Phonon Dispersion and the Lattice Heat Capacity of Solids

Student Background

To undertake this simulation practical you will need to have studied the thermal properties of solids, in particular the Einstein and Debye models for the heat capacity of a crystal lattice. You should also be acquainted with introductory lattice dynamics, including the interpretation of dispersion curves for solids with one or two atoms in the basis set.

Introduction

These simulations will enable you to compare a variety of theoretical models, for the variation of heat capacity with temperature for a solid, with experimental data and to deduce the appropriate Einstein or Debye temperature. You can examine the validity of the Debye T3 law and the Debye density of states. You will also simulate phonon dispersion curves for simple monatomic and diatomic solids and investigate their characteristics.

These exercises use the first two programs in the CUPS Solid State Physics Simulations package: PHONONS and SPHEAT.

CUPS Buttons for SPHEAT

You need to spend a few minutes acquainting yourself with the buttons needed to use this program. The ones we will use in these exercises are:

Model: allows you to compute C(T) curves for several theoretical models and also to display experimental data for a few selected substances.

Substance: allows you to select physical data, including in some cases experimental C(T) data, for some key solids and, further, to enter user defined parameters for other materials.

Plot Options: controls the graphical display of results, including superimposing a density of states display when appropriate.

Set Data: permits entry of physical data for a user-defined crystal and to change the number of modes used in density of states calculations. This may be set to 600 or 1200 to generate smoother density of states curves and more accurate C(T) curves when using the RDS model. With the solids, for which data is supplied, it lets you chose whether to adjust the force constants or the Debye/ Einstein temperature during simulations.

Data currently being used is displayed at the foot of the screen while slider controls for both or either of Debye Temperature (D) and Force Ratio are located on the right hand side. The resolution of these is altered by the buttons at the bottom on the right hand side.

The Zoom facility at the bottom of the screen allows you to define the range of data with which you wish to work.

Exercise (1): Examining models for C(T) data

A. Call up the experimental data for solid argon and using the Debye temperature option fit the Einstein model to this data over the default temperature range. Repeat this process with the Debye and the Realistic Density of States (RDS) models.

B. Compare the values obtained for the Debye temperature and your visual judgement of how well each model fits the experimental data. Which is the best?

C. Repeat this process using only data up to T = 30K. Which model appears the best fit now? Compare all your estimates of D with the accepted value( ) and comment. Does an excellent fit at low T compromise the fit at higher temperatures?

D. Now display the data and the fitted functions as a C vc T3 plot, over the lower temperature range only, say up to T = 30K. Does fitting in this way make it easier to determine a best-fit value for D? Using this plot estimate the maximum temperature at which the Debye T3 law is valid for solid argon?

E. Go back to fitting the experimental data to the realistic density of states model and superimpose the calculated and Debye density of states curves on the C(T) plot. Observe the changes in these curves as you alter D. Explain the main features of the density of states function for argon and how the Debye approximation compares with it.

Exercise (2): C(T) data for different substances

A. Call up the experimental data for (i) aluminium and (ii) silver and by the fitting process, determine D for these materials using both the Debye and RDS models. Compare your answers with the expected values.

B. Using the low temperature end of the data and the C vs T3 plot, estimate the validity of the Debye theory for aluminium and silver and in both cases determine a maximum temperature for the T3 law.

C. For the substances you have examined, comment on the link between D and the range of validity of the T3 law.

CUPS Buttons for PHONONS

Structure: allows you to select a particular structure for simulation the parameters of which are preset in the program. Note that all structure can be displayed on screen and some are available as display only.

Plot-What: selects the screen display from Dispersion Curves, Density of States, a Combined Display and Crystal Structure display. The dispersion curves are displayed along the three major directions in cubic lattices: (100), (110) and (111).

Plot-How: allows you to set the detail of the display presentation.

Set Data: controls the crystal parameters used in each calculation such as force constants, atomic masses, bulk modulus etc.

Exercise (3): Simulation of Dispersion Curves for Common Structures

A. Using the Structure button, call up data for each of the cubic lattices, CsCl and NaCl diatomic structures and for the diamond structure. Study the dispersion curves in each case and write short notes on their key features; relate these to the characteristics of each structure. In particular, watch out for the number of curves, any degeneracy, intermediate maxima or crossing of curves and the presence of optic as well as acoustic modes. Sketch or print out copies of these for reference. Search out some of the experimental curves for these materials, if you can, and see how closely they compare, in detail, with your simulations.

B. The most general equation for dispersion in a one-dimensional lattice takes account of interactions with many nearest neighbours through individual spring constants n. The equation is:
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Using the Set Data button, you can investigate the effects of each of these interactions and determine which are most significant in different crystals. Remember that realistic force constants will fall off with increasing distance. Note that to recover the original setting for each system you will have to exit and re-enter the program.

Work initially with a single structure, say the SC lattice. By setting all the others to zero, investigate the effect each spring constant (n) has individually on the dispersion curves. What particular characteristics does each produce. Note that 1 cannot be changed from unity so you will need to make the others correspondingly larger.

Using only the two nearest neighbour force constants try to simulate approximate SC, BCC and FCC dispersion curves, using your knowledge of the relative interatomic distances in these two cases. You can use the force ratio slider button for this. How successful have you been? Which force coefficients are most important in each case?

C. The balance in force constants achieved, through the relative values of 1 and 2 in particular, determines whether the lattice is stable under certain conditions. For the crystal structures available here, vary 2 to very much larger values and then to very much smaller values, observing the changes to the dispersion curves. In the former case look for instability through the appearance of “unexpected” zeros in some dispersion curves i.e. the curve drop to lie along the horizontal axis; these are termed “soft modes”. In the latter, the result may appear to resemble two non-interacting lattices; for which systems and why? 

D. For diatomic solids, the relative masses of the two atoms, has considerable influence on the dispersion curves. Can you explain why this is so? For the cases of NaCl and CsCl use the button to change the relative masses and observe the changes to the dispersion curves. Describe these effects briefly. From your knowledge of the atomic masses, simulate the dispersion curves for KCl. Why does it almost resemble that of a monatomic solid? Which one?

E. Further Work: You can investigate the relationship between the density of states functions and the phonon dispersion curves. Use Plot-What/ Combined Display to provide the function alongside each other. You may need to increase the Number of Modes under Set-Data to give smooth results for the density of states. Do you see any links between the shapes of each function; in particular between peaks in the density of states and zero group velocity for the phonons? How does this arise?
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