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Motivation: compositionally and struc-
turally complex materials and processes: e.g.
deposition and radiation damage, require the
dynamic simulation of /arge atomic systems
with multiple interspecies interactions.
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Basic idea

Premise: we can decompose the system into clusters and if the
clusters are sufficiently large the forces on the central atoms are
sufficiently accurate.

Procedure:
1. as dynamics ensues new/query configurations are generated
and compared to a cluster-force database.
2. if sufficient stored clusters are close the query cluster the
stored forces are interpolated at the new/query cluster
3. otherwise, ab initio forces are calculated for the new cluster
and stored

As opposed to the globally-tuned empirical potential, we explicitly
propogate the system in time using locally interpolated DFT forces.



Cluster distance

A cluster Cp is a set Ca = {AX1a, AX2a, AX34,. .., AXp,,} of
distance vectors Ax,, = X, — X5 relative to the central atom xg,

A distance d(A, B) between clusters Ca & Cp, needs (a) basic
metric properties:
M1 coincidence: d(A,B) =0iff A=B
M2 positivity: d(A, B) > 0
M3 symmetry: d(A, B) = d(B, A)
M4 triangle inequality: d(A, C) > d(A, B) + d(B, C)
M5 reverse triangle inequality: d(A, C) < |d(A, B) — d(B, C)|
and (b) physical invariances d(A, B) = d(A, B'):
Il translation Cg — Cgr =Cg + a
I2 rotation Cg — Cg = RCp

I3 permutation Cg — Cgr = PCp



Root Mean Square Distance

Assuming Na = Np, the root mean square deviation (RMSD)
comparison metric is

dRSMD(Aa B) = I‘}Tglg HXA — RPXBHW

min v/ (Xa — RPXg) - Wsg (X4 — RPXp)
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e X4 and Xg are matrices of the cluster vectors,
e R € Orth™ is a rotation of the cluster and

e P is a permutation of the cluster ordering,

i.e. a binary orthogonal matrix which is simply the rearrangment
of the rows or columns of the identity matrix.



Optimal rotation

d(A, B) = min v/ (Xa — RPXg) - Wag (X4 — RPXp)

= min \/IXal12, + [Xg]2 — 2X4 - WasRPXg
R,P

To determine the rotation R, Kabsch (1976) noticed the last term
2Xa - WRPXg = 2tr (RPXBXZWAB)

is the only one dependent on R.

A singular value decomposition SVD[PXBXZWAB] = UDVT gives
the solution R = VU and

d(A, B) = min \/IIXall3 + [Xg]3 — 2tr D(P)



Distance from Gaussian densities

Finding the optimal permutation P is considerably harder,

As in Bartok (2013), a permutation invariant metric can be formed
from atomic densities
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represented by a spherical harmonic expansion, where
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Metric database search

> Select a set of points {R;} in
the database randomly or from
previous time step.

> Loop

1. Find closest in set:
argming d(Q, R;), where
Q is the query
configuration

2. Retrieve neighboring set
{N} of points about the
point R for which
2d(N;,R) < d(Q,R)

3. Stop if the neighborhood
is the desired radius or
size.

Query point Q, reference point R and its neighbors
N;. The subset { Np, N3, N5 } are candidates for
configurations in the interpolation ball around Q.
After computation of distances of the subset to Q,
N5 will be selected as the best candidate for the

new R.



Interpolation of forces

Given {dug} | B € By for a an
accurate force f,, can be obtained
from simple interpolation

fo = Y Rafgo(dap)
BEBa
such that 3 5¢(dag) = 1 and
¢(r) ~ 7.
Here Rz is an optimal rotation

from the reference cluster (3; to
the query cluster «, obtained by

argming d(Cy, RCp)



Convergence of force with cluster size

Magnitude of the Hellmann-Feynman force for a 512 atom Si
supercell

Increasing displacement —
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Error is |fgai(ry — f*|| where f* is the force in the full system.



Correlation of cluster distance and forces

The difference in forces on the
central atom for two clusters
Ifo — Fs]
is highly correlated with with
the inter-cluster distance d,g.

The blue line depicts the
probability density - showing
that the mostly likely differ-
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Sensitivity to the cluster size

Force-distance correlation for increasing cluster size —




Current work

» We have results for the dynamics of 1- and 3-D test systems
but they are aren’t that interesting since we have only been
testing consistency of the method and full ab initio and
classical molecular dynamics.

» Application to atomic deposition,
radiation damage, and structurally
interesting materials like
topological insulators is upcoming

» Since the method reduces to ab initio molecular dynamics in
the limit to full system clusters and no interpolation, we are
trying to make stronger connections to it

> We are also exploring using machine learning techniques to
enhance the search and interpolation methodology.
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