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What you know about chemical bonds at this point in your chemical education is largely based on the interaction of two atoms (or small fragments) to form a single molecule.  However, in the real world, we do not interact with single molecules.  A solid piece of iron, for example, is made up of MANY individual iron atoms (somewhere around 6.02x1023).  What happens to our bonding theories now?  At this point you are starting to get into the realm of solid state physics.  I realize that this is not a physics course, but there is a lot of chemistry involved in solids (after all they are made up of atoms and molecules), and chemists have a lot to contribute to (and learn from) solid state physicists.  This is one of those areas where the boundary between chemistry and physics is very fuzzy (sort of like quantum mechanics).  As it turns out, our bonding theories for individual molecules are very similar to solid state theories.  The language is just a little different.

THEORY


We are chemists so let’s start from a chemistry base and work up.  Let’s think about the simplest case of bringing two H atoms together to make a bond.  The molecular orbital (MO) picture that you have all seen before (Scheme 1) immediately comes to mind.  Two 1s atomic orbitals (AOs) combine to form 2 MOs, one  bonding and one antibonding.  
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Now let’s extend the number of H atoms in our model all the while keeping a cyclic structure with equal angles and distances between each H (Scheme 2).
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The structure and exact energetic ordering of these MOs is not so important right now
.  We will cover MO theory in great depth in Inorganic Chemistry lecture.  Incidentally this is the same orbital pattern found in the  systems of cyclic polyenes.  If we extend our model out to an infinite number of H atoms we get a 1 dimensional chain of H atoms of infinite length as in 3.  Note that, just like is the smaller
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rings, the lowest MO has all H 1s AOs in phase while the highest MO has AOs
with alternating phase.  In between there are an infinate number of MOs (if you
start with an infinate number of AOs you end up with an infinate number of  
MOs.).  There is no way to talk about each MO individually, so the solid state
physicist talks about “bands”.  A band is simply a grouping of all the MOs made
up from a particualr combination of AOs.  Scheme 3 is the 1s band of a 1D chain
of H atoms.  You can get an idea of band structure by plotting the energy of every
MO in a band vs. a symmetry parameter k as in 4.  We don’t need to get into symmetry
elements of infinite arrays right now.  Just know that k=0 is the all in phase
combination and k=/a is the all out of phase combination (a is the lattice spacing).
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The plot looks like a continuous line because there are an infinite number of individual points.
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We can go one step further towards regaining our orbital picture and all the chemical intuition that goes along with it by talking about the density of states (DOS).  Notice that the plot of the band structure shows a large number of states with low and high energy and more of a spread in between.  Scheme 5 Compares the DOS plot with the orbital diagram for H2.

Note that there is a spike in the DOS plot 
corresponding to the  MO and another one 
corresponding to the *.

                The same ideas apply to more complicated
systems with more than just 1 AO and to 2D (surfaces) 
and 3D (crystals) systems.

PROCEDURE


We will be using the tight binding linear Muffin-Tin orbital (TB-LMTO) program developed at the Max Plank institute in Stuttgart Germany
.  I’m sure we are not using this program to it’s full potential and we may even be using it incorrectly in some parts.  However, we will be able to figure out a few things about crystaly and band theory none the less.


First, you need to log-on to the computer.  Your login name is “labuser” with a password of “CompChem” (case sensitive).  Things may look a little different because this is Linux and not windows.  Bring up a window by clicking the sea shell looking icon at the bottom of the screen.  You can resize the window however you like.  Type “cd lmto” to Change Directory to lmto.  Now we are ready to begin.

First  let’s build a 3-D cube of H atoms and extend it infinitely in all directions.  We will used the programs built in interactive mode to do this.  

(Type “lminit.run”  It asks you for the crystallographic space group.

( “Pm-3m” This gives you a primitive cubic unit cell.  The “m-3m” are crystal symmetry designations that we need not worry about for now.
  Just realize that this designation gives you a perfect cube with atoms on the vertices and nowhere else (I think).  Next the program asks for the units.  Type “/” to accept the default atomic units.

(Type “2.5” for the lattice parameter.  This is the distance you must travel from any atom in your unit cell until you start repeating.  Note that the program puts a center 1.000 lattice parameter on the x, y, and z axes.

(Type H for Hydrogen [enter] and “/” to accept the 0,0,0 default [enter].  This places an H atom at the origin.

(Now it is asking for more information.  However, we only have H in this matrix so type “q” to quit.  We are done for now.  This little bit has created the file CTRL (you can list what files are there by typing “ls”).  The CTRL file is your input file which controls the running of all the other programs.  You can view the CTRL file by typing “vi CTRL”.  When you are finished type “:q” to quit the file.

Next step is to find the size of the atomic spheres.  This is done by the “lmhart.run” program.  In this particular case, when we put 4 H atoms on the corners of a cube there is a big hole in the center.  We need to fill these gasp with dummy atoms using the program lmes.run.  Now complete the CTRL file by first viewing the CTRL file (see above) , move the cursor with the arrow keys down to the line that starts with IO and change the value of  “VERBOS” from 30 to 50. Move the cursor on top of the 3 and type “r” for replace and “5” to replace the 3 with a 5.  Type “:wq” for write quit to quit out of CTRL.  Run lmctl.run.  If you view the CTRL file at this point you will notice that it is quite extensive.  Now we are ready to do some analysis.  

Run “lmstr.run” and “lm.run”.  “lmstr.run” generates some information that is needed by “lm.run” which is the actual self-consistent field energy calculation.  The output goes to the file LM if you want to take a look.  Now generate the band structure with the program “lmbnd.run”.  Now to plot it out with the interactive “gnubnd.run” program.

(Type “1” for postscript.

(enter a title of your choice.

( “t” for energies in eV.

( “t” for energies relative to EF.  EF (EF) is the Fermi Level.  In our MO language this corresponds to the highest occupied molecular orbital (HOMO).  Just as the HOMO is very important on the molecular level, the Fermi level is very important to solids.

( “f” to give a portrait plot.

( “t” to connect the energies by lines.

( “f” to not show E_nu’s,

( “f” to not plot orbital character.

(-20 63 for the range.

And you’re done.  There is something screwy in this program so you have to “vi BNDS.GNU”, go down to the “set title” line, go over to the ‘ at the end of the line and do a [shift]j.  Go to the end of your title and do a [shift]j again. Now :wq out of this file.  Type “gnuplot BNDS.GNU”.  This creats a postscript file (named bnds.ps) from the BNDS.GNU file.  Now type “gs bnds.ps”

What you are looking at is the band structure for a 3-D lattice of H atoms.  A few things to note here: As shown in 6, the point “G” on the horizontal axis is the 1s+1s+1s (in all directions).  The point “X” is 1s-1s along a line (either in the x, y, or z direction) and 1s +1s in all other directions.  The point “M” is 1s-1s in a 2-D plane and 1s+1s in the other direction.  “R” is 1s-1s in all directions.  
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Keep in mind that by “+” and “-“ we are talking about the orbital phase.  Also notice that there are two lines here when we should only have one band corresponding to the H 1s orbitals.  Don’t forget about the space filler dummy atoms.  Sketch this band structure in your lab book (Sorry, I don’t have a printer hooked up yet.).  Hit [enter] in the program window and then type “quit” to get out of the ghost script program.  Before you run another one, you must remove some of the left over files by typing “rm *”.  Note that this will wipe out EVERYTHING so make sure you have what you need.

Now generate the density of states plot with ”lmdos.run” and the interactive “gnudos.run” programs.

(Type “1” for postscript.

( “t” for energies in eV.

( “t” for energies relative to EF.

(Now H for classes.

( “1 1 1” for the weights.

( “-20 63” for the range.

( “0 .1” for dosmin and dosmax.

(whatever title you want

Now you can plot it out with “gnuplot DOS.GNU” and “gs dos.ps”.  You can save this file to a new name as with the bnds.ps above.  Before you start a new run you must remove everything except the .ps files.  Do this by “rm file_name”.

Discussion question #1: Repeat the above procedure with lattice parameters of 3.5, 5.5. Before starting over you will need to “rm INIT” remove the INIT file.  Describe and explain the differences in the band structure and DOS plots.

Repeat the above procedure for a lattice of carbon atoms with a lattice parameter of 6.85 (just do one shot do not increase the lattice parameter as above).  When plotting out the band structure and DOS you can just use the program defaults.  Keep the primitive cubic crystal structure even though diamond is actually a face centered cubic lattice.  After running “lm.run” look at the output file (called “LM”) and find the total energy.  You can do this quickly by going to the very end of the file ([shift] G) and searching up for “ETOT” (?ETOT).  Make sure that what you are looking at is ETOT and not DETOT (the derivative of the total energy).  Record this number for later.  

Discussion question #2:   Sketch out and explain the band structure and DOS.  Use the program’s default parameters for the ranges. By explain I mean in the MO context
.  Things like how many lines are there? Why do some lines go up and some lines go down?  Which lines go up and which lines go down?  Talk about all the points on the band structure plot (G, X, M, R).  Use the program chemdraw to draw orbital pictures to support your arguments  (you can sketch the band structure freehand).

Build diamond.  Diamond has a face centered cubic lattice (Fm-3) with an additional carbon atom (¼, ¼, ¼) away from the origin.  To build this structure you will need to input 2 separate C atoms, C1 and C2.  

Discussion question #3:  Find the total energy and compare it to the primitive cubic carbon lattice above.  Which is more stable and by how much (in kJ)?  Keep in mind that the primitive cubic lattice is constructed from only 1 C while the diamond is constructed from 3 (even though you only input 2, a third is generated by symmetry.  Check out the CTRL file).  Also note that these energies are in atomic units.

Discussion question #4:  Cesium chloride CsCl is the classic example of a body centered cubic lattice.  You can think of this as the Cs atoms on the corners of a cube with the Cl atoms in the center (or the other way around.)  Make this crystal (use 7.9 as the lattice parameter) and plot out the band structure.  Now make Copper.  Cu metal has a face centered cubic lattice with a lattice parameter of 6.94.  Make solid Cu and plot out the band structure.  Comparing the two band structures, why does Cu conduct electricity whereas CsCl does not?

� Much of the theory linking solid state physics and chemistry comes from Hoffmann, R. “Solids and Surfaces: A Chemist’s View of Bonding in Extended Structures”, Wiley-VCH, New York, 1988.
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