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We theoretically study the occurrence of magnetic friction of a nanometer-sized tip scanning a magnetic 
surface by studying the dynamics of a model of classical spins interacting through dipolar and exchange 
interactions, neglecting thermal effects. We find that for small scanning velocities, the friction force linearly 
scales with the velocity, with a slope proportional to the phenomenological damping parameter of the Landau­
Lifshitz-Gilbert equation. At higher velocities, the friction vs velocity relationship becomes rather complex 
with the presence of a maximum that is explained by the excitations of spin-wave resonances in the sample. 

I. INTRODUCTION 

Understanding the microscopic mechanisms of friction 
between solid surfaces is an important issue both from a 
fundamental point of view as well as for practical 
applications. I- 3 When the size of the contacting surfaces un­
der investigation is reduced to the nanometer scale, many 
novel physical effects occur.3 The field of nanoscale friction 
has experienced an enormous advancement in the last two 
decades thanks to the introduction and development of the 
atomic force microscopy (AFM) technique.2,4 This tech­
nique, which basically measures the forces between a mov­
ing tip and a sample surface with atomic resolution, has 
made it possible to identify different channels of energy dis­
sipation, e.g., phononic and electronic friction. While a con­
siderable amount of work has been done for nonmagnetic 
materials. the mechanisms leading to friction associated with 
magnetic interactions between magnetic surfaces have not 
been studied up to now. Magnetic materials are now control­
lable down to the nanometer scale, leading to a broad interest 
in the understanding of the magnetism of small structures 
and particles.s Magnetic force microscopy (MFM) , where a 
magnetic tip is scanned over a magnetic surface, has been 
mainly employed to investigate surface magnetism and to 
visualize domains with nanometer-scale resolution.6 Al­
though recent studies attempted to measure the energy dissi­
pation between an oscillating tip and a magnetic sample,7.s 
the dependence of the friction force on the sliding velocity of 
a scanning tip has not been considered yet. The relative mo­
tion of the tip with respect to the surface can lead to the 
creation of spin waves, which dissipate energy, giving rise to 
magnetic friction. 

The aim of the present work is to investigate the magnetic 
friction between a moving tip and a magnetic surface by 
studying the dynamics of a model of classical magnetic mo­
ments localized on a lattice. In an attempt to keep the model 
as simple as possible, we idealize the tip as a single point 
dipole, thereby neglecting any dissipation within the tip and 
focusing solely on the physics of the friction in the substrate. 
In Sec. U, we define our model and simulation methods and 
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we describe how to calculate the magnetic friction force. In 
Sec. III, we present our results on the dependence of the 
magnetic friction on the scanning velocity in the absence of 
thermal effects. Some concluding remarks are given in Sec. 
IV. 

11. MODEL AND SIMULATION TECHNIQUES 

We consider a simple cubic lattice with normalized clas­
sical magnetic moments Si 0= I, ... N) as dynamic variables. 
The system size is Lx X Ly X Lz and open boundary condi­
tions are used. A tip with a fixed magnetic moment Stip 

moves with fixed velocity Dtip in the x direction across the xy 
surface of the substrate. The Hamiltonian of the total system 
(tip+substrate) is the sum of the Hamiltonian describing the 
interactions between the spins in the substrate (Hsub) and the 
Hamiltonian corresponding to the interaction between the tip 
spin and the spins in the substrate (Htip-sUb), 

H = Hsub + Htip-sUb' (1) 

The Hamiltonian of the substrate is that of a classical spin 
model, 

L: L: 3(S .. e·)(S·· e .. ) - S·· S· 
H = -J S .. S.- I I) / '/ ') (2) 

sub ') W 3 ' 
(ij) i<j rij 

where ru= Irj-rjl, r i is the position of the spin at site i (in 
units of the lattice constant a), eu are unit vectors in the 
direction of rij' J is the exchange constant, and (ij) denotes 
that the sum is performed only on the nearest neighbors. The 
tip-substrate interaction is of purely dipolar nature, 

(3) 

where ritip=lrj-rtipl, rtip being the tip position and ejtip 

=rjtip/ritip' The spin motion is described by the Landau­
Lifschitz-Gilbert (LLG) equation,9 
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asi = y 
:Jt - ( 2) Si X [bi(t) + aSi X bi(t)]. 
" l+a J-Ls 

(4) 

In Eq. (4), y= 1.76 X 1011 (Tst i is the gyromagnetic ratio, 
J-Ls is the absolute value of the magnetic moment, a is the 
dimensionless damping constant (O~ a~ 1), and hi(t) is the 
effective field 

aH 
b;(t)=- S. a i 

(5) 

The first part of Eq. (4) describes the spin precession while 
the second part includes the relaxation of the spins in a phe­
nomenological way. The LLG [Eq. (4)] without damping 
(a=O) is the classical limit of the Heisenberg equation for 
the precessional motion of the electron spin operator. The 
damping term is added in a phenomenological manner ac­
cording to the work of Gilbert, based on the Gilbert equation, 

as· y as· 
-' =- -So X b·+aS· x-' at J-Ls I I I at (6) 

It is easy to prove that the two formulations, the LLG [Eq. 
(4)] and the Gilbert [Eq. (6)] are equivalent. 10 Alternatively, 
the Gilbert equation can be derived from a variational prin­
ciple using a combination of a Lagrangian and a Rayleigh 
function. Our goal is not to investigate or improve the Gil­
bert damping itself but we rather assume that this equation is 
valid and then we derive a way to numerically calculate the 
dissipation. For the readers who are interested in the funda­
mentals of Gilbert damping, we refer them to Refs. to and 
11. 

In order to calculate the magnetic friction force F frio ex­
perienced by the moving tip, we need to find the expression 
of the rate of energy dissipation in the system, Pdiss ' The total 
energy rate is given by 

dH = aH + i liH . 
dt at i;i as; at 

(7) 

The first term on the right-hand side of Eq. (7) is due to the 
effect of the moving tip spin, which produces an explicit 
time dependence of the Hamiltonian, 

aH aH 
=--,vtip' 

at artip 
(8) 

In order to identify the rate of dissipated energy in Eq. (7), it 
is convenient to use Eq. (6). Then Eq. (7) can be rewritten as 

dH aH N aH ( as;) 
-= ,vtiP+a2: -. SiX - . 
dt artip i=i as; at . 

(9) 

In the steady state, the total energy rate is zero on the aver­
age so that all of the energy pumped into the system is even­
tually dissipated, Le., 

\ :~) = (Ppump) - (Pdiss) = O. (IO) 

Then the pumping power is given by 

(11) 

and the average rate of dissipated energy is 

\ 

N aH ( aSi )) (Pdi,,) = - a 2: -. Si X - . 
;=1 liSi at 

(12) 

As expressed by Eqs. (11) and (l2), the energy pumped into 
the system comes from the energy transferred from the tip to 
the substrate while moving, while the dissipated energy is 
proportional to the damping constant a and to the spin pre­
cession velocity. The friction force F fric is simply obtained as 

(13) 

We have numerically integrated the LLG Gilbert [Eq. (4)] 
by using the Heun scheme. 12 The initial configuration is pre­
pared in the following way. The tip spin, pointing in the z 
direction, is placed in a position r;I;) = [x;I;J ,Ly12. 1] above 
the substrate, which is ferromagnetically ordered in the x 
direction. Then the substrate spins are allowed to relax for 
fixed tip until they have reached a stationary state, which is 
taken as the initial configuration for the simulation. In this 
state, the spin components Six on opposite sides of the tip 
have opposite sign, reflecting their adjustment to the dipole 
field of the tip. Then the tip starts moving with constant 
velocity utip in the x direction until it reaches a prescribed 

position r(fin) = [x(nn) L 12 1] In order to avoid boundary up Up' Y , • 

effects we choose x(in)=L 16 and x(fin)=5L 16 so that the , up x up x' 
effective distance traveled by the tip is tl.xup::::.2LxI3. The 
average ( ... ) in Eq. (13) is calculated as a time average after 
having reached a steady state. 

For convenience, the equation of motion [Eq. (4)] can be 
rewritten in rescaled time and energy units. In fact, we can 
rescale the dipolar interaction parameter as 

w' =w!J (14) 

and the time as 

(IS) 

The lengths appearing in the Hamiltonian are already ex­
pressed in the units of the lattice constant a. Rescaled scan­
ning velocity and friction force are 

(16) 

and 

(17) 

respectively. We used the following rescaled parameters in 
the simulations (we omit the I from now on for simplicity): 
w=O.OI, Stip=(O,O, and 1000). The magnetic moment of 
the whole tip is modeled as a single strong dipole close to the 
surface in order to produce a large and sufficiently localized 
effective perturbation suitable for a numerical investigation. 
As for the damping constant a, we have used different values 
ranging from 0.1 to 0.5. The data presented in the following 
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FIG. I. (Color online) (a) Bchavior of magnetic friction F rne as 
a function of the tip scanning velocity v'ip for different values of the 
damping constant and (b) as a function of the damping constant a 
for different values of the tip scanning velocity. The symbols are the 
numerical results while the lines are linear fits to the points. Quan­
tities are reduced according to Eqs. (14)-( 17). 

were obtained for system sizes (Lx ,Ly ,LJ=(240,10,Ll ), 

with L, between I and 6. 

rn. VELOCITY DEPENDENCE OF MAGNETIC FRICTION 

Following the procedure outlined in Sec. 11, we calculated 
for each velocity v'ip the friction force between the tip and 
the substrate by using Eqs. (I 3) and (12). The dependence of 
F rri, on v'ip is strongly sensitive to the velocity range inves­
tigated. We will first consider the case of small scanning 
velocities, which is of interest in AFM experiments, and then 
we will focus on the behavior of the friction force for wider 
ranges of scanning velocities . 

A. Small scanning velocities 

In Fig. I (a), we show the behavior of the friction force 
Frne as a function of the tip velocity v1ip for different values 
of the damping constant a at relatively small values of the tip 
velocity. 

It is clear from Fig. I that our data are consistent with a 
linear relationship between F rric and V'ip' The origin of this 
behavior could be traced back to the form of the phenom­
enological dissipation term introduced in the LLG equation, 

which is proportional to the spin velocity '!' and thus acts as 
a sort of viscous friction . Furthermore, our results presented 
in Fig. I (b) show a linear dependence of the friction force on 
the damping parameter at such small velocities, which fol­
lows directly from Eq. (12) and reflects the form of the 
damping introduced in Eq. (4). This is analogous to what 
happens in a mechanical model of friction, e.g ., the Tomlin­
son model, where one introduces a dissipation term propor-

0.6 
0) 
-O . ~ 
-0.6 
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FIG. 2. (Color online) x and z components, (a) and (b), respec­
tively, of the layer magnetization as a function of the layer index I 
and time I. The velocity of the tip is v'ip=O.0284 and a=O.J . Quan­
tities are reduced according to Eqs. (I 4)-(1 7). 

tional to the atom velocity and rccovers a linear dependence 
of friction on macroscopic velocity with a slope proportional 
to the damping parameter. 13 

In order to have a physica l cstimatc of the order of mag­
nitude of our scanning velocitics, we notice that velocities 
are rescaled according to Eq. (16) and that typical valucs 
of our parameters arc J= 10-21 J, a= 10- 10 m, and f-Ls 

= 10-23 J IT. This mcans that our smallcst velocity V:ip 

= 10-3 in Fig. I (a) would correspond to V'ip = ~ ml s. This 
velocity is certainly much higher than typical scanning ve­
locities used in MFM. On thc other hand, it is much lower 
than the velocity of a readlwrite head on a spinning magnctic 
disk in a commercial storage dcvice. 

Magnetic fr iction essentially results from the creation of 
spin waves due to the relative motion between the tip and the 
substrate. In order to get a deepcr insight into the mecha­
nisms of magnetic energy dissipation, we consider the layer 
magnetization fi /, defined as an average over all magnetic 
momenl~ in a yz plane at a fixed valuc of the x coordinate 
(equal to the layer index I). In Fig. 2, we display the x and z 
components of tbis layer magnetization. From this figure, it 
is clear that there is a front propagating in the system caused 
by the moving tip. The motion of this wave dissipates en­
ergy, resulting in a finite friction force. In particular, the 
bumps in mlz reflect the reorientation of the spins as soon as 
they are approached by the tip. 

The spin waves propagate into the system until they are 
damped by the phenomenological damping term introduced 
in LLG [Eq. (4)]. Thus, the damping rate is proportional to 
the parameter a. This effect is shown in Fig. 3, where we 
have displayed the friction force as a function of the tip 
velocity for systems with different values of Lz and for two 
values of the damping a. For the larger a, the curves for 
L,2: 2 are practically indistinguishable, reflecting the fast 
damping of the spin excitations, while for the smaller a finite 
size effects are more evident, especially at larger velocities. 

174426-3 



.~ 

cL 

u ·c 
cL 

O.B 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

Lr1 -&­
Lz=2 --• • -
Lz=4 ..... .. . . 

Lz:6 6 -

Lz=2 .- . -_. 

Lz=4 ... .... .. 

l.z=6 .co 

(a) 

0.0 .. -::;~;...... _ _ .L.-___ .....J.. ____ .l..-___ -'-_..1 

o 0.05 0.1 0.15 0.2 

FIG. 3. (Color online) Magnetic friction as a function of tip 
velocity for £1'=0.1 (a) and £1'=0.5 (b), and different values of L, as 
indicated in the labels . Quantities are reduced according to Eqs. 
(14)-(17). 

B. Larger scanning velocities 

By increasing the tip velocity, the spin dynamics becomes 
much more complex. Figure 4 illustrates the complexity of 
the relation between magnetic friction and tip velocity for 
v'ip sI O. The values of Ffric in Fig. 4 have been calculated 
using Eq. (J 3), averaging P diss over different time intervals 
depending on the value of v'ip since the duration of the 
steady state region is generally shorter for higher values of 
Vtip' After an initial increase in velocity, the magnetic friction 
reaches a maximum at a value Vtip=VO' which slightly de­
pends on a and then it decreases with a rate significantly 
slower than that of the increasing part. The value of the 
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FIG. 4. (Color online) Magnetic friction as a function of tip 
velocity for different values of a, as indicated by the labels, in a 
wide range of tip velocities. Quantities are reduced according to 
Eqs. (14)-(17). 
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FIG. 5. Tip-substrate interaction as a function of time for Vtip 

=0.0284 and a= I. Notice that the period is in agreement with Eq. 
(18). Quantities are reduced according to Eqs. (14)-(17). 

maximum is also sensitive to the magnitude a _ 
We interpret this intriguing behavior as related to the spin 

waves excited in the sample by the moving tip. The tip, when 
passing over the surface of the sample, interacts with the 
periodic spin lattice. The resulting periodicity of the tip­
substrate interaction Htip-sub is shown in Fig. 5. This interac­
tion leads to the excitation of spin waves with a spectrum 
that has maximum frequency defined by the tip velocity, 

(18) 

The dispersion relation for spin waves on a square lattice 
with nearest-neighbor interaction, which we consider here 
ist4 

41"1 
w(q) = -[I - cos(qa)]. ( 19) 

J.Ls 

The maximum spin wave frequency for q= 7T/ a is hence 

81"1 
Wma.x= --. (20) 

J.Ls 

Consequently, the highest energy excitation is for tip veloci­
ties (in physical units) of the order of 

4aly 
U max ~ --, (21 ) 

7T J.L.\' 

where a velocity, in our rescaled units, is simply v~n.=4/7T. 
To have an idea of the order of magnitude of Vn",,' with the 
same parameters given before , this corresponds to Vrnax 

= 103 m/ s. Above that tip velocity, spin waves with a fre­
quency according to Eq. (18) can no longer be excited and 
the energy transfer from tip to the spin lattice becomes less 
efficient. Consequently, the dissipated power drops down and 
with that, the friction force . These considerations arc in good 
in agreement with Fig. 4 , where the maxima of the friction 
force are indeed around resealed veJocities of v' = I al­
though with some indication of an a dependence, which is 
not described by our arguments above. 
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The excited spin waves have well-defined frequencies, the 
upper limit of which, according to Eq. (18), is proportional to 
the tip velocity. With that, the energy E - w of the excited 
spin waves is also proportional to the velocity. The spin 
waves are locally excited by the tip but their energy is spread 
over the sample and dissipates due to the damping term in 
the equation of motion. The dissipated power (energy per 
time) in a stationary state is then proportional to u2• Since 
Ff,;c is given by Eq. (13), we recover the linear behavior for 
Ff,;c as a function of ut;p at small values of Utip' found in Fig. 
l(a). 

IV. CONCLUSIONS AND PERSPECTIVES 

In this work, we have investigated for the first time the 
magnetic friction between a moving point dipole and a mag­
netic surface. Our analysis is based on the dynamics of a 
classical spin system following the Landau-Lifshitz-Gilbert 
equation with direct exchange and dipolar interactions be­
tween the spins. We find that the friction force is proportional 
to the phenomenological damping constant, as one would 
expect. Our main findings, however, are: 0) A linear depen­
dence of the friction force on the scanning velocity for small 
velocities and (ii) the occurrence of a resonance at very high 
velocities, where the magnetic friction has a very high peak. 
Both of these results can be interpreted in terms of excita­
tions of spin waves in the substrate. In order to focus on this 
new dissipation mechanism, we discarded the magnetic de­
grees of freedom of the scanning tip in our model. The price 
we pay for this is that a realistic estimate of the strength of 
the effect for a MFM or for a hard disk, where the read/write 
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head flies over the magnetic substrate, becomes impossible. 
From Fig. I and Eq. (17), it turns out that the magnetic 
friction force in our simulation is rather weak (of the order of 
10-12 N only), in spite of the large magnetic moment of the 
tip and its small distance from the surface. The important 
message here is that there is a magnetic contribution to fric­
tion even at T=O. Whether its value may be enhanced at 
larger temperature, by different spin structures (like antifer­
romagnetic ordering), by a more realistic modeling of the tip, 
and last but not the least, by a larger spin system, providing 
more phase space to absorb energy, remains to be seen. Cer­
tainly, suitable experiments on magnetic friction are encour­
aged. 

It is worth noting that the velocity dependence of mag­
netic friction could be influenced by the dynamical treatment 
of the spin system and by the specific form of the dissipation 
term. For instance, in a recent Monte Carlo study on the 
magnetic friction of the Ising model, it was found that the 
friction force is independent of velocity,15 in contrast to our 
findings. Our analysis is based on the dynamics of the LLG 
equations with a form of the dissipative term, which is purely 
phenomenologicaL An analysis of different kinds of damping 
terms might lead to deviating results. We hope that our work 
stimulates further theoretical and experimental investigations 
of the microscopic origin of magnetic friction. 
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