Computational Modeling of a Vicinal Crystal Surface in an Electrochemical Environment
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Abstract:  If a crystal is cut at an angle to one of its high-symmetry planes, the resulting surface may consist of terraces of the high-symmetry plane separated by steps only a single atom high.  A variety of phenomena can produce interactions between steps that affect their thermal wanderings.  These phenomena include electronic surface states, strain fields, and atoms or molecules adsorbed on the surface.  Likewise, the constrained geometry between adjacent steps influences thermal fluctuations in adsorbate density and order.  In this work, we study the interplay between these two effects in a simplified model in which the affinity of the surface for adsorbates is controlled by an electric potential.  The statistical mechanics of the adsorbates is studied by means of exact enumeration, which allows exact calculations of both the free energy per site and the cyclic voltammogram. The steps are modeled by means of the Terrace-Step-Kink (TSK) model and simulated using Monte Carlo methods.
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Introduction
Statement of Purpose

In the proposed work, we will model a stepped (vicinal) crystal surface with the Terrace-Step-Kink (TSK) model, and we will model the behavior of adsorbates, which can be atoms or molecules, on the surface with the one-dimensional Ising model.  
A side view of a vicinal crystal surface with the elements of the TSK model is given below in Figure I, and a top view is given in Figure II.  The TSK model consists of three elements.  The first element, the terrace, is a flat, stable part of a crystal surface that shows considerable atomic symmetry.  The terrace surface consists of sites where atoms or molecules (the adsorbates) may exist.  Between the terraces are steps, where the surface is generally at a level one atom below the previous terrace.  The third element of the TSK model, the kink, occurs when part of the terrace is shorter than the rest of the terrace.  In other words, kinks occur when the length of the terrace varies as one traverses the surface in a lateral direction.  We will use the TSK model for the vicinal surface because it is simple, yet it captures the essential physics of a vicinal surface at temperatures not close to the melting point.
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We will use the Ising model and its exact solution to calculate the Helmholtz free energy per adsorbate site and the susceptibility for the various rows of a terrace.  Initially, we will consider the 1-dimensional Ising model (shown in Figure III) because it is simple, taking into account interactions only between adsorbates on the same row.  Later we will consider the 2-dimensional Ising model, which requires more complicated numerical solutions but takes into account lateral interactions between adsorbates in addition to interactions between adsorbates on the same row. Using quantities found through analysis of the Ising model, we will run Monte Carlo simulations in order to draw a cyclic voltammogram (a plot of current response as voltage is slowly varied) for our vicinal surface.
For our adsorbate model, it can be shown that the cyclic voltammogram of an infinite terrace is symmetrical.  The purpose of the proposed work is to demonstrate that, due to the interactions between adsorbates and the geometry of the steps, the vicinal surfaces’ cyclic voltammograms are not symmetrical.  That is to say, the adsorbates and geometry of the steps change the manner in which the surface reacts to an electric potential.
Literature Review

Prior to working through Honors Reading with my advisor, Dr. Richards, I had no knowledge of vicinal crystal surfaces.  To understand what a vicinal crystal surface is, I began by investigating the TSK model.  According to Yang [8], the TSK theory was developed by Frank, Burton, and Cabrera.  Diagrams of the model were readily available, but many of the explanations that accompanied the diagrams were not written for beginners, such as me.  Allison Baski’s website [2] is a good place to find simple information about the TSK model.  Yang also explains the model, but in more technical terms.
After considering the TSK model, I began reading about the thermodynamics of simple structures, and I was introduced to quantities such as free energy, magnetization, and susceptibility.  The book Thermal Physics, by Kittle and Kroemer [3], was extremely valuable in describing these quantities and how they are related, though I still needed to consult Dr. Richards to understand their derivations.  Raouafi, et. al. [5], discussed in great detail the energy of steps and kinks, as well as the geometry of vicinal surfaces.  In addition, we often referenced Tuckerman [7] to look up exact solutions to the Ising model. 
After a while, Dr. Richards started having me write programs that used the formulae mentioned above.  This helped me better understand how the various thermodynamic quantities are related.  It also gave me an appreciation for how difficult it would be to obtain solutions to these equations without a computer.
I learned quite a bit about how our research was useful by reading from Barnham and Vvedensky’s Low-Dimensional Semiconductor Structures [1], in which the growth of materials on vicinal crystal surfaces is discussed.  In addition, I learned about the interesting behavior of materials when they are brought to some critical point.  I also found various phenomena associated with critical points and surfaces in Introduction to Phase Transitions and Critical Phenomena [6].
During the course of my research, I also learned about Monte Carlo methods, which are programming methods for simulation and probability.  A thorough introduction to Monte Carlo methods is presented by Murthy [4].  In this introduction, Murthy covers a broad range of Monte Carlo topics.  I was particularly impressed by Murthy’s discussion of random number generators and how to know when a given random number generator gives satisfactory random numbers.
One of the greatest lessons I have learned through this research is that, while written works are necessary to communicate complex knowledge, having someone who can explain these works is invaluable.  I would like to thank Dr. Richards for helping me through all of the difficult material I have encountered.
Statement of Need and Relevance

The research we propose to do is relevant to many areas of science.  Among these areas are physics, chemistry, nanoscale engineering, and computer science.  Physicists and chemists are interested in the nature of the interactions of the steps of vicinal crystal surfaces and are interested in studies that describe step characteristics.  Also of interest to these scientists is the behavior of the steps when a crystal’s surface approaches some critical point, where a phase transition may occur.  (A common example of a phase transition is the freezing of water into ice.  In that case, the critical temperature is 32° F.)  
Nanoscale engineers are interested in the creation of microscopic machines.  Our research is relevant to nanotechnology because vicinal crystals offer promising opportunities to accurately grow materials on their surfaces.  Of special interest is the growth of semi-conductor materials; quantum dots, which could be used to count electrons or photons one at a time; and quantum wires, which could be only a single atom thick.
The creation of quantum wires, microscopic semiconductors, and other such devices could potentially revolutionize the computer industry.  With advanced techniques and adequate knowledge of the physical and chemical properties of vicinal crystal surfaces, perhaps these surfaces could be used for experiments leading to the creation of quantum computers and quantum storage devices.  If such an advance is possible, processor speeds will rise far beyond their current rates, throughput of data and instructions would be much greater, and many terabytes of data could be stored on an object a fraction of the size of a modern hard drive.
Compared with other areas of physics research, Dr. Richards says that very few people are involved in the kind of adsorbate and step interaction research we propose to undertake.  Due to the great potential for technological advancement and to the prospect of better understanding the atomic nature of stepped surfaces, there is a real need for research and experimentation in this field.
Methodology

Experimental Design
We will begin our experiment by examining the adsorbate sites in a simplified, one-dimensional model, known as the one-dimensional Ising model.  As indicated in Figure III, this model effectively takes a single row of adsorbate sites from the terrace in the TSK model and orders those sites, starting with the site nearest the step.  We will first look at such a terrace row consisting of only one adsorbate site.  This site may have either of two states—occupied by an adsorbate or empty.  Using a computer, we will calculate various thermodynamic quantities of this terrace row.  We will then vary the length of our terrace row by incrementing the number of adsorbate sites.  Each time we increment the number of adsorbate sites in our terrace row, we will use a computer to calculate the same thermodynamic quantities over every possible combination of states of the terrace row.
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Next, we will feed the results of our one-dimensional analysis of the adsorbate sites into a Monte Carlo simulation algorithm.  The algorithm will give us two-dimensional, statistical information about the terrace width distribution (TWD) of our model.  From the terrace width distribution, we will be able to calculate the probability that any two steps are separated by n adsorbate sites, and we will be able to see interactions between the steps themselves.  Then, from the Monte Carlo simulation, we will produce a cyclic voltammogram for our vicinal crystal surface.
After conducting this one-dimensional analysis, we will examine the two-dimensional case, using the two-dimensional Ising model.  We will calculate the same quantities in two-dimensions and create a Monte Carlo simulation to determine the TWD.  Finally, we will obtain a cyclic voltammogram for our vicinal crystal surface, which takes into account lateral adsorbate interactions in addition to interactions between adsorbates on the same row.
We will conduct this experiment a number of times, varying certain parameters.  By doing so, we will be able to see how these parameters affect the electrochemical properties of a vicinal crystal surface.  We will also be able to draw conclusions about the likelihood that a real, physical vicinal crystal surface will behave a certain way.
Subjects to Be Used

Actual vicinal crystals will not be used in the study.  Instead, we will use the computers in Dr. Richard’s computing laboratory to run our simulations.  The computers are Dell Dimension 4500s.  Each has a two gigahertz Pentium 4 processor and one gigabyte of RAM.  Our simulations will be hosted on a Linux platform.
Measures Used

Our measurements will consist of computed values for the thermodynamic quantities of Helmholtz free energy per site and susceptibility.  These two quantities will be calculated by means of computer programs which implement the mathematical formulae for the respective quantities.  These two quantities will in turn be used to simulate interactions between the steps of a vicinal crystal surface, and hence, to produce our cyclic voltammogram.
Plan for Analysis of Data

To determine if our data set is reasonable, we will make numerous graphs of our data and then compare our graphs with those produced by other researchers who conduct experiments with vicinal crystal surfaces.
In order to gain insight into the nature of the electrochemical properties of the vicinal crystal surface, we will vary certain parameters in our experiment and analyze the separate data sets.  These parameters include adsorbate interactions and the tendency for an adatom to be adsorbed at a step.  Conclusions will be based, in part, by how marked the change is in the cyclic voltammogram.
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Side View of a Vicinal Surface
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Figure III





A Single Row of a Terrace
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