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Abstract The temperature dependence of the kinetic

friction between a highly oriented pyrolytic graphite sur-

face and a silicon nitride probe tip has been evaluated

through atomic force microscopy measurements performed

under an ultra-high vacuum environment over the tem-

perature range 140–750 K. As temperature increases from

140 to 400 K a sharp decrease in friction is observed. A

relatively weaker dependence on temperature is observed

in the friction measured between 400 and 750 K. Collec-

tively, these results obtained from a fundamental interface

are consistent with an activated mechanism of energy

dissipation during sliding.
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Introduction

The relative motion of two bodies in contact involves a

number of forces acting across the interface and influenc-

ing the nature of sliding and wear. Of these, frictional

forces play a central role and are known to depend on many

factors including composition, topography, third bodies

(adsorbates, lubricants), velocity, and temperature. Of

particular interest here, large variations in friction are

routinely experienced in practical applications as opera-

tion conditions diverge from room temperature in both

cryogenic and elevated temperature directions. Previously,

macroscopic testing of solid lubricants performed at tem-

peratures below ambient have been frequently conducted in

submerged environments; the state-of-the-art is less than

optimal [1, 2]. Attempts to operate pin-on-disk tribometers

under cryogenic gas boil off have provided friction coef-

ficient data down to ~77 K under He [3, 4] and N2 [2] gas

streams. Contamination with water has been a particular

concern for these studies; 1 ppb of H20 in the gas stream is

the equilibrium vapor pressure above ice at approximately

160 K. Over the temperature range from 150 to 450 K

macroscopic pin-on-disk tests with polytetrafluoroethylene

(PTFE) films have shown a friction coefficient response

that was characteristic of a thermally activated Arrhenius

behavior [2]. In separate experiments, employing a cryostat

with a tilting slider-block tribometer using steel pins on

PTFE, steel pins on sapphire, and sapphire on sapphire, no

discernable temperature dependence from 4 to 300 K was

observed, although wear was apparent in these systems [5].

Fundamental studies of the origin of frictional forces

and their dependence on environmental conditions must

seek to account for the simultaneous contribution of indi-

vidual influences (composition, velocity, temperature, etc.)

or seek to eliminate their contribution. Such studies will be

facilitated through the assessment of systems in which

interfacial sliding occurs between clean, model surfaces,

and for contacts of known area and location. The discus-

sions of friction coefficients based on a thermally activated

sliding interface are likely not appropriate for systems

experiencing gross wear and material deformation. This

report documents measurements of kinetic friction mea-

sured between a silicon nitride probe tip and a highly ori-

ented pyrolytic graphite surface, where the potential

influence of interfacial wear has been excluded through

imaging of the contact region and the high reproducibility
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of the measured data sets. The frictional properties of

graphite surfaces have been the subject of previous

microscopic studies, many of these highlighting the atomic

nature of the interfacial contact and the energy dissipa-

tion mechanisms active for graphite interfaces [6–8].

The present report focuses on the significant increase in

friction experienced at graphite interfaces at cryogenic

temperatures.

The fundamental nature of atomic-scale friction has

been investigated previously in terms of its velocity and

temperature dependence, employing both theoretical and

experimental approaches [9–13]. These investigations have

addressed friction for a range of conditions related to both

the properties of the sliding pair and the nature of the

characterization approach, and have reported a range of

results. Although exploring varied temperature conditions,

these studies of interfacial friction have focused primarily

on the velocity dependence of friction as a means to

assessing the origin of frictional energy losses.

Krylov et al. recently conducted theoretical investiga-

tions of friction for the contact of a microscopic probe tip

and a well-characterized substrate across a full range of

surface corrugations, temperatures, and scanning velocities

[11]. In their work, friction is predicted to exhibit an

exponential temperature dependence of the form

FL � exp U0=kBTð Þ, where U0 is defined as the surface

barrier amplitude, kB Boltzman’s constant, and T the sup-

port temperature. Although the explicit form of the derived

equation was predicted to depend collectively on the

magnitude of the velocity, temperature, and the surface

potential, the model was based on reversible activated

jumps between potential energy wells associated with the

local lattice corrugation. Under conditions of constant

velocity and all other variables being fixed, the model

suggests that friction will decrease with increasing tem-

perature at interfaces involving meaningful surface corru-

gations. To date, these findings have lacked experimental

corroboration—a recent vacuum AFM study entailing

friction measurements of the interfacial sliding of a silicon-

silicon contact (native oxides present) documented a tem-

perature dependence of dynamic friction in the temperature

range 50–300 K [13], however the data was not charac-

terized with respect to a specific functional form.

In this article, the temperature dependence of frictional

forces at fixed velocities has been measured with atomic

force microscopy (AFM) for the contact of atomically flat

(as determined from AFM images), highly oriented

pyrolytic graphite (HOPG) surfaces, and a silicon nitride

probe tip under ultrahigh vacuum conditions (<2 · 10–

10 torr). This approach has allowed the elimination of

topographic effects other than local atomic corruga-

tions—HOPG is easily cleaved producing atomically flat

surfaces extending over several microns, well beyond the

area of interrogation of these microscopic measurements.

In addition, the approach has sought to reduce chemical

contributions, as HOPG is relatively inert with respect to

interactions with the AFM tip surfaces. Finally, mea-

surements performed under ultrahigh vacuum (UHV)

conditions have allowed the assessment of frictional for-

ces at cryogenic temperatures apart from the influence of

adsorbed species. In this article, we report variable-tem-

perature friction results obtained on HOPG over the

temperature range of 140–750 K, which exhibit a ther-

mally activated behavior.

Experimental

The measurements reported here were performed using a

variable temperature AFM employing a beam deflection

detection scheme and equipped with cooling and heating

facilities providing access to the temperature range 25–

750 K (Omicron Nanotechnolgy) [14]. The microscope

was mounted in an ion pumped UHV chamber with a base

pressure of <2 · 10–10 torr. A remote liquid nitrogen bath

thermally coupled to the substrate produced temperatures

from 140 to 300 K. From 300 to 750 K, a pyrolytic boron

nitride heater mounted behind the sample holder supplied

heat to the substrate. Due to the large difference in mass

between the tip and sample, and the timeframe of the

measurements, the tip is assumed to be in thermal equi-

librium with the substrate. The HOPG sample was cleaved

ex situ, immediately introduced to the vacuum chamber,

and annealed to 400 K for a sufficient time to eliminate

outgassing. The friction measurements employed a Si3N4

cantilever (Digital Instruments) possessing a normal force

constant of ~0.58 N/m and a nominal tip radius of ~20 nm.

In the reported friction values, zero normal force has been

defined as the force acting on the cantilever at its equi-

librium deflection when away from the substrate. The

friction experiments employed a scanning velocity of

600 nm/s over a distance of 100 nm. In all measurements,

the tip was scanned with respect to a fixed sample location

and was located within 5% of the zero offset location of the

scanning piezo. Friction measurements employed a low-

gain feedback of the tip displacement, systematically

modified by an external voltage ramp used to explore

variable normal loads. Individual friction loops comprised

of lateral force measurements (FL) as a function of sample

location (x) were collected in a line-scan mode in which

the tip was translated orthogonally to the long dimension of

the cantilever (see Fig. 1), a process also repeated as a

function of temperature. The low friction forces in the high

temperature limit were estimated to be on the order of

1 nN, based on the expected lateral force constant [15];

however the data is presented in arbitrary units to avoid
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erroneous comparisons to other data sets employing dif-

ferent probes and measurement conditions.

Frictional properties were further characterized through

friction loops measured as a function of load in the regime

of 0–20 nN applied load. The slopes of the linear plots of

lateral force versus normal force have been ascribed to a

microscopic friction coefficient (l). For each reported va-

lue of lateral force or friction coefficient, the tip-substrate

contact has been allowed to reach thermal equilibrium.

Values of lateral force or friction coefficient are reported as

normalized values (f/f0 or l/l0), with respect to values

measured at 280 K.

Results and Discussion

Figure 1a displays a representative friction loop measured

for the contact of the Si3N4 probe tip and the HOPG surface

at a surface temperature of 300 K and an applied load of

0 nN. In this plot, lateral force is plotted versus sample

displacement for a single reciprocal cycle of sliding in one

dimension. From this measurement, the average kinetic

friction is calculated as ½ of the difference of the average

friction experienced when sliding in the different direc-

tions. It is apparent from Fig. 1b, where the different traces

have been artificially offset, that non-zero friction events

consistent with the stick-slip motion of the tip occur, al-

though the average is very close to zero. It is also clear that

the ability to resolve frictional differences under these

conditions becomes limited by the inherent fluctuations in

lateral force experienced by the tip during motion across

the surface. Nonetheless, as temperature was decreased or

load increased in the experiments described below, non-

zero values of the average kinetic friction were detected

and were used to characterize the temperature dependence

of the friction properties of graphite.

Figure 2a displays the atomic-scale friction experienced

between an HOPG surface and a Si3N4 probe tip at an

applied external load of 0 nN over the temperature range of

140–750 K. The data represent the lateral force experi-

enced while sliding, averaged over sample location and

sliding direction. An abrupt decrease in lateral force is

experienced over the temperature range of 140–300 K;

above 300 K, the lateral forces remain low with variations

on the order of the statistical spread in measured values. An

Arrhenius analysis of the temperature-dependent data is

presented in Fig. 2b, in which the natural log of the nor-

malized friction is plotted versus 1/T. The slope of a linear

fit of this plot for data collected below 280 K yields an

effective activation energy in the form of a surface po-

tential barrier (U0) of ~0.1 eV (~10.8 kJ/mol) (deviations

from a linear behavior above 280 K reflect the very

low values of friction with respect to the resolvable limit of

friction differences). In comparison, prior AFM investiga-

tions of a cleaved NaCl(100) surface under UHV condi-

tions reported a barrier height of 0.25 eV at an applied

normal load of 0.44 nN [9]. Based on the analysis of

Fig. 2b, a 0.1 eV activation energy is used to plot the

function FL � exp U0=kBTð Þ (solid line). Values for a

prefactor could be calculated from information of the

sliding velocity and surface periodicity; however, previous

discussions of prefactor values have highlighted the po-

tential uncertainty in the meaning of such a value arising

from the unknown mass of the probe tip (or relevant por-

tion of the tip involved in the sliding interaction). Attempts

to fit the data of Fig. 2a with different prefactor terms,

including those entailing additional temperature terms such

as in Ref. [11], demonstrated that the temperature depen-

dent behavior observed here is predominantly captured in

the exponential term exp U0=kBTð Þð Þ. Varying prefactor

terms yielded only modest changes in the calculated po-

tential barrier or fit of the data in the extreme temperature

limits.

An analogous set of measurements was conducted, in

which the microscopic friction coefficient was measured

for the contact of HOPG and a silicon nitride probe tip as a
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Fig. 1 (a) An individual friction loop measured for the contact of a

silicon nitride probe tip and HOPG at 300 K and 0 nN applied load.

The overlapping nature of the data measured for opposite scan

directions along the same line is indicative of the low friction

measured for this interface. (b) When the frictional traces are

artificially offset, evidence for the stick-slip motion at the interface is

apparent. Friction force values are reported in arbitrary units; an

assessment of these values is provided in the experimental section.
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function of temperature. Figure 3a displays the temperature

dependence of the normalized friction coefficient for the

range 140–750 K. Again, the uncalibrated microscopic

friction coefficients have been normalized with respect to

the value measured at 280 K. Similar to the temperature

dependence of the average sliding friction forces, friction

coefficients decrease exponentially with temperature

increasing from 140 K to 280 K. Figure 3b presents the

Arrhenius analysis of the friction coefficient data, with the

fit and slope analysis conducted over the temperature range

140–280 K. This analysis, consistent with a thermally

activated sliding mechanism, produces an activation

energy (U0) of ~0.1 eV. The agreement between values

of activation energy determined from the two separate

approaches demonstrates that the observed thermal

behavior originates from the activated motion of the tip

across an energetically corrugated surface. Specifically, the

agreement confirms that the reported temperature depen-

dence is not dominated by variations in the mechanics of

the microscopic contact as a function of temperature. This

claim is substantiated by the absence of significant changes

in the pull-off force (adhesion) measured between the same

probe tip and surface as a function of temperature (Fig. 4,

where pull-off force is reported as a negative force). The

large scatter in tip-sample adhesion values at the lowest

temperature reflects an instability in the tip-sample contact

at this temperature that is not presently understood. At all

other temperatures, over which significant changes in

friction were observed, little change in the adhesion force

is detected.

This report of the temperature dependence of friction

documents an energetically activated mechanism for the
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Fig. 2 (a) Discreet friction forces averaged over sliding distance and

direction, normalized to the value measured at 280 K, measured on

HOPG at 0 nN applied load as a function of surface temperature. (b)

An Arrhenius analysis of the friction data over the temperature range

140–280 K (solid line) produces a surface potential (activation

energy) of ~0.1 eV. The horizontal dashed line in (b) represents the

friction value used for normalization—friction values higher than this

line were measured at lower temperatures. Friction values measured

at higher temperatures remained low with average values approaching

the resolvable detection limit. The inset in (a) illustrates the high

quality of fit in the intermediate temperature range 280–400 K. The

solid line in (a) represents a plot of the function f=f0 � exp U0=kBTð Þ,
employing the potential of 0.1 eV determined from the analysis

presented in (b).
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Fig. 3 (a) Friction coefficients, normalized to the value measured at

280 K, measured for the contact of a Si3N4 probe tip sliding on HOPG

as a function of temperature. These data have been determined from

measurements of the load dependence of friction, distinct from the

procedures employed in collecting the data presented in Fig. 2 (see

‘‘Experimental’’ Section). (b) An Arrhenius plot of the normalized

friction coefficient data, producing a straight line (solid line) for the

data in (a) from 140 to 280 K, suggests the contribution of an

activated sliding mechanism to the energy dissipation process over

this temperature range with an activation energy of ~0.1 eV. As in

Fig. 2, the horizontal line in (b) represents the normalizing coefficient

of friction value measured at 280 K. Above this temperature, very

low values of coefficients of friction, as for absolute friction

measurements, were recorded. The solid line in (a) and its inset

corresponds to a plot of f=f0 � exp U0=kBTð Þ, where U0 is taken to be

0.1 eV
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sliding of microscopic contacts. The results have been

obtained at a well-defined atomically flat interface of

known surface corrugation, for which chemical reactions

under the conditions investigated are unlikely. Further-

more, the fundamental measurements have been conducted

in the absence of adsorbates capable of significantly

altering the frictional interaction at cryogenic temperatures;

isothermal temperature programed desorption measure-

ments of water have demonstrated that water layers

(including the last layer) are not stable on a graphite sur-

face above a temperature of 142 K [16]. Although fric-

tional forces are known to depend on a variety of system

properties, the results presented here clearly document a

strong temperature dependence at cryogenic temperatures

for this highly idealized interface. The relatively weaker

temperature dependence of friction observed above room

temperature for graphite likely originates from the thermal

motion of surface atoms (increased local vibrations) at

these temperatures and a blurring of local potentials

responsible for the activated behavior evident at low tem-

peratures.

Summary

A thermally activated sliding mechanism related to the

origin of friction forces at the interface has been measured

for the contact of an AFM probe tip and a crystalline

graphite surface. The activation energy for the interfacial

sliding, in the absence of wear, of a Si3N4 tip on HOPG is

~0.1 eV in the temperature range of 140–750 K, charac-

teristic of a weakly interacting system and the widely

recognized low-friction properties of graphite at ambient

temperatures.
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10. Sang,Y., Dubé, M., Grant, M.: Thermal effects on atomic friction.

Phys. Rev. Lett. 87, 174301–174304 (2001)

11. Krylov, S.Y., Jinesh, K.B., Valk, H., Dienwiebel, M., Frenken,

J.W.M.: Thermally induced suppression of friction at the atomic

scale. Phys. Rev. E 71, 65101–65104 (2005)

12. Riedo, E., Gnecco, E., Bennewitz, R., Meyer, E., Brune, H.:

Interaction potential and hopping dynamics governing sliding

friction. Phys. Rev. Lett. 91, 84502–84505 (2003)

13. Schirmeisen, A., Jansen, L., Hölscher, H., Fuchs, H.: Tempera-

ture dependence of point contact friction on silicon. Appl. Phys.

Lett. 88, 123108–123108 (2006)

14. Yang, X., Perry, S.S.: Friction and molecular order of alkanethiol

self-assembled monolayers on Au(111) at elevated temperatures

measured by atomic force microscopy. Langmuir 19, 6135–6139

(2003)

15. Pı́etrement, O., Beaudoin, J.L., Troyon, M.: A new calibration

method of the lateral contact stiffness and lateral force using

modulated lateral force microscopy. Tribol. Lett. 7, 213–220

(1999)

16. Bolina, A.S., Wolff, A.J., Brown, W.A.: Reflection absorption

infrared spectroscopy and temperature-programmed desorption

studies of the adsorption and desorption of amorphous and

crystalline water on a graphite surface. J. Phys. Chem. B 109,

16836–16845 (2005)

100 200 300 400 500 600 700 800
-80

-70

-60

-50

-40

-30

-20

-10

0

)
Nn(

ecrofffo-llu
P

Temperature (K)

Fig. 4 The temperature dependence of interfacial adhesion is

reflected in the values of the pull-off force experienced during

normal force-displacement measurements of the same tip-substrate

interface. Multiple data points plotted at individual temperatures

represent the statistical spread in the measured forces. The weak

temperature dependence of pull-off forces excludes adhesion as a

dominant influence in the reported temperature behavior of friction

Tribol Lett (2007) 27:113–117 117

123


	Thermally Activated Friction
	Abstract
	Introduction
	Experimental
	Results and Discussion
	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


