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Abstract: Sliding friction levels of thin (1–2 monolayers) and thick (~10 monolayers) oxygen films
adsorbed on nickel and gold at 47.5 K have been measured by means of a quartz crystal microbalance
(QCM) technique. Friction levels for the thin (thick) films on nickel in the presence of a weak magnetic
field were observed to be approximately 30% (50%) lower than those recorded in the absence of the
external field. Friction levels for thin films on gold were meanwhile observed to be substantially
increased in the presence of the field. Magnetically-induced structural reorientation (magnetostriction)
and/or realignment of adlayer spins, which respectively reduce structural and magnetic interfacial
corrugation and commensurability, appear likely mechanisms underlying the observed field-induced
reductions in friction for the nickel samples. Eddy current formation in the gold substrates may
account for the increased friction levels in this system. The work demonstrates the role of magnetic
effects in model systems that are highly amenable to theoretical studies and modeling.

Keywords: tribology; magnetic friction; atomic-scale friction; oxygen; nickel; gold; quartz crystal
microbalance

1. Introduction

The molecular origins of friction, an important physical phenomenon in light of both its everyday
familiarity and its enormous economic impact [1], have been discussed and debated for hundreds of
years. The topic has accelerated in recent decades [2,3], spurred by the discovery and documentation
of fundamental mechanisms for frictional energy dissipation in the complete absence of wear [4],
including phonons [4], ohmic damping [5,6], the creation of electron-hole pairs, and/or electrostatic
effects [7,8]. Magnetic friction, the topic of the present study, has been explored to a far lesser
extent [6]. Recent studies have concluded, however, that in addition to phononic and electronic effects,
spin dissipation mechanisms can be significant for systems involving magnetic materials, including at
the macroscopic scale [9–12]. Adatom diffusivity, a manifestation of friction, has been linked to the
magnetic properties of adsorbate-substrate systems [13,14], and adatoms can also be used to amplify
probes of surface spin texture [15].

Magnetism can impact friction in a variety of ways, from a trivial reduction in contact area
associated with magnetic levitation [16], to intrinsically magnetic dissipative mechanisms such as
spin waves [17,18] and/or spin flips [11,12,19], excited by interfacial lateral motion. The transient
resistive forces associated with conduction electron eddy currents arising from relative motion of a
magnetic material with respect to an electrical conductor [20] are routinely referred to as “magnetic
friction”, but are more correctly categorized as a manifestation of conduction electron dissipative effects.
Magnetic fields can also influence the physical structure of materials, resulting in secondary effects that
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impact friction. These include magnetostrictive shape changes in solids [21–23], as well as viscosity
and magnetorheological stiffness changes in liquids [24], which alter interfacial commensurability and,
thus, the phononic contributions to friction [2–4].

Experimental studies targeting magnetic dissipative mechanisms to date have been very limited
in number, and have employed asperity-substrate geometries in either contact [12] or non-contact
geometries [19]. Although planar interfacial geometries remain virtually unexplored, a variety of
fascinating dissipative phenomena have been theoretically predicted, in association with varying
degrees of magnetic commensurability and/or interfacial spin corrugation [11]. Kadau et al.,
for example, studied the intrinsic magnetic interaction between two magnetic planes of magnetic
materials, both of which were insulating so as to avoid conduction electron and eddy current effects.
One major finding of the study was that that anti-ferromagnetic interfaces resulted in significantly
higher friction levels than ferromagnetic interfaces. Planar geometries are also amenable to modeling
of the magnetic and electronic properties of a wide range of magnetic materials. For the present study,
we employed oxygen films, which are paramagnetic, adsorbed in a planar geometry on ferromagnetic
nickel substrates and nonmagnetic gold substrates in the presence and absence of weak external
magnetic fields, to explore whether the fields could be used to actively tune adsorbate friction levels.

Numerous experimental and theoretical studies have confirmed magnetically ordered monolayers
for the solid phases of adsorbed oxygen, including an antiferromagnetic phase [25,26]. When exposed
to an external field, such layers, when adsorbed on graphite, are reported to exhibit behavior more
characteristic of a ferromagnet than a paramagnet, achieving saturated magnetism even in the presence
of weak external magnetic fields whose field energy is small compared with the thermal energy of
the molecules [27]. The effect is expected to be present for gold substrates as well, and enhanced
for adsorption on nickel substrates. The energetically favorable, or “easy” direction of spontaneous
magnetization of adsorbed films comprised of upright molecules is along the z-axis of the molecules,
in contrast to the spin direction of isolated molecules, which is perpendicular to the z-axis.

The experiment geometry is depicted schematically in Figure 1. In part (a) adsorbed oxygen
molecules slide on the substrate in the absence of an externally applied field. The physical orientation of
the molecules, as well as their spin direction, is determined by the combined effects of molecule-molecule
and molecule-substrate interactions, which are van der Waals in nature. When an external field is
applied (Figure 1b), the attractive interaction between the paramagnetic moments of the adlayer and the
ferromagnetic moments of the substrate will act to align the molecules and also increase attraction with
the substrate. Increased attraction does not increase contact area, as it would in a macroscopic system,
but a change in friction arising from a change in the effective surface corrugation is to be expected.
Alignment of the oxygen molecules in response to the external field [22] would in addition change the
commensurability with the substrate, reducing friction if the molecules become more incommensurate
and solid-like [2,4,28]. Finally, the presence of the external field could also decrease the magnetic
corrugation of the interface, if the oxygen layer spins reorient from a preferentially anti-ferromagnetic
to preferentially ferromagnetic state. This would reduce friction associated with spin-waves and
spin-flips [11]. The sliding oscillatory motion of magnetic adlayers would also be expected to give rise
to eddy currents in the underlying substrate [20] and cause friction levels to increase.
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Figure 1. Illustration of the effect of a magnetic field onto physisorbed O2 films. When dosed into the
system with the absence of external field. (a) the molecules are unordered, in physical orientation and spin
direction, with respect to the surface. In contrast, when adsorbed in the presence of a weak magnetic field
oriented perpendicular to the substrate. (b) the molecules can align, both in physical aspect and in spin
moment, with respect to the field. This reduces the magnetic frictional interaction of sliding films.
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2. Experimental

Measurements were recorded by means of a quartz crystal microbalance (QCM) at 47 K,
where oxygen molecules are physisorbed to the substrate and known to remain in a magnetic
state upon uptake on the surface [25–36]. At 47 K, adsorbed oxygen layers are liquid, but close
to their two-dimensional solid-liquid monolayer melting point, and have structural orientation
imposed by the substrate. Molecules initially adsorb in a direction preferentially parallel to the
substrate, then progressively tilt upward as coverage increases. The behavior, which is very general
for physisorbed oxygen monolayers, has been reported for graphite [22,25–32] and Ni(111) substrates
coated with disassociated oxygen atoms [33–36]. Above monolayer coverage, a surface melted second
layer forms atop the monolayer that is incommensurate with the layer adjacent to the substrate [29,30].

The quartz crystal microbalance (QCM) is an established technique for measuring friction levels
in adsorbed films [37–39]. Film uptake on QCM surface electrodes produces a shift in the frequency
δf associated with the inertial mass tracking the horizontal oscillatory motion of the QCM [40],
and quality factor shifts associated with energy dissipation arising from frictional sliding motion of
film constituents [40,41]. The ratio δ(1/Q)/ (δf) is reflective of the form of frictional shear forces with
the substrate. For adsorbed films it is routinely parameterized by:

δ(1/Q)/ (δf) = 4πτ (1)

where τ is a characteristic slip time associated the time decay of momentum fluctuations in the film.
The form of the friction law can be probed by studies of how the slip time τ varies with the QCM’s
amplitude of vibration A according to:

F = −γ vnsgn(v), δ(1/Q) ∝ τ ∼= A−(1−1/n) (2)

where γ is a constant and v is the relative sliding speed. The constant [42] n = 0 corresponds to the
common macroscopic friction law F = µ N, n = 1 corresponds to linear viscous friction, and n > 1 is
commonly associated with granular materials [43]. Various first principle theoretical and numerical
studies have found the n = 1 case of linear friction to apply to adsorbed films, so long as the sliding
distance is more than a few atomic lattice spacings and sliding speeds remain below the speed of
sound, conditions that apply to the present study [44–48]. Particularly notable in these studies is the
fact that exceptionally small changes in commensurability between adsorbed film particles and the
substrate can result in many orders of magnitude in the friction, a feature that will be discussed later
within the context of the data presented.

A QCM’s measured frequency shift is related to the shift δffilm of a rigidly adhering film
according to:

δ f [1 + (ωτ)2] = δ ffilm (3)

Therefore studies of adsorbed layers are generally performed with QCM’s operating in the fundamental
mode, as sensitivity and activation areas become problematic with modes for systems that exhibit
significant slippage [49,50].

The QCMs employed here consisted of single crystal overtone-polished AT(A-type Transverse
shear mode)-cut quartz obtained from Laptech Precision Instruments (Bowmanville, ON, Canada) (part
number XL1018) that oscillated in transverse shear motion with a quality factor close to 105 and driven
by a Pierce oscillator circuit at the series resonance frequency 8.01 MHz of the oscillator (Figure 2). For
the gold substrates, the crystals were coated with Au by the manufacturer and employed as prepared.
For the nickel substrates, the QCM’s were obtained from the same manufacturer, but without electrodes.
The blank crystals were mounted within a masked holder and baked in air at 150 ◦C for 24 h before
insertion in an ultra-high vacuum deposition chamber (base pressure 10−9–10−10 Torr) where nickel
electrodes were deposited. Thirty-nanometer thick Ni electrodes were deposited onto each of the two
sides of the QCM at a rate of 0.1 nm/min by means of a tungsten filament e-beam gun targeted upon a
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Ni rod held at 4.2 kV. After deposition of the electrodes, the sample was annealed at 250 ◦C for several
hours, then transferred in air to a separate cryogenic stage within a vacuum chamber comprised of
ultra-high vacuum components, then baked overnight at 140 ◦C at 10−8 Torr to desorb physisorbed
contaminants. Nickel films prepared in this manner exhibit a preferred (111) orientation [51–53].
Residual disassociated oxygen atoms chemisorbed on the Ni sample in the course of its exposure to air
are reported to be ferromagnetic in nature [34].
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Figure 2. UHV vacuum chamber with QCM sample (a) held at 47 K connected to 4 K cold tip (b).
The sample is dosed with a fixed amount of O2 gas from (c). External magnetic field is applied via an
electromagnet (d).

Both gold and nickel samples were cooled to 47 K by means of a Sumitomo cryocooler (Allentown,
PA, USA) with temperature controlled by means of a Lakeshore (Westerville, OH, USA) controller
and silicon diode thermometer. Data for frequency and quality factor shifts were recorded for film
coverages of approximately 70 and 200 ng/cm2, by dosing two distinct fixed volumes of research
grade O2 slowly into the chamber containing the QCM sample held at low temperature. A Labview
program (National Instruments, Austin, TX, USA) continuously recorded the temperature, frequency
and amplitude data every five seconds during dosage and as the samples equilibrated. The procedure
was repeated for numerous runs in both the presence and absence of a 35 G magnetic field applied in a
directly perpendicular to the surface. Frequency and quality factor shifts associated with residual gas
pressure, tensile stress, and/or temperature variations were negligible for the experimental conditions
employed for the present studies.

The magnetic field was produced by means of a GMW 5451 electromagnet (San Carlos, CA,
USA) with field homogeneity of 200 ppm in the central region, in which the sample cube resides,
and calibrated with a Lakeshore 425 gaussmeter. It was held constant during all data runs.

The sample cell consisted of a ultra-high-vacuum compatible six-way cube attached to the cold tip
by means of a custom machined oxygen free high thermal conductivity (OFHC) heat bridge of diameter
3/8”. The typical base pressure within the cube, accounting for thermal transpiration, was estimated
to be 7 × 10−10 Torr. Both tip side and sample side are mounted resistance thermometers (RTDs) for
temperature measurement. Typical thermal gradients exist across the bridge 5–10 K, and at steady
state 47 K, this thermal gradient is about 3 K. Since the temperature gradient at steady state between
the RTDs is small, we can expect the sample temperature to be trivially close to the sample RTD’s
reading at steady state.

Dosage of O2 onto the sample surface was performed conducted at low temperature after thermal
stability >0.01 K had been established. Oxygen was deposited by means of a vacuum leak-in valve,
behind which a fixed volume containing 7.0 m·Torr O2 was present. After opening the valve to admit
a fixed dose of gas, the pressure dropped to 2 m·Torr.

Great care was taken to perform control studies to examine whether a temperature change
occurred when the gas was admitted, and we observed that the room temperature gas quickly
established equilibrium and a stronger thermal link between the sample and cold point, cooling
the sample further by 0.049 ± 0.003 K. For the higher dosage runs, the cooling effect saturates to
0.39 ± 0.03 K at a 47.5 K setpoint. We observed no thermal annealing effects such as those reported
in experimental setups employed in independent studies [54] and no effects of the dosing rate on
the equilibrium times. The films were observed to reach equilibrium typically within 15–20 min,
comparable to that reported for independent setups. [55]
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3. Results

3.1. Oxygen Films on Nickel

Figure 3a–d display characteristic raw data sets for the four conditions studied. Filled circles
denote the presence of the magnetic field while stars correspond to zero field conditions. Plots 3a and
3b display thick film deposition, while 3c and 3d display monolayer thin film. Plots 3e and 3f depict
the QCM response in empty cell when the external magnetic is switched ‘on’, showing the level of
stability and null response of system. The horizontal dashed lines in Figure 3a–d are for visual guide,
to highlight the differences in the observed data sets, particularly in the inverse quality factor δ(1/Q)
shifts in the present and absence of an external field.
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Figure 3. (a–d) Frequency and inverse quality factor response to uptake of thin and thick O2 films
deposited (at t = 0) on nickel in the presence and absence of field. Filled circles correspond to field
(a,c), and stars correspond to the field absent case (b,d). (a,b) correspond to thick film deposited using
relatively large dosage of oxygen whereas (c,d) correspond to thin film. The horizontal dashed lines
(a–d) are for visual guide, and represent the levels of frequency shift δf and shift in inverse quality
factor δ(1/Q) for the thick and thin films deposited in the presence of field. (e,f) represent the system
response in empty cell when the magnetic field is switched ‘on’ (t = 0), showing no effect to the QCM
responses in the absence of gas. For thin film in the presence of field (c), δf is smaller and δ(1/Q) is
larger than their corresponding values in the absence of field (d). Therefore, the slip time τ (Equation
1) for the thin film is larger implying lower friction in the field. Similarly, lower friction in the field is
demonstrated for the thick film by the larger resultant quality factor shift although the frequency shifts
are comparable in two cases (a,b).
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One monolayer of oxygen standing entirely upright has coverage 11.45 molecules/nm2,
or 59.9 ng/cm2, which corresponds to a 16.4 Hz drop in frequency for adsorption on an 8.01 MHz
QCM. One monolayer of adsorbed liquid oxygen meanwhile has coverage 7.63 molecules/nm2,
corresponding to 40.6 ng/cm2, or a 10.9 Hz drop in frequency. The frequency shifts observed for
the case of thick films are observed to be close to ten times greater than the thin film case. Shifts in
inverse quality factor are observed to be slightly larger when the field is present. Thin films exhibited
frequency shifts in the range 15–20 Hz, corresponding to slightly above monolayer coverage, and
more pronounced differences in the inverse quality factor shifts in the presence of an external field.
While the frequency shifts for the thick film in the presence and absence of field are close, the shift in
inverse quality factor for the former is higher than the latter case. The higher shifts in inverse quality
factor in the field for both thin and thick film implied the larger slip times and lower friction levels
compared to no field cases. When averaged over multiple runs, such differences results in statistically
distinct friction levels for the various conditions studied.

Figure 4 displays the results for the slip time analysis for multiple runs for the thick and thin
films. Slip time averaged over multiple data sets as a function of time post O2 deposition is plotted for
both thin and thick films and field present and absent cases. The slip times observed here range from
1–20 ns, corresponding toωτ = 0.05–1.00, and “mass sensitivity factors”, δf/δffilm = 1/(1 + (ωτ)2) that
range from 0.997 to 0.497. For the lowest friction values, the mass per unit area of the adsorbed film is
therefore double of that inferred from the frequency shift without corrections. For thin films, the graphs
in both the field absent and present cases, ca. Figure 4a, have similar nature that the slip time increase
monotonically and asymptote to steady state after about 30 min. Additionally, the frequency shift
appears to depend on presence of the field for thin films, ca. Figure 3c,d. This is however attributable
to apparent coverage being reduced due to larger slip time value close to 20 ns, and therefore a reduced
coupling of the substrate with the adsorbed film. The thin film corrected coverages, for the field
present and field absent cases are very similar, on the order of 70 ng/cm2, when Equation 2 is utilized
to determine the frequency shift corresponding to the actual film coverage.

For the thick film case in Figure 4b, the increase in slip time is observed in the presence of field,
however the average values in two cases fall within the error bars as the time progress. A higher
level of external field is expected to enhance the effect. However, the Ni substrates being magnetic,
the field level is limited to 35 G for the experiments reported herein. Further studies with higher
external field will be essential to confirm this claim. The proportional increase in slip time due to the
field is weaker for thick film than the thin film, for which, an increase from 8 ns to 13 ns is observed.
As compared to the thin film case, the slip time increase in thick film is much smaller, about a factor of
ten. The evolution of slip time over time is flatter for the thick film case as compared to the thin film,
implying the thick films establish a frictional equilibrium at a faster rate than thin films.
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Figure 4. Average slip time versus time for thin (a) and thick (b) oxygen films on nickel in the presence
and absence of an external magnetic field perpendicular to the surfaces. Error bars represent the
standard deviation of the slip time values averaged over the various runs at fixed points in time. Gas is
admitted to the chamber at time = 0 min. Slip times are observed to be longer in the presence of an
external magnetic field of 35 G, indicating lower friction levels.
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3.2. Oxygen Films on Gold

Figure 5 presents slip time data for thin oxygen films on gold for field levels of 0, 35 and 70 G.
For the nickel films studied, the 35 G applied field will be enhanced by the ferromagnetic nature of
the film. The remnant magnetization of the nickel film produces a significant magnetic field in the
oxygen film layer when the external field is applied and the estimated field experience by the adlayers
is the magnetic induction and remnant magnetization for the 30 nm nickel sample are estimated to
be around 340 G and 60 G, respectively, for the applied field of 35 G. [51–53]. These are the values
for within the nickel film. At the surface they are further enhanced by 11% [53]. The resultant field
strength decreases with distance away from the surface, in accordance to 1/r3 law [56,57]. Overall,
therefore, an external field of 70 G applied to the gold substrate has a comparable impact on the oxygen
layer as that of a 35 G external field applied to a nickel surface [51,52].
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Figure 5. Average slip time versus time for low coverage oxygen films on gold at 47.5 K in the presence
and absence of an external magnetic field perpendicular to the surfaces. Error bars represent the
standard deviation of the slip times measured over multiple measurements at fixed points in time.
Gas is admitted to the chamber at time t = 0 min. The effective field on the oxygen film in the external
field of 70 G for Au QCM surface is comparable to that of 35 G external field for Ni QCM surface [51,52].
Slip times are observed to be shorter in the presence of an external magnetic field of 35 G, indicating
higher friction levels.

The most notable feature of the slip time data in Figure 5 for thin films on gold is the opposite
nature of the trends induced by the presence of an applied field. In zero fields, the slip time for gold is
approximately 10 ns, and for nickel is it 20 ns, a difference that is readily attributable to differences
in the chemical nature of the substrates. In the presence of an applied field, the friction is observed
to increase substantially for the gold substrates while dropping somewhat for the nickel substrates.
The various contributions to friction will be discussed in the next section.

4. Analysis of Friction Levels from Various Contribution Mechanisms.

Three phenomena will be considered in this section within the context of the experimental
observations: (1) Magnetostrictive effects, whereby field induced changes to the physical structure
of the molecules gives rise secondary effects that impact friction levels; (2) field-induced changes
to the magnetic spins of the adsorbate and substrate that give rise to intrinsic magnetic friction;
and (3) contributions from eddy currents.
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4.1. Magnetostriction and Magnetic Spin Effects

Magnetostriction, a structural reorientation of elements of magnetic material in an applied
magnetic field, will result in changes to friction via changes in interfacial commensurability. It is likely
to occur with both the gold and nickel substrates, as the measurements are performed at temperatures
close to where structural transitions would occur even in the absence of an applied field. It is known
that the liquid, θ, and fluid phases of 2D adsorbed O2 have molecular alignment which is freely
rotating, but prefers to tilt in the in-plane direction. Near the boundary with the ζ phase (molecules
standing) a perpendicular magnetic field grants the molecule energy if it aligns. The data taken on
thin O2 films on Ni at 47.5 K exist in the fluid phase near this boundary with the ζ phase, which is
shown [58] to have phase boundaries in this region. The δ to ζ transition in particular is considered to
be driven by magnetic energies, and magnetic energies account for 30–100 K per molecule.

It is likely that the phase diagram for O2 physically adsorbed on gold, Ni and NiO exhibits a
similar boundary structure to the diagram for O2 on graphene. An analogous molecular reorientation
transition into perpendicular direction occurs for increased coverage at 20 K. The location of phase
boundaries for O2 on Ni are likely to be shifted in relative position, since adsorption energies for O2

on Ni are larger than those values known for O2 on Gr. This implies the O2 on Ni phase structure is
shifted to the right because adsorbates are more energetically encouraged to adsorb on Ni at a given
temperature than they would be on graphene. It is not known whether the analogous fluid, theta,
and epsilon phases exist for adsorption on Ni, although it is plausible given Ni interatomic spacing of
0.249 nm similar to 0.142 nm graphene nearest neighbor spacing in the hexagonal lattice. Graphene’s
hexagonal lattice structure has been shown to influence the differences in epitaxy for the theta, fluid,
and liquid phases; this situation is different with the triangular lattice of Ni(111) for example.

The energy difference equivalent to 1 K cooling is 1 kB = 9 × 10−5 eV. How does the energy
introduced by the external field compare to an equivalent 1 K cooling in the phase structure? When the
external field is at a strength of 35 gauss, the magnetic field in the vicinity of Ni is 360 gauss due to
the magnetization field of Ni. The Zeeman energy associated with an oxygen molecular spin moment
orienting in field is:

Ez = 3.6× 10−2 × 2 µB = 4.2 × 10−6 eV (4)

which is about 5% of the equivalent thermal energy lost by cooling 1 K. In the region of the phase
diagram close to a transition, it is possible for a field to bring the system across the transition solely
due to Zeeman energy supplied by the field. Our data on O2 on Ni films take place at 47 K and are
lying within 5 K of the transition to ζ. This transition is known to be broad, showing coexistence of
both phases within 0.5 K of the boundary.

For an oxygen molecule existing as member of a film, magnetic exchange also plays a role in the
total magnetic energy of the O2 molecule. Magnetic energies for the oxygen intermolecular interaction
are estimated to be 40 K [59] at 3.2 Å, with an exponential dependence on distance, whereas average
vdW adsorption energy on graphite is 1122 K [60]. Due to the magnetic exchange between oxygen
molecules is non-negligible for the condensed phases, behavior in an external field will be much more
pronounced than just that expected by Zeeman splitting (which is typically the valid treatment for
non-interacting moments). The bulk γ oxygen phase and bulk liquid are known to have short-ranged
antiferromagnetic order. For antiferromagnetism, the exchange constant is negative. For this reason,
if the ζ phase is ordered antiferromagnetically, due to its (approximately) triangular lattice, it is likely
to be magnetically frustrated.

We now consider also the situation of the field application causing the molecular magnetic
moments to align while the physical structure of the molecule stays unaligned. The spin-spin energy
of an oxygen molecule is 0.13 meV in preference for the interatomic axis as compared to lying in
the plane perpendicular to the molecular axis [61]. Since this energetic preference is larger by a
factor of 30 than the external field–dipole field energy, we can consider the spin moment of O2 to be
rigidly attached to its axis, meaning a change in the magnetic moment direction causes a concomitant
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change in the physical orientation of the molecule. In some low temperature phases of adsorbed
oxygen, the magnetic moments point in a direction other than the molecular axis, in these situations a
vdW-exchange competition takes place.

Magnetic thin films exhibit magnetization reorientation in removal of field due to shape anisotropy.
If this phenomenon is present in our films, it implies that the field absent condition causes the remnant
field in the nickel film to reorient in an in-plane direction, perhaps causing the adsorbate molecules
follow suit and lay flat, further encouraging them to mimic the δ phase. This expectation underlies our
interpretation of the incremental warmup data of O2 on Ni. The increased frictional levels observed in
our data upon lowering of the system temperature from 47 K through 30K for film coverages in the
ρ = 50 ng/cm2 region implies the films have undergone a transition from fluid to δ + ζ phase, here
preferring the δ phase due to the in-plane remnant field M = 60 g expected to be present near the nickel.

4.2. Impact of Molecular Orientation on Friction Levels.

To assess the impact of the physical orientation of the molecule upon its frictional interaction with
the substrate, we examine the energy corrugation amplitude framework. A given substrate has lateral
modulations in the van der Walls energy of an adsorbate molecule attached to the surface. The slip
time of an adsorbed layer due to phonon friction depends on the adsorbate-substrate corrugation
amplitude [2,4,62]:

τ ∝ f−2 (5)

where τ is slip time and f is corrugation amplitude. In order to account for a factor of 1.8 increase in
slip time when field is applied:

τB
τ0

=
f 2
0

f 2
B
= 1.8 (6)

where τB is slip time in field, τ0 is slip time in absence of field, fB is amplitude in field and f 0 is
amplitude in absence of field. The van der Waals potential between two particles follows a 6–12 form,
which is dominated by the 1/r6 dependence beyond the adsorption distance, which is the realm we
are considering:

U = ELJ ∝
1
r6 (7)

Integrating this interaction over the surface yields an interaction law:

U(r) ∝
1
r3 (8)

which implies that for differences in adsorbate energies:

f = |Uatom −Usite| ⇒ f ∝
1
r3 (9)

Inserting this into the above dependence:
τB
τ0

=
r6

B
r6

0
(10)

Our equilibrium adsorption distance for O2, 3.2 Å [61] yields an effective field adsorption distance:

rB =
6√1.8 ∗ 3.26 = 3.5 Å (11)

This implies that when the molecule stands upright, its effective adsorption amplitude is lessened
by an amount corresponding to a displacement by:

δr = rB − r0 = 3.5− 3.2 Å = 0.3 Å (12)
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If the ellipsoidal shape of the O2 is taken into account, the short axis radius is 1.6 Å and the long
axis radius is 2.1 Å, and the difference between these is 0.5 Å. By accounting for shape anisotropy,
the results are consistent with the explanation of the frictional behavior in a field.

A freely rotating O2 molecule on graphene has energy difference 1149 K − 1112 K = 37 K =
3.2 MeV, which we refer to as corrugation amplitude, between site and atom adsorption positions.
For O2 on Ni or NiO the corrugation energy amplitude is assumed to be larger, because graphene is
known to be relatively ‘flat’ in terms of van der Waals adsorption as compared to most substrates.
The above treatment is in fact independent of corrugation amplitude value. The shift in effective
adsorption distance is solely dependent on original adsorption distance, which for O2 on NiO is
expected to be smaller than for O2 on graphene. Other subtleties exist; the oxygen molecule has a
polarizability anisotropy κwhich alters the van der Walls binding dependent on direction. As well,
the corrugation frequency is changed [62]. For the purposes of phononic friction, the polarizability
is the same for molecular orientation parallel or anti-parallel, since for both of these alignments the
molecule is standing perpendicular to the substrate. Thus, this treatment works for antiferromagnetic
state as if it were ferromagnetic.

This mechanism of magnetostriction could account for the decrease in friction for the thin O2 film
on Ni in applied field, and predicts a frictional increase upon transition from the fluid to the delta
phase, for which the films are flat, and therefore closer to the surface.

4.3. Eddy Current and Conduction Electron Effects.

The increase in friction for oxygen layers on gold substrates cannot be accounted for by structural
reordering. Such effects are likely to be present, however, a competing and dominant effect is
apparently also present which gives rise to the opposing trends for films on the gold substrates.
The most likely mechanism is the formation of eddy currents, which are expected to be stronger for
the gold substrates given the major differences (skin depth, surface conductivity, etc.), between gold,
nickel, and nickel films with surface oxide layers [63]. The contributions of conduction electron
friction predicted analytically by Bruch [5] are of the same order as that observed here. Eddy
currents and/or conduction electron dissipations mechanisms therefore are likely candidates for
the observed behaviors.

Further modeling efforts are clearly required to reveal the underlying mechanisms for the observed
phenomena. In order to perform a complete study, a combination of MC and MD simulations,
in combination with DFT are required. DFT allows an estimate of the exchange interactions and
possible modifications to intermolecular potentials, and also provides an estimate of the electron
density to determine preferred bonding sites. MC techniques estimate spin exchange couplings
between the constituent molecules, while MD can be employed to determine the film structure,
orientation and sliding friction levels.

5. Summary and Conclusions

We have reported here a study of the sliding friction levels of oxygen monolayer and multilayer
films adsorbed on nickel and gold substrates close to the oxygen monolayer solid-liquid melting
transition temperature in the presence and absence of a weak external magnetic field. Friction levels for
the monolayers in the presence of the field were observed to be half of those observed in the absence of a
field, and the data are consistent with interfacial effects as the source of the magnetic sensitivity. Friction
levels for thin films on gold were meanwhile observed to be substantially increased in the presence
of the field. Magnetically-induced structural reorientation (magnetostriction) and/or realignment of
adlayer spins, both of which would reduce structural and/or magnetic interfacial corrugation and
corrugation, potentially underlie the observed reductions in friction levels. Conduction electron effects
fail outright to explain the data for the nickel data but are viable candidates for the gold data. Pressure
induced collapse of friction in response to the increased normal force is improbable, but not strictly
ruled out.
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Although the scope of the present study is limited in nature, our work demonstrates a first step in
documenting the role of magnetic effects in a system that is readily accessible to both experimental
and theoretical investigations of such mechanisms. The ability to apply an external field to “tune” the
friction moreover allows active control of friction, going beyond the usual passive observations
of frictional energy phenomena. A variety of future experimental and theoretical studies have
been suggested that will illuminate the various contributions of intrinsically magnetic dissipation
mechanisms as well as a variety of secondary effects that accompany them.
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