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I. INTRODUCTION ontons is credited with the first published account, in 1899,

of the familiar friction law for solid surfaces in sliding con-
When an object moves along a surface or through a vistact:

cous liquid or gas, the forces resisting its motion are referred

to as friction. Frictional forces are nonconservative, convert-  F=uN. (2

ing the kinetic energy of materials in sliding contact to inter- . - .

nal energy. Thus, if an object is given an initial velocity The “normal load”N in Eqg. (2) is the force that presses the

along a horizontal surface, the temperature of both the objedurfaces together, and is termed the “coefficient of fric-

and the surface upon which it slides will increase as thdion.” Amontons also reported that the friction force is inde-

friction resisting its motion brings it to a stop. If an object is Pendent of the apparent area of contact: A small block expe-

initially at rest, a minimum force must be applied to over- fiences as much friction as does a large block of the same

come “static friction,” giving rise to the familiar phenom- Material so long as their weights are equal. A third law, at-

enon of an object “jumping ahead” at the instant that sliding tributed to French physicist Charles Augustin Coulothét-

is initiated. Static friction, in contrast to kinetic friction, is ter known for his work in electrostatigss frequently in-

associated with neither energy “loss” nor sample heating. 1€luded with those of Amontons: The friction force is

is entirely absent for bodies moving through viscous fluidsindependent of velocity for ordinary sliding speeds.

“viscous friction” being parametrized at low velocities by ~  Amontons’and Coulomb’s laws have far outlived a variety
of attempts to explain them on a fundamental basis, by no
F=nv, (1) means owing to a lack of appreciation for the importance of

friction or a lack of scientific interest. That so little is known

wherev is the velocity of the object through the fluid. The about how friction originates at microscopic length scales is
consequences of friction and wear have enormous economg&mply because it occurs at a myriad of buried contacts that
impact, and are of great concern from both a nationalnot only are extremely difficult to characterize, but are con-
security and quality-of-life point of view. Indeed, by most tinuously evolving as the microscopic irregularities of the
recent estimates, improved attention to friction and weasliding surfaces touch and push into one another.
would save developed countries up to 1.6% of their gross Many early investigators, including Amontons and Cou-
national product, or over $100 billion annually in the U.S.lomb, envisaged that friction arose from mechanical inter-
alone?! locking between rigid or elastically deforming asperities. The

Modern study of friction began at least 500 years agofriction force in this scenario is obtained by equating the
when Leonardo da Vinci recorded in unpublished notebooksvork done by the frictional force to that done against the
the laws governing the motion of a rectangular block slidingnormal load as the surfaces separate to allow asperities to
over a planar surfaceThe French physicist Guillaume Am- slide up and over each othéFig. 1). This model is deeply
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tinuously formed while others are severed. If the true area of
contactA is constant on average, and the contacting junc-
tions all have the same shear strengththen the friction
force isF=As. Assuming the normal force to be collectively
borne by the contact regions, the average pressure in a con-
tact region isP=N/A, so the “adhesive” contribution to the
coefficient of friction can be written as:

As ] 3
N P’ &

Fig. 1. Schematic of the interlocking theory of friction. From Charles Au- If the contact pressure is independent of normal load, which
gustin Coulomb Theorie des Machines Simple783 (Ref. 7). necessarily implies that\xN, then Eg. (3) reduces to
Amontons’ law, Eq.(2), with w=s/P. (Note that friction in

) practice does not fall completely to zero for zero applied load
flawed however, since the normal load performs wamkhe  on account of the presence of molecular adhesion.

system after the asperities have passed over each other andrg explore the validity of the adhesive theory of friction
the upper body had settled back into its lowest position: Allysing Eq.(3), one must establish whether the contact pres-
of the potential energy stored in the “separating” phase ofsyre is indeed independent of load, ideally by directly mea-
the motion is recovered, so no net energy dissipation, angyring the true contact area as a function of normal load. A
therefore no friction, can be present. The interlocking viewgreat number of methods, ranging from electrical resistance
of friction is also deeply flawed in that it contradicts a variety jeasurements to optical and acoustical methods, have at-
of common macroscopic observations. For example, whefampted to perform such direct measurements of true contact
two highly polished and smooth metal surfaces are broughfeg5.95197pt all have shortcomings.

into contact, they are far more likely to cold-weld than to | the absence of precise measurement methods, scientists
exhibit low friction. Finally, advances in surface sciefice nave inferred the true area of contact by means of contact-
have revealed that molecularly thin adsorbed films on surmechanics modef$33~4° The most well known of these,
faces can change friction by orders of magnitude while Mainyeating contact between two spheres, were derived by
taining virtually the same roughness that would give rise t930hnson, Kendal, and RobeftKR), Derjagion, Muller, and

the interlocking effect. In light of such overwhelming scien- Toporov (DMT), and Hertz. For contact between two
tific evidence, the scientific community has abandoned i”terépheresAoch’3 for perfect elastic deformation antleN?

locking as a viable explanation for friction. for plastic deformation. Experimental investigations of con-

An alternate, more successful model associated with mog, .ting spheres have confirmad:N" to be appropriate for a
lecular adhesion at the contacting asperities was advanced I0hae of materials. with closer to 2/3 for rubber. wood
the mid-1950s by Bowden, Tabor, and co-workers at Cam- 9 ' ’ ’

bridge University, EnglandFig. 2." The basic idea is that plastic, and textiles and closer to 1 for more brittle materials

when two surfaces touch each other, the actual microscop U(.:h as glass, d|amonq, and rpc;k salt. And though o_nly a
imited number of materials exhibA=N for two spheres in

area of contact is much less than the apparent macrosco - . . :
area, perhaps by a factor of L0Nonetheless, many asperi- cONtact, a far wider range of materials Q|sptla%ys this depen-
ties do come into contact and exhibit locally very high yield dence WhermuItl-asperlltyt_:ontact IS con3|der_ : .
stresses, not unlike tiny cold-welds. When the surfaces arg ON€ Well-known statistical theory for multi-asperity con-
forced to slide over each other, new contact regions are corfaCt Was presented by Greenwood and Williamson in 1966,
and is still widely cited®* Greenwood and Williamson stud-

ied the behavior of two difference distributions of asperity
heights, Gaussian and exponential. They observed that even
for elastic contact, wher&s=N?? for a single contact, a lin-
ear relation holds for aistribution of contact regions. The
linear relation arises because as the load increases, not only
the size of each individual contact spot increases, but also the
number of contacting asperities. The mean size of a contact
thus remains constant, as does the average contact pressure.
Greenwood and Williamson found an exact linear relation for
an exponential distribution of asperity heights and a nearly
linear relation for the more physical case of a Gaussian dis-
tribution. Their model also has been extended to self-affine
fractal surface geometrie@ type of Gaussian distribution
that describes a great many physical surfacasd a nearly
linear relation betwee\ and N was again recoveredlt
should be noted that friction remains present for zexter-
nal load, owing to molecular adhesion of the counterface
materials).

The notion thatA«<N, which underlies Bowden and Ta-
Fig. 2. Schematic of the adhesive model of friction: Increased normal forcd0r’s molecular adhesion model, is thus well-grounded for a
results in increased contact area. wide range of materials. Assuming this to be the case, the
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Fig. 3. Schematic of phononic friction.
At the atomic level, the excitation of
vibrations of atoms due to sliding is
eventually dissipated as heat.

model, by Eq(3), predicts thaju=s/P, where boths andP ~ vances in surface science throughout the 1970s, whereby im-
are properties of materials. Consider, however, the examplerovements in ultrahigh vacuum technology allowed scien-
of ductile metals, wheré@~3Y for fully developed plastic tists to prepare unprecedented, well-characterized crystalline
flow ands~Y/2, Y being the uniaxial yield stress. Equation surfaces. Surface scientists new to the field of tribology now
(3) predicts values fo that lie in the range 0.17-0.2, de- prepared well-defined interfaces in advance of the measure-
spite the fact that larger values farare routinely measured ments rather than trying to characterize innumerable hidden
for a range of materials combinations, including ductile met-interfaces. Experimental techniques such as the quartz-
als. crystal microbalance®—6597:98.101.102.124ha gyrface forces
Tabor was hard pressed to explain how friction could risegpparatu§®-76:102105110114 = 5pq the lateral-force
above 02 W|th|n the rn.Ol'ecularTadheSi'Oﬂ model. He'e'Xplore(#nicroscopg,7_94v128_l3ocou|d now record friction in geom-
the possibility that friction might arise from sufficiently etries involving a single contacting interface, a vastly simpler
strong bonding at the true contact points so as to producgiation than that of contact between macroscopic objects.
continual tearing away of tiny fragments of material, but thiSgagter computers meanwhile allowed large-scale simulations
Zﬁ{ﬂggaﬁohn Lalledt to ?gree W'th expgrlrpentﬁl obs;rv?tmnof condensed systems to be increasingly comparable to such
gn nigh matenal wear rates and poughing ettects areexperiments in a direct fashion.

routinely associated with high friction, friction levels can The atomic-force microscop@FM), also referred to as a
remain high even in the total absence of wear or plastic de- . . ’ o
formation. lateral-force microscopd-FM) is perhaps the most familiar

A first-principles’ theory of “wearless” friction had been of these techniques, on account of its commercial availabil-

suggested in fact as early as 1929 by Tomlinson, involvinqty- The AFM was invented in 1988, and was adapted for
phononic, or lattice vibration mechanisfsFriction arising atera7léforce measurements of atomic-scale friction in
from phonons occurs when atoms close to one surface are sE987." It consists of a sharp tip mounted at the end of a
into motion by the sliding action of atoms in the opposingcompliant cantilever. As the tip is scanned over a sample
surface(Fig. 3. The lattice vibrations are produced when surface, forces that act on the tip deflect the cantilever. Vari-
mechanical energy needed to slide one surface over the otheus electrical and optical meartsuch as capacitance and
is converted to sound energy, which is eventually transinterferencg quantify the horizontal and vertical deflections.
formed into heat. In the early 1990s, Mate and co-workers succeeded in setting
Motivated by the Tomlinson model, Tabor attempted, butup a friction-force microscope in ultrahigh vacuum, with a
failed to detect evidence for the phononic contributions tocontact area estimated to be less than 20 atoms in extent.
friction. Nonetheless, in a 1991 plenary lecture at a NATO-They measured a friction force that exhibited no dependence
sponsored conference on Fundamentals of Frittighe first  on normal load which, according to E¢2), would have
meeting to bring together long-established tribologists withimplied zero friction. But not only was friction evident in a
surface scientists new to the figlthe concluded that friction completely wear-free environment, the shear stress, or force
in the absence of wear must be due to strains building up "Eer area required to maintain the sliding, was enormous: one
the sliding contact that were being released in the form oiion Newtons per square meter, a force per unit area large

atomic vibrations. That same year, Krim and coworkers re- : : ecinat
N ' enough to shear high-quality steel! What energy dissipative
ported Quartz Crystal Microbaland@CM) measurements mechanism could be giving rise to such high friction levels?

of the friction of krypton monolayers sliding on ALi1).%’ e ; g
The data were subsequently modeled with molecular- Energy dissipation mechanisms and the fundamental ori

dynamics simulation by Robbins and coworkers assumin%mS of friction are in fact at Fhe focus_ of ong_oing efforts by
that the friction was due to phonons excited in the adsorbe number of groups wor!dwd@Ong mtgrgstmg aspgct Of
layers®® The combined QCM and numerical results provideda” AFM measurements is that static friction and stick-slip

P —124 P
the first definitive evidence for the existence of a phononid®h€nomena are ut_nqmto&%?_ In the vast majority of
mechanism for friction. cases, one stick-slip event is observed per unit cell of the

The discovery of phononic contributions to friction was Substrate, even in cases where the atomic cell contains more
symptomatic of a renewed interest in fundamental areas dhan one species. Accounting for such phenomena in terms
tribology that began in the late 1980s, sparked by a numbe®f energy dissipation, which is distributed among the tip,
of new experimental and theoretical techniques capable gfubstrate, and cantilever, is an ongoing issue in the AFM
studying the force of friction in well-defined contact community. The high-energy dissipation rates associated
geometrie$? These techniques benefited directly from ad-with AFM geometries in fact may be due to the creation of
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T T J T T tion on the crystalline orientation. As for the case of AFM
sk 8@2‘;82‘1\,,_\ measurements, static friction and slip-stick phenomena are
routinely observed in the SFA geometry. Experimental deter-
mination of the structure of films trapped between the SFA's
solid surfaces remains one of the most important goals of the
nanotribology community. Current efforts to characterize the
detailed atomic structure of films confined at an interface
include combined synchrotron x-ray/surface-forces’ appara-
tus methods.

The Quartz Crystal Microbalance is an instrument that op-
erates on a time scale short enough to detect phonons, whose
lifetimes in the best of cases are no longer than a few tens of
nanoseconds. The QCM was employed for decades for mi-
croweighing and time standard purposes, and was adapted in
the mid 1980s for sliding-friction measurements of adsorbed
Fig. 4. The surface-forces apparatus has been employed for direct meaqu@'—Yer_s on metal surfacé By Slmu“aneOUSly measuring the
ments of true contact area, friction, and normal I¢Ref. 66. shift in frequency and the broadening of the resonafiase
evidenced by a decrease in the amplitude of vibration of the
microbalancg the sliding friction of the layer with respect to

point defects or atom transfer to and from the tip, or may béh€ metal substrate can be deduced. The friction can be mea-
due to lattice vibration effects that are as yet unaccountegured only if itis sufficiently low so as to result in significant
for. sliding, which is accompanied by a measurable broadening
AFM, as well as numerical simulations, have probed thedf the resonance. For this reason, QCM measurements of
frictional properties of model lubricant chain molecules at-Sliding friction tend to be carried out on systems exhibiting
tached to atomically uniform substrates. For example, it hay¥ery low friction, such as rare-gas solids adsorbed on noble
been observed that the average frictional force of alkylsilanénetals. For the vast majority of other systems that exhibit
molecules containing two to eighteen carbon atoms adsorbdgher friction (chemically bonded layers, efdhe slippage
on silicon substrates decreases with chain length up to eigi@f an adsorbed monolayer on the surface of the QCM is too
carbon atoms, and then remains relatively constant. Salmgmall to produce a measurable broadening. In this case inter-
eron and co-workers have proposed that the chain-length déacial slippage or bond breaking can be detected by perform-
pendence arises from the interplay between packing enerd)d measurements on micron-sized particles, whose larger
of the monolayer film and local deformations in the film, Inertial masses can more readily overcome the stronger fric-
since below eight carbon atom chain lengths, the moleculeional forces.
are relatively disordered. Energy-dissipation mechanisms to In 1991, Krim and co-workers reported QCM measure-
be considered in such systems must involve vibrations withifments of the friction of krypton monolayers sliding on
individual molecules as well as the creation of kinks andgold®>” The data were successfully modeled though direct
Gauche defect&leformation of extended chajpdlumerical ~molecular dynamics simulation by Robbins and co-workers
simulation efforts by Harrison and co-workers are rapidlyassuming that the friction was due to phonons excited in the
converging on a solution to the problem, investigating all ofadsorbed layers, and ultimately provided proof for the exis-
the chain lengths that have been experimentally prébed.tence of phononic mechanisms of frictighA surprising as-
These and similar efforts hold great promise for revealing thepect of the excellent agreement between the numerical-
wide range of energy-dissipative mechanisms in such syssimulation data and the experiments is that friction arising
tems, which are of intermediate complexity. from electronic mechanisms was totally neglected. Such fric-
The surface forces apparat(®FA) is another experimen- tion is related to the resistance felt by mobile electrons in a
tal probe that is closely identified with microscopic studies ofconducting material as they are dragged along by forces ex-
friction.® It was invented nearly 40 years ago, and waserted by the opposing surface. Could the simulations have
adapted for friction measurements by Israelachvili in 19730verestimated the friction slightly, masking electronic contri-
The apparatus takes advantage of the fact that the cleavafations? The answer is probably yes, since there is just
surface of mica is molecularly smooth, with atomic-step-freeenough uncertainty in the best estimates for corrugation lev-
areas as great as 1 €nWhen two mica surfaces are brought els of Au111) substrates to allow for the presence of a mod-
into contact, an asperity-free interface is thus formed. Therate level of electronic friction to have been concealed. In-
traditional apparatus consists of two cleaved mica surfacedeed, measurements of nitrogen sliding on lead in its normal
glued to crossed mica cylinders. The contact area and digind superconducting state indicate that electronic contribu-
tance between mica surfaces is determined by means ¢ibns are non-negligible for the first adsorbed layer of atoms
optical-beam interferometry, with resolution on the order ofon conducting metallic substrates.
0.2 nm or better. The mica surfaces are mounted so they can One of the more remarkable properties of the friction of
be moved horizontally or vertically, and the normal and lat-the adsorbed layers studied so far is the frequent absence of
eral (friction) forces are measured directly from a force- static friction and the fact that both solid—liquid and solid—
mapping spring. Although the SFA has occasionally beersolid interfaces have been observed to be governed by the
used for direct measurements of friction between two micaviscous-friction law, Eq(1).5* The viscous-friction law also
surfaces, its more routine use has involved lubricant layerbas been observed recently in “blow-off” experiments
that are squeezed between the contacting surfaces. whereby films traveling many orders of magnitude slower
The SFA has been employed to study the dependence tfian those characteristic of a QCM measurement failed to
friction on contact aredFig. 4) and the dependence of fric- exhibit static friction®® While such observations are entirely

N

Dynamic Contact Area, A (x 10% cm?)

A e Friction Force
O Contact Area

-

%_

Friction Force, F (x 10N)
W
1

Negative
Load

o

0 1 2
Normal Load, L (x 10N)

w

893 Am. J. Phys., Vol. 70, No. 9, September 2002 J. Krim 893



Robbins

Fig. 5. Top and side view of contaminant molecules, which may lock two macroscopic surfaces together resulting in the occurrence of static friction
(Ref. 119.

consistent with atomic-scale theories of friction at clean crysslip friction, whereby for certain sliding speeds, the velocity-
talline interfaces, they are unheard of in the macroscopieveakening dependence of the transition from static to sliding
world. This gives rise to the obvious question of how funda-friction leads to repetitive sticking and slipping at the inter-
mental dissipation mechanisms such as phononic and eletace, producing the all-too-familiar screeching noises associ-
tronic effects are manifested in systems characterized by difated with brakes.
ferent length and time scales. Do they play a substantive role The key to solving the mystery of static friction and stick-
in wear-free friction at the macroscopic scale, as Tabor hadlip phenomena appears to lie buried in the atomic-scale
suspected, or are they simply the primary energy-dissipatiostructure of the myriad of contacts formed between the two
mechanisms in molecularly thin films adsorbed on open sursliding surfaces, and the nature of the molecules confined
faces owing to the simplicity of the systems under studyetween them. The constantly changing nature of the inter-
These questions have yet to be answered. But a growinfgacial geometry of the contact are@ven in cases where the
body of literature, particularly that focused on the role ofcontact area is constargives rise to friction coefficients and
commensurability effects in sliding friction, is helping to stick-slip event rates that are intrinsically variable. Moreover,
shed light on this issue. the friction force at an individual asperity may or may not
The relative commensurability of the two surfaces in slid-increase with applied load, depending on the structure of the
ing contact has a profound influence on phononic contribueontacting solids, and molecules confined within them.
tions to friction, at least from a theoretical perspecti\@&ur- The question remains as to why static friction can be so
faces are in “commensurate” contact whenever theirubiquitous when theoretically two clean interfaces in sliding
constituents are equally spaced and rotationally aligrfeat.  contact are not expected to exhibit it. The answer ultimately
example, a transition from commensurate to incommensurat@ay prove to lie in “third-body” effects, whereby additional
sliding conditions theoretically can reduce the sliding frictionadsorbed molecules act to initially pin the interfadeg.
levels by over ten orders of magnitutfeExperimental in-  5).1*4 Other issues that remain of particular interest include
vestigations of the dependence of friction on lattice commenthe following. (1) Understanding the chemical and tribo-
surability routinely show dependence, but the variation ischemical reactions that occur in a sliding contact owing to
generally less than an order of magnitdé&.*** Another frictional-heating effects, and the energy-dissipation mecha-
manifestation of phononic friction is the theoretical predic-nisms associated with such conta¢®. Characterization of
tion that static friction should vanish for nearly every pair of the microstructural and mechanical properties of the contact
clean surfaces that deform elastically. But one of the mostegions between the sliding material3) Merging and coor-
common everyday experiences with friction at the macro-dinating information gained on the atomic scale with that
scopic scale is the occurrence of static friction: The force tabserved at the macroscopic scale. Much of the current in-
initiate motion(which itself is quite variable, depending for formation is fragmented, with linkages between individual
example on how long the two surfaces have been in cogntacexperimental results yet to have been establis@devel-
is virtually always larger than that required to keep an objecbpment of realistic interaction potentials for computer simu-
in motion. A closely associated phenomenon is that of stickiations of materials of interest to tribological applicatiof®.
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Development of realistic laboratory test set-ups that are both
well-controlled and relevant to operating machinery. Given
the recent increase of activity in these and related areas, ther
is increased optimism that further breakthroughs will be
achieved in the coming decades in fundamental aspects o
friction.

ACKNOWLEDGMENTS
The author is indebted to support by the NSF and AFOSR.

[I. JIOURNALS

Tribology Letters
Tribology Transactions
Wear

16. “Fundamentals of Friction,” J. Krim, guest editor, Bull. Mater. Res.
Soc.23(6), 20—51(June 1998 (1) A set of articles spanning the range
of micro to macro scale, with a focus on linking theoretical work in the
area to current experimental results.

NSFAFOSR/ASME Workshop on Tribology Issues and Opportu-
nities in MEMS, edited by B. BushafKluwer Academic, Dordrecht,
1997. (A)

Tribology on the 300th Anniversary of Amontons’ Law, edited by
M.D. Drory and M.O. RobbingMRS, Warrendale, 1999(1)
Fundamentals of Tribology and Bridging the Gap between the
Macro and Micro/Nanoscales edited by B. BhusharKluwer Aca-
demic, Dordrecht, 2001(A)

“Progress in the Pursuit of the Fundamentals of Tribology,” S.S. Perry,
guest editor, Tribol. Lett10 (1-2), 1-132(2001. (A) An excellent
snapshot in time of the current state-of-the-art in fundamental aspects
of tribology.

e
%7.
18.

19.

20.

V. REVIEW ARTICLES

[ll. BOOKS

1. Friction and Lubrication of Solids, F.P. Bowden and D. Tabor, 2
\ols. (Oxford U.P., Oxford, 1950, 1964 (A) This is Bowden and
Tabor’s classic work, which pioneered the adhesive model of friction.
. Surface Effects in Adhesion, Friction, Wear and Lubrication D.H.

Buckley (Elsevier, Amsterdam, 1981(A) This text, well ahead of its

time, marked the beginnings of the surface-science approach to study-g

ing friction. While many of the results have been updated, the basic
premise that monolayers of adsorbates can alter friction remains intact.

. Contact Mechanics K.L. Johnson(Cambridge U.P., Cambridge,
1985. (A)

. Tribology: Friction and Wear of Engineering Materials, .M.
Hutchings(CRC Press, Boca Raton, FL, 1992)

. Friction, Wear, Lubrication: A Textbook in Tribology , K.C. Lu-
dema(CRC Press, Boca Raton, FL, 1996) An excellent overview
of the current state of macroscopic tribology, written with the student
in mind.

. Longitude: The True Story of a Lone Genius Who Solved the
Greatest Scientific Problem of His Time D. Sobel (Walker and
Company, New York, 1995 (E) A popular example of how advances
in tribology are closely tied to applications.

. History of Tribology, D. Dowson(Professional Engineering Publish-
ing, London, 1998 (E) An extensive historical review of work in the
area of friction and wear, dating back to prehistorical times.

. Sliding Friction: Physical Principles and Applications, 2nd ed.,
B.N.J. PerssoitSpringer Verlag, Berlin, 2000(A)

IV. EDITED COLLECTIONS /CONFERENCE
PROCEEDINGS

9. Friction: Selected Reprints, A project of the AAPT Committee on
Resource Letters(American Institute of Physics, New York, 1964
(A) A collection of reprints that represents the state-of-the-art on fun-
damentals of friction prior to 1964.

New Materials Approaches to Tribology: Theory and Applications
edited by L. Pope, L. Fehrenbacher, and W. WildRS, Pittsburgh,
1989. (1)

Fundamentals of Friction: Macroscopic and Microscopic Pro-
cessesedited by I.L. Singer and H.M. Pollaciluwer, Dordrecht,
1992. (A) This conference was the first to include tribologists working
at both macroscopic and microscopic scales: A landmark event in

10.

11.

21 “Tribology: Origin and Future,” H.P. Jost, Wed136 (1), 1-17(1990.

(I) This work provides useful references on the economic impact of
friction and wear.

“Progress in Nanotribology: Experimental Probes of Atomic Scale
Friction,” J. Krim, Comments Condens. Matter Phy{g, 263 (1995.

0]

“Scratching the Surface: Fundamental Investigations of Tribology
with Atomic Force Microscopy,” R.W. Carpick and M. Salmeron,
Chem. Rev97 (4), 1163-1194(1997. (1) This work should be con-
sidered required reading for those interested in entering the field of
scanning-probe studies of friction.

“Friction at the Atomic Scale,” J. Krim, Sci. Am. 74—-8(0ctober
1996. (E) This work, at the popular-literature level, is an excellent
introduction to atomic-scale friction, particularly how it differs from
that observed at the macroscopic scale.

“Tribology—The Last 25 Years—A Personal View,” D. Tabor, Tribol.
Int. 28 (1), 7-10(1995. (E) A personal commentary by an authority
with fifty years of experience in the field.

“Nanotribology: Friction, Wear and Lubrication at the Atomic Scale,”
B. Bhushan, J.N. Israelachvili, and U. Landman, Natlu@endon 374
(6523, 607—-616(1995. (1)

“Atomic-scale Issues in Tribology: Interfacial Junctions and Nano-
elastohydrodynamics,” U. Landman, W.D. Luedtke, and J.P. Gao,
Langmuir12, 4514—-45281996. (A)

“Rubbing and Scrubbing,” G. Hahner and N. Spencer, Phys. Today
51, 22—27(1998. (E)

“Soft Matter in a Tight Spot,” S. Granick, Phys. Tod&g (7), 26—-31
(July 1999. (E)

“Experimental and Theoretical Aspects of Modern Nano-
tribology,” G.V. Dedkov, Phys. Status Solidi A79 (1), 3—75(2000.

(A)

“Surface Science and the Atomic-Scale Origins of Friction: What
Once Was Old is New Again,” J. Krim, Surface Science Special Mil-
lennium Volume 500fFrontiers in Surface and Interface Science
edited by C.B. Duk&2002, p. 741.(E)

22,

24,

25.

26.

27.

28.

29.

30.

VI. JOURNAL ARTICLES

32. “De la Resistance Causee dans les Machines,” G. Amontons, Mem. de
I'’Academie Royale A 275-2821699. (A)

bringing together the two communities and opening communicationsCOntg’;lCt Mechanics

between them.

The Handbook of Micro/Nanotribology, edited by B. BhushafCRC
Press, Boca Raton, FL, 1999A)

Physics of Sliding Friction edited by B.N.J. Persson and E. Tosatti
(Kluwer, Dordrecht, 1996 (A)

Workshop on Friction, Arching, Contact Dynamics edited by D.E.
Wolf and P. Grassberg€HLRZ, Forchungszentrum Julich, Germany,
1996. (A) This conference proceedings includes works on granular
phenomena, earthquakes, and a broader range of applications than no
mally treated in the standard tribology literature.

“Physical and Chemical Mechanisms of Tribology,” edited by W.N.
Unertl and M. Grunze, Langmuit2 (19), 4481-4610(1996. (A)

12.
13.

14.

15.

895 Am. J. Phys., Vol. 70, No. 9, September 2002

33. “Ueber die Berhrung fester elastischer rger,” H. Hertz, J.
Agewandte Math92-93 156-171(1882. (A)

“Contact of Nominally Flat Surfaces,” J.A. Greenwood and J.B. Wil-
liams, Proc. R. Soc. London, Ser.295 (1442, 300(1966. (A)
“Microdeformation of Solids,” N. Gane and F.P. Bowden, J. Appl.
Phys.39 (3), 1432(1968. (A)

“Surface Energy and the Contact of Elastic Solids,” K.L. Johnson, K.
Kendall, and A.D. Roberts, Proc. R. Soc. London, SeB24 (1558,
301(1971. (A)

“Effect of Contact Deformations on the Adhesion of Particles,” B.V.
Derjaguin, V.M. Muller, and Yu.P. Toporov, J. Colloid Interface 3.
(2), 314-326(1975. (A)

34.

35.

36.

r-
37.

J. Krim 895



38.

39.

40.

41

42

43.

44

45.

46.

47.

48.

49.

50.

5L

52.

53.

54,

55.

“The Effect of Surface Roughness on the Adhesion of Elastic
Solids,” K.N.G. Fuller and D. Tabor, Proc. R. Soc. London, SeB45
(1642, 327-342(1975. (A)

“Measurements of the Deformation and Adhesion of Solids in Con-
tact,” R.G. Horn, J.N. Israelachvili, and F. Pribac, J. Colloid Interface
Sci. 115 (2), 480—492(1987). (A)

“Adhesion of Spheres—The JKR-DMT Transition Using a Dugdale
Model,” D. Maugis, J. Colloid Interface Sci50(1), 243—2691992.

(A)

“A Molecular Theory of Friction,” G.A. Tomlinson, Philos Mad. (7),
905-939(1929; reprinted in Ref. 9(A) The first publication of a
theory of phononic friction.

“Theory of Energy-Dissipation in Sliding Crystal-Surfaces,” J.B.
Sokoloff, Phys. Rev. BI2 (1), 760-765(1990; correction42, 6745—
6745(1990. (A)

“First Principle Theory of Atomic Scale Friction,” W. Zhong and D.
Tomanek, Phys. Rev. Letb4 (25), 3054—-30571990. (A)

“Surface Resistivity and Vibrational Damping in Adsorbed Layers,”
B.N.J. Persson, Phys. Rev.4l (7), 3277—-32961991. (A)

“Friction at the Atomic Scale,” G.M. McClelland and J.N. Glosli, in
Ref. 11, p. 405(A)

“Possible Nearly Frictionless Sliding for Mesoscopic Solids,” J.B.
Sokoloff, Phys. Rev. Lett71 (21), 3450-34531993. (A)

“Shearing the Vacuum-Quantum Friction,” J.B. Pendry, J. Phys.: Con-
dens. Matte® (47), 10301-1032@1997. (A)

“Density-functional Calculation of Electronic Friction of lons and At-
oms on Metal Surfaces,” A. Liebsch, Phys. Rev5B 13263-13274
(1997. (A)

“Brownian Friction of Gas Molecules on the Graphite Surface,” R.D.
Boutchko and L.W. Bruch, Phys. Rev. B9 (16), 10992-10995
(1999. (A)

“Theory of Friction: Coulomb Drag Between Two Closely Spaced
Solids,” B.N.J. Persson and Z.Y. Zhang, Phys. RevbB12), 7327—
7334(1998. (A)

“Electronic Versus Phononic Friction of Xenon on Silver,” A. Liebsch
et al, Phys. Rev. B60 (7), 5034—-50431999. (A)

“Electronic Friction on a Superconductor Surface,” B.N.J. Persson, 75.

Solid State Communl15 (3), 145-148(2000. (A)
“Strongly Temperature Dependent Sliding Friction for a Supercon-

ducting Interface,” J.B. Sokoloff, M.S. Tomassone, and A. Widom, 76.

Phys. Rev. Lett84 (3), 515-517(2000. (A)

“Ohmic Damping of Center-of-mass Oscillations of a Molecular
Monolayer,” L.W. Bruch, Phys. Rev. B1 (23), 16201-162062000.
(A)

“Simple Microscopic theory of Amontons’ Laws for Static Friction,”
M.H. Muser, L. Wenning, and M.O. Robbins, Phys. Rev. L8€.(7),
1295-12982001). (A)

Quartz Crystal Microbalance Studies of Friction: Experi-
ment and Computer Simulation

56.

57.

58.

59.

60.

61

62.

63.

896

“Damping of a Crystal Oscillator by an Adsorbed Monolayer and its
Relation to Interfacial Viscosity,” J. Krim and A. Widom, Phys. Rev. B
38(17), 12184-121891988. (A) This work describes how the QCM
can be employed for studies of atomic-scale friction.

“Nanotribology of a Kr monolayer: A Quartz Crystal Microbalance
Study of Atomic-Scale Friction,” J. Krim, D.H. Solina, and R.
Chiarello, Phys. Rev. Let66 (2), 181-184(1991). (A) The first ex-
perimental observation of phononic contributions to friction, when
analyzed in conjunction with Ref. 58.

“Molecular Origins of Friction: The Force on Adsorbed Layers,” M.
Cieplak, E.D. Smith, and M.O. Robbins, Scier®@5 (5176, 1209—
1212(19949. (1)

“Sliding Friction of Xenon Monolayers and Bilayers on Ad1),” C.
Daly and J. Krim, Phys. Rev. Let?6 (5), 803—806(1996. (A)
“Dominance of Phonon Friction for a Xenon Film on a Silv@r1)
Surface,” M.S. Tomassonet al, Phys. Rev. Lett79 (24), 4798—-4801
(1997. (A)

“Quartz-crystal Microbalance Studies of the Velocity Dependence of
Interfacial Friction,” C. Mak and J. Krim, Phys. Rev. 88 (9), 5157—
5159(1998. (A)

“Superconductivity-dependent Sliding Friction,” A. Dayo, W. Alnas-
rallah, and J. Krim, Phys. Rev. Le®0 (8), 1690—-16931998. (1)
“‘Hearing’ Bond Breakage: Measurement of Bond Rupture Forces

Am. J. Phys., Vol. 70, No. 9, September 2002

64.

65.

Using a Quartz Crystal Microbalance,” F.N. Dultsev, V.P. Ostanin, and
D. Klenerman, Langmuif6 (11), 5036—-50402000.

“On the Current Status of Quartz Crystal Microbalance Studies of
Superconductivity-dependent Sliding Friction,” B.L. Mason, S.M.
Winder, and J. Krim, Tribol. Lett10 (1-2), 59—65(2001). (A)
“Measurement of the Friction of Thin Films by Means of a Quartz
Crystal Microbalance in the Presence of a Finite Vapor Pressure,” L.
Bruschi and G. Mistura, Phys. Rev.@3, art. no. 2354112001. (A)

Surface-Forces Apparatus Studies of Friction: Experiment
First Principles Theories of Friction: Phononic, Electronic and Computer Simulation
and Vacuum Mediated

66.

67.

71

72

73

74.

“Adhesion, Friction and Lubrication of Molecularly Smooth Sur-
faces,” J.N. Israelachvili, iffundamentals of Frictionedited by I.L.
Singer and H.M. PollockKluwer, Dordrecht, 1992 pp. 351-385(1)

An extensive review of the surface-forces apparatus technique, highly
recommended for those interested in working with this technique.
“Phase Transitions and Universal Dynamics in Confined Films,” P.A.
Thompson, G.S. Grest, and M.O. Robbins, Phys. Rev. 68t3448—
3451(1992. (A)

. “Recent Advances in Molecular-level Understanding of Adhesion,

Friction and Lubrication,” H. Yoshizawa, Y.L. Chen, and J. Israelach-
vili, Wear 168 (1-2), 161-166(1993. (A)

. “Relation Between Adhesion and Friction Forces Across Thin-Films,”

H. Yoshizawa and J. Israelachvili, Thin Solid Filrad6 (1-2), 71-76
(1999. (A)

. “The X-Ray Surface Forces Apparatus: Stucture of a Thin Smectic

Liquid Crystal Film Under Confinement,” S.H.J. Idzi&k al,, Science
264, 1915-19181994. (A)

“Reduction of Frictional Forces Between Solid-surfaces Bearing Poly-
mer Brushes,” J. Klein, E. Kumacheva, D. Mahalu, D. Perahia, and
L.J. Fetters, Naturé_ondon 370(6491), 634—-636(1994. (A)

“Friction Fluctuations and Friction Memory in Stick-slip Motion,”
A.L. Demirel and S. Granick, Phys. Rev. Left7 (21), 4330-4333
(1996. (A)

“Shear-induced Dilation of Confined Liquid Films,” A. Dhinojwala,
S.C. Bae, and S. Granick, Tribol. Le#.(1-2), 55-62(2000. (A)

“Very Low Viscosity at the Solid-liquid Interface Induced by Ad-
sorbed C-60 Monolayers,” S.E. Campbetl al,, Nature(London 382
(6591, 520-522(1996. (A)

“Microscopic Study of Thin Film Lubrication and Its Contributions to
Macroscopic Tribology,” Y.Z. Hu and S. Granick, Tribol. Lef. (1),
81-88(1998. (A)

“Direct Observation of Shear-induced Orientational Phase Coexist-
ence in a Lyotropic System Using a Modified X-ray Surface Forces
Apparatus,”Y. Golan, Y. A. Martin-Herranz, Y. Li, C.R. Safinya, and J.
Israelachvili, Phys. Rev. Let86 (7), 1263—12662001). (A)

Scanning Probe Studies of Friction: Experiment and Com-

78.

79.

80.

81

82.

83.

84.

85.

puter Simulation
77.

“Atomic Force Microscope,” G. Binnig, C.F. Quate, and Ch. Gerber,
Phys. Rev. Lett56 (9), 930-933(1986. (1)

“Atomic-scale Friction of a Tungsten Tip on a Graphite Surface,”
C.M. Mate, G.M. McClelland, R. Erlandsson, and S. Chang, Phys.
Rev. Lett.59 (17), 1942-19451987). (A)

“Friction and Wear of Langmuir—Blodgett Films Observed by Friction
Force Microscopy,” E. Meyer, R.M. Overney, L. Howald, R. Luthi, J.
Frommer, and H.-J. Gunngherodt, Phys. Rev. 169t12), 1777-1780
(1992. (A)

“Atomic-scale Friction of a Diamond Tip on Diamor{d00) and(111)
Surfaces,” G.J. Germann, S.R. Cohen, G. Neubauer, G.M. McClel-
land, H. Seki, and D. Coulman, J. Appl. Phy&3, 163-167(1993.

(A)

“Influence of Capillary Condensation of Water on Nanotribology
Studied by Force Microscopy,” M. Binggeli and C.M. Mate, Appl.
Phys. Lett.65 (4), 415-417(1999. (A)

“Sled-Type Motion on the Nanometer-scale-Determination of Dissipa-
tion and Cohesive Energies of C-60,” R. Lutht al, Science266
(5193, 1979-1981(1994. (A)

“Mechanism of Atomic Friction,” T. Gyaloget al, Europhys. Lett31
(5-6), 269-274(1995. (A)

“Nanoindentation Studies in a Liquid Environment,” A.B. Mann and
J.B. Pethica, Langmuit2 (19), 4583-45861996. (A)

“Chain Length Dependence of the Frictional Properties of Alkylsilane
Molecules Self-assembled on Mica Studied by Atomic Force Micros-
copy,” X. Xiao, J. Hu, D.H. Charych, and M. Salmeron, Langml@

(2), 235-237(1996. (A)

J. Krim 896



86.

87.

88.

89.

90.

9L

92

93.

94,

“Observation of Superlubricity by Scanning Tunneling Microscopy,”
M. Hirano, K. Shinjo, R. Kanko, and Y. Murata, Phys. Rev. L&8.
(8), 1448—-1451(1997). (A)

“Spectroscopic and Scanning Probe Studies of Oxygen and Water on
Metal Carbide Surfaces,” P. Frantz, S.V. Didzuilis, P.B. Merrill, and

S.S. Perry, Tribol. Lett4 (2), 141-148(1998. (A) 109,
“The Tribology of Hydrocarbon Surfaces Investigated Using Molecu-

lar Dynamics,” J.A. Harrisoret al, Tribology Issues and Opportuni-

ties in MEMS edited by Bhusher(Kluwer Academic, Dordrecht, 110

1998, in Ref. 16, pp. 285—-300A)
“Observation of Proportionality Between Friction and Contact Area at

108

the Nanometer Scale,” M. Enachescu M., R.J.A. van den Oetelaar, angq1.

R.W. Carpick, Tribol. Lett.7 (2-3), 73—78(1999. (A)
“Velocity Dependence of Atomic Friction,” E. Gneccet al,
Rev. Lett.84 (6), 1172—11752000. (A)

“The Atomic Scale Origin of Wear on Mica and Its Contribution to
Friction,” S. Kopta and M. Salmeron, J. Chem. Phy%3(18), 8249—
8252(2000. (A)

Phys.

11
“Role of Defects in Compression and Friction of Anchored Hydrocar-

bon Chains on Diamond,” A.B. Tutein, S.J. Stuart, and J.A. Harrison,
Langmuir 16 (2), 291-296(2000. (A)

“Periodicities in the Properties Associated With the Friction of Model
Self-assembled Monolayers,” P.T. Mikulski and J.A. Harrison, Tribol.
Lett. 10 (1-2), 29—-35(2001). (A)

“Generation of Defects in Model Lubricant Monolayers and Their
Contribution to Energy Dissipation in Friction,” M. Salmeron, Tribol.
Lett. 10 (1-2), 69—79(2009). (A)

Other Techniques and Combinations of Techniques

95.

96.

97.

98.

99.

100,

101

102

“Imaging Surface Contacts: Power Law Contact Distributions and

Contact Stresses in Quartz, Calcite, Glass and Acrylic Plastic,” J.H.117. “Tuning Friction with Noise and Disorder,” Y. Braimaet al, Phys.

Dieterich and B.D. Kilgore, Tectonophysi2&6, 219—-2391996. (A)

“Recent Progress in Ultrahigh Vacuum Tribometry,” C.F. McFadden 11g

and A.J. Gellman, Tribol. Let# (2), 155-161(1998. (A)

“High Frequency Tribological Investigations on Quartz Resonator 119

Surfaces,” A. Laschitsch and D. Johannsmann, J. Appl. P8¥47),
3759-37651999. (A)

“Scanning Tunneling Microscope Measurements of the Amplitude of
Vibration of a Quartz Crystal Oscillator,” B. Borovsky, B.L. Mason,
and J. Krim, J. Appl. Phys88 (7), 4017-4021(2000. (A)

“Shear Response of Molecularly Thin Liquid Films to an Applied Air
Stress,” C.M. Mate and B. Marchon, Phys Rev. L&.(18), 3902—
3905(2000. (A)

“Dichlorodimethylsilane as an Anti-stiction Monolayer for MEMS: A
Comparison to the Octadecyltrichlosilane Self-assembled Monolayer,”
W.R. Ashurstet al, J. Microelectromech. SystO (1), 41-49(2001).

(A)

“Measuring Nanomechanical Properties of a Dynamic Contact Usmg
an Indenter Probe and Quartz Crystal Microbalance,” B. Borovsky, J.
Krim, S.A. Syed Asif, and K.J. Wahl, J. Appl. Phy30 (12), 6391—
6396(2001). (A)

112

114

115

116

120

121

122

123

Baumberger, F. Heslot, and B. Perrin, Natdt®ndon 367 (6463,
544-546(1994. (A)

“Implications of Fault Constitutive Properties for Earthquake Predic-
tion,” J.H. Dieterich and B. Kilgore, Proc. Natl. Acad. Sci. U.S23

(9), 3787-37941996). (A)

“Nonlinear Friction in the Periodic Stick-slip Motion of Coupled Os-
cillators,” Y. Braiman, F. Family, and H.G.E. Hentschel, Phys. Rev. B
55 (8), 5491-55041997). (A)

“Transition From Static to Kinetic Friction in a Model Lubricated
System,” A.L. Demirel and S. Granick, J. Chem. Phy€9 (16),
6889-6897(1998. (A)

“Picosecond Discharges and Stick-slip Friction at a Moving Meniscus
of Mercury on Glass,” R. Budakian, K. Weninger, R.A. Hiller, and S.
Putterman, Naturé_ondon 391, 266—268(1998. (A)

“Effects of Stick-slip Motion on Energy Dissipation in Small Sliding
Solids,” J.B. Sokoloff, J. Phys. Condens. Matt (44), 9991-9998
(1998. (A)

3 “Vertical and Horizontal Vibration of Granular Materials: Coulomb

Friction and a Novel Switching State,” S.G.K. Tennakoon and R.P.
Behringer, Phys. Rev. Let81 (4), 794-797(1998. (A)

“Adsorbed Layers and the Origin of Static Friction,” G. He, M.M.
Muser, and M.O. Robbins, Scien@34 (5420, 1650—-1652(1999.

(A)

“Physical Analysis of the State- and Rate-dependent Friction Law. Il.
Dynamic Friction,” T. Baumberger, P. Berthoud, and C. Caroli, Phys.
Rev. B60 (6), 3928—39391999. (A)

“Physical Analysis of the State- and Rate-dependent Friction Law:
Static Friction,” P. Berthoudet al, Phys. Rev. B59 (22), 14313—
14327(1999. (A)

Rev. E59 (5), R4737—-R474q1999. (A)

“Disorder Induced Diffusive Transport in Ratchets,” M.N. Popescu
et al, Phys. Rev. Lett85 (15), 3321-33242000. (A)

“Friction at the Nanoscale,” F. Family F, H.G.E. Hentschel, and Y.
Braiman, J. Phys. Chem. B04 (16), 3984-39872000. (A)

“Role of Defects in Compression and Friction of Anchored Hydrocar-
bon Chains on Diamond,” A.B. Tutein, S.J. Stuart, and J.A. Harrison,
Langmuir16 (2), 291-296(2000. (A)

“On the Origin of the Transition From Slip to Stick,” B.N.J. Persson
and V.L. Popov, Solid State Commutil4 (5), 261-266(2000. (A)
“Correlation Between Charge Transfer and Stick-slip Friction at a
Metal-insulator Interface,” R. Budakian and S.J. Putterman, Phys. Rev.
Lett. 85, 1000—10032000. (A)

“Static Friction Between Elastic Solids Due to Random Asperities,”
J.B. Sokoloff, Phys. Rev. Let86 (15), 3312—33152001). (A)
“Depinning of Atomically Thin Kr Films on Gold,” L. Bruschi, A.
Carlin, and G. Mistura, Phys. Rev. Let88, 046105-1-046105-4
(2002. (A)

Lattice Orientation and Commensurability Effects

“High Frequency Measurements of Interfacial Friction using Quartz 125 “Anisotropy of Frictional Forces in Muscovite Mica,” M. Hirano, K.

Crystal Resonators Integrated Into a Surface Forces Apparatus,” S.
Berg, M. Ruths, and D. Johannsmann, Phys. Re®5£026119-1—
026119-9(2002. (A)

Static Friction and Stick-Slip Phenomena

103 “Stability of Steady Frictional Slipping,” J.R. Rice and A.L. Ruina, J. 127.

104

105

106

107.

897

Appl. Mech.-Trans. ASMES0 (2), 343—-349(1983. (A)
“Slip Motion and Stability of a Single Degree of Freedom Elastic

System with Rate and State Dependent Friction,” J.C. Gu, J.R. Ricel28

A.L. Ruina, and S.T. Tse, J. Mech. Phys. Sol@® (3), 167-196
(1984. (A)

“Fundamental Mechanisms of Interfacial Friction. 2. Stick-Slip Fric-
tion of Spherical and Chain Molecules,” H. Yoshizawa and J. Is-
raelachvili, J. Phys. Chen®7 (43), 11300-113131993. (A)

“Creep, Stick-slip, and Dry-Friction Dynamics—Experiments and a
Heuristic Model,” F. Heslotet al, Phys. Rev. E49 (6), 4973-4988
(1994. (A)

“Crossover from Creep to Inertial Motion in Friction Dynamics,” T.

Am. J. Phys., Vol. 70, No. 9, September 2002

126,

129

130

131

Shinjo, R. Kaneko, and Y. Murata, Phys. Rev. L&¥. (19), 2642—
2645(199)). (A)

“Spatially Quantized Friction With a Lattice Periodicity,” S. Moita, S.
Fujisawa, and Y. Sugawara, Surf. Sci. R&8.(1), qq (1996. (A)
“Layering Transitions and Dynamics of Confined Liquid Films,” J.P.
Gao, W.D. Luedtke, and U. Landman, Phys. Rev. Lé&.(4), 705—
708(1997. (A)

“Nanometer-scale Rolling and Sliding of Carbon Nanotubes,” M.R.
Falvo et al, Nature(London 397 (6716, 236—238(1999. (A)
“Gearlike Rolling Motion Mediated by Commensurate Contact: Car-
bon Nanotubes on HOPG,” M.R. Falet al, Phys. Rev. B62 (16),
R10665—-R106672000. (A)

“Large Friction Anisotropy of a Polydiaceltylene Monolayer,” R.W.
Carpick, D.Y. Sasaki, and A.R. Burns, Tribol. Le#.(2-3), 79-85
(1999. (A)

“The Current Status of Tribological Surface Science,” A.J. Gellman
and J.S. Ko, Tribol. Lett10 (1-2), 39—-44(2001. (A)

J. Krim 897



