
NANOSCALE TRIBOLOGY LAB 

Imagine a world without wear: 
Is this a dream or a nightmare? 
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Fric%on	
  and	
  energy	
  dissipa%on	
  mechanisms	
  in	
  adsorbed	
  
molecules	
  and	
  molecularly	
  thin	
  films:	
  	
  

Are	
  fric)on,superconduc)vity	
  and	
  magne)sm	
  related?	
  	
  
	
  

J. Krim,  Advances in Physics, 61, pp. 155-323 (2012) 
 Research supported by NSF DMR 
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Friction is not new. 

m 

mg FN 

v 

Ff = µ FN 
Amontons, 1699 

Ff 

Leonardo da Vinci  Codex Atlanticus 
Codex Arundel   ca. 1500 µk = 0.25 
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1785	
  (fric)on	
  is	
  not	
  fast)	
  Coulomb	
  and	
  sta)c	
  fric)on	
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Friction as we know it is a 
combination of mechanical and 
electrical effects, in combination 
with ever present adsorbed films.  

file://localhost/Users/Jackie/Desktop/ICSOS/5A40.20.1 (Converted).mov 
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1785: Coulomb: Théorie des Machines Simple 
Unsuccessful attempt to establish the fundamental 
origins of friction in terms of  surface roughness. 
1960’s: Surface roughness definitely ruled out, since 
one molecule thick films changed friction but not 
roughness. 
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Friction matters: Unpeeled onions have low friction (0.2) 
and form a weak base. Peeled onions have high friction 
(1.2) They are difficult to collapse. 

Coulomb: Smooth  and shiny does not 
necessarily imply slippery.  With onions, for 
example  it is quite the opposite…. 

“Friction, Force Chains and Falling Fruit ”,  
 Krim and R.P. Behringer,  
Physics Today, 62, pp. 66-67 (Sept. 2009) 
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1928: L. Prandtl first principles’ 
 prediction of phononic lattice 
vibration “wear-free”  
mechanisms for friction 
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QCM	
  verifica,on	
  of	
  phononic	
  	
  
fric,on	
  mechanisms	
  

1986-­‐2006	
  Theory	
  colleagues	
  A.	
  Widom,	
  J.B.	
  
Sokoloff,	
  M.O.	
  Robbins,	
  Students,	
  E.	
  WaOs,	
  R.	
  
Chiarello,	
  C.	
  Mak	
  and	
  T.	
  Coffey	
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vmF
τ
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We measure frequency and amplitude 
change of the QCM.   
Frequency shift is proportional to mass 
uptake: 
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The amplitude is related to the quality 
factor: 
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Sometime Δf can be reduced if there is 
extreme slippage: 
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We then calculate a slip time: 

1 4 fQ πτ
⎛ ⎞
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Δ = Δ

(Krim and Widom, PRB, v. 38, n.17, 1988) 

   A Quartz Crystal Microbalance (QCM) can probe film sliding friction levels 

Metal film electrode 

Single crystal quartz 
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Physisorbed layers can form commensurate and incommensurate 
solids structures: Friction is highly sensitive to commensurability 
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Studies of the sliding friction of adsorbed layers allow fundamental 
mechanisms of dissipation to be probed, in both contact and non 
contact geometries. 

(a)  On an open surface, both solid and 
liquid films slides are characterized by 
a viscous friction law. (QCM, ``blowoff 
experiments) 

(b) In a confined geometry(SFA, AFM?), 
static friction and stick-slip phenomena 
are ever-present and overall friction 
levels are substantially higher for 
comparable sliding speeds. This may 
arise from a mobile particles’ pinning 
of counterface materials? 

 
 “realistic contact” is a combination of both 

(a) and (b); a film need not be within 
a contact to change the friction of 
that contact. 

 
 

(a) 

(b) 

vmF
τ

=

µs  ≥ µk  
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R.R. Nair et al Science 2012 V 335 Page 442 

Water passes through GO with little to no friction: Is it superlubric? 
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Phononic	
  fric,on	
  is	
  related	
  to	
  
the	
  varia,on	
  of	
  the	
  adsorbate	
  
substrate	
  interac,on	
  poten,al.	
  	
  
For	
  constant	
  substrate	
  laRce	
  
spacing,	
  Cieplak	
  et	
  al.1	
  observed	
  	
  
that	
  the	
  slip,me,	
  t	
  varied	
  with	
  	
  
corruga,on	
  strength,	
  C,	
  as:	
  
τ ~	
  C-­‐2	
  
Fric,on	
  is	
  also	
  related	
  to	
  the	
  
damping,	
  η=,	
  that	
  comes	
  from	
  
substrate	
  phonon	
  modes	
  and/or	
  
electronic	
  fric,on.2	
  	
  :	
  3	
  
η	
  =	
  η=	
  +	
  a	
  C2	
  	
  
Here,	
  a	
  is	
  a	
  constant.	
  

Nanotribology Lab 

1. Cieplak, Smith, and Robbins, Science 
265, 1209 (1994). 
2. Persson and Nitzan, Surf. Sci. 367, 261. 
3. Robbins and Muser, in Handbook of 
Modern Tribology.  

Ff = ηv = (m/τ)v 
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The	
  Experimental	
  System	
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All samples prepared and measured in situ 
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  QCM confirmations of phononic friction 

Solid-liquid 
Transition in 
a Kr/Au layer 
Krim, PRL 1991 

Monolayer to 
Bilayer in Xe/Ag 
Daly, PRL 1996 

Slip time versus 
substrate potential  
corrugation 
Coffey, PRL 2006 



NANOSCALE TRIBOLOGY LAB 

Kr/Au: “Superlubric” at low coverage 



NANOSCALE TRIBOLOGY LAB 

QCM	
  documenta,on	
  of	
  
superconduc,vity	
  dependent	
  fric,on.	
  

1996-­‐2006	
  Theory	
  colleagues:	
  B.N.	
  J.	
  Persson,	
  
M.O.	
  Robbins,	
  L.W.	
  Bruch,	
  Students:	
  A.	
  Dayo,	
  
M.	
  Highland,	
  Postdocs:	
  B.	
  Mason	
  and	
  B.	
  Borovsky	
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Conduction electron Mechanisms for  friction B.N.J. Persson, 
1991 
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A. Dayo, Alnasrallah, and Krim, PRL (1998); M. Highland 
and J. Krim, PRL (2006) Superconductivity dependent 
friction for nitrogen, helium and water on Pb(111) 

 

B 
! 

Nitroge
n 

Helium 

H2O 

Normal state Pb(111) Superconducting Pb 

FrictionNormal >Friction Superconducting 
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 Superconduc)ng	
  materials	
  provide	
  a	
  means	
  to	
  study	
  
conduc)on	
  electron	
  contribu)ons	
  to	
  fric)on.	
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Phononic	
  fric,on	
  must	
  be	
  very	
  low	
  in	
  order	
  for	
  
conduc,on	
  electron	
  effects	
  to	
  be	
  observed.	
  

A. Dayo et al.,  Phys. Rev. Lett., (1998)	
  
�  Quartz	
  microbalance	
  study	
  of	
  nitrogen	
  

monolayers	
  sliding	
  on	
  Pb(111)	
  
�  Fric,on	
  dropped	
  in	
  half	
  as	
  the	
  system	
  

passed	
  through	
  Tc	
  =	
  7.2	
  K.	
  

M. Kisiel  et al. , Nature Materials (2011)	
  
�  Sharp	
  can,lever	
  ,p	
  vibra,ng	
  at	
  5.3	
  KHz	
  in	
  

close,	
  but	
  noncontac,ng	
  proximity	
  with	
  Nb.	
  
�  Fric,on	
  dropped	
  in	
  half	
  as	
  the	
  system	
  passed	
  

through	
  Tc	
  =	
  9.2K,	
  compared	
  well	
  with	
  theory.	
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Bulk	
  Electronic	
  Contribu)ons	
  to	
  Fric)on	
  

•  Quadrupole	
  moments	
  can	
  result	
  in	
  large	
  
dissipa,on,	
  assuming	
  	
  a	
  N2	
  herringbone	
  laRce	
  	
  

•  This	
  effect	
  will	
  be	
  much	
  smaller	
  for	
  rare	
  gases	
  
and	
  larger	
  for	
  CO	
  

	
  	
  	
  	
  	
  L.	
  W.	
  Bruch,	
  Phys.	
  Rev.	
  B,	
  16,	
  201,	
  (2000).	
  	
  

dipole 

E 

quadrupole 
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Comparison	
  of	
  Theory	
  and	
  experiment	
  :	
  	
  
Highland	
  and	
  Krim	
  ,	
  PRL	
  2006	
  with	
  Bruch,	
  2000	
  

Highland data Theory 

N2/Pb  

(107s-1) 

He/Pb 

(107s-1) 

N2/Pb  

(107s-1) 

Xe/Ag  

(107s-1) 

ηsc 2.5 0.51 - - 

ηn 5.1 1.3 - - 

ηn – ηsc 2.6 0.79 5 – 50 0.5 
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Bruch’s	
  Theory	
  (2000)	
  
General expressions for the E-field of adsorbate monolayer 

Microscopic E for the “herringbone” N2 lattice 

Timescale for power loss in adsorbed film for quadrupoles 

td=2-20ns in agreement with the results of Dayo et al experiment 
Timescale for power loss in adsorbed film of dipoles 

Computes td for Xe/Ag(111) to be ~200ns 
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“A8er	
  all	
  these	
  years	
  of	
  teaching	
  
graduate	
  level	
  Jackson	
  E&M,	
  	
  
I	
  have	
  finally	
  found	
  something	
  

that	
  it	
  is	
  useful	
  for”	
  
	
  

L.W.	
  Bruch,	
  Madison,	
  WI,	
  2000	
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AFM	
  study	
  of	
  fric,on	
  for	
  a	
  high	
  
temperature	
  superconductor:	
  
magne,c	
  ,p	
  sliding	
  on	
  YBCO	
  	
  

2010-­‐2012:	
  Post-­‐doc	
  I.	
  Alheder	
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YBCO 

Fe Fe 

High	
  temperature	
  supercondutor:	
  	
  an	
  AFM	
  
study	
  of	
  	
  Fe/YBCO	
  above	
  and	
  below	
  Tc:	
  Is	
  the	
  
fric)on	
  higher,	
  or	
  	
  lower	
  above	
  and	
  below	
  Tc?	
  
	
  

AlTeder	
  I	
  B	
  and	
  Krim	
  J	
  2012	
  J.	
  Appl.	
  Phys.	
  111	
  094916	
  (2012)	
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YBCO 

Semiconducting surface layer Magne)zed	
  Fe	
  coated	
  AFM	
  )p	
  to	
  
enable	
  probing	
  of	
  magne)c	
  levita)on	
  	
  

Our	
  experiment:	
  AFM	
  in	
  sliding	
  contact	
  
with	
  YBCO	
  above	
  and	
  below	
  Tc=	
  92.5K	
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Fe Coated 
Tip 

Direction of 
motion Friction 

Quadrant 
Photodiode 

Sample Stage 

YBCO Sample 

Diode 
To Cryostat 

Thermal 
Braid                                                         

Scan 
tube 

YBCO Semiconducting surface 

Our	
  experiment:	
  All	
  work	
  performed	
  in	
  
Ultra-­‐high	
  vacuum.	
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Sample	
  image	
  and	
  levita)on	
  forces:	
  
Contact	
  hea)ng	
  destroyed	
  superconduc)vity	
  

Consistent with prior reports:  
H.J. Hug et al., Physica B, 194-196 (1994) 
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Results:	
  Data	
  can	
  only	
  be	
  explained	
  by	
  
electrosta)c	
  effects.	
  	
  

TC	
  

T	
  (K)	
  

fr
ic
)o

n	
  
co
effi

ci
en

t 	
  
Levita)on	
  Force	
  (	
  nN

)	
  

Change in friction at Tc not linked to levitation or to contact heating.  
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Park, JY, Qi, YB, Ogletree, DF, et al. (2007), “Influence of Carrier Density on the Friction Properties of Silicon Pn Junctions,” Phys. 
Rev. B 76 (6), 064108. Ogletree, DF, Park, JY, Salmeron, M, Thiel, PA (2006), “Electronic Control of Friction in Silicon pn Junctions,” 

Science 313 (5784), pp. 186. 
 
 

 

  Electrostatic effects are generally inferred by process of 
elimination particularly by M. Salmeron & coworkers 

33 
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2013-­‐present:	
  Zack	
  Fredricks	
  and	
  Keeley	
  Stevens.	
  

Tuning	
  Fric,on	
  with	
  an	
  external	
  
magne,c	
  field.	
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•  The	
  changing	
  magne,c	
  field	
  reduced	
  the	
  fric,onal	
  
force.	
  
–  Diamagne,c	
  and	
  	
  paramagne,c	
  films	
  display	
  

different	
  behavior	
  
•  “Spin	
  FricNon	
  Observed	
  on	
  the	
  Atomic	
  Scale”,	
  B.	
  Wolter,	
  Y.	
  Yoshida,	
  A.	
  

Kubetzka,	
  S.-­‐W.	
  Hla,	
  K.	
  von	
  Bergmann	
  and	
  R.	
  Wiesendanger,	
  Phys.	
  Rev.	
  
LeO.	
  109,	
  art#116102	
  (2012)	
  

Lijnis	
  Nelemans,	
  High	
  
Field	
  	
  
Magnet	
  Laboratory	
  

“Highland Mystery”: 

Highland & Krim PRL 96 2006 
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Wolter B, et al. Phys. Rev. 
Lett. 109, 116102 (2012)	
  

�  Use	
  SP-­‐STM	
  to	
  manipulate	
  
single	
  magne,c	
  atom	
  (Co)	
  
over	
  magne,c	
  template	
  

�  Spin	
  fric,on	
  force	
  varia,ons	
  

Altfeder I B and Krim J 2012 
J. Appl. Phys. 111 094916 
(2012)	
  

�  Sta,c	
  electrical	
  mechanisms	
  

She, J-H et al. Phys. Rev. 
Lett. 108, 136101 (2012)	
  

�  Spin-­‐spin	
  coupling	
  between	
  
defects	
  in	
  substrate	
  and	
  
can,lever	
  ,p	
  as	
  origin	
  of	
  NCF	
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Our	
  experiment:	
  oxygen/Ni(111)	
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Raw	
  data	
  for	
  thick	
  and	
  thin	
  films	
  
in	
  	
  presence	
  and	
  absence	
  of	
  field	
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               B field reduces friction 

One monolayer 

Ten monolayers 
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Corruga,on	
  affects	
  fric,on	
  

Coffey & Krim 
PRL 95 2005 

Bext 

Sliding friction directly proportional to 
energy corrugation amplitude squared 



NANOSCALE TRIBOLOGY LAB 

Summary	
  
•  We	
  have	
  observed	
  experimental	
  manifesta,ons	
  of	
  3	
  
forms	
  of	
  wearless	
  fric,on:	
  phononic,	
  and	
  conduc,on	
  
electronic	
  and	
  electrosta,c	
  fric,on.	
  

•  The	
  experimental	
  values	
  for	
  phononic	
  and	
  
conduc,on	
  electronic	
  	
  contribu,ons	
  are	
  consistent	
  
with	
  first	
  principles’	
  theory,	
  without	
  	
  fiRng.	
  

•  Fric,on	
  measurements	
  are	
  sensi,ve	
  to	
  the	
  surface	
  
phase	
  of	
  a	
  material,	
  and	
  its	
  conduc,vity:	
  Fixed	
  
charges	
  indica,ve	
  of	
  insula,ng	
  phases.	
  

•  We	
  have	
  observed	
  secondary	
  effects	
  of	
  the	
  impact	
  of	
  
magne,c	
  fields	
  on	
  fric,on.	
  



Let’s go No Wear 

Let’s go NOW! 
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   Superconductivity-dependent friction “discrepancies” arise from large variations in the phononic friction 
contributions associated with diffrerent surface topologies.  Pierno et al [1] did not have sufficient resolution to detect 
the low electronic friction levels reported in Refs. [2] and [5]. K. Steven and J. Krim, Tribology letters, in prep.  

Pinned Superfluid 

[2] 

[2] 
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Jacqueline Krim and Robert Behringer, Physics Today, 2009  

Friction, Force Chains and Falling Fruit 
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Ethanol/PFTS always slips 

Pentanol/PFTS slips  
for coverages above on monolayer. 

Triflouroethanol/PFTS  
never slips 

  B.P. Miller and J. Krim, J. Low. Temp. Phys., 157 (2009)  

Nanoscale Sliding friction and diffusion coefficients as coverage increases: Note 
that differing lubrication mechanisms are possible 
 


