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Unusual slipperiness and stickness of the ice surface, flow of glaciers, 

scavenging of atmospheric trace gases by snow and ice, and the electrification 
of thunderclouds, grain-boundary melting. What happens on ice surface?  

 
 • Pressure melting, was suggested by James 

Thomson in 1850 as a consequence of the higher 
density of liquid water relative to ice.  

 
• Frictional heating, proposed by Bowden and 

Hughes in 1939 was another commonly accepted 
explanation. 
 
 
 
 
 

 
 
 

 
• Neither pressure melting nor frictional heating 

are enough to explain quantitatively the 
slipperiness on the surface of ice below the bulk 
melting point.  

 
 
 

• In 1859 Faraday postulated that a thin film of 
liquid covers the surface of ice, different in 
behavior and properties to the bulk, His ideas 
were neglected and Thomson s view prevailed 
until 1949.   

• J. Willard Gibbs, in a long, though little noticed, 
footnote to his famous paper on thermodynamics, 
took account of the work and found that its 
conclusions were in harmony with the opinion of 
Faraday. 

• In 1949 Gurney, hypothesized that molecules, 
inherently unstable at the surface due to the lack 
of other molecules above them, migrate into the 
bulk of the solid until the surface becomes 
unstable, which prompts the formation of a liquid 
phase. 

• On ice surface a quasi liquid layer (QLL)  is formed 
below the melting temperature. 

• The breaking of lattice in ice could explain the 
unusual behavior of ice. 

 

 
 

Ice surface!  Macroscopic effects of nanoscopic structure 



From water molecule to bulk ice: Forming Hydrogen bonds 

Ice structure leads to hydrogen bonding. The dynamical 
motion of atoms at the picosecond timescale causes the 
hydrogen bonds to break and reform resulting in a 
statistical distribution of different coordinations. 
In liquid water each molecule is hydrogen bonded to 
approximately 3.4 other water molecules whereas each 
ice molecule is hydrogen bonded to 4 other molecules. In 
ice Ih, each water forms four hydrogen bonds with O---O 
distances of 2.76 Angstroms to the nearest oxygen 
neighbor.  
Ice exhibits a rich variety of crystalline and glassy 
structures  at different pressures and temperatures. 
 

A water molecule is formed when two atoms of hydrogen bond covalently with an atom of 
oxygen, constituting a dipole. This molecular dipoles  are linked by Hydrogen bonds what 

made water clusters so  special. 



From the bulk to the surface: Breaking Hydrogen bonds 

QLL: QUASI LIQUID LAYER, A DANCE OF MOLECULES. With fewer Hydrogen bonds holding them in place, 
surface molecules vibrate with greater amplitude than those than those located in the bulk crystal. 

 

 

 

 

  

 

 

 

 

 

Perspective view of the ice Ih (0001) surface, showing two ideal terminations on top: full-bilayer termination at 
left and half-bilayer termination at right.  

 Bernal-Fowler rule allows the rotation of water molecules within the Ice Ih lattice by hydrogen atoms jumping 
sites. This movement requires that all hydrogen atoms move simultaneously or the presence of point defects .  

Two possible ice surfaces: Hexagonal ice Ih, which has hexagonal symmetry; and Cubic ice Ic, which has a 
crystal structure similar to diamond. 

 

Ice, like all solids, has a well-defined structure where each water molecule is surrounded 
by four neighboring molecules of H2O.  Let s take a top down approach. 



Setting the Quasi Liquid Layer 

Proposed evolution of the surface structure of ice is shown 
as temperature rises from absolute zero to above the bulk 
melting point 273 K.  
At 90 K, LEED result together with theory, suggests large 
vibrational amplitudes of the outermost water molecules 
still in the crystalline state (blue).  
As temperature rises, molecular agitation induces more 
crystalline defects, yielding an amorphous or quasi-liquid 
layer (green), as well as evaporation (orange).  
At about 190 K, ice in the Antarctic polar stratospheric 
clouds catalyzes Cl-containing molecules to Cl2, which in 
turn is dissociated by sunlight into Cl atoms that decompose 
ozone (O3). The catalytic action may be due to the 
amorphous or quasi-liquid ice surface.  
Above about 240 K, the ice surface probably is liquid (red), 
to a thickness of 10 s to 100 s of Å. This permanent liquid 
film can explain the slipperiness of ice. 
Depending on the crystal structure we have differences… 

 

At temperatures as low as 200K, the surface 
of ice is highly disordered and water-like. As 
the temperature approaches the freezing 
point, this region of disorder extends 
farther down from the surface and acts as a 
lubricant.  Plot below shows QLL thickness 
on pure ice as a function of temperature 
below the melting point.  

 

The purpose of the plot is to show the 
sensitivity of the QLL thickness to the 
presence of impurities. NNaCl= 6 10−4 

(long dashed line), 6 10−3 (dash–dot 
line), 0.06 (solid line), 0.18 (small 
dashed line), and 6 (dotted line) 
μMm−2 NaCl. 

Film thickness versus undercooling at the interface 
between ice and water vapor. 



QLL : A study of its structural properties 

Due to the extremely small thickness of the QLL, it is complicated to differentiate 
its contribution to the diffraction from that of the bulk ice.  

At -1.1 ºC, the long range order in the arrangement of the molecules in the surface 
layer vanishes. So, we can observe that the long range order in the arrangement of 
molecules in the bulk is lost when we get at the surface layer.  

The QLL exits! 

 

Is the structure ordered or not? Does the structure have long range order? And, if so, is this 
structure different to that from bulk ice? These experiments help us answer these questions. 

 X-Rays diffraction patterns of the surface 
of a polycrystalline ice sample at different 
temperatures. 

NMR spectra of the quasi-liquid layer of ice and water 
observed at 99.5 MHz. The signal of liquid water was taken 
at 5º C (Mizuno and Hanafusa 1987). 

Surface diffusion occurs at a much lower activation energy 
than bulk diffusion, because the displacement of surface 
molecules requires the breaking of fewer intermolecular 
hydrogen bonds than is required for interior molecules. 

Arrhenius plots for the self-diffusion coefficients (D) measured at 
an ice surface and in its interior.  



QLL : A study of its electrical properties 

Ice surface layers differ markedly from the bulk as far as the electrical conductivity is concerned, and must 
consequently differ also in their structure. 
 
The remarkable property of ice is its very high surface conductivity. Measured values have been found to be 
about 10-10 1 m-1 at -10 C, and if we were to ascribe it to the near surface layer, we would get a specific 
conductivity of about 10-1 1 m-1. 

Conductance of meander samples as a function of their thickness 
(pure ice at -11 C) (Claude Jaccard, 1967). 

Surface conductivity of ice as a function of crystallographic 
orientation and temperature (Maeno, 1967). 



Simulation Study 

Francesca Balleto, Carlo Cavazzoni and Sandra Scanddo, Physical Review Letters, 95, 17 (2005). 

Applying Density Functional Theory (DFT) and Molecular 

Dynamics (MD) methods to study Ice Surface. 

Local trapping of excess electrons at the surface of solid water systems has been observed in large water clusters 
and at the ice/vacuum interface.  

The surface molecular rearrangement leads to an increase of the number of dangling OH bonds pointing towards 
the vacuum and to the appearance of an electrostatic barrier preventing the penetration of the electron in the 
bulk.  

Both factors imply a remarkable stability for the surface-bound excess electron, with respect to its decay into the 
bulk solvated state. 

 

 

 

 

 

 

 

 

 

 

 

First image: Unreconstructed configuration of the 32 H2O molecule surface cell. Dark atoms are oxygens, 
hydrogens are gray, and hydrogen bonds are shown by dotted lines. Second image: Reconstructed surface with 
the excess electron. ‘‘Up’’ labels the molecule that has risen from the second monolayers while ‘‘tc’’ labels the 
threefold coordinated molecule in the second bilayer. The subsurface cavity is shown with a long-dashed line. 
The third image is the same as the second one, view along the surface normal.    



Theoretical Models 

The crystal structure of ice Ih showing a particular 
proton disorder that obeys the ice rules. The unit 
cell is marked ABCDEFGH. 

A theoretical model of an ice quasi-liquid layer based on the proposed theory of the 
ice transition into the Bernal-Fowler state [I. A. Ryzhkin and V. F. Petrenko, Phys. Rev. 
B 62, 11 280 (2000)]. 

Introducing only the nearest neighbor part of the 
Coulomb interaction we come to the following 
Hamiltonian equation: 

According to the theory of the phase transition the 
equilibrium values of pseudospin variables can be 
written in terms of : 

Near the phase transition this dependence is 
smooth and can be obtained from the Landau-
Ginzburg equation: 

Where m(r) is a macroscopic order parameter which 
is obtained by averaging the microscopic order 
parameter (r) over an infinitely small volume. 

Setting the Hamiltonian of the system and looking for its state function. 



Theoretical models 

• We can use the theory of the superionic phase transition, bulk first-order transition, to explain the existence 
of a quasi-liquid layer at an ice surface below its melting point. 

• Then, we get an analytical expression for the quasi-liquid layer thickness. 

 

 

 

 

 

 

 

 

 

 

 

Quasi-liquid layer thickness vs. temperature, where roo is the distance between oxygen atoms. 

• So, we note that the quasi-liquid layer thickness is a logarithmic function of temperature, whereas the theory 
based on second-order phase transition predicts L ~ 1/[(Tc – T) 0.5].  

• We can say theory provides an adequate description of the nature of the quasi-liquid layer, but the very 
definition of a quasi-liquid layer depends on the experimental method used to examine it. 

 

Other studies of the quasi liquid layer: Quasi-Liquid Layer Theory Based on the Bulk 
First-Order Phase Transition. 

An application of the superionic phase transition theory [I. A. Ryzhkin and V. F. Petrenko, Journal 
of Experimental and Theoretical Physics, Vol.108, No.1, 68-71. (2009)]. 



Some new phenomena arising   

Gas phase acetic acid and its qualitative 
effects on snow  crystal morphology and the 
quasi-liquid layer. 

Significant work has been done to better understand the underlying physics of morphological 
transitions, crystal structure, and the role of the quasi-liquid layer (QLL) on ice.  

The QLL remains an enigmatic, yet highly important, part of surface chemistry, 
regarding which much has been learned, though much yet needs to be done to attain a 
greater understanding of the physics of the snow crystal. 

The physical behavior of condensed matter can be 
drastically altered in the presence of interfaces: 
“Interfacial Melting of Ice in Contact with SiO2”. 

The premelting of ice and its 
environmental consequences. 

Anomalously Immobilized Water: A New Water Phase Induced by Confinement 
in Nanotubes. 



Ice surface 
Bulk and small are different! 

• The balance between ice and water controls the habitability of an 
important fraction of the globe and influences the majority of the 
world’s population[1]. 

• The freezing of water and melting of ice are among the most dramatic 
examples of phase transitions in Nature[2]. 

• Confinement can induce unusual behavior in the properties of 
matter[3]. 

• Nano-structuring of liquids and their crystals changes their Gibbs free 
energy, and hence their dynamics[4]. 

• Ice plays a pervasive role in many daily phenomena particularly 
through its surface[5]. 

• The ice-water interface constitutes an important habitat for polar 
organisms, characterized by extreme variability in physical and 
biological properties[6]. 

• Liquid layers persist to low temperatures can have striking 
environmental consequences[7]. 
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