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ABSTRACT 

 

 

 

 

 

First Principle Studies of Raman Spectroscopy and Vibrational and Thermal Properties of 

Materials 

 

 

 

 

 

By 

Erick Alejandro Guzman 

Master of Science in Physics 

 

 

 

 

 

Diamond is an attractive semiconductor with properties such as high electron/hole 

mobility, thermal conductivity, and surface power density, which lend themselves well to radio 

frequency (RF) applications. In surface field effect transistors (SFET) of diamond, surface based 

vibrational properties are thought to be the limiting factors in device performance at higher 

temperatures and frequencies [1, 2]. However, there are limited studies on vibrational properties 

such as phonon dispersion and Raman spectra on these surfaces. Motivated by this, we aim to 

model the thermal and vibrational properties of diamond surfaces using a modified version of the 
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VASP tool combined with Phonopy and ShengBTE. In this work, we have validated the 

predictability of the VASP tool by modeling and comparing vibrational properties of well-

established bulk material systems (Si, GaN and Diamond) against the available experimental data. 

We have observed that the tool successfully predicts vibrational properties, within ±5% errors for 

the bulk Si, GaN, and Diamond material systems. Furthermore, to check the accuracy of the 

implemented model, we have also analyzed vibrational properties of the van der Waals (vdW) -

layered materials such as MoS2 and MoO3. Additionally, we simulate the vibrational properties of 

the Diamond (100), (110), and (111) surfaces, and present a preliminary analysis of thermal 

properties of these surfaces compared to the bulk Diamond structure. 
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INTRODUCTION 

 

Diamond is an attractive Ultra-wide bandgap (UWBG) semiconductor with properties 

such as high electron/hole mobility, thermal conductivity, and surface power density. It is poised 

to be the material used in next-generation semiconductor material applications. When compared 

to current Wide bandgap (WBG) semiconductors such as Gallium Nitride, Silicon Carbide, and 

Silicon; Diamond shows superior electron/hole mobility, thermal conductivity, thermal 

expansion, breakdown field and saturation velocity characteristics. In Figure 1, see that Diamond 

consistently outperforms current WBG semiconductors and we know these characteristics lend 

themselves well to high field and high temperature applications such as radio frequency (RF) 

devices; specifically, surface field effect transistors (SFET). 

 

Diamond SFET work was brought to my attention during my work as an intern with the 

Army Research Laboratory and the Department of Defense. This is being worked on by the 

Diamond Group at ARL and their device is shown in an atomistic and experimental view in 

Figure 2. Surface based vibrational properties are thought to be the limiting factors in device 

performance at higher temperatures and frequencies.  
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Figure 1 – Diamond and WBG semiconductor comparison [15] 
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However, there are limited studies on vibrational properties such as phonon dispersion 

and Raman spectra on these surfaces. Motivated by this, we aim to model the thermal and 

vibrational properties of diamond surfaces using a modified version of the VASP tool. When 

applied to real world problems, our results can increase the amount of heat dissipated by a 

device, which can reduce the amount of coolant needed or the size of the heat spreader, which 

will in turn reduce bulk. Overall, this model can make promising improvements to RF devices 

using the vibrational and thermal data gathered. 

In this work, we have validated the predictability of the tool by modeling and comparing 

vibrational properties of well-established bulk material systems (Si, GaN and Diamond) against 

the available experimental data. We have observed that the tool successfully predicts vibrational 

properties, within ±5% errors for the bulk Si, GaN, and Diamond material systems. Furthermore, 

to check the accuracy of the implemented model, we have also analyzed vibrational properties of 

the van der Waals (vdW) -layered materials such as MoS2 and MoO3.  Additionally, we simulate 

the vibrational properties of the Diamond (100), (110), and (111) surfaces, and present a 

preliminary analysis of thermal properties of these surfaces compared to the bulk Diamond 

structure. 

Gate Source 
Drain 

Lg = 0.10 um 

Wg = 40 um 
RF 

DSFET 

“3D View” of Gate Region 

Figure 2 – Atomistic (left) and Experimental (right) view of the Diamond SFET 
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Vibrational properties in a material are mainly represented by phonons. A phonon is a 

unit of vibrational energy that arises from oscillating atoms within a crystal. They describe the 

vibrational behavior of atoms in periodic structures. The behavior of these atoms is modeled only 

at the first brillouin zone (BZ). If there is more than one atom in the BZ then two vibrational 

modes are created: the acoustic and the optical mode. Vibrational properties include frequency 

peaks, phonon vibration direction, frequency of acoustic and optical phonons, density of phonons 

at a specific frequency, and phonon frequency through path in the BZ. These properties can be 

analyzed through Raman spectra, phonon dispersion, phonon density of states, and other 

vibrational data.  

Heat energy in a solid can be carried by electrons, holes, and lattice waves. In 

semiconductors, the thermal conductivity can be accredited to lattice waves or vibrations in the 

material, otherwise known as phonons. As mentioned before, a phonon is a unit of vibration, and 

phonon frequencies describe the movement of atoms in the structure.  

The phonon frequencies are caused by different types of scattering in the system as 

shown in Figure 3. Phonons contribute a large amount of energy to an insulated system; they are 

the most prominent contributors to the thermal conductivity and the electrical conductivity of a 

system. The study of phonons is important in semiconductors because phonon-phonon 

interactions can alter a materials’ thermal properties, while phonon-electron interactions can 

affect a materials’ electronic properties. The surface field effect transistor (SFET) is one real 

Figure 3 – Types of Phonon Scattering [13] 
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world device where I believe the vibrational and thermal data from this work can be used to 

make informed decisions on surface types best suited for device performance. In order to 

improve current semiconductor technologies such as processors, and field effect transistors; 

phonon movement must be controlled and understood to improve thermal performance. 

Understanding phonon vibration in a material is crucial in developing faster and more thermally 

efficient semiconductor applications.  

 Currently, Raman spectroscopy is the method of analysis most widely used to obtain 

information on a materials’ vibrational properties. It is a technique that reads the light scattered 

from a material which has a small chance to scatter at a different wavelength than the source of 

incoming light, see Figure 4. A Raman spectrum gives information such as number of Raman 

peaks in a material, peak frequency, and activity at the Raman peak. The Raman peaks denote 

information such as specific molecular bonds, stress, and concentration.  

 

 

 

Figure 4 – Types of light scattering and energy levels [14]  
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The ab-initio method is used as well, but there are limitations. Specifically, limitations in 

the number of atoms that can be simulated with current techniques and cost of computational 

power. However, our approach is unique in that Dr. Xu Zhang has managed to modify VASP 

code in a way that helps reduce these limitations. With this improved method, Dr. Zhang 

combines various existing techniques and analytical solving to greatly reduce the amount of 

computational power needed to run ab-initio Raman spectrum simulations. Our approach helps 

achieve 1000 atom simulations without being overly time consuming, all while using a 

reasonable amount of compute power for a computational cluster. 
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METHODS 

 

First Principles (Ab-initio) 

 The VASP program is the main tool used in this study. VASP is short for the Vienna Ab 

initio Simulation Package. Ab initio is the method of calculation from first principles; this means 

that the calculation relies on the most basic laws of science without making extra assumptions 

such as comparing against an existing model or fitting specific parameters. In our case, we take 

an ab-initio approach to the calculation of the electronic structure of a system using 

Schrodinger’s equation within a set of approximations. In a more general sense, our calculations 

are based off the movement of atoms. We understand the interaction between the nucleus of an 

atom and its electrons on a quantum mechanical level. We then can use the Schrodinger equation 

to describe the atomic movement, what follows is the usage of DFT to solve the Schrodinger 

equation using accurate approximations which allows us to obtain the total energy of the system. 

From this energy we can get various other properties such as the equilibrium lattice constant, 

force, stress, etc.   

DFT (VASP) 

 Density functional theory is one computational quantum mechanical method used to 

model the electronic structure of many body systems such as atoms and molecules. The many-

body Schrodinger equation is the starting point in describing these systems and is the equation 

we would most like to solve. However, this proves to be practically impossible to solve for 

several reasons which include the sheer amount of storage required to store the data for even 

small systems and computational resources required. This leads to the usage of the one-electron 
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theory and the Kohn-Sham equation shown in Equation 1; which utilizes Density functional 

theory (DFT), to find the energy of this many-body system. 

This method finds accurate approximations of the energy of a system of atoms, by 

accounting for the degeneracy of the Kohn-Sham orbitals, and including corrections for the 

Hartree energy, and the Exchange energy of the system. We see that the energy is a functional of 

the density of the system, so the many-body problem does not have to be solved exactly and 

simplifications can be employed such as the one-electron approximation. This solution allows us 

to calculate the energies of atoms and molecules but when calculating the energies of supercells, 

we then utilize periodic boundary conditions and utilize the unit cell. Working in reciprocal 

space we then create the first brillouin zone (BZ). In the 1st BZ a sampling of all Bloch vectors 

over the k-points in the BZ is bypassed by being able to instead sample over the 1st BZ by use of 

a coarse or fine mesh. Furthermore, by considering the symmetries of the lattice we can compute 

the one-electron density functions only for the irreducible wedge in the BZ further reducing the 

computational resources needed. For greater symmetry we use a mesh centered around the 

gamma point.  

Phonopy 

 We use Phonopy which is a post processing tool for VASP that describes phonon 

properties by using an approximation of the force constants matrix shown in Equation 2 with 

force constants taken from the output of the VASP simulation.  

Equation 1 – Kohn-Sham Equation 

Equation 2 – Phonon Force Constant Matrix Equation 3 – Phonon Dynamical Matrix 
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It then represents this data in reciprocal space as the dynamical matrix shown in Equation 

3. After diagonalization, it solves for the phonon frequencies represented by (OMEGA) shown in 

Equation 4. The phonon frequencies correspond to the atoms described by the phonon 

eigenvectors e(q) for the corresponding atom in the dynamical matrix D(q) as shown.  

 

 

ShengBTE 

We use ShengBTE which solves the Boltzmann Transport Equation by describing the 

dispersion and scattering rates of the systems. ShengBTE then combines the Force Constants 

matrix from Phonopy as 2nd order interatomic force constants (IFC) (v), its own (real space 

supercell) approach to compute anharmonic IFCs which become the 3rd order force constants (F), 

the phonon angular frequency (w) and the phonon distribution to calculate the thermal 

conductivity tensor shown in Equation 5. 

 

 

 

 

 

 

 

Equation 4 – Phonon Frequency Diagonalized Matrix 

Equation 5 – Thermal Conductivity 
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Workflow 

 

            In this work we simulated the Raman spectra of Diamond and related materials using the 

Vienna ab-initio simulation package (VASP), while also making use of the Phonopy package [3] 

and ShengBTE[4]. All Raman graphs were obtained through VASP and supplementary phonon 

density of states (PDOS) and phonon dispersion graphs were obtained through Phonopy. A 

depiction of our workflow is shown in Figure 5, with a dotted line around the steps which were 

done in a modified version of VASP [12]. As shown in the figure, there were four steps to every 

Raman spectrum calculation. The first two steps were done in VASP (version 5.2). The third step 

was done in a modified version of VASP 5.2, which was modified in-house by Dr. Xu Zhang in 

order to obtain the Raman spectra of materials. The fourth step was done directly from the Unix 

shell using the phonon frequencies and the force constants from step 3.  

 

 

 

 

Figure 5 – Experimental Workflow 
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Relaxation 

In the first step, the unit cell structure was relaxed in VASP, 

once relaxed the unit cell structure could be used as the ideal starting 

point for scaling up the structure to larger sizes. There are four 

VASP files crucial to every run; the POTCAR, POSCAR, INCAR, 

and KPOINT files. The POTCAR file contains the pseudopotentials 

for the corresponding elements in the POSCAR. The POSCAR 

contains information on the structure’s elemental composition, 

geometry, and ionic positions. The KPOINT file is where the mesh 

size of the k-point grid can be set. The INCAR file instructs VASP 

on how to start the run and sets the parameters and conditions of the 

run. An example of the INCAR file used in this step is shown in Figure 6. Most default VASP 

values are acceptable, such as the ISTART, ICHARG, IALGO, LREAL, and POTIM. However, 

there were a few INCAR tags we changed in order to fit our needs. Tags which were changed 

universally across all simulations include the ISMEAR; which was set to 0 in our case because 

Gaussian smearing is recommended for large cell sizes. ISYM was set to 2 because it is a more 

efficient way of applying symmetry to the simulation, which conserves memory. The PREC tag 

was set to accurate, because this helps prevent wrap-around errors by considering vectors which 

are larger than twice the basis set and incorporates a higher precision factor into the real space 

projectors. Finally, LWAVE and LCHARG were set to False so VASP would not write to the 

WAVECAR or CHGCAR and CHG files at the end of the run.  

 

Figure 6 – 

Relaxation INCAR 
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The tags changed specifically in our relaxation runs include the IBRION tag which was 

set to 2, this tells VASP to perform an ionic relaxation using the conjugate gradient algorithm 

which relaxes the ions into their ground state. The EDIFF value specifies the break condition 

during the electronic self-consistent loop during relaxation. In order to relax to a high accuracy, 

the EDIFF value was set to 1E-8. Similarly, the EDIFFG value sets a break condition for the 

ionic relaxation loop which was set to -1E-2, where a negative value will cause the simulation to 

stop when the change in forces are less than the absolute value of EDIFFG. The ENCUT value, 

which specifies the cutoff energy for plane waves in the calculation, varies depending on the 

elements that make up the structure. Generally, we used values that were 1.3 times larger than 

the highest ENMAX value of all elements in the structure, the ENMAX value can be found in 

the POTCAR of each element. The ISIF value could vary between 2 or 3; a value of 2 would 

allow the positions of the atoms to change in the relaxation, and 3 would allow the positions, cell 

shape, and cell volume to change. We would choose 2 or 3, depending if we were relaxing a 2D 

or 3D structure respectively. The NSW value, which controls the amount of simulation steps in 

the relaxation, could also vary depending on how thoroughly relaxed we would want our 

structure to be. Finally, the NFREE value is set to 2 which corresponds to the number of 

displacements introduced to the atoms in the structure during relaxation.  
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Phonon Calculation 

After the relaxation, the structure underwent a 

phonon calculation, an example of the INCAR for this step is 

shown in Figure 7. For all runs in this step, the ISIF value is 

removed. We change the IBRION value to 8 which indicates 

VASP to calculate the Hessian matrix using perturbation 

theory and using symmetry to reduce the number of atom 

displacements that are calculated. When the IBRION is 

equal to 8, NSW is considered.  A value of 6 can also be 

utilized for the IBRION, which calculates atom 

displacements using finite differences and symmetry. In the 

case of IBRION equal to 6, NSW is not considered, but the number of steps is determined by the 

degrees of freedom of the system multiplied by the displacements chosen. If using IBRION 8, 

the NFREE value is not considered.  The SYMPREC tag can be introduced which determines 

how accurately the positions written in the POSCAR file are read by VASP. The default for this 

value is 1E-5, but 1E-4 was also used.  We can also add NELMIN = 3 and NELM = 100 which 

controls the minimum and maximum amount of self-consistency steps respectively, so we can 

limit the length of simulation or improve accuracy. 

 

  

 

 

 

Figure 7 – Phonon INCAR 
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Polarizability Derivative 

In the third step, the polarizability derivatives were calculated. This is primarily where 

the VASP code was modified. With previous methods large scale systems of more than a few 

hundred atoms would require a significant amount of compute power, but with this new method 

Dr. Zhang opens the possibility of calculating Raman spectra for systems of up to a few thousand 

atoms. The bottlenecks include the method of obtaining the ground state charge density and the 

occupied KS orbitals, the calculation of the frequency dependent polarizability which depends 

largely on virtual KS orbitals, and the computation of the first order derivatives of the 

polarizability. The first problem is solved by using a popular method of calculation which is the 

Fast Fourier Transform (FFT). The second problem is overcome by using the time-dependent 

density functional perturbation theory (TDDFPT). This allows the calculation to occur without 

explicitly involving all the virtual orbitals which in turn frees up computation power. Finally, the 

third problem is addressed by using the Lagrangian approach to analytically compute the 

derivatives of the polarizability. This is a workaround which has been widely implemented, 

which also doesn’t have to derive the KS orbitals explicitly. What Dr. Zhang does differently is 

utilize all three problem solutions at the same time to break the hundred atom limit of 

computation; which is based on time and computing power and push the threshold to over a 

thousand atoms. These changes are implemented in the VASP code to be used in the calculation 

of the polarizability derivatives of the system. Now, in addition to the 4 essential start files we 

introduce the control file.  
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An example INCAR file for this step is shown in Figure 

8, notable changes include LREAL set to Auto which tells the 

run to occur in real space. In this case, the calculation of the 

projected wave function does not scale with the size of the 

system. When LREAL is set to Auto, the ENCUT and PREC 

tags can further influence the run. The LREAL tag can also be 

set to TRUE and still calculate in real space, but no other tags 

will influence this run. The IBRION tag is set to -1, which 

instructs VASP to not update the system. Although, other values 

may be used, a setting of -1 causes the ions to remain in their positions, which saves 

computational resources since this step requires no ionic update. The polarizability derivatives 

are calculated from the system as is.   In conjunction with the IBRION tag, the NSW must be set 

to 0.  

 

Raman Spectra 

The final step combines the phonon modes data output from step two and the 

polarizability derivatives data output from step three using an executable created by Dr. Zhang. 

The executable takes in information such as the range of the Raman spectrum, number of atoms, 

number of real modes, and the number of elements and their corresponding masses. A text file is 

then output which can be graphed to show the Raman spectrum of the structure. 

 

 

 

Figure 8 – Polarizability 

Derivative INCAR 
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Phonopy 

Phonopy is an open source package that focuses on phonon calculations. It can create 

various data points using phonon calculations at harmonic and quasi-harmonic levels. Examples 

of its features include phonon band structure, phonon DOS, partial-DOS, phonon thermal 

properties, phonon group velocity, and more. For the purposes of this work we utilized the 

phonon band structure and phonon DOS features.  

The Phonopy workflow as shown in Figure 5 also starts 

with a relaxed structure. We take the POSCAR file of 

that structure and move it to a folder along with files 

that the Phonopy code will take into consideration once 

it is running. Using the Phonopy code we specify the 

size of the supercell, which will prepare a perfect 

supercell structure in a POSCAR as an output. This is 

the VASP-DFPT method of force calculation, which is 

run using a set of recommended INCAR tags as shown in Figure 9. Once the force calculation is 

finished, we take the vasprun.xml output file and place it into the working folder. If we want a 

dispersion graph, we need a band.conf file in which you input information such as the name of 

your structure, the direction of your primitive axes, the dimension of your structure, and the 

coordinates of the k-point path that your graph will take. We create a force constants file from 

the vasprun.xml and run with the band.conf file. The output is a phonon dispersion graph. We do 

the same procedure if we want a phonon DOS graph, we can re-use the vasprun.xml, but we also 

need another file called a mesh.conf. This file is similar to the band.conf file but it also takes a 

mesh size input which determines the mesh grid size of your DOS calculation. 

Figure 9 – Phonopy INCAR 
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ShengBTE 

 ShengBTE is an open sourced solver for the full linearized Boltzmann transport equation. 

Its main reason for accurate simulations is using inputs from ab-initio calculations which in this 

case, come from VASP. It also has the option of simulating using the Relaxation time 

approximation (RTA), but it is less accurate. Data obtained from ShengBTE includes thermal 

conductivity, specific heat, density of states, gruneisen parameter, phonon group velocities, and 

other datasets. However, we focused on the thermal conductivity data. 

 

ShengBTE requires three files in order to start a simulation. These files are the 

FORCE_CONSTANTS_2ND file, the FORCE_CONSTANTS_3RD file, and the CONTROL 

file. ShengBTE works in conjuction with Phonopy because the FORCE_CONSTANT file output 

can be renamed to the FORCE_CONSTANTS_2ND file. If one is already utilizing PHONOPY, 

then no extra simulations are needed.  

 

The FORCE_CONSTANTS_3RD file is found by first taking your structure file and 

running the thirdorder python file included in the installation. In our case we used the 

thirdorder_vasp.py file since we were simulating in VASP. In this step, using the sow setting, 

you are able to set the distance in which the forces will be read, this is either in nm or by nearest 

neighbors (NN). Depending on the size of your unitcell, the type of structure, and what force 

distance was chosen, the python code will output a nuber of POSCAR files. In our case these 

files were in the range of 20 to over 2000 files. Every file needs to be run in VASP and when the 

simulations are complete, the vasprun.xml files are all read through the python script in the reap 
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setting, using the original settings from the previous step in order to obtain the 

FORCE_CONSTANTS_3RD file.  

 

The CONTROL file is used to tell ShengBTE what to do during the simulations, and is 

where you input your structure information and atom positions. Information such as the number 

of atoms, the number of elements, the size of the simulation grid, the size of the supercell in 

which you obtained FORCE_CONSTANTS_2ND, the lattice vectors, the atom positions, the 

Temperature range you will be simulating in, the gaussian scaling parameter, the convergence 

riteria, and whether you want to run a converged simulation or a RTA simulation. The 

parameters in the CONTROL file which affect the speed and accuracy of the simulation are the 

size of your simulation grid (ngrid), the convergence criteria (eps), the gaussian scaling factor 

(scalebroad), and the type of simulation (convergence). These settings can be changed as needed 

to balance the simulation time with the simulation accuracy. The majority of simulations ran 

with the default eps setting of 1E-4. Scalebroad was lowered in order to have a faster simulation, 

and is one of the settings that you are able to change which has a noticable impact on speed but 

little to no impact on accuracy. This setting was usually set around 0.15. Structures permitting, 

the convergence setting was always set to .TRUE., but if the structure was not in its ideal state, 

then it was set to .FALSE. and RTA simulations were done instead. Finally ngrid was set 

between 8 8 8 and 12 12 12 depending on the structure. This setting had the strongest effect on 

both simulation time and accuracy. 
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RESULTS 

 

Analyzing Vibrational Information 

Diamond 

 The diamond structure is our primary focus in this 

work, using our method we simulated a Raman peak at 

1324 cm-1 as seen in Figure 10d. This result was found 

using a diamond supercell made up of 216 atoms, 

extended from the unit cell by a factor of 3 in the x, y, and 

z direction. The structure is shown in Figure 10a. In order 

to verify our results, we compare with a known experimental peak. [5] The experimental peak is 

known to be at 1332 cm-1 as seen in Figure 10e, our VASP method can calculate the Raman 

spectra of diamond from first principles to within an error of +/- 1%. The phonon dispersion 

graph shown in Figure 10b, allows us to confirm that the single peak seen in the Raman spectra 

is a peak located in longitudinal optical (LO) band, shown clearly as an active Raman band on 

the graph. If we continue to look at the phonon dispersion, we can make out the 2 transverse 

acoustic modes (TA) and 1 longitudinal 

acoustic mode (LA). Where the TA 

modes peak at about 700 cm-1 and the 

LA mode peaks at about 100 cm-1. We 

see a clear longitudinal optical band 

(LO) in the range of 1100 cm-1 to 1350 

cm-1 and a transverse optical band (TO) 

from 1100 cm-1 to just under 800 cm-1. 

Figure 10a – Diamond 3x3x3 

Supercell 

Figure 10b – Diamond Phonon Dispersion 
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The density of states graph (DOS) shown in Figure 10c shows where the concentration of energy 

bands lies. This should coincide with the bands shown in the phonon dispersion and with the 

peaks shown in the Raman spectra. We believe the error to be low in the case of diamond 

because it is a simple cubic structure, made up of only one type of element. Less computational 

power is needed for this type of structure and due to the simplicity and inherent symmetry, has 

less calculations to be done, so this type of structure is easier to simulate in VASP. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10e – Diamond 

Experimental Raman Spectrum 

Figure 10d – Diamond Raman Spectrum 

Figure 10c – Diamond DOS 
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Silicon 

The silicon structure was chosen in order to simulate a 

similar structure to diamond. Silicon is like our diamond run in 

size and structure but will prove our modified VASP code is not 

biased towards diamond or carbon atoms. The structure is shown 

in Figure 11a. We calculated a Raman peak at 516 cm-1; this 

result was obtained from a silicon supercell made up of 216 

atoms and extended from the unit cell by a factor of 3 in each direction. The experimental peak is 

known to be at 520 cm-1 which is shown in Figure 11e, we were able to get within +/- 2% error 

of this peak [6]. When looking at the phonon dispersion graph in Figure 11b, we can see that 

Silicon has lower energy bands overall when compared to Diamond; it has less bond energy. The 

2 TA bands peak at 200 cm-1 and the LA band peaks at about 300 cm-1. Then we see a low TO 

band at about 150 cm-1 and a high TO band emanating from about 400 cm-1. The LO active 

Raman band is seen at 520 cm-1 which corresponds to our peak in the Raman graph shown in 

Figure 11d. The phonon DOS shown in Figure 11c shows where the highest concentration of 

frequency bands is, and it 

corresponds with our Raman active 

peak at 520 cm-1, and with the 

phonon dispersion LO band. 

Similarly, to Diamond, the Silicon 

Raman spectra error is low due to its 

simple structure. 

Figure 11a – Silicon 

3x3x3 Super cell 

Figure 11b – Silicon Phonon Dispersion 
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Figure 11c – Silicon DOS 

Figure 11d – Silicon Raman Spectrum 

Figure 11e – Silicon Experimental Raman Spectrum 
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Gallium Nitride (GaN) 

 Simulating GaN in VASP was the next step in validating 

our modified VASP code. The structure is cubic in shape like the 

preceding structures but is a Wurtzite crystal structure whose 

underlying crystal structure shape is hexagonal. The structure 

can be seen in Figure 12a. Unlike the other structures, it is 

composed of two elements; Gallium and Nitrogen. This type of 

structure would validate the inclusion of more than one element 

in our modified VASP simulation. GaN has two active Raman peaks; we calculated peak one at 

552 cm-1 and peak 2 at 582 cm-1 as shown in Figure 12d. These results were found using a GaN 

supercell made up of 256 atoms and extended from its unit cell by a factor of 4 in each direction. 

The experimental peaks are known to be at 560 cm-1 and 568 cm-1[7] respectively, as shown in 

Figure 12e. When comparing our results to experiment, we are within +/- 3% error. The phonon 

dispersion graph shown in Figure 12b, confirms our Raman peaks correspond to the E (1) and 

the E (2) peaks from our experimental source. We notice a band gap from 350 cm-1 to just under 

600 cm-1. The low energy TA and LA bands peak at 200 cm-1 and 300 cm-1 respectively. Two of 

the TO bands are under the band gap. 

Two more TO bands above the band gap 

corresponds to our Raman active modes 

which can be seen in the Raman spectra. 

The phonon DOS shown in Figure 12c 

also confirms frequencies found in the 

phonon dispersion and Raman spectra. 

Figure 12a – GaN 

4x4x4 Super cell 

Figure 12b – GaN Phonon Dispersion 
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Figure 12c – GaN DOS 

Figure 12d – GaN Raman Spectrum 

Figure 12e – GaN Experimental Raman Spectrum 
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Molybdenum Disulfide (MoS2) 

 Next, we thought to include a van der Waals system with 

the MoS2 structure. However, some problems with Van der Waals 

forces caused us to only simulate a single layer of this structure. 

Like GaN, MoS2 also has two active Raman peaks which we 

calculated to be 377 cm-1 and 402 cm-1 as seen in Figure 13d. 

These results were found using a single layer MoS2 supercell 

consisting of 192 atoms and extending the unit cell by a factor of 

8 in the x and y direction as seen in Figure 13a. This created a two-dimensional single layer of 

MoS2 without van der Waals forces to account for. The experimental peaks for a single layer of 

MoS2 are known to be approximately 483 cm-1 and 403 cm-1[8] respectively, shown in Figure 

13e. Comparing our first principles calculation to experiment we find that our results are within 

+/- 2% error. The phonon dispersion graph shown in Figure 13b, confirms our active Raman 

peaks. We see the TA and LA bands peak at 150 cm-1 and 200 cm-1 respectively. In this structure 

we see something that resembles a smaller band gap from about 200 cm-1 to 280 cm-1. This then 

leads to the TO band around the 280 

cm-1 mark, and our Raman active 

peaks seemingly splitting into the 

TO and LO bands. The Phonon DOS 

shown in Figure 13c confirms the 

small band gap we see and the many 

frequency bands from 280 cm-1 to 

about 450 cm-1.  

Figure 13a – MoS2 

8x8x1 Supercell 

Figure 13b – MoS2 Phonon Dispersion 
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Figure 13d – MoS2 Raman Spectrum 

Figure 13c – MoS2 DOS 

Figure 13e – MoS2 

Experimental Raman Spectrum 
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Molybdenum Trioxide (MoO3) 

Finally, we calculated MoO3, which is a structure 

with van der Waals forces between its layers. However, we 

ran into the same problems as MoS2, the van der Waals 

forces disrupt the VASP simulation accuracy. Corrections can 

be made using VASP tag IVDW, however we have not yet 

tested this with our modified VASP code. In our Raman 

calculation, bulk MoO3 was found to have multiple peaks 

with varying intensities. In experimental findings, there are 5 

Raman active peaks in this structure, as shown in Figure 14e. The peaks which most closely 

corresponds to Raman active peaks were found at 125 cm-1, 337 cm-1, 637 cm-1, 765 cm-1, and 

1,010 cm-1 which can be seen in the Raman spectra in Figure 14d. These results were found 

using a MoO3 supercell consisting of 128 atoms and extended from the unit cell by a factor of 2 

in each direction as shown in Figure 14a. The experimental peaks are known to be 158 cm-1, 285 

cm-1, 666 cm-1, 820 cm-1, and 995 cm-1 [9]. The accuracy of our results ranges from +/- 3% to +/- 

27% which again comes from the extra van der Waals forces between the layers of the structure. 

One of the other causes of error which 

should be considered is the fact that the 

structure might not have been the correct 

size to avoid edge effects from itself. A 

structure extended in the x and y direction 

by a factor of 3 and ideally a factor of 4 

Figure 14a – MoO3 2x2x2 

Supercell 

Figure 14b – MoO3 Phonon Dispersion 
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would have been enough, but then the 

increase in atoms would have caused the 

VASP simulation to run at a slower pace. 

Adding to the problem, the structure was 

not able to be sufficiently relaxed to get 

rid of any imaginary modes in the system. 

The phonon dispersion graph in Figure 

14b and the phonon DOS shown in Figure 

14c shows us the high amount of frequency bands in the system, as well as the imaginary 

frequencies which should not be present under a sufficiently relaxed structure. Both problems 

caused the high amount of error between our Raman peaks and the experimentally found peaks.  

 

 

 

 

 

Figure 14c – MoO3 DOS 

Figure 14d – MoO3 Raman Spectrum Figure 14e – MoO3 

Experimental Raman Spectrum 



28 

 

Diamond Bulk and Diamond Surfaces 

 

Diamond Bulk (3x3x3 Supercell) 

  This is the same Diamond structure from before. It is a 3x3x3 supercell. We found a 

Raman peak at 1324 cm-1 shown in figure 15a. To reiterate our phonon dispersion findings 

shown in figure 15b, we have 3 bands originating from 0 cm-1. The TA band which hit maximum 

frequency at 600 cm-1, the TA2 band reaching 700 cm-1, and the LA band which peaks around 

1050 cm-1. We also see 3 main TO bands at 800 cm0-1, 100 cm-1, and 1200 cm-1. Finally, we see 

a LO band around 1300 cm-1 which corresponds to the Raman active peak. All frequency bands 

experience degeneracy as we move through the brillouin zone. We see this especially in the 

transverse modes which lie in between the Gamma point path, specifically from X to K. This 

degeneracy indicates overlapping lattice vibrations. We also see clean band lines in the Raman 

spectra and phonon dispersion and no frequency noise. This is due to the structure being large 

enough, sufficiently relaxed, and symmetric in nature. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15a – Diamond Raman Spectrum 
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Diamond (100) Ideal Surface (4x2 Supercell) 

  The (100) ideal surface vibrational data was calculated from a 2x1 structure and 

expanded by a factor of 2 in the x and y direction thus creating a 4x2 supercell. The smaller 

structure or unit cell contains 36 atoms, where we expect to find 3N frequency bands in the 

phonon dispersion shown in Figure 16b. In the Raman spectra shown in Figure 16a, we see a 

total of 6 peaks. However, peaks 1-4 and peak 6 could be caused by an unrelaxed structure or 

extra overlapping frequencies due to their low activity. The highest activity peak which could be 

an actual Raman active peak is at 1,240 cm-1. It is experiencing a split peak which could be 

caused by the same errors mentioned before. In the phonon dispersion, we immediately notice 

soft modes (imaginary modes) with frequencies reaching -500 cm-1. We also notice a high 

amount of frequency overlap and noise in the graph. This is attributed to the high amount of 

frequency bands due to the large unit cell, but these problems can also be caused by an 

insufficiently relaxed structure, lack of symmetry, and from having a small supercell. However, 

we can obtain some information when we look at both the Raman spectra and phonon dispersion 

Figure 15b – Diamond Phonon Dispersion 
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together. We cannot easily distinguish which acoustic modes are contributing to the imaginary 

frequencies, but normally transverse modes have a lower frequency than longitudinal modes. We 

can infer that the LA mode peaks at 500 cm-1 and the TA mode became imaginary from the 

gamma point to X in the k-path. We see high frequency band overlap in three areas: at 550-600 

cm-1, 1000 cm-1, and 1250 cm-1, which correspond to optical modes. We can also see that the 

1250 cm-1 LO frequency band corresponds to the 1240 cm-1 peak in the Raman spectra, and this 

can be described as a true Raman active peak. Compared to Diamond bulk, the Raman peak for 

the (100) ideal surface is lower. Specifically, it is lower by 7.4% 

Figure 16a – Diamond Ideal (100) Surface Raman Spectrum 

Figure 16b – Diamond Ideal (100) Surface Phonon 

Dispersion 
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Diamond (100) Reconstructed Surface (6x3 Supercell) 

The (100) reconstructed surface vibrational data was calculated from a 2x1 structure and 

expanded by a factor of 3 in the x and y direction thus creating a 6x3 supercell. The unit cell 

structure consisted of 20 atoms, so we expect to have fewer frequency bands than the (100) ideal 

surface. In the Raman spectra shown in figure 17a, we see a total of 4 prominent peaks and 

various low activity peaks which can be ignored due to frequency interference. We posit that the 

peaks in the 1200 cm-1 range will be Raman active peaks due to them having high frequency. 

Looking at the phonon dispersion shown in Figure 17b, we notice frequency overlapping and 

noise but not to the extent of the (100) ideal surface. We know these problems can be cause by 

various errors in the system, but in this case, we know the structure is sufficiently relaxed to not 

have imaginary frequencies. In the 0 cm-1 region we see 3 acoustic bands, TA1 and TA2 peaking 

at about 400 cm-1 and the LA1 band peaking at 500 cm-1. In the TO band region we see overlap 

in areas corresponding to 310 cm-1, 560 cm-1, 650 cm-1, 730 cm-1, 810 cm-1 950 cm-1, and 1000 

cm-1. These frequencies are overlapping due to the higher number of expected bands but could 

Figure 17a – Diamond Reconstructed (100) Surface Raman Spectrum 
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also be affected by inherent interference in the structure. We can see where the most overlap 

occurs in the longitudinal optical region. We can infer that a Raman active mode is between 

1230 cm-1 and 1300 cm-1. Due to the high activity of the Raman peak at 732 cm-1, this could 

possibly be a Raman active mode as well. Comparing the highest frequencies found in the (100) 

reconstructed surface to bulk Diamond, we see that the frequency is lower. Specifically, the 

change in frequency ranges between 2.5% and 7%, depending on which high frequency peak we 

consider.  

 

Diamond (110) Ideal Surface (6x3 Supercell) 

 The (110) ideal surface vibrational data was calculated from a 2x1 structure and 

expanded by a factor of 3 in the x and y direction thus creating a 6x3 supercell. The unit cell 

structure consisted of 22 atoms, so we expect to have about the same amount of frequency bands 

compared to the (100) reconstructed surface. In the Raman graph shown in Figure 18a we see 

this structure underwent a form of K-point convergence. Simulating the structure with a k-point 

grid of 15-15-1, we see that the peaks in the Raman spectra correlate closely with those in the 

6x3 supercell. We also see peak positions transitioning from the 4x2 structure to the 6x3 

Figure 17b – Diamond Reconstructed (100) Surface Phonon Dispersion 
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structure. When we see this kind of peak movement and overlap, we can identify the true Raman 

active peaks with greater accuracy. For the 6x3 supercell structure we see Raman peaks at 1285 

cm-1, 1336 cm-1, and 1390 cm-1. In the phonon dispersion shown in Figure 18b, we see a TA 

mode peaking at 500 cm-1, we can also make out the two TO modes peaking at about 700 cm-1. 

Like the (100) reconstructed surface, we see multiple TO modes. We notice a relaxation in the 

frequency from X to S in the k-point path, except in the frequency range from 700 cm-1 to 1100 

cm-1. Also, at the X point in the brillouin zone, we see a high percentage of the optical frequency 

bands intersecting at the frequency of 800 cm-1. The peaks seen in the Raman graph can be 

described as TO modes, which appear Raman active. Comparing to the Diamond bulk, the (110) 

ideal surface has 1 lower Raman active mode, but 2 higher peaks overall. The peak frequency 

difference of all 3 peaks is within +-5% compared to Diamond. 

 

  

 

Figure 18a – Diamond Ideal (110) Surface Raman Spectrum 
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Diamond (111) Reconstructed (2x1 Supercell) 

The (111) reconstructed surface vibrational data was calculated from a 2x1 structure 

only. The unit cell structure consisted of 28 atoms, so we expect to have a higher amount of 

frequency bands compared to the (110) ideal surface. No larger structure was simulated due to 

problems encountered in VASP. Larger versions of this structure were recognized as semi-

metallic, which caused inaccurate force calculations and errors in the polarizability derivative 

calculations. In the Raman spectra shown in Figure 19a, we see 3 prominent peaks at 832 cm-1, 

1320 cm-1, and 1795 cm-1. We also notice high amounts of peaks with low activity in the region 

below 1300 cm-1. Also, the highest frequency peaks are seemingly experiencing peak splitting. 

The highest activity peak is quite close to the normal bulk Diamond peak. In the phonon 

dispersion shown in Figure 19b, we immediately notice the soft modes, and all the acoustic 

modes are lost to these imaginary frequencies. Considering the high amount of low activity 

Figure 18b – Diamond Ideal (110) Surface Phonon Dispersion 
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peaks from the Raman spectra, we infer the structure is unstable and insufficiently relaxed 

causing frequency interference aside from the high amount of frequency bands that we expect. 

We can make out TO bands ranging from 300 cm-1 to 1450 cm-1, and we also see a clear LO 

region above 1500 cm-1. Comparing to bulk Diamond the 1320 cm-1 peak experienced little to no 

noticeable change. If we look at the 1795 cm-1 peak, we see a frequency increase of almost 27%. 

However, with this being the (111) surface we expect the frequency peaks to be significantly 

lower due to this surface having the lowest bond energy of all 3 surfaces. Taking into 

consideration the problems experienced by this structure, we hydrogenate the structure to help 

relax the system. 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 19a – Diamond Reconstructed (111) Surface Raman Spectrum 
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H-Diamond (111) Reconstructed (2x1 Supercell) 

The hydrogenated (111) reconstructed surface vibrational data was calculated from a 2x1 

structure only. The unit cell structure consisted of 30 atoms, so we expect to have a higher 

amount of frequency bands compared to the normal (111) reconstructed structure. No larger 

structure was simulated due to experiencing similar problems in VASP from before. The 

structure underwent K-point convergence. From a 1-1-1 K-point grid size to a 4-8-2 k-point grid. 

The movement of the peaks allows us to highlight their importance and helps rule out infrequent 

and unnecessary frequencies. In this case frequent peaks are labeled in the Raman spectra shown 

in Figure 20a, as 286 cm-1, 582 cm-1, 738 cm-1, 1120 cm-1, and 2170 cm-1. Important peaks to 

consider are the two highest frequency peaks at 1120 cm-1 and 2170 cm-1. These correspond to 

the (111) surface diamond active Raman peak and the leftover of the hydrogen peak respectively. 

The hydrogen peak is relatively high frequency due to the pure hydrogen have a peak of about 

4000 cm-1. In the phonon dispersion shown in Figure 20b, we still see the acoustic modes being 

Figure 19b – Diamond Reconstructed (111) Surface Phonon Dispersion 
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lost to soft modes. Since this phenomenon is also found in the regular structure it could signify 

that the imaginary frequencies are caused by an unrelaxed or unsymmetrical structure. However, 

we continue to see TO modes in the range of 300 cm-1 to 1450 cm-1, and the LO frequency band 

is still above 1500 cm-1. Only now, we see the addition of the high frequency hydrogen band 

above 2000 cm-1. When comparing to bulk Diamond we can disregard the highest frequency 

peak since we know it stems from Hydrogen. The 1120 cm-1 peak is 15% lower than bulk 

Diamond.   

  

 

Figure 20a – H-Diamond (111) Surface Raman Spectrum 
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Diamond Thermal Conductivity 

 Once again simulating the Diamond structure, however this time using ShengBTE. We 

obtained various thermal datasets, but we focus on the thermal conductivity of Bulk diamond and 

the (100), (110), and (111) surface of diamond. 

Diamond Bulk 

This structure was calculated considering the forces of the 1st NN. This structure and 

thirdorder settings gave an output of 8 POSCAR files. The 2nd order forces were calculated using 

a 3x3x3 Supercell with a K point grid of 111. The 3rd order forces were calculated with an 8-

atom unit cell and a K point grid of 444. The CONTROL file parameters were set as follows: the 

simulation was run with a 12x12x12 grid size, with the default convergence criteria of 1E-4, a 

gaussian scaling factor of 0.45, and converged fully. The Diamond bulk structure has 

Figure 20b – H-Diamond (111) Surface Phonon Dispersion 
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experimental thermal conductivity data, that we were able to compare with. Figure 21a is the 

experimental data, and Figure 21b is the data simulated using ShengBTE.  

We can see the thermal conductivity follows a loosely linear path from 0 K to 100 K. 

Then we see a noticeable dive as it reaches room temperature at 300 K. We see the peak at 

between 60 K and 100 K, and according to the source [10] the thermal conductivity reached 29 

W/cm deg. However, the overall peak matches closely to the experiment, and so does the drop 

after 100 K. We obtained a value of just over 20 W/cm K, which denotes an accuracy compared 

to experiment of about 70%. The thermal conductivity accuracy could be increased by increasing 

the convergence parameters such as the ngrid, and eps. According to the source there is some 

variation to the Bulk diamond conductivity at lower temperatures which depends on the length 

and cross section of the experimentally sampled piece of diamond. 

Figure 21a – Diamond Experimental Thermal Conductivity 
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(100) Reconstructed Surface 

 This structure was calculated by considering the forces of the 1st NN. The thirdorder 

script output 360 POSCAR files to simulate in VASP. The 2nd order forces were calculated using 

a 3x3x1 Supercell along a K point grid size of 111. The 3rd order forces were calculated using a 

20-atom unit cell along with a K point grid of 111. The CONTROL file parameters were set as 

follows: ngrid was set to 8x8x8, eps was set to the default value, scalebroad was set to 0.15, and 

the simulation fully converged. In the case of the (100) Reconstructed surface, there is no 

experimental data to compare with. By relying on the accuracy of the Bulk diamond simulation 

and its similarity to its experiment we can confide in this data. In Figure 22, we see a similar 

overall curve compared to the Bulk, however the (100) Reconstructed surface has a much higher 

peak thermal conductivity at a slightly lower temperature. It seems our results show a peak of 64 

Figure 21b – Bulk Diamond Thermal Conductivity 
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W/cm K between 30 and 40 K, this shows an increase of thermal conductivity of more than 60%. 

We know that the thermal conductivity relies in some form on band strength. According to 

Telling [11] we know that the (100) surface of diamond has the highest tensile strength of all 

Diamond surfaces. So, we can infer from this that the (100) surface of diamond will have the 

highest thermal conductivity of bulk diamond and its surfaces. So far, this seems to be true.  

 

 

 

 

 

 

 

Figure 22 – Diamond Reconstructed (100) Surface Thermal Conductivity 
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(110) Ideal Surface 

 This structure was simulated by using the forces of the 2nd NN. The thirdorder code 

output 300 POSCAR files. The 2nd order forces were calculated using a 3x3x1 Supercell with a 

K point grid size of 111. The 3rd order forces were calculated with a 22 atom unit cell with a K 

point grid of 111. The same CONTROL parameters were used as the (100) reconstructed surface. 

Once again, in Figure 23, we see similar peak structures for the (110) ideal surface thermal 

conductivity. The peak for this structure lies between 40 and 50 K. However, we also notice a 

decrease in thermal conductivity compared to the (100) reconstructed surface, but an increase 

still when comparing to the bulk. The thermal conductivity of this structure is still 25% more 

than bulk diamond. 

 

 

Figure 23 – Diamond Ideal (110) Surface Thermal Conductivity 
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(111) Reconstructed Surface 

 This structure was calculated by considering forces from the 2nd NN. The thirdorder code 

output 1896 POSCAR files. The 2nd order forces were calculated using the unit cell and a K point 

grid of 111. The 3rd order forces were calculated with a 28 atom unit cell and a K point grid of 

111. The CONTROL parameters were as follows: ngrid set to 8x8x8, the eps setting was not set, 

and scalebroad set to 0.25. This structure could not be fully converged so we were forced to 

simulate using RTA. The results shown in Figure 24 are not suitable for comparison, but are 

presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 24 – Diamond Reconstructed (111) Surface Thermal Conductivity 
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(111) Hydrogenated Diamond Reconstructed Surface 

 This structure was simulated in order to try and reduce the overall energy of the (111) 

surface and reduce the imaginary frequencies found in the structure. This structure was 

calculated by taking into account forces from the 2nd NN. Th thirdorder code output 2304 

POSCAR files. The 2nd order forces were calculate using the unitcell and a K point grid of 111. 

The 3rd order forces were calculated with a 30 atom unitcell and a K point grid of 111. The 

CONTROL parameters are the same as the (111) reconstructed surface except for the scalebroad 

setting being 0.15. The thermal conductivity is shown in Figure 25; however, this structure was 

also unable to converge and proves some sort of underlying issue in the relaxation of the 

structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 – H-Diamond Reconstructed (111) Surface Thermal Conductivity 
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Bulk, (100) Reconstructed and (110) Ideal 

 As you can see from the Figure 26 below, the Bulk diamond structure has the lowest 

thermal conductivity at about 20 W/cm K. Followed by the (110) Ideal structure with a thermal 

conductivity of about 26 W/cm K. Finally, the (100) Reconstructed surface is shown with the 

highest thermal conductivity of the three diamond structures at about 64 W/cm K. This data is in 

line with the information from source [11]. The surface with the highest tensile strength did in 

fact have the highest thermal conductivity. Although we cannot fully claim this is true without 

viable data from the (111) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26 – Diamond Bulk, (100) Surface, and (110) Surface Thermal Conductivity 
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CONCLUSION 

 

Our aim was to obtain vibrational data primarily of Diamond and its surfaces. However, 

we were also able to obtain some thermal data for Bulk diamond and some surfaces. We were 

motivated to do this work by Diamond’s promising semiconductor properties. We achieved our 

Raman data calculations through a modified VASP code which allowed us to perform ab-initio 

simulations much quicker than previous iterations of VASP. In doing so, we then deemed it 

necessary to validate this modified code by comparing the Raman data of Diamond and related 

materials with experimental graphs. Raman peak error originating from our method was found to 

be less than +/- 5% based on data from simple systems. The only setback being vdW-layered 

systems in which the VASP program is known to have problems with. Adding to the Raman 

spectra data we obtained, we used Phonopy to simulate additional vibrational information in the 

form of phonon dispersion and phonon DOS. We then applied this to the three Diamond surfaces 

and were able to analyze Raman spectra in conjunction with phonon dispersion to obtain 

information about the differences and similarities of the vibrational data when compared to bulk 

Diamond. Based on our results we have confidence in our Raman data for simple systems, 

especially when referring to Diamond. Adding to this, we utilized ShengBTE to simulate thermal 

conductivity of Diamond and some surfaces and obtain data that can be combined with the 

vibrational data when analyzing these structures for use in real world device applications. We 

hope to use this improved method of obtaining ab-initio Raman spectra to quickly extract 

information on the thermal and vibrational properties which could allow us to make informed 

assumptions about diamond and its structure when used as a semiconductor material. 
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