


Melting a Copper Cluster

Negative Specific Heat: The Danes Melt a Copper Cluster. (65)

While in Denmark on sabbatical, my hosts ( Karsten Jacobsen, Jens Ngrskov and their group) were simulating a 17,000 atom copper
cluster using effective medium theory on a massively parallel CM-2 computer. Starting from a crystal at low temperatures, they
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Hybridizing Kinetic Monte Carlo with Molecular Dynamics

Joachim Jacobsen worked with Barbara Cooper and me to combine molecular dynamics calculations and
Kinetic Monte Carlo calculations into one hybrid method, which we call KMC-MD, to study how surfaces
grow when they are bombarded with high-velocity atoms.

What are these methods, and why did we need to hybridize them? The need comes from the vast differences
in time scales...

The collision of an atom with the surface happens very quickly: our Molecular Dynamics simulation (which

solves for the motion of the atoms near the collision) ends within five picoseconds (5 x 10'12 seconds, or
1/200,000,000,000 second). The surfaces are grown, however, very slowly: typically one layer of atoms is
added each second. If we ran our Molecular Dynamics code until the next collision, we'd wait about a year
before the second atom hits!

Molecular Dynamics: solving for the collision

On the right, you see a picture of the region of atoms we use to
solve for this very fast collision. It's a tiny portion of our whole
surface: by slicing out the important region we save some computer
time. The different colors of atoms are treated differently with our
model: the black atoms are held fixed in place, the grey atoms are
put in a kind of computer glue (Langevin dynamics) that soaks up
the energy from the collision so it doesn't bounce back to the
surface, and the white atoms are normal.

Here you can see some of the complicated collisions that
occur. On the left you see the trajectory of the atoms as atom
number one hits from above. On the right you can see




Ly R Quantum Tunneling of a
l Large Object

Inside the atom, the weird effects of quantum mechanics rule. Electrons have no definite position or velocity;
the results of experiments can only be expressed in terms of probabilities. One of the weirdest effects is
quantum tunneling: a particle can escape a trap even when it does not have the energy to do so. Some forms
of radioactive decay are due to the quantum tunneling of alpha particles out of the nucleus. Scanning
tunneling microscopes rely on electrons tunneling from the scanning tip to the surface being imaged.

For larger objects (atoms and collections of atoms), quantum fluctuations are unimportant and a simpler
theory, classical mechanics, is sufficient. For example, tunneling of atoms is unusual. Because they are so
heavy and large, they tunnel through barriers only rarely or under special circumstances. There has
nonetheless been growing experimental evidence over many years - involving quantum creep, dissipation,
and low-temperature scaling behavior in nanodevices - that some kind of atomic tunneling is important in
metals.

At root, the reason atoms don't tunnel is that their tunneling barriers and distances are set by the much lighter
electrons. The tunneling of a proton over a barrier one Rydberg high and one Bohr radius wide is suppressed

by the exponential of Sqrt(2 Mp Ry aoz) = Sqrt(Mp / me) ~ 42.85: a factor of 10""°. When atoms tunnel, one

looks for a special reason.

'Screw-like’
kink
—
'Edge-like’
kink

-il—

We and colleagues at CAMP at the Technical University of Denmark calculated the quantum tunneling rates
of a crystalline defect - a dislocation kink - in copper, using a classical interatomic potential. (Usually one
turns to quantum mechanics to get the basic parameters for a classical calculation: here we use classical
mechanics to get the parameters for a quantum calculation.) The dislocation is split into two partial
dislocations (green in the figure above), separated by a stacking fault (yellow). The kinks on each partial
dislocation are spread out among hundreds of atoms. Perversely, it is because the kink is so large that it
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Molecular Dynamics Class Diagram

Below is a sketch of our molecular dynamics classes and their associations. It does not address how the objects
communicate.

'EnerQyObseru
4 1 BoundaryCondition
1
+DifferenceBoundaryCondition(
Potential +EnforceBoundaryConditions()
Obgerver
+CalculateForces()
+CalcuiateEnergy() +Update()
+GetCutoffDistance(] Heighborlocator
. ’ FoWOTDistance ; doublg RigidBody
1 4 Neighbors()
* tHalfNeighbors()
ListOfAtoms
AtomsMovef B
+Dt : double R doubl |
: mass : double - . -
ktime : double . . htypeName : String Constraint UniformbyMovin
FMove() Fsublist
rarentList FAdustForces0)
kAdjustForces() N +AdjustPositions() K |—
kCalculsteReducedForces() k- AdjustvVelocties()
FHncremertCartesianPositions() +CalcuisteReducedF orces() FixedBody
YertetAtomsMovgr LincrementCartesianyelocties() > L GetindependentDOFs()
hGetKineticEnergy() * 1 incrementindependentDOF()
FRemoveAtoms() .
T
1 * ]
Transforme
Primitivel istOfAtoms |
1 -forces K
kTransform() I —l
DMArray 2 HotchMaker| onfigurationShiftgr OverlapPrun

-positions, velocities

A class which refers to another points to it with an arrow. (This does mean ListOfAtoms has pointers to a
BoundaryCondition, a NeighborLocator, and a Constraint.) Derived classes point to their bases with hollow arrows. The
numbers on either end of lines connecting classes indicate multiplicity. For instance, a ListOfAtoms has only one
BoundaryCondition, but a BoundaryCondition can be associated with more than one list of atoms. '
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