character between the (111) planes, i.e.,
next-nearest-neighboring Ni spins. The superexchange inter-
actions in NiO have been recently mapped onto the Heisenberg
Hamiltonian.?® In Ref. 29 the ferromagnetic [J;(r) > 0] and
antiferromagnetic [J>(r) < 0] exchange parameters have been
calculated as a function of the lattice constant which might
change under deformation. We have fitted these data by an
RKKY-like expression

ce ®7sin(k; r + b)
Ji(r) = . : “

where k; and k, correspond to the Fermi wave vectors of
majority and minority states, while ¢ and b are parame-
ters. The best fit for J;(r) has been obtained with ¢ =

30.85 meV/A’, b=10.87, k; = —3.0720 A", and k» =
0.68410 A™', while for J>(r) with @ = —7390 meV/A’, b =

9.139, k; = —0.05006 A~', and k» = 0.00269A™ . A similar
scheme has been used for calculations of the iron tip. The
effective Morse potential reads

VFe — D[e—Zoz(r—rU) _ 2e—a(r—ro)] (5)

with D =0.4174 eV, ry=2.845 A, and o = 1.3885 A™
being experimentally determined parameters.*” The ferromag-
netic exchange interaction Jg.(r) calculated in Ref. 31 has
been fitted by Eq. (4) witha = —0.4132 meV/A3, b =1.355,
ky =1.284 A" and k, = 0.1513A7".

To minimize the tip-sample interaction energy we have
adapted the data of first-principles calculations.?> The total
force curves from Ref. 32 have been integrated to obtain
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FIG. 3. (Color online) Calculated equilibrium interatomic distances (upper panels) and total energy E; (lower panels) above Ni atoms (left)
and O atoms (right) as a function of the tip-sample distance r4g._nio. The used notations are indicated in the inset in the lower left panel. Solid
(black) and dashed (red) lines correspond to “spin up” (parallel) and “spin down” (antiparallel) orientations with respect to the Fe tip atom. All
curves in the upper panels exhibit hysteresis (arrows indicate approach and retrace cycles), which result in the site- and spin-dependent energy

dissipation visible in the lower panels.

the distance-dependent potentials, and recursively separated
to obtain the pairwise interactions between the apex Fe atom
of the tip with its surface counterparts. These potentials include
all chemical as well as magnetic contributions and are of the
form??

—2n
FFe— A B(rpe_qo/d)"
V(rpe—a) = _rFe—a< FZ a) (1 —on - ll:c_ari )

(6)

with « corresponding to Nif, Ni|, Of, or OJ, and fitting
parameters A, B, n. The potential V (rg._,) describes ~340
bonds between all considered Fe and NiO atoms.

IV. RESULTS AND DISCUSSION

Our calculations show that due to the mutual interaction
between tip and sample atoms the potential landscapes of the
interacting atoms exhibit more than one minima. At certain
distances the energy barrier between two minima vanished
and the atom jumped abruptly toward its new position. This

can directly be seen in the distance-dependent equilibrium
interatomic separations at zero temperature plotted in the
upper panel of Fig. 3. On all sites the foremost Fe tip atom
as well as the surface atom directly underneath exhibits the
above-mentioned abrupt positional changes. The distances
at which these jumps occur are site and spin dependent.
Moreover, they are hysteretic, i.e., different during approach
and retrace cycles.

To quantify the dissipated energy due to the observed
hysteresis we have calculated the total energy of the system
E, for all four different sites on NiO(001), including all
magnetic and nonmagnetic contributions for all considered
bonds, as a function of r4p._nio (see lower panel of Fig. 3).
At several ryp.—nNio values, jumps in atomic distances appear
and E; abruptly decreases; i.e., energy is released. Therefore,
the energy curves are also hysteretic and exhibit a distinctive
distance dependence.

The sum of all jumps for a given atom in Fig. 3 is the total
energy dissipated during one oscillation cycle over a certain
distance regime (AE;). These calculated values can directly
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FIG. 4. (Color online) Total and nonmagnetic energy along the [001] direction of NiO(001) for r4g._nio = 5...6 A (a) and rape_nio = 4..5 A
(b). In (c) the difference between total and nonmagnetic contribution, i.e., the magnetic dissipation, is shown for 74g._nio = 5...6 A (triangles)
and rape_nio = 4...5 A (hollow circles). Additionally, the sum of both curves is plotted (black solid circles).

be compared with the experimentally determined values. A E;
is equivalent to the area enclosed by the corresponding force
curve —a E(r4pe—Nio)/074re—Nio, Which is typically regarded
as a measure for the energy dissipation. Note that for our
highly symmetric tip multiple distinct hysteresis loops are
present in all curves of Fig. 3. More realistic complex tip
geometries could probably result in a continuous distance
dependence.

In Fig. 4 the site dependence along the [001] direction
of the total and the nonmagnetic part of the dissipated
energy is displayed for two distance regimes, i.e., r4pe—Nio =
5...6 A (a) and r4pe_nio = 4...5 A (b), respectively. Each point
corresponds to the sum of all jumps shown in Fig. 3 in the
respective distance regime. For ryp._nio < 4.3 A the Fe tip
becomes unstable at some lateral positions between Ni and
O surface atoms in our calculations. Therefore, the curves in
Fig. 4(b) are spline approximations of data obtained directly
above Ni and O atoms. Interestingly, the site of largest
dissipation depends on r4p.—njo. This is already evident in
Fig. 3, where jumps in energy for Ni atoms are larger than
those for O atoms at r4p._nio = 4...5 A, while the opposite is
true at r4pe_nio = 5...6 A. Furthermore, magnitude and sign
of the dissipated energy depends on the distance regime,
through which the tip oscillates. To obtain the spin-dependent
dissipation, the nonmagnetic contribution is subtracted from
the total dissipation; cf. (c). For Ag =1 A the contrast is
inverted, if the distance regime is changed from ryp._nio =
5.6 Ato raFe—Nio = 4...5 A. Thus, for small amplitudes the
experimentally observed contrast depends also on Aj. Note
that such small amplitudes are experimentally accessible and
actually often used nowadays in tuning fork g-plus setups
(see Ref. 33). Since the experimental data presented in
Fig. 1 are recorded with Ay = 6.65 nm, the sum of both
distance regimes, i.e., the black curve in (c), is displayed as
well. The range of about 100 meV between minimum and
maximum is close to the experimental value. Note that for
distances larger than 6 A no further jumps occur. Therefore,
for sufficiently large amplitudes the contrast only depends

on the tip-sample distance at the lower turnaround point, but
becomes independent of Ay.

As for the experimental data, the calculated dissipated
energy AE, in all three curves of Fig. 4(c) is different on
the four chemically and magnetically distinctive sites, i.e.,
Nit, NiJ, O%, and OJ, and occurs at interstitial sites as
well. Moreover, the sign of the contrast in Fig. 1(d) coincides
with the calculated contrast for the sum. Considering that the
atomic configurations of model tip and real tip are probably
quite different, the order of magnitude (tens of meV) for the
calculated spin-dependent dissipation contrast is in reasonably
good agreement with the experimental data.

V. CONCLUSION

In conclusion, energy minimization of the NiO(001)/Fe-tip
system shows a strikingly complex hysteretic site-, distance-,
and spin-dependent behavior at tip-sample separations typi-
cally occurring in MExFM measurements. Since the energy
curves are different during approach and retrace of each
oscillation cycle, energy is dissipated. Since the magnitude
of the calculated dissipation due to spin-dependent adhesion
hysteresis agrees qualitatively well with the experimentally
observed values, we conclude that this mechanism can domi-
nate the phenomenon of magnetic dissipation. Moreover, since
we did not allow for spin flips in our model, such spin flips are
not a prerequisite for magnetic dissipative contrast as proposed
in the Caldeira-Leggett model.” However, the released energy
may subsequently excite versatile spin flips either in the tip or
in the sample.
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