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Superconductivity Dependent Friction of Water, Nitrogen, and Superheated He Films
Adsorbed on Pb(111)
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We report a quartz crystal microbalance study of sliding friction levels in N2, H2O, and superheated He
films adsorbed on Pb(111) substrates alternating in and out of the superconducting state. Reductions in
friction upon entry into the superconducting state are greater for N2 than He, consistent with a recent
theory that linked electronic friction to adsorbate polarizability. Our work also reveals that repetitive
cycling of an externally applied magnetic field may impact friction.
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The ability to predict sliding friction in adsorbed film
systems underlies a vast range of topics in physics and
nanotechnology [1], spanning the origins of static friction
[2] to the design of atomic scale automobiles [3]. With the
advent of new experimental techniques capable of studying
the force of friction that results when a finite number of
atoms are made to slide on a crystalline substrate, (nano-
tribology [4]) direct comparisons between experiment and
theory have become increasingly realizable. One still hotly
debated topic in this area is the degree to which electronic
effects contribute to friction [5].

Sliding friction in adsorbed monolayers can be mea-
sured experimentally by means of the quartz crystal micro-
balance (QCM) technique [6]. For vibrational amplitudes
above 0.4 nm [7] (vibrational amplitudes for the films
studied here are close to 10 nm) the interaction is well
characterized by the viscous friction law, F � ��m=��� �
�m�� where F is frictional force that resists sliding and
m, �, �, and � are the mass, drag coefficient, slip time, and
average sliding velocity of the adsorbate [6–9]. The drag
coefficient ��1=�, (also routinely defined as m=�) can be
written as � � �el� �ph, where �el and �ph represent
the electronic and phononic contributions to friction [5].

Phononic friction is a wear-free energy dissipation
mechanism that arises from sliding induced excitation of
atomic lattice vibrations. QCM and molecular dynamics
studies first documented the existence of phononic friction
in the mid 1990’s, more than six decades after it was first
predicted [4,9]. Firm documentation for the existence of
electronic contributions to friction has proven difficult, as
phononic and electronic mechanisms are both generally
present, with phononic mechanisms tending to dominate
[1,10]. Phononic excitations diminish in magnitude at low
temperatures however, providing a regime wherein elec-
tronic mechanisms are more readily discerned. Arguably,
the first clear evidence supporting the existence of non-
negligible electronic friction levels was reported in 1998
by Dayo et al. [11]. Dayo et al. employed a QCM to study
the sliding of thin N2 films adsorbed on a lead surface and
observed the friction to drop by almost half when the
substrate became superconducting. Given that supercon-
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ducting systems exhibit a significant change in electronic
properties over a narrow temperature range where changes
in phononic behavior are assumed to be minimal, the
changes observed at Tc were attributed to electronic
mechanisms.

Dayo et al.’s studies drew much attention and also
sparked criticism [12–17]. An effort to reproduce the result
by Renner et al. [12] produced N2 films that failed to slip at
low temperature, and sliding friction measurements can
only be performed on films that remain unpinned. A num-
ber of distinct theoretical treatments of superconductivity-
dependent friction were also put forth that appeared to
explain the observation, but not necessarily in its entirety
[13–17]. While subsequent studies by our group validated
Renner et al.’s observations insofar as confirming that
nitrogen films are quite susceptible to pinning, [18] experi-
mental comparisons with theoretical prediction have here-
tofore not been reported.

We focus here on the 2000 study [16] by Bruch, in which
analytic calculations of the electronic friction arising from
ohmic (resistive) damping of N2 and Xe monolayers slid-
ing on Pb and Ag substrates were reported to be �el �
5� 106 s�1 for Xe=Ag, and 5� 107 s�1 <�el < 5�
108 s�1 for N2=Pb. Differences in friction between the
two systems were attributed to the presence of a quadra-
pole moment in the low temperature structure of solid N2.
It was thus inferred that the effect would be much reduced
for inert gas adsorbates such as Xe or He and increased for
more polarizable and polar absorbates, such as H2O.
Unlike H2O, N2 and He do not have permanent dipole
moments. However, when adsorbed onto a surface at low
temperatures, induced dipoles in these adsorbates are non-
zero, the magnitude of which depends on the polarizability
of the adsorbate.

QCM friction measurements are performed by monitor-
ing frequency and amplitude changes that occur when films
adsorb onto the surface electrodes of the oscillator.
Changes in resonant frequency �f are proportional to the
fraction of the mass of the condensed film that tracks the
oscillatory motion of the substrate. Amplitude shifts are
due to frictional shear forces exerted on the surface elec-
7-1 © 2006 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.96.226107


PRL 96, 226107 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
9 JUNE 2006
trode. They are converted to quality factor shifts ��Q�1�
via a ‘‘ring-down’’ calibration method [6]. The experimen-
tally observed frequency shift (�f) is related to the fre-
quency shift that would have occurred if the film were not
slipping (�ffilm) according to [6]

��Q�1� � 4����f�; �f �
�ffilm

1� �!��2
;

�ffilm

f
� �

2mfcf
�qtq

;
(1)

where � is the slip time, mf and cf are the atomic mass and
coverage of the adsorbed film, ! is the angular frequency
of the crystal oscillation, �q (2:65 g=cm3) and tq (0.021 cm
for f � 8 MHz) are the density and thickness of the QCM.
Therefore the values of (�f) measured in the supercon-
ducting state (where friction is lower and slip times are
longer) are smaller in magnitude than corresponding val-
ues in the normal state. While some of the mass of the film
will always be decoupled from the oscillation, the experi-
mentally measured frequency shift will only be substan-
tially reduced for systems where !� � 1 [6,19].

The microbalance crystals for these studies were
overtone-polished 8 MHz AT-cut quartz that had quality
factors near 105. Thermal evaporation was employed to
deposit 200 nm of 99.999% pure Pb atop the blank QCM,
producing a mosaic structure with a (111) fiber texture
[20]. The base pressure of the vacuum system ranged
from 5� 10�10 to 1� 10�9 Torr and the deposition rates
were on the order of 1 nm=minute. Xe isotherms per-
formed on substrates prepared in this manner exhibit step-
wise condensation features [18]. The degree of verticality
of the steps present in the isotherm allows the terrace width
on the surface to be estimated [21] on the order of 10 nm,
typical of (111) films grown by thermal evaporation [22].
Adsorption isotherms revealed no behavior consistent with
pore filling or increased surface area [23], ruling out cap-
illary action by the adsorbates.

After preparation of the electrodes, the samples were
transferred in situ to an adsorption cell, which was attached
to an independent and portable ion pump, and then sepa-
rated from the main ultrahigh vacuum chamber by means
of a copper pinch-off device. This constituted a substantial
improvement over the sample transfer technique employed
by Dayo et al., whereby samples were transferred in am-
bient to the experimental cell under flowing Ar gas. Within
the adsorption cell, the crystal was inserted into metal
socket vacuum feedthroughs that connected to external
Pierce oscillator circuitry.

At sufficiently high temperatures, adsorbed films have
enough thermal energy to remain sliding as they pass over
pinning sites on the substrate [7]. N2 layers are highly
susceptible to becoming pinned at low temperature,
[12,18] but superconductivity-dependent friction is readily
observable whenever they are not. We have never observed
pinning for He films in the temperature range 4–10 K,
presumably because this temperature range is considered
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‘‘hot’’ for helium. We have also encountered no pinning
difficulties for H2O as an adsorbate, but we attribute this to
the wetting behavior of H2O rather than thermal effects.
Water is likely to form frozen droplets on the surface that
should be relatively difficult to pin. Similar effects have
been reported for microspheres attached to a QCM elec-
trode [24]. Droplet formation however renders calibration
of our H2O data meaningless, since slip time only applies
to sliding layers.

Care was required in order to determine the specific
conditions for gas adsorption and cell cooling rates that
would allow the films to remain on the surface and not pin.
For helium films, the sample cell was filled with approxi-
mately 5 torr of research grade He after being cooled to
4.2 K. As the sample warmed through the superconducting
transition an estimated 1–2 monolayers remain on the
surface [25]. For N2 films, approximately 100 torr of
research grade gas was introduced to the cell at 85 K. As
the cell cooled to 4.2 K, the N2 that initially adsorbs dewets
the surface, leaving a residual N2 film on the order of 11

2

monolayers in thickness that did not coexist with a bulk
phase. For H2O experiments, the sample cell was filled
with approximately 5 torr of vapor at 300 K. Upon cooling
to 4.2 K, it is likely that this system consisted of a thin
water layer coexisting with bulk crystallites.

Once all samples were cooled to 4.2 K, they were
allowed to warm as the frequency and amplitude of vibra-
tion (proportional to the quality factor) were monitored. To
observe multiple superconducting transitions, a periodic
external magnetic field of 30 G was applied to the system.
Figure 1 shows a schematic of the apparatus and the
frequency response of samples with adsorbed N2, He,
and H2O in the presence of a magnetic field that repeti-
tively served to alter or destroy the superconducting at
temperatures slightly below Tc. The resonant frequencies
are higher in the superconducting state (magnet current
off), indicative of lower friction, and thus a more de-
coupled film. Data were also recorded in the absence of
any magnetic field (Fig. 2). Figure 2(b), showing N2, dis-
plays the distinctive peak in dissipation that occurs as the
system slip time passes through the condition !� � 1
while warming through Tc [19]. Helium films do not pass
through this condition while warming through Tc. Since
the critical point temperature of He is 5.19 K [26], the
helium films studied here are well above their critical point
temperature, and are thus referred to as superheated fluids.

Figure 3 shows frequency and dissipation of a QCM
with adsorbed N2 3(a) and 3(b) and He 3(c) and 3(d) for
samples warming through Tc in the presence of an inter-
mittent magnetic field. Also shown are the values of the
drag coefficient in the superconducting and normal states.
Frequency shift and dissipation level differences between
the superconducting and normal states are readily observ-
able (Figs. 1–3) and straightforward to measure in a highly
accurate fashion. We have thus elected to utilize these
quantities for our determination of experimental slip times
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FIG. 2. Response of the QCM with adsorbed (a) N2 and (b) He
layers in the absence of a cycled magnetic field.

FIG. 1 (color online). Schematic of apparatus and frequency
response of H2O, He, and N2 to the presence of a magnetic field
at temperatures slightly below Tc.

FIG. 3. Frequency and inverse quality factor response of the
QCM with adsorbed (a) N2 and (b) He layers as it warms through
Tc in the presence of a magnetic field that is repetitively cycled
on and off.
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and drag coefficients, employing Eq. (1) to express these
quantities as:

��f�N � ��f�SC � ���f�;

4��N��f�N � 4��SC��f�SC � ����1=Q�	
(2)

The subscript SC denotes quantities measured in the super-
conducting state, while N denotes quantities measured in
the normal state.

Drag coefficients were obtained numerically by employ-
ing the constraint condition that the amount of material on
the surface does not change at the superconducting
transition, i.e., there is no plausible mechanism for mate-
rial loss or gain arising from the superconducting state of
the substrate. Via Eq. (1), this condition is written numeri-
cally as ��ffilm� � ��f�SC�1� �2�f�SC�

2	 � ��f�N�
�1� �2�f�N�

2	. The helium and nitrogen coverage values
utilized to determine our reported drag coefficients were
28:6 �ng=cm2� and 41:4 �ng=cm2�, as discussed earlier. We
note that slip times and drag coefficients are highly insen-
sitive to the exact coverage assumed: Doubling these val-
ues results in a variation of � by only about 20%. As a
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cross-check, the present data analysis approach was also
applied to the Dayo et al. data, where empty cell values
were well established. The obtained values were in good
agreement with those reported by Dayo et al..

Our overall results are summarized in Table I. Un-
expectedly, measurements that were recorded on samples
in the presence of the time changing magnetic field (em-
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TABLE I. The drag coefficients for sliding layers on a Pb substrate in the superconducting and normal states are shown with and
without a time changing magnetic field. Also shown are the drag coefficients calculated from Bruch’s theory.

No Magnet Cycled Magnet Theory
N2=Pb (107 s�1) He=Pb (107 s�1) N2=Pb (107 s�1) He=Pb (107 s�1) N2=Pb (107 s�1) Xe=Ag (107 s�1)

�SC 2.5 0.51 0.084 0.065 . . . . . .
�n 5.1 1.3 0.714 1.14 . . . . . .
�n � �SC 2.6 0.79 0.63 1.08 5–50 0.5
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ployed here simply with the intention of inducing mul-
tiple transitions) consistently yielded friction levels that
were reduced in magnitude from those recorded in the
absence of a repetitively cycled field. The effect was
observed for both N2 and He sliding films, and must be
mentioned for purposes of completeness in reporting. The
origin of this effect remains however entirely beyond our
present understanding, and far beyond the scope of our
present investigation.

The present observations are consistent with a recent
study reported by Coffey and Krim for Xe monolayers at
77.4 K sliding on metal substrates with varying degrees of
surface corrugation [1]. In this study, it was found that
phononic models of friction matched experimentally ob-
served values so well that the electronic contribution to
friction could be neglected altogether. The phononic fric-
tion levels reported in Ref. [1] are much larger than what
we observe here for He sliding on Pb, presumably on
account of the fact that phononic friction should be sig-
nificantly reduced at 7.2 K as compared to 77.4 K.
Although the fraction of electronic friction for both He
and N2 sliding on Pb is roughly the same (
0:40), the
difference in � for He between superconducting and nor-
mal states, 7:9� 106 s�1, which is attributed to the elec-
tronic component �el, is substantially lower than that
observed for N2=Pb. The latter change, 2:6� 107 s�1, falls
near the range of values obtained by Bruch’s predictions
5� 107 s�1 <�el < 5� 108 s�1 for N2=Pb.

In conclusion our results firmly support Bruch’s overall
observations. Further theoretical work will be needed to
determine whether the existence of a quadrapole moment
in an adsorbed film determines electronic friction levels in
these specific systems.
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