©
2014 2018

A new approach to the Anderson transition in electron systems with Coulomb
interactions

Slevin, Keith

3,400,000

Using extensive numerical simulations, this project has contributed to a
better understanding of the critical phenomena of the Anderson transition both in simplified models,
and in more realistic models of the metal-insulator transition in doped semiconductors. We studied
the dimensionality dependence of the critical exponent of the Anderson transition in simplified
models in detail numerically and found the results to be in reasonable agreement with analytical
predictions. We also studied the effect of magnetic impurities on the Anderson transition and found
the results to be consistent with analytical theoretical predictions. We also found evidence that
the critical exponent (and hence the universality class of the phase transition) is changed by the
long-range Coulomb interaction between electrons.
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In semiconductors, there is a zero temperature metal-insulator transition as a function of
doping concentration. Below a certain critical concentration, the semiconductor is an
insulator, i.e. the finite temperature conductivity extrapolates to zero at zero temperature.
While above a certain critical concentration, the finite temperature conductivity
extrapolates to a nonzero value. At the critical concentration, a quantum phase transition
occurs. This transition has been the subject of experimental study over several decades.
There is no theoretical consensus on the mechanism that drives the transition. One
possibility is that it is a type of Anderson transition. This latter well-studied phase
transition occurs for gases of non-interacting electrons in a random potential as a function
of the magnitude of the potential fluctuations. In a semiconductor, the randomness comes
from the random positions of the dopant atoms. In this scenario, however, it is important to
understand how the Coulomb interaction, magnetic impurities etc. affect the critical
behavior of the Anderson transition.

To understand how various factors such as the long-range Coulomb interaction between
electrons and the presence of magnetic impurities affect the critical phenomena and critical
exponents of the Anderson transition. The goal was to study this both in simplified models
such as Anderson’s model of localization, and also in more realistic models of the
metal-insulator transition in doped semiconductors with a view to better understanding
the critical phenomena observed in such systems.

We performed large-scale computer simulations using a variety of methods. We used the
transfer matrix method and the kernel polynomial method extensively when simulating
non-interacting electrons. When simulating interacting electrons, we used the Kohn-Sham
formulation of density functional theory in the local density approximation. This allowed us
to take into account the Coulomb interaction between electrons in an approximate manner.
We analyzed the results of the simulations using ideas from renormalization group theory
in particular the method of finite size scaling. For the Kohn-Sham wavefunctions, we also
used machine learning. The basic assumption underlying our work is that the
metal-insulator transition in doped semiconductors is a type of Anderson transition.

Effect of Coulomb interaction on the critical exponent of the Anderson transition

We performed a simulation of the metal-insulator transition in a doped semiconductor in a
model that incorporates both the random positions of the donors and the Coulomb
interaction between the electrons by means of density functional theory. We found that the
wave functions are multifractal, as in the usual Anderson transition. Using a multifractal
analysis of the wave functions, we found that the critical exponent of the correlation length
was approximately 1.3. This differs significantly from that of the usual Anderson transition
in three dimensions suggesting the importance of the Coulomb interaction. In addition, the
phase diagram we obtained using the multifractal analysis was used to train a neural
network. This neural network is being used in ongoing work to predict the critical
concentrations in models with spin degrees of freedom.

Dimensional dependence of the critical exponent of the Anderson transition

We performed high precision numerical simulations using the transfer matrix method. We
analyzed the results of these simulations using the finite size scaling method. We made
new estimates of the critical exponents for the 4 and 5 dimensional orthogonal universality
classes, and the 3 and 4 dimensional unitary symmetry classes. We compared these with
new Borel-Padé re-summations of the perturbation series for the critical exponents and
the beta functions of the scaling theory of localization. After incorporating the expected
asymptotic behavior at infinite dimension, we found reasonable agreement even in 3
dimensions. We also made a new estimate of the lower critical dimension for the symplectic
universality class.

Effect of magnetic impurities on the critical phenomena of the Anderson transition

Using the kernel polynomial method, we studied the effect of magnetic impurities on the
Anderson transition. Magnetic impurities break both time reversal symmetry and spin
rotation symmetry simultaneously. Moreover, from magnetic susceptibility measurements,



it is known that magnetic moments are present near the metal-insulator transition in
doped silicon. We found that a small concentration of magnetic impurities enhances the
critical disorder. We also found that the dependence on the exchange coupling strength was
in agreement with theoretical predictions of anomalous scaling.

Parallelization of the transfer matrix method

The transfer matrix method is one of the most widely used numerical methods in the field
of Anderson localization. In its usual form, however, it is not well suited to modern
massively parallel supercomputing systems. We proposed a modification of the method
suitable for such computers and demonstrated its effectiveness by estimating the exponent
for the three-dimensional orthogonal universality class with an improved precision.
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