THE QUANTUM ELECTRODYNAMICS OF
SNOWFLAKES, ICE SKATING,

EXOBIOLOGY & OTHER SUCH MATTERS

Y. Furukawa




September 8, 1842: Michael Faraday (1791-1867) 1nitiates
scientific investigation into what we now know as surface

melting.

“When wet snow is squeezed
together, it freezes into a
lump (with water between)
and does not fall asunder as
so much wetted sand or

2th§r kind of matter would
0

“All this seems to indicate
that water at 32°F will not
continue as water, if it be
between two surfaces of ice
touching or very near to
each other.”

“The ice probably acts as a
nucleus, but it appears that
the eﬁect of one surface of
ice on water 1s not equal to
the joint effect of two.”
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1822-1892 ©JswW

James Thomson predicted (1849) and
showed that ice melts under pressure.

1824 — 1907

William Thomson (later Lord Kelvin)
communicated his brother’s

interpretation of Faraday’s experiments §
to the Royal Society on 25 April, 1861

“I think the experiments are in perfect

accordance with my own theory, and
tend to its confirmation.”
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James Thomson predicted (1849) and
showed that ice melts under pressure.

1824 — 1907

William Thomson (later Lord Kelvin)
communicated his brother’s

interpretation of Faraday’s experiments §
to the Royal Society on 25 April, 1861

“I think the experiments are in perfect

accordance with my own theory, and
tend to its confirmation.”
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"There is nothing new to
be discovered in physics
now. All that remains is 6117 |--coo o
more and more precise
measurement."”
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by John S. Wettlaufer and J. Greg Dash
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ZERO 0

'research shows how a Iayer he surface of lce—m
ttemperatures well below frggzlpg—can accountfor everything from
‘the g@erihess of a skating rink to the electrification of thunderclouds

Scientific American




Missing Bonds at the Surface: Greater Vibrational
Anharmonicity than in the bulk...
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Vapor

Solid
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(2) d=x (1= T/Ty) ™
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1.35 mm

Elbaum, Lipson & Dash
J Cryst Growth 129, 491 (1993)




Mayonnaise, Paint, Gecko’s and Vacuum Fluctuations:
Casimir, London, Overbeek & Polder (1948)

Phys Today
Feb 2007

Casimir forces:
Still surprising
SN after 60 years

article

Steve K. Lamoreaux

The once startling idea of a connection between quantum fluctuations and forces has b‘now been
applied throughout physics. Nonetheless, experimentalists and theorists alike still find challenges in

the Casimir force.

23a1a2hc 1
47 r7

V(r)=-

=>P(d)=£

d4

C =0.16uN(cm*)em™

d=mm,A=1cm2F=107N

©JswW



Dzyaloshinskii, Lifshitz and Pitaevski, Adv. Phys. 10, 165 (1961).
make precise the intuition that a

fluid less polarizable than its solid

will be attracted to it

€1 Film growth favored:

dI €, €1 < € < €3

€3 €1 > € > &3

Embodied in Interfacial Free Energy 1(d)
1(d),

METHODS OF

QUANTUM FIELD THEORY
IN STATISTICAL PHYSICS

A.A. Abrikosov, L.P Gorkov, & |.E. Dzyaloshinski
Revised English Edition Translated and Edited by Richard A. Silverman
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Sabisky & Anderson
Phys Rev Lett 24, 1049 (1970),
Phys Rev A7, 790 (1973).

VERIFICATION OF THE LIFSHITZ THEORY. ..
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The Solid-Solid Interface; Incomplete Interfacial (Grain Boundary) Premelting

No —Apy

dew (d) =

T—T.
?

d —0, 1

1271d?

Ay>0

System Specificity to impurities...*He has superfluid film influenced by 3He...Olivine by H,O

... Ice 1s sensitive to ionic impurities.

Repulsive screened Coulomb interactions and
attractive dispersion forces compete
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Yale University

3

Expectations from Theory

Ice Physics Lab

Impurity Stimulated 10°
Grain Boundary Melting
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Benatov & JSW, Phys Rev E, 70, 061606 (2004)
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(1) Pi- Ps =-Ad Dynamics of Unfrozen Films

-1
(2) d=At 3

tom (= T) T

—=> P =Ps - p, Unt, R _ P9 _ 11atm/k
dT T
SOLID/WALL/VAPOR
IS <_‘ MASS g°
<«+—— FLUX Qx)=-——VPR,
_ -
COLD WARM

©JswW




’ dil liquad
' particle :

R LT ER P L LR P XL LR L e

Force balance and mass
balance determine speed

Thermodynamic buoyancy. F, =m G, G = dn

I

m

©Jsw Rempel, JSW, Worster, Phys Rev Lett 87, 088501 (2001).






The surface of ice is wet by a thin film of water below 0 deg C




The surface of ice is wet by a thin film of water below 0 deg C

The unfrozen water moves in temperature gradients




The surface of ice is wet by a thin film of water below 0 deg C

The unfrozen water moves in temperature gradients

There 1s a large thermomolecular pressure associated with it



The surface of ice is wet by a thin film of water below 0 deg C

The unfrozen water moves in temperature gradients

There 1s a large thermomolecular pressure associated with it

There are many consequences...



“What astonished me the most
was that among the grains
which fell last I noticed some
which had around them six

little teeth, like clock-makers’ * ¥ ¥ ¥ FeHe R OHHEQ
wheels such as you see at 1.” ***i****** o e e ¥ M SEE L3
Rl L <

* ¥ I K%

@ @
3 I H X W ¥ %@%’%%‘é%z S 3 e

“I only had difficulty to imagine what could have formed and
made so exactly symmetrical these six teeth around each grain in
the midst of free air and during the agitation of a very strong
wind... it 1s impossible for men to make anything so exact.”

R. Descartes, 1637. Les Meétéores (published with)

Discours de la méthode, Leiden.
©Jsw




Faszination der Schneekristalle -
wie ihre bezaubernden Formen

entstehen .
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Disequilibrium Surface Melting

Growth into liquid phase plays a role
in disequilibrium surface melting

Solid-vapor interface near the triple
point 1s complicated by quasi-liquid
layer (qgll)

One prediction in the literature: film
decreases thickness during growth

Issues with proper thermodynamic
description and dynamics

Surface melting suspected to play a
key role in the habit change of
atmospheric ice crystals

A. Cahoon, PhD thesis




Greenland
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/ Shceeet

Soluble Impurities

Stable Isotopes
Air Bubbles

Dust Particles
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The phase architecture of polycrystalline ice

Ice Physics Lab

Photo by H. Mader

Defined by the presence of liquid water in thermodynamic
equilibrium, below the bulk melting temperature, T .
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Ground...

The Cold “Hard”




Frost Heave

» prolonged ice growth (days/weeks/months)

* fine-grained materials

* capable of lifting large loads 2? _PsYm _ 11atm/K

m

Water expands when freezing, but Argon heaves too...Phys. Rev. Lett. 85, 4908 (2000).



A Growing lens

ice lens

liquid tflow rate: U sedlment grains
(lubrication theory)

Interface shape satisfies: pdm (T _Ty=p, +y K
T, " S

m

Balance of forces, mass and energy control growth rate
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Periodicity Predicted

6

-

-
=
-
-4
-
-
-—
-
-
-

————— —
W —————
ll]l]lllllll

-
LS ) [ BN PSS PR 53 PR IR TSGR

g
-

-
RAR IRRPLE IATTATIE S Ry MUY O

Rempel, JSW, Worster, J. Fluid Mech. 498, 227-44 (2004)




Not so fast...

Bentonite S5wt%



Bentonite 50wt% ©JswW
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... 1t’s a zoo out there.

3 mm

Peppin et al. J. Fluid Mech. 554, 147 (2006); Proc Roy Soc 463, 723 (2007); Phys Rev Lett 100, 238301 (2008)
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Pr1st1ne Ice Cr stal Growth
=-22°C, P=2000 bar

... > -
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Phys. Rev. Lett. 96, 255502 (2006).




Ice Crystal Growth from sbwAFGP Solution

sbw 1/200 Braslavsky Lab
Tm=-0.065

T =-0.06)

056-29-2007:14:54:11.09

sbwAFP: C=0.01 mg/mL (1.1 uM, TH= 0.02K)) to 2 mg/mL (220 uM, TH= 5K)
Buffer 10 mM Tris-HCIl, ImM EDTA, 5 mM Ammonium bicarbonate, pH 8.0




sbw 1/200
Tm= -0.065
T = -0.22]

056-29-2007:14:54:48.95
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sbw 1/200
Tm= -0.065
T = -0.06

056-29-2007:14:54:11.09




sbw 1/200
Tm=-0.065
1= -006 e "'T"'P':':' i el

056-29-2007:14:54:11.09




Braslavsky et al., Biophys. J. 92, 3663-73 (2007) Braslavsky et al., J. Phys. Cond. Matt. 19, 42101 (2007)



Problems & Challenges

Access to Interfaces in Thermodynamic Equilibrium

Nature of Structural Information Provided by Probe of Choice
Nature of Disorder
Definition of Melting (from Peierls to KTHNY)
Onset of Premelting...GULF in ignorance across scales
Systematic Study of Impurity Effects
Nature of Phenomena

Major Experimental Hurdles
Manipulation of amplitude and range of interactions

Applicability across materials systems and disciplines

Emergent Phenomena (Think Natural Phenomena & Manipulation)

Premelting Dynamics (particle trapping & redistribution)
Disequilibrium, pattern formation, ...

Biophysical, Geophysical & Materials Processing © s
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"Physics 1s not just Concerning
the Nature of Things,
But Concerning the
Interconnectedness of all the
Natures of Things".

Sir Charles Frank, FRS, upon retirement from
Univ. Bristol's Physics Department in 1976.
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