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In this work a simple 2D model of pseudostatic friction at atomic level has been prepared, in the frame of
which both Lennard-Jones potential and spin-dependent term of exchange interaction has been included. As an
example, it has been demonstrated, that for iron both average lateral and normal forces between atoms of “base”
and “slider” in the tribological node are altered through the change of relative direction of spins, by over a dozen
of percent, when the interatomic distance is comparable to the lattice constant. Spin-dependent correction of

atomic-level friction coefficient has been estimated.
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1. Introduction

Though magnetic coupling is considered to be notice-
ably weaker than chemical, electronic interactions, it has
been recently shown by Wolter and co-workers [1] that
spin-spin exchange energy can considerably influence the
friction between magnetic materials. This achievement
has been enthusiastically commented in [2, 3], though
the work [1] presents not purely experimental results
but combination of spin-polarized scanning tunnelling
microscopy (SP-STM) outcomes and theoretical recon-
struction of frictional phenomena by means of Monte-
Carlo simulations. The results reported in [1] have been
qualitatively confirmed in very recent work [4] based on
ab initio, first-principles calculations in the frame of den-
sity functional theory (DFT).

The aim of present work was to prepare possibly simple
model which could predict spin-dependent phenomena of
friction for different magnetic systems. According to the
review articles [5, 6], it is still reasonable to develop semi-
analytical, basic models of friction [7, 8] (like Prandtl-
Tomlinson and Frenkel-Kontorova ones), which are more
universal and less time-consuming than more advanced
molecular dynamics (MD) simulations [9].

2. Theoretical model

The basic interatomic interactions have been described
by standard Lennard-Jones (L-J) potential:

e[ ()" (2]
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where 7;; is a distance between atoms ¢ and j, ;; — depth
of the potential (“bonding energy”), ¥/20;; — the distance
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corresponding to minimum of the potential (“length of
the bond”). Additionally, the spin-dependent part of the
interactions has been introduced in the form of Heisen-
berg exchange energy:

Tij —TNN

Ues (Tij) = —2Ji‘€7 Xij S; o Sj

where, S; and S; are spins of atoms (|S;| = |S;| = 1),
Ji; — exchange integral for the distance of the nearest
neighbours rnyy. An exponential drop of the exchange
interaction energy with interatomic distance has been as-
sumed with \;; “decay constant”. The interatomic forces
in 2D geometry can be expressed as follows:

(UL (rij) + Ues (ri5)]

Fy (245, yi5) = T dr
]

d
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where 7;; = 4 /Ifj + yfj.

The simple system of atoms has been considered within
model. The “slider” in frictional pair is represented by
atom (1) gradually dragged above the “base” at height
h. The “base” is constituted with atom (2) elastically
bonded to three rigidly constrained neighbors (3), (4),
(5) situated respectively beneath, left-side and right-
side at the distance of "lattice constant” ag (equal to
NN = \Gﬁmj). Quasi-static equilibrium conditions for
atom (2) are following;:

Fp (z2 — 21,92 — 1) + Fy (22 — 23,92 — y3)

Fy (@ij, yi5) =

+F, (w2 — 24,Y2 — Ya) + Fp (22 — 25,92 — y5) = 0,
Fy (2o —x1,y2 —y1) + Fy (22 — 23,92 — y3)

+Fy (22 — 74,92 — ya) + Fy (v2 — 25,92 —y5) = 0.

After numerical solving of this system of nonlinear alge-
braic equations with Levenberg-Marquardt method im-
plemented in PTC Mathcad software one obtains the de-
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pendencies of the coordinates [Xa (z1), Y2 (z1)] of atom
(2) on the z; position of “slider” atom (1). This enables
to express local values both of lateral (z) and normal (y)
force acting on atom (1) as a function of x1:

Fy (21 — Xo(21), 11 — Ya(21)),

Fy (1 — Xo(z1),y1 — Ya(z1)).

The mean values of lateral and normal force are defined
as follows:

1 0
= [ 1R o = Kol = Yalon)] doy

0
@w=ij I, (@1 — Xa(@1), 41 — Ya(en)] day
ag J_q,

where operator [-] chooses only the ranges with nega-
tive F, and return its module, whereas the operator | - |
chooses only the ranges with positive Fy,. Such defini-
tions consider only the regions of repulsive interactions
and non-equilibrium character of the process, when after
exceeding a critical point ;1 = 0 the “slider” atom (1)
jumps to another potential well dissipating the energy
via transfer into the crystalline lattice degrees of free-
dom. The calculated mean values of lateral and normal
forces allow to find atomic friction coefficient:

Fr)
(Fy)

3. Results and discussion

The numerical calculations have been performed for
the case of iron atoms. The values of L-J potential pa-
rameters and have been estimated considering the near-
est neighbors distance and cohesive energy correspond-
ing to real Fe monocrystal of bce structure [10]. Re-
cent, spin-polarized electronic structure calculations pre-
dict the value of the effective exchange integral for bcc
iron greater than 0.01 eV [11]. Moreover, it has been as-
sumed, that “decay constant” is equal to the distance for
bcc iron.

In Fig. 1 the dependence of mean lateral and normal
forces ((Fyooy and {Fyooy) as a function of the distance
h between “slider” atom and base surface is presented
for the case without spin-spin interactions. Analogous
predictions for atomic friction coefficient are displayed
in Fig. 2. The strong increase of friction intensity is
clearly seen when diminishing the distance h well below
one lattice constant.

After “switching on” the exchange interactions the dif-
ference both of lateral and normal force occurs for an-
tiparallel (11) and parallel (1) configurations of spin
in “slider” and “base” atoms (Fig. 3). It results in
spin-dependent atomic friction coefficient. The relative
value of its difference for antiparallel and parallel cases
(try — pr)/ oo becomes important for i values close to
one lattice constant, i.e. in the case of weak “electronic
friction” (Fig. 4). It reaches dozen percent for h = 0.99a,
when J = 0.01 eV. For J = 0.05 €V it happens, when
h = 0.95a9. This case of greater J value in iron (or

steel) could correspond to the effect of exchange inter-
actions enhancement caused by the presence of defects,
vacancies or impurities [12] the concentration of which
is expected to be significant at the surface of frictional
pair. It could be a reason of local modifications of spin-
dependent contribution to the friction at atomic level.
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Fig. 1. Dependence of mean lateral () and normal (y)
force as a function of the distance between slider atom
and base surface in the case of no spin-spin interactions.
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Fig. 2. Dependence of mean atomic friction coefficient
as a function of the distance between slider atom and
base surface in the case of no spin-spin interactions.
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Fig. 3. Dependence of reduced difference both of mean
lateral (z) and normal (y) force for antiparallel and par-
allel spin configurations as a function of the distance
between slider atom and base surface. Results for two
different values of exchange integral J are presented.
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Fig. 4. Dependence of reduced difference both of mean
atomic friction coefficient for antiparallel and parallel
spin configurations as a function of the distance between
slider atom and base surface. Results for two different
values of exchange integral J are presented.

4. Conclusions

The developed model effectively predicts the influence
of the exchange interactions of the friction phenomena
at atomic level. The estimated order of magnitude of
spin-dependent friction contribution coincides with pio-
neer outcomes of combined experimental and theoretical
studies concerning Mn/W(110) thin film [1,4]. Moreover,
a big advantage of the model is its simplicity, which en-
ables quick numerical calculations for different frictional
pairs. The important challenge for future is the exten-
sion of present model from the pseudostatic approach to
the dynamic one in order to find the dependence of spin
friction on sliding velocity. Another questions would be
the role of dipolar magnetic interactions (already inves-
tigated in [13] but not together with “electronic friction”)
as well as the influence of magnetic field on the friction
process via magnetoelastic phenomena in nano-scale.
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