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ABSTRACT 

The Ni-rich Ni55Ti45 composition of the NiTi alloy is a promising material for aerospace 

bearing materials. Spiral orbit tribometry friction tests performed on Ni-rich Ni55Ti45 titanium 

ball bearings indicate that this alloy is a promising candidate for future aerospace bearing 

applications. Microstructural characterization of the bearing specimens was performed using 

transmission electron microscopy and energy dispersive spectroscopy, with NiTi, Ni4Ti3, Ni3Ti, 

and Ni2Ti4Ox phases identified within the microstructure of the alloy. Density functional theory 

(DFT) was applied to predict the electronic structure of the NixTiy phases, including the band 

structure and site projected density of states. Ultraviolet photoemission spectroscopy was used to 

verify the density of states results from the density functional theory calculations, with good 

agreement observed between experiment and theory.  

Plane wave ab initio DFT calculations of the B2 NiTi (100), (110), and (111) surfaces, 

the B2 and B19´ phases of NiTi, and the supercell structures of NiTi, Ni4Ti3 and Ni3Ti are also 

reported. Electronic energies from the electronic structure calculations are used to assess relative 

stability of the different surface and supercell geometries. DFT was applied using a plane wave 

approach for solids to determine the band gap energies in a series of Pb3C6X6 semiconducting 

extended-network organic structures, to determine the phase stability in the NiTi alloy system, 

and to study the surface of the (bcc) B2 phase of NiTi. To reveal the molecular structure and 

optoelectronic properties of these materials, a detailed ab-initio theoretical investigation of the 

solid-state properties was performed. Density functional theory was applied to predict the 

electronic structure of the NixTiy phases, including the band structure and site projected density 

of states.  
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Organo-metallic compounds are also an important class of materials for organic 

electronic devices due to their semiconducting properties. Ground state geometries, band 

structure, density of states, and charge density were calculated using density functional theory 

using the PBE exchange-correlation functional as well as the Heyd-Scuseria-Ernzerhof (HSE06) 

hybrid functional. The results show that the optical properties and band gap energies can be 

easily tuned by chemical modifications of the substituent X atom in Pb3(C6X6). Calculations of 

substituent atoms S, O, Se, and Te are presented.      

TiV-based alloys are promising candidates for NiMH batteries, as it is well established 

that the V-based (bcc) solid solution β phase acts as the major hydrogen absorbing phase while 

the α (hcp) Ti phase acts mainly as a catalyst for electrochemical hydrogenation and 

dehydrogenation. To achieve improved electrochemical performance a precise knowledge of the 

microstructure is required. Therefore, the influence of the interfacial energy on the material 

phase stability was investigated for a series of TiV multi-laminate thin films. Experiments 

revealed that at a higher layer thickness, the α (hcp) phase is the most stable. As the layer 

thickness is reduced, a transformation from the α (hcp) phase to the β (bcc) phase occurs. 

Atomic-scale characterization of the transformed specimen by atom probe tomography reveals V 

interfacial diffusion between the layers. Equivalent crystal theory based calculations confirm the 

V interfacial diffusion mechanism. The predicted segregation profiles match those obtained 

experimentally.  
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CHAPTER 1 

       INTRODUCTION 

 

The properties of materials play an important role in the design and selection of alloys for 

many structural and engineering applications. Utilizing computational electronic structure theory 

coupled with experimental techniques, it is possible to predict a range of these properties, 

including the energy of formation, surface energy, phase stability, band structure, density of 

states, and crystalline lattice parameters. We have performed computational studies over a range 

of time and length scales using ab-initio density functional theory (DFT), equivalent crystal 

theory, and molecular dynamics to investigate phase stability in the NiTi alloy system for 

applications to bearings, gears, and hardenable components in the aerospace industry as well as 

in a series of TiV multi-laminate thin films for use in fuel cell technologies. Additionally, a study 

of tuning the optical band gap in a series of Pb3(C6X6) extended solid state structures was 

performed.  

1.1 Experimental Background 

The development of economically viable methods for energy production to replace the 

combustion of carbon-based fuels, which release CO2 into the atmosphere, with alternative 

energy sources that do not emit CO2 is arguably one of the greatest scientific challenges of the 

21
st
 century. One critical issue to enabling the use of environmentally friendly energy sources is 

the development of efficient energy storage technologies for stationary and mobile phase 

applications
1
  such as chemical hydrogen storage systems

2,3
 or novel batteries and capacitors.

4
 

We are specifically interested in improving nickel metal-hydride (Ni/MH) batteries through the 

development of novel negative electrode materials. TiV-based alloys are promising candidates 
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for NiMH batteries, as they exhibit a V-based (bcc) solid solution  phase as well as a C14 (hcp) 

 Laves phase.
5,6,7

 The  phase is the major hydrogen absorbing phase. Although the  phase 

can absorb hydrogen, it acts mainly as a catalyst for electrochemical hydrogenation and 

dehydrogenation processes. The presence of these phases working in tandem can enhance 

electrochemical performance.
1,6,7

 However, to achieve improved performance, a precise 

knowledge of the microstructure is required to better control the interfacial structure.  

A range of experimental techniques, including transmission electron microscopy
8
 (TEM), 

local electrode atom probe tomography
9
 (LEAP), scanning electron microscopy (SEM), focused-

ion beam milling (FIB), and X-ray diffraction
10

 (XRD) were used to study a series of Ti/V 

multilayers grown via sputtering deposition.
11

 During sputtering deposition, a current is applied 

to a target via a power source to generate a plasma of (ionized) metal ions. The ions are 

subsequently deposited onto a substrate to create a thin film. 

To analyze the atomic environment of the TiV thin film specimens, LEAP, which 

provides three-dimensional mapping of the position and chemical identity of a sample with 

single-atom depth resolution and sub-nanometer lateral resolution, was used to determine the 

atomic composition at the Ti/V interface.
12

 In this technique, the individual atoms of a specimen 

are evaporated using a field ionization source. Upon evaporation, the atoms travel to a time of 

flight mass spectrometer where they are detected. In LEAP, the spatial and mass-to-charge ratio 

is determined simultaneously. Therefore, this technique provides the ability to characterize 

microstructural details such as solute distributions, grain boundaries, clusters, and solute atom 

migration. The interaction between the different microstructural details is also clearly resolved 

due to the high spatial resolution of the instrument.  
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During the LEAP experiments, the specimens were housed in ultra-high vacuum
13

 (UHV) 

conditions at temperatures of 15-100 K to prevent thermal surface diffusion and to avoid 

atmospheric contamination. Following the LEAP experiments, the data was reconstructed using 

an inverse projection algorithm to produce a 3D map of the atomic positions. TEM and SEM
14

 

were also used for microstructural characterization. FIB
14

 was used to create specimens from the 

thin film samples of the Ti/V multilayers grown via sputtering deposition for LEAP and TEM 

analysis.  

TEM takes advantage of the wave-particle duality of light first proposed by De Broglie in 

1923-24.
15

 Utilizing the wave nature of light and De Broglie’s ideas, it can be shown that the 

wavelength is inversely proportional to the momentum and the frequency is proportional to the 

kinetic energy. TEM is advantageous over light microscopy because the resolution in a light 

microscope is limited by the wavelength of light by the relation: 

        (1.1) 

where λ is the wavelength of light and NA is the numerical aperture. TEM on the other hand is 

not limited by this, as a beam of electrons can be made to behave like a beam of electromagnetic 

radiation, which can then be used to image a thin transparent foil specimen which has been 

prepared. The wavelength of the electron beam is given by: 

          (1.2) 

where h is Planck’s constant, mo is the rest mass of an electron, and E is the energy of the 

accelerated electron. The electrons are generated at a tungsten tip via thermionic emission or by a 

field emission source. The electrons are then accelerated by an electric potential focused by 
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electrostatic and electromagnetic lenses onto the electron transparent sample. The transmitted 

beam provides an image containing information regarding density, phase, and periodicity.  

 SEM can also be used for image and compositional analysis. In SEM, an energy 

dispersive spectroscopy (EDS) detector provides compositional information regarding the 

specimen. The SEM specimen is not prepared to be transparent, as the electron beam is not 

required to pass through the specimen but rather is scanned over the specimen surface. When the 

beam hits the specimen, Auger electrons, backscattered electrons, secondary electrons, X-rays, 

and cathodoluminesence electrons are produced. These electrons are then used to gather 

compositional and topographical information from the specimen. In particular, backscattered 

electrons are utilized in EDS to determine the atomic percentages of the constituent materials in 

the specimen.   

XRD was used to determine the various phases in the TiV thin film specimens. In this 

technique, an X-ray source, typically Cu or Co, is used to produce characteristic radiation of a 

specific wavelength. Using Bragg’s law: 

          (1.3) 

where d is the lattice spacing in the crystal, n is an integer, λ is the characteristic wavelength of 

the X-ray source, and θ is the angle of incidence between the specimen surface normal and the 

detector, it can be shown that constructive interference occurs at specific values of n. An XRD 

pattern is generated by scanning along θ and collecting the intensity of constructive interference 

between the crystalline lattice and the characteristic wavelength of the X-ray source.   

NiTi alloys possess a range of interesting characteristics, most notably the shape memory 

effect and pseudoplasticity. The NiTi alloy is a shape memory alloy (SMA), and it undergoes a 

thermally induced martensitic phase transformation between the high temperature, high 
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symmetry austenitic cubic phase (B2) and the low temperature, low symmetry ductile martensitic 

monoclinic phase (B19’). Upon cooling below the martensitic transformation temperature, 

unstrained SMAs have a twinned microstructure.  When placed under stress, the twins reorient 

along the direction of the applied stress, which permits easy deformation within the alloy 

microstructure. After deformation, when the SMA is heated above the austenite transition 

temperature, the austenite phase is recovered and the alloy reverts to the original shape.
16,17

 

Although the bulk NiTi alloy system has been studied extensively, little attention has been paid 

to other regions of the phase diagram in which the shape memory properties do not occur. We 

are interested in the Ni-rich composition of the NiTi alloy, specifically Ni55Ti45, which exhibits 

promise as a bulk-phase alloy material for rolling contact bearing and aerospace applications.
18

 

For NiTi ball bearings, spiral orbit tribometry was utilized to determine bearing service 

lifetimes. These spiral orbit tribometry friction tests performed on Ni-rich Ni55Ti45 titanium ball 

bearings indicate that this alloy is a promising candidate for future aerospace bearing 

applications. Spiral orbit tribometry is a modified version of an angular contact bearing test in 

which the bearing specimen is housed in a specimen chamber along a spiral track. Based on 

these results, microstructural characterization was performed using transmission electron 

microscopy (TEM) and energy dispersive spectroscopy (EDS), with NiTi, Ni4Ti3, Ni3Ti, and 

Ni2Ti4Ox phases identified within the microstructure of the alloy.TEM was also used in the NiTi 

alloy phase stability study.  

Ultraviolet photoemission spectroscopy
19

 (UPS) was used to verify the density of states 

results from the density functional theory calculations, with good agreement observed between 

experiment and theory. UPS measures the kinetic energy spectra of the photoelectrons emitted by 

ultraviolet photons to determine the molecular energy levels in the valence region of the 
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specimen. This can be described in terms of Koopmans’ theorem,
19

 which states that the binding 

energy of an electron in state is equal to the negative of the orbital energy of the i
th

 state. 

Koopmans’ theorem makes possible the correlation of the calculated orbital energies with 

corresponding ionization potentials. The energy of the valence region is described by the 

following relation: 

          (1.4) 

where I is the ionization energy corresponding to the energy of an occupied molecular orbital, υ 

is the frequency of the ionizing source, and h is Planck’s constant.  

1.2 Equivalent Crystal Theory Calculations 

Equivalent crystal theory calculations using the Bozzolo-Ferante-Smith (BFS) method 

were applied to a model the Ti/V multilayer system.
 20

 In this method, the energy of formation is 

written as the sum of all of the individual atomic constituents of the alloy, εi. The energy of 

formation of each atom is given as the sum of the strain component, εi
S
 and the chemical 

component, εi
C
, multiplied by a coupling function, gi.  

εi = εi
s 
+giεi

c
             (1.5) 

The strain component of the energy (εi
S
) is computed in the actual lattice as if every neighbor of 

atom i is the same atomic species. The computation of the strain energy involves three pure-

component properties of species i: the cohesive energy (Ec), the lattice parameter (ae), and the 

bulk modulus (Bo). These are computed using a self-consistent full linear augmented plane wave 

(FLAPW) method with the generalized gradient corrected PBE exchange-correlation 

functional
21

as implemented in the WEIN97 simulation package. The chemical component of the 

energy (εi
C
) is computed by treating every neighbor of atom i as if it were in an equilibrium 

lattice site of a crystal of species i while retaining its chemical identity. Chemical interactions are 
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computed pairwise between neighboring atoms, and include the BFS perturbative parameters 

ΔAB and ΔBA, which are determined from the difference in excited state and ground state 

properties for each pair of atomic species, B and A. 

1.3 Quantum Mechanics and Density Functional Theory 

A system is considered to be a set of positively charged nuclei surrounded by electrons. 

The number of electrons is governed by the atomic species present in the system with the overall 

charge. The Columbic attraction between the two particles (nuclei and electrons) is described by 

the interaction potential: 

          (1.6) 

where qi and qj are the charges of particles i and j, which are separated a distance rij from each 

other. Electrons are very light particles and thus cannot be described via classical mechanics. 

Electrons exhibit wave-particle duality, and thus must be described by a wavefunction, ψ. To 

describe the motion of the electrons in the system we use the time-independent Schrödinger 

equation: 

E           (1.7) 

where E is the total energy (potential + kinetic) and H is the Hamiltonian operator, given by: fix 

     (1.8) 

where T is the kinetic and V is the potential energy operator portion of the Hamiltonian, ħ is 

Planck’s constant divided by 2π, mi is the mass of particle i, and is the gradient, given by: 

        (1.9) 
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where x,y,z are the positions of particle i in coordinate space. As nuclei are heavier than 

electrons, the corresponding nuclear velocities will be much smaller than that of the electrons. 

The Schrödinger equation is therefore a good approximation and can be separated into an 

electronic part and a nuclear part. In this separation, known as the Born-Oppenheimer (BO) 

approximation, the electronic wave function depends only on the position of the nuclei and not 

their momentum. 

Density functional theory (DFT) can be used to determine the ground state energy of the 

system as the electronic energy is a functional of the electron density.
22

 The basis of DFT is the 

proof by Hohenberg and Kohn
23

 that the ground-state electronic energy is determined completely 

by the electron density ρ. This means there is a one to one correspondence between the electronic 

energy and the electron density. Comparing this to the wave mechanics approach, the energy 

functional can be divided into three parts, a kinetic energy term, T[ρ], an electronic-nuclear 

attraction term, Ene[ρ], and an electron-electron repulsion term, Eee[ρ]. The electron-electron 

repulsion term can further be separated into a Coulomb and an exchange-correlation part, J[ρ] 

and K[ρ], respectively. The Eee[ρ] and J[ρ] functionals are given by their classical expressions, 

while the factor of ½ in the J[ρ] functional allows for integration over all space for both 

variables: 

        (1.21) 

        (1.22) 

For a non-interacting uniform electron gas T[ρ] and K[ρ] are given as: 

        (1.23) 

        (1.24) 
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where the coefficients CF and Cx are given as: 

         (1.25) 

          (1.26) 

The foundation for the use of DFT methods in computational chemistry was the realization that 

the external potential v(r) is determined, within an additive constant, by the electron density.
24

  

Since the density determines the number of electrons, it follows that the density also determines 

the ground state wave function and all other electronic properties of the system.  

Because ρ determines N and v and hence all the properties of the electronic ground state, 

we can write the energy to explicitly depend on v: 

  (1.27) 

where 

       (1.28) 

We can write Vee[ρ] = J[ρ] + nonclassical term where J[ρ] is the classical repulsion, and the 

nonclassical term is the major p[art of the very important quantity deemed the “exchange-

correlation energy”.  

The second Hohenberg-Kohn theorem provides the energy variational principle, so that 

for a trial density ρ(r) such that ρ(r) ≥ 0 and  such that Eo ≤ Ev[ρ(r)], where 

Ev[ρ(r)] is the energy functional. This is analogous to the variational principle for wavefunctions.  

The local spin-density approximation
25

 (LSDA) for the exchange-correlation functional 

in DFT is well known for its accuracy in predicting properties such as lattice parameters and bulk 

moduli in metallic systems. However, the LSDA results for electronic properties are of lower 

quality, because of intrinsic deficiencies, including missing self-interaction corrections and the 
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absence of the derivative discontinuity in the exchange-correlation potential. This method tends 

to underestimate the band gap in semiconductors (which contain defect electron hole pairs).
 

26,27,28,29,30,31,32
For molecules, hybrid exchange-correlation functionals have shown improvement 

in the prediction of energetics over those from generalized gradient approximation (GGA)
33

 

functionals because the hybrid functionals help to delocalize the exchange-hole.
34

 Hybrid 

functionals have proven to be equally good at predicting a range of physical properties, but such 

calculations in the solid state are computationally expensive due to the need to calculate Hartree-

Fock exchange.
35,36

 Several approaches to improving the quality of band gaps including LSDA + 

U, which relies on LSDA optimized lattice parameters, and many body perturbation theory in the 

framework of the Green’s function (GW) method have been developed.
32,37,38

 Although these 

approaches predict improved band gaps, just like hybrid functionals, they are computationally 

demanding and are usually applied only to small systems. By using a screened hybrid functional 

that includes nonlocal Hartree-Fock exchange but decomposes the Coulomb operator into short-

range and long-range components, such as that proposed by Heyd, Scuseria, and Enzerhof (HSE, 

HSE06), 34
 it is possible to accurately and efficiently predict semiconductor and insulator band 

gaps.
36,39

 In the study of Pb3C6X6 materials we used the HSE06 and the PBE functionals to 

predict the electronic behavior and to determine their potential applicability in solar cell 

applications.  

  In the NiTi calculations, first principles total energy calculations were performed 

using DFT as implemented in the Vienna Ab-Initio Simulation Package (VASP 5.2).
40,41,42,43

 The 

calculations were performed using the projector augmented wave (PAW) method
44

 using both 

the local density approximation (LDA)
45

 and the generalized gradient approximation 

(GGA)
46,47,48,49

 with the Perdew, Burke, and Ernzerhof (PBE) and Perdew and Wang (PW91) 
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exchange correlation functionals.
50,51

 Ultrasoft pseudopotentials (USPP)
52

 and the PAW 

potentials derived for use in VASP calculations
53

 were employed. 

 

 

1.4 Molecular Dynamics Calculations 

It is too computationally expensive to calculate the electronic structures of large 

nanoparticles especially if one needs to examine their structure as a function of time. Thus 

molecular dynamics (MD) calculations with classical force fields can be used for such longer 

time and larger spatial simualtions. MD was used to study large NiTi nanoparticle clusters 

ranging from 4 - 28 nm in diameter and containing from 2,445 to 838,949 atoms to determine 

surface segregation effects in the NiTi alloy system. Molecular dynamics involves solving 

Newton’s equations of motion, specifically Newton’s second law. For a system of N particles 

with coordinates x and corresponding velocities V, we can write the equations of motion in 

Newtonian notation as: 

       (1.29a) 

          (1.29b) 

where F(X) is the force, U(X) is the potential energy function (referred to simply as the 

“potential”), M is the mass, and V(t) is the velocity. The dot is shorthand derivative notation 

(  = dX/dt). The time evolution of X and V is referred to as the trajectory of the particles.  

Within the tenant of MD, for a system of N non-interacting particles with conjugate 

momenta and coordinates p1,…,pn and q1,…,qn the Hamiltonian may be written in separable 

form as:
54

 

      (1.30) 
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where K is the kinetic and U is the potential energy and L is the Lagrangian function defined by: 

     (1.31) 

For the system of interacting particles, the forces and potential energy of the system are 

defined by a potential function U(X). The Embedded Atom Method (EAM) developed by Daw 

and Baskes
55

 was used in the simulations as the molecular potential, parameterized for NiTi. 

EAM is an empirical form of effective mean theory in which the crystal energy is assumed to be 

the sum of a pairwise potential and an energy required to embed an atom into a local medium 

with a given electron density.
56

 Because the embedding energy depends upon the local 

environment, EAM is successfully able to accurately predict surface structures and defects. The 

embedding energy is given as: 

       (1.32) 

where rij is the distance between atoms of type i and j, φαβ is the pairwise potential function, ρβ is 

the atomic density function, which represents the contribution to the electron charge density from 

atom j of type β at the location of atom i, and Fα is the embedding energy function that represents 

the energy required to place an atom i of type α into the electron cloud.
 57

An ensemble is used to 

predict the thermodynamic properties of the system. We used the NVT or canonical ensemble, in 

which the number of moles N, the volume V, and the temperature T are conserved. In this 

ensemble the energy of the system was exchanged with a Nosé-Hoover thermostat: 

               (1.33) 

where H is the Hamiltonian, g is the number of independent momentum degrees of freedom of 

the system, R and P represent all coordinates and momenta and Q is a parameter. In molecular 

dynamics calculations, the angular momentum of the ensemble of velocities can be set to zero at 
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the beginning of the simulation.  The canonical (NVT) ensemble
58

 can be used to equilibrate the 

system of particles at an ambient temperature of 300 K. An equilibration step can be performed 

using the NVT ensemble prior to the annealing and quenching procedure to ensure that the 

geometric configuration of the clusters is at the energy minimum. After equilibration, simulated 

annealing from 300 – 1400 K can be performed in 100 K increments. In the simulated annealing 

procedure, the temperature can be held constant at each value. Typical time steps for a classical 

MD simulation of 1 fs can be used and total equilibration times of 100 ps at each temperature are 

reasonable. Over the entire simulated annealing procedure the total simulation time would thus 

be 1.1 ns. Following heating to 1400K, a subsequent quench to ramp the temperature back to 300 

K can be performed using the same 1.1 ns time scale as in the heating step of the calculation. A 

final equilibration should be performed after the quenching is complete. The total simulation 

time for the equilibration, simulated annealing, and quenching steps in each sphere calculation is 

4.2 ns. The Nose-Hoover thermostat
59

 was used to regulate the temperature and pressure of each 

simulation. The positions and velocities from the simulated annealing procedure were generated 

from the NVT ensemble to determine atomic mobility and segregation effects in the system.   
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CHAPTER 2 

BONDING AND MICROSTRUCTURAL STABILITY IN Ni55Ti45 STUDIED BY 

EXPERIMENTAL AND THEORETICAL METHODS  

 

From Stott, A. C.; Brauer, J. I.; Garg, A.; Pepper, S. V.; Abel, P. B.; DellaCorte, C.; Noebe, R. 

D.; Glennon, G.; Bylaska, E.; Dixon, D. A. J. Phys. Chem. C 2010, 114, 19704.  

 

Abstract  

Spiral orbit tribometry friction tests performed on Ni-rich Ni55Ti45 titanium ball bearings 

indicate that this alloy is a promising candidate for future aerospace bearing applications. 

Microstructural characterization of the bearing specimens was performed using transmission 

electron microscopy and energy dispersive spectroscopy, with NiTi, Ni4Ti3, Ni3Ti, and Ni2Ti4Ox 

phases identified within the microstructure of the alloy. Density functional theory was applied to 

predict the electronic structure of the NixTiy phases, including the band structure and site 

projected density of states. Ultraviolet photoemission spectroscopy was used to verify the density 

of states results from the density functional theory calculations, with good agreement observed 

between experiment and theory.  
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Introduction  

The NiTi family of shape memory alloys was initially developed by Buehler at the Naval 

Ordinance Laboratory during the late 1950’s.
1,2

 NiTi is an important structural material for shape 

memory alloy applications, as it undergoes a thermally induced martensitic phase transformation 

between the high temperature, high symmetry rigid austenitic cubic phase (B2, Pm 3
_

m) and the 

low temperature, low symmetry ductile martensitic monoclinic phase (B19’, P21/m). Upon 

cooling below the martensitic transformation temperature, unstrained shape-memory alloys have 

a twinned microstructure.  When placed under stress, the twins reorient along the direction of 

applied stress, permitting easy deformation. When heated above the austenite transition 

temperature, the austenite phase is maintained and the alloy reverts to the original shape.
3,4

 Shape 

memory alloy activated structures have been extensively studied by the aerospace industry and 

have been used for such applications as generalized flow control, adaptive inlets and nozzles, 

variable geometry chevrons, variable chamber fan blades, and flaps and other hinged 

components.
5,6

 These examples capitalize upon the large reversible strain change inherent in 

typical near equi-atomic NiTi alloys.
7
  

Although there has been extensive research on the shape memory properties of near equi-

atomic NiTi alloys, little attention has been paid to other interesting regions of the phase 

diagram. For example, Ni-rich NiTi alloys have excellent corrosion resistance and relatively high 

ductility,
8
 as well as greater wear resistance with increasing Ni content.

9
 Although NiTi alloys 

exhibit good wear resistance in the Ni-rich compositional range, the wear resistance is mainly 

dependent on the recoverable strain limit, which is the sum of the pseudo-elastic and pseudo-

plastic strain limit.9 High wear resistance of NiTi alloys has been demonstrated 

previously.
10,11,12,13

 Microindentation tests of Ni49.1Ti50.9 shape memory alloys showed that for 
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Ni4Ti3 precipitates of 300 – 500 nm, there was an increase in hardness and recoverable strain 

energy.
10

 TiNi/TiC composite rods have also been shown to exhibit increased wear resistance in 

sliding contact tests.
11

 Wear resistant coatings sputter deposited onto stainless steel bearings of 

TiC
12

 in rolling contact or TiN
13

 in sliding contact have also been reported. However, to our 

knowledge, there have been no previous attempts to utilize Ni-rich NiTi as a bulk-phase alloy 

material for rolling contact bearing applications.   

As slight modifications in composition and heat treatment can produce considerably 

different microstructures, a suppression or promulgation of the shape memory alloy properties 

may occur.
14

 We have found that tailoring the microstructure of the NiTi alloy by increasing the 

Ni content to 55 atomic percent (Ni55Ti45) leads to alloys with increased dimensional stability. It 

has been recently discovered that these alloys can be used in rolling contact bearing applications 

while maintaining tribological performance equal to that of traditional tool steels in friction 

tests.
15,16

 Unlike traditional tool steels, which are magnetic and may corrode in harsh 

environments, Ni55Ti45 is non-corrosive and non-magnetic, both of which are desirable properties 

currently not found in any bearing material.
15

 Although Ni bulk-phase alloys do exhibit positive 

lubrication response under similar conditions,
17

 the performance of Ni55Ti45 as a bearing material 

is an exciting discovery because historically, Ti bulk-phase alloys have not responded well under 

lubrication by organic fluids.
18,19

 We report the role of Ni content on the performance of this 

alloy from first principles density functional theory (DFT) calculations and experimental results.  

Since the discovery of the shape memory effect in NiTi, an extensive number of first 

principles electronic structure and experimental studies have been performed to study the shape 

memory behavior and mechanical phase stability of alloys of Ni and Ti.4,20,21,22,23,24,25,26,27,28,29 

These computational studies focused on the density of states and the overall band structure for 
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the phases involved in the shape memory effect. To gain a deeper understanding of the properties 

of the NiTi alloy system, we performed a detailed analysis of the microstructure, site-projected 

band structure, and density of states (DOS) of NiTi, Ni4Ti3, and Ni3Ti. This paper addresses the 

bonding characteristics of this material from both an experimental and theoretical prospective.  

Experimental Details  

The bearing specimens were prepared using a powder metallurgy technique similar to 

that found in the literature.
30,31,32,33 

Spiral orbit tribometry (SOT) experiments
16,34

 were 

performed on bearing specimens provided from Abbott Ball
 
in a vacuum chamber at a pressure 

of ~ 2 x 10
-8

 Torr to determine service lifetimes. The SOT experiment is a simplified version of 

an angular contact ball bearing test,
35

 with the top plate holding the ball stationary and the 

bottom plate rotating to drive the ball into an open spiral orbit. The ball contacts a guide plate 

upon each orbit, which forces it back into its initial radius of orbit, stabilizing the ball during the 

duration of the test. During each orbit, the ball rolls over the guide plate and slides on the 

rotating plate. The slip at the ball/rolling plate interface generates a frictional force that is 

measured by a piezoelectric force transducer attached to the guide plate, which senses the 

frictional force on the ball during contact. 

The crystal structures of the Ni55Ti45 phases were characterized using both transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM) with an energy dispersive 

spectrometer (EDS). A FEI Instruments 200 KV TEM equipped with a confocal mirror 

arrangement and a Hitachi 4700 SEM operating at 20 kV was used for micrsotructural analysis. 

TEM specimens were prepared by electropolishing and ion milling to create an electron 

transparent foil. A dual-analysis ultraviolet photoemission spectroscopy (UPS) chamber 

equipped with a 21.2 eV He I source and a double-pass cylindrical mirror analyzer with Auger 
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emission spectroscopy (AES) was used to measure the density of states from the bearing 

specimens. In these experiments, the bearings were mounted in a Cu wire enclosure and 

suspended in the analysis chamber. The chamber was then evacuated to a base pressure of 10
-9

 

Torr. AES and UPS experiments were carried out at a chamber pressure of 10
-8

 Torr. Surface 

oxides were removed by sputtering with Ar ion at 5000 V for 30 min before the UPS spectrum 

was collected. Auger emission spectra were collected for compositional analysis after sputtering 

the surface of the specimens to verify removal of surface oxides, and are given in the Supporting 

Information. 

Computational Details 

First principles total energy calculations were performed using DFT as implemented in 

the Vienna Ab-Initio Simulation Package (VASP 5.2).
36,37,38,39

 The calculations were performed 

using the projector augmented wave (PAW) method
40

 using both the local density approximation 

(LDA)
41

 and the generalized gradient approximation (GGA)
42,43,44,45

 with the Perdew, Burke, and 

Ernzerhof (PBE) and Perdew and Wang (PW91) exchange correlation functionals.
46,47

 Ultrasoft 

pseudopotentials (USPP)
48

 and the PAW potentials derived for use in VASP calculations
49

 were 

employed. Atomic positions and unit cell dimensions were optimized for each crystal structure 

with convergence criteria of a change in the electronic energy of < 10
-4

 eV and differences in 

forces of < 0.01 eV. The default energy cutoff values of 367.945 eV for Ni and 222.338 eV for 

Ti were used in the VASP calculations as were the default cutoff atomic sphere radii for angular 

momentum projection of 1.301 Å for Ni and 1.701 Å for Ti. 40 k-points were taken along the 

shortest direction in real space. Once optimized, the density of states (DOS) and band structure 

calculations were performed for the first Brillouin zone in each of the crystal structures. In these 

calculations, 20 k-points were taken along high symmetry lines in the Brillouin zone, integrating 
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in a triangular fashion about high symmetry points in the zone. Gaussian smearing with a 

smearing width of 0.2 eV was used in the DOS calculations. The Kohn-Sham orbitals were 

projected onto spherical harmonics centered on each of the atoms in the unit cell to determine the 

site-projected character of the orbitals. Charge density plots were constructed to determine 

charge transfer and bonding characteristics.  

The NWChem ab initio computational chemistry software package
50

 was also used to 

calculate energies of formation from pure Ni and Ti using the PBE GGA exchange-correlation 

functional.
46 

 The NWChem calculations were converged as a function of the number of k-points 

in the Brillouin zone. Monkhorst-pack grids of 3x3x3, 5x5x5, and 7x7x7 grid points were used in 

the calculations, with larger grid dimensions providing finer and more accurate sampling. A 

Fermi smearing of 0.001 au was used for the occupation of the electronic levels.  The valence 

electron interactions with the atomic Ti and Ni cores were approximated using generalized norm-

conserving Troullier-Martins pseudopotentials
51

 modified into a separable form as suggested by 

Kleinman and Bylander
52

  with the s-channel pseudopotential chosen for the local potential.  For 

the Ti pseudopotential, the entire 3s and 3p shells were included in the valence space.  The core 

radii were chosen to be, Ti: rcs = 1.220 a.u., rcp = 2.000 a.u., rcd = 1.933 a.u.; Ni: rcs =2.945 a.u., 

rcp = 2.945 a.u., rcd = 2.294 a.u., and a nonlinear semicore correction rcore = 0.74 a.u. The Ewald 

sampling was carried out with 729 unit cells and a cutoff radius of 3.00 au.  The electronic 

wavefunctions were expanded using a plane-wave basis set with periodic boundary conditions, 

with a wavefunction cutoff energy of 100 Ry and a density cutoff energy of 200 Ry.     

Results and Discussion 

The SOT results (Figure 2.1) for the Abbott Ball
 
bearings tested on NiTi plates and 

lubricated with 28.6 g of Penzane2001-A  (a hydrocarbon fluid) illustrate the extended service 
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lifetime of this material. SOT tests using steel plates and steel bearings have been reported 

previously with similar service lifetimes when compared to the Ni55Ti45 system.
15,16,34,53

 This 

result is unique in that NiTi has typically only been exploited for shape memory properties. The 

relationship between titanium content and tribochemical performance has not been reported. 

In the Ni-rich Ni55Ti45 alloy reported in this work, large Ni3Ti secondary phase particles, 

in addition to Ni4Ti3 (R3, rhombohedral setting) precipitates, which appear as lenticellular 

needles finely dispersed throughout the parent matrix, are observed. These secondary phase 

particles and precipitates are thought to influence the dimensional stability of the alloy.
54,55

 In-

situ TEM experiments
56

 have confirmed the presence of a local stress field around such 

precipitates, which was reported to be responsible in part for the nucleation and growth of this 

phase. Accumulation of Ni3Ti (DO24) is observed in the bearing specimens at the grain 

boundaries (Figure 2.2). The DO24 structure consists of Ti atoms arranged in a triangular fashion 

on the (0004) close-packed planes, which are stacked in a four-fold ABAC sequence.
57,58

 This 

form of atomic arrangement, which is an intermediate structure between (hcp) and (fcc), can 

create stacking faults,
59

 which are clearly observed (Figure 2.2 (b) and (c)). The DO24 structure is 

characterized as a secondary phase particle due to its size and the presence of a sub-structure 

(Figure 2.2 (c)). Stacking faults occur in (hcp) and (fcc) crystal structures when there is a change 

from the regular sequence of atomic planes due to a dislocation motion. Orientation mismatch 

between the phases is indicated by a low angle grain boundary (Figure 2.2 (d)). The striations 

over the low-angle grain boundary are identified as Ni4Ti3 precipitates, which are finely 

dispersed throughout the specimen. Electron diffraction patterns for the Ni4Ti3 precipitates  

(Figure 2.3 (a)) and Ni3Ti secondary phase particles (Figure 2.3 (b)) show the periodicity of the 

crystal lattice within each of these regions, with Ni4Ti3 identified as a rhombohedral phase and 
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Ni3Ti identified as a hexagonal phase. The composition of each of the phases was identified 

using EDS (Table 2.1). 

When brought into contact with an atmosphere containing oxygen, Ti readily forms oxide 

phases.
60

 Oxidation typically occurs on the surface of the bearing during the processing, forming, 

and cooling, leaving an excess of free Ni atoms available for bonding in the Ni-rich DO24 

structure. Ni2Ti4Ox phases were identified in the microstructure of the specimen (Figure 2.2 (a)). 

During oxide formation, Ni-Ti bonds are broken to form titanium-oxide bonds. Since Ti is more 

reactive with oxygen than Ni,
61

 the oxide phase formed has a Ni:Ti ratio of 2:1, freeing Ni atoms 

to form the Ni-rich Ni4Ti3 and Ni3Ti regions within the microstructure.  

The results of our DFT calculations using the PBE exchange-correlation functional with 

the NWChem code are reported in Tables 3.2 to 3.4. The results using the VASP code which 

include different treatments of the 3p orbitals are given in the Supporting Information. The unit 

cell structure for the optimized geometry of NiTi B2 is in good agreement with 

experiment.
26,62,63,64

 The calculated energy of formation at 0 K for the NiTi B2 phase, obtained 

by subtracting the bulk total energy of the constituent elements from the total energy of the alloy 

at equilibrium, agrees well with previously reported DFT calculated values with different 

exchange-correlation functionals
23,65 

and experiment.
64

 Lattice parameter and Fermi Energy (Ef) 

values for the three phases, NiTi (Table 2.2), Ni4Ti3 (Table 2.3), and Ni3Ti (Table 2.4) also agree 

well with the values we observed experimentally.  

A comparison of the measured DOS with the calculated DOS shows good agreement 

between experiment and theory (Figure 2.4) with the recognition that the experimental data does 

not correspond to a pure phase but rather to a superposition of different phases, indicating that 

the near-surface region of the bearing contains Ni-rich precipitates. The UPS data are 
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representative of the average over all the phases in the near surface region of the bearing. 

Overlaying the calculated DOS for each of the phases with the experimentally measured DOS 

clearly shows that the curve is not due to any pure phase. The UPS DOS has a substantial 

contribution from Ni4Ti3 and Ni3Ti to the broad peak centered at -6.3 eV. The smaller peak at -

3.7 eV can be attributed to contributions from all three phases, Ni4Ti3, Ni3Ti, and NiTi. The 

calculations show that there should be no contribution to the high-energy peak above -2.5 eV 

from anything but NiTi. Therefore, the peak near -2 eV is attributed solely to NiTi.  These results 

clearly show that the Ni4Ti3 precipitates and the Ni3Ti secondary phase particles are present near 

or on the surface as well as in the NiTi parent matrix, as seen in the TEM images.  

The Ni and Ti states exhibit sharp peaks, a narrow distribution of states, and a pseudo-

gap near the Fermi level (Figure 2.5 (a)). The DOS shows a significant contribution of the Ti 

atoms at higher energies (Figure 2.6 (a)), with the Ni atoms at lower energies (Figure 2.6 (b)), 

and agrees well with previously reported DOS calculations.
66,67,68

 This difference in the energies 

of the Ti and Ni contributions is consistent with some charge-transfer in equi-atomic NiTi phase 

as proposed by Lu et al. for the B2 structure.
69,70

 Because the Ti bands appear at a higher energy, 

the Ti has a smaller effective positive charge, whereas the lower energy bands centered on Ni 

suggest that Ni has a larger effective positive charge. The pseudogap in the DOS has been 

attributed to B2 phase stabilization from the partial occupancies between d-d or d-p hybridization 

orbital interactions.
71

 Phase stabilization in the B2 structure has also been attributed to internal 

stresses, which arise in the microstructure at twin and grain boundaries.4
 
 

In the Ni4Ti3 phase the bands are relatively flat at higher energy, with a deep curvature at 

lower energy (Figure 2.5 (b)). Unlike in NiTi, no pseudo-gap is present, and the states form a 

Gaussian-type distribution. Additionally, individual contributions from the Ni (Figure 2.6 (c)) 
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and Ti (Figure 2.6 (d)) atoms occur at approximately the same energy range. However, it should 

be noted that the peak apex of the Ti d-states occurs at a higher energy than the peak apex of the 

Ni d-states, consistent with delocalized metallic bonding.  

In the secondary Ni3Ti phase, a narrow gap exists at the Fermi level (Figure 2.5 (c)). Ni 

(Figure 2.6 (e)) and Ti (Figure 2. 6 (f)) orbital contributions occur over a narrower energy range, 

although the trend of delocalized metallic bonding is observed in the same manner as in Ni4Ti3. 

The band structure of Ni3Ti is highly symmetric, with the majority of bonding attributed to the 

Ni d states (Figure 2.5 (c)). The Ti bands in Ni3Ti are tightly distributed, similar to the band 

structure of Ni4Ti3. However, unlike the Ni4Ti3 bands, the Ni3Ti bands are symmetrically divided 

into 2eV energy-range increments occurring over the energy range of 2 to -8 eV.  

The contributions from minority s and p states in NiTi, Ni4Ti3, and Ni3Ti and are less 

than 0.5 states/eV (Figure 2.7 (a) – (e)), whereas the contributions from d states are 2 to 3 

states/eV (Figure 2.6 (a) – (e)), illustrating the important role that the d orbitals play in the 

bonding in the alloy. Another important distinction is that the minority states of NiTi do not 

exhibit charge separation, unlike that observed in the majority d-states. Thus, the pseudo-gap in 

this phase results from Columbic repulsion in the d-states only.  

The 2-D charge density projection of Ni and Ti onto the YZ plane in NiTi shows 

electronic charge depletion at the Ti lattice site and accumulation at the Ni lattice site (Figure 2.8 

(a,b)) and is consistent with the larger effective charge at the Ni nucleus predicted from the 

calculated DOS. This result supports the charge transfer process reported by Lu et al
.69,70

 The 

charge density in Ni3Ti is approximately evenly distributed throughout the crystal structure 

(Figure 2.8 (c,d)) and is attributed to the double hexagonal structure with stacking sequence 

between (hcp) and (fcc) stacking features. Ni4Ti3 also exhibits charge accumulation around the 
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lattice points in the center of the unit cell, with Ti lattice sites showing a clear charge separation 

that is especially evident in the center of the lattice (Figure 2.8 (e, f)). The 3-D charge 

accumulation within the crystal lattice structure for NiTi, Ni3Ti, and Ni4Ti3 also provide a deeper 

understanding of the relationship between the charge distribution and bonding (Figure 2.9). In 

the 3-D images, the left hand side represents an isosurface value of 0.146 e and the right hand 

side represents an isosurface value of 0.462 e. Increasing the isosurface value brings out features 

of the charge density distribution. Two isosurface values are shown because choosing a high 

isosurface value may convolute features of the charge density from overlapping charge 

distributions while choosing a low isosurface value may not show all of the features. The 3-D 

charge density distribution of NiTi shows charge density accumulation around Ni sites and 

depletion at the Ti sites (Figure 2.9 (a,b)). Ni3Ti shows approximately even charge density 

accumulation around both Ni and Ti lattice sites (Figure 2.9 (c,d)). Ni4Ti3 shows charge 

accumulation at Ni lattice sites and charge depletion at Ti lattice sites (Figure 2.9 (e,f)). 

The calculated results can be used to qualitatively assess the stability of the various 

species. The calculated cohesive energies for Ti and Ni are 119.8 and 108.8 kcal/mol as 

compared to respective experimental values of 112.6 and 102.3 kcal/mol.
72

 As discussed above, 

NiTi is stable with respect to Ni and Ti by -0.34 eV (Table 2.2) at the PBE level. At the same 

level on a per atom basis, Ni4Ti3 (Table 2.4) has the essentially the same stability. In contrast, the 

Ni3Ti phase on a per atom basis is more stable than NiTi or Ni4Ti3 (Table 2.3). Further insight is 

provided by the energies for reactions (2.1), (2.2), and (2.3) normalized by the total number of 

reactant atoms which are 14 for reaction (2.1), 16 for reaction (2.2), and 48 for reaction (2.3).  

6NiTi + 2Ni → Ni8Ti6 (2 Ni4Ti3) ΔEnormal(0K) = -0.15 eV   (2.1) 

4NiTi + 8Ni→Ni12Ti4 (4 Ni3Ti)  ΔEnormal(0K) = -0.31 eV   (2.2) 
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2 Ni8Ti6 (4Ni4Ti3)  + 20Ni → 3Ni12Ti4 (12Ni3Ti)    ΔEnormal(0K) = -0.23 eV  

 (2.3) 

The reactions show that with excess bulk Ni, bulk Ni4Ti3 should be formed from NiTi and bulk 

Ni3Ti should form from Ni4Ti3. If the precipitate particles resemble the bulk, this can help to 

explain the formation of Ni-rich NixTiy phases, as the energetics favors the formation of such 

phases. Our energetic results are consistent with prior cluster-variational method
73

 calculations in 

a study that modeled the phase stability in the alloy.
74

 When the energy of formation of a cluster 

particle contributes to lowering the overall energy of the system, smaller regions of secondary 

phases can begin to accumulate. This phenomenon, known as Ostwald ripening,
59,75

 would result 

in the formation of Ni4Ti3 precipitates in NiTi shape memory alloys and Ni3Ti secondary phase 

particles in Ni-rich NiTi alloys.
26

 

Conclusions 

SOT experiments performed on the Ni55Ti45 Abbott Ball  bearing coated with 28.6 g of 

Penzane2001-A  showed good bearing service lifetimes in rolling contact for this alloy, 

indicating it to be a candidate material for ball-bearing applications where traditional bearing 

materials such as tool steels cannot be used. SEM and TEM imaging was used to characterize the 

phases within the microstructure of the alloy. From these images, finely dispersed Ni4Ti3 

precipitates, Ni2Ti4Ox oxide phases, and low-angle NiTi grain boundaries were identified. A 

secondary Ni3Ti phase was also identified, with a sub-structure containing stacking faults and 

dislocations. The presence of secondary phase particles and precipitates in the microstructure 

play a role in the dimensional stability in this unique alloy.  

DFT calculations show the d orbital character of the band structure and charge density of 

Ni3Ti to be highly symmetric as compared to the less symmetric d orbital character of the NiTi 
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band structure. The DOS from UPS experiments matches closely with the predicted DOS from 

DFT calculations. Overlaying the calculated DOS for each of the phases with the experimentally 

measured DOS shows that the experimental curve is not due to any pure phase, but rather to a 

superposition of different phases, indicating that the near-surface region of the bearing contains 

Ni-rich precipitates. Our DFT energy calculations are consistent with the formation of Ni rich 

particles in terms of the energies of the bulk phases. The calculated energies of formation for 

Ni4Ti3 and Ni3Ti as well as reactions with excess Ni present show that these phases are more 

stable than the pure metals or NiTi. Charge density plots revealed negative charge accumulation 

around Ni sites in NiTi and Ni4Ti3, with Ni3Ti displaying no preference for charge transfer due to 

the double hexagonal stacking pattern.  

Although Ti bulk-phase alloys have not exhibited positive lubrication response under 

previous tribological testing with organic fluids,
18,19 

Ni bulk-phase alloys do exhibit positive 

lubrication response under similar conditions.
17

 This leads to the conclusion that there must be a 

Ni concentration above which the NiTi alloy should become favorable for lubrication conditions. 

We hypothesize that the mixed phase composition of the bearing surface and the Ni-rich 

composition of the alloy are both factors in the positive lubrication behavior of Ni55Ti45. The 

energy calculations clearly show that Ni rich phases for alloys derived from Ni and Ti can be 

formed in the presence of excess Ni which can be generated by oxidation of the Ti in the original 

NITi alloy. The delocalized metallic bonding found in the density of states calculations and the 

negative charge accumulation at Ni lattice sites shown in the charge density plots could be 

responsible for the improved lubrication behavior. Further investigation of the interactions of 

lubricant molecules with Ni4Ti3, Ni3Ti, and NiTi phases will provide additional insight to the 

nature of the tribological performance in this system. A quantitative understanding of the 
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tribochemistry at the molecular level of this or any alloy requires further study with the inclusion 

of a wide range of phenomena, which we are currently beginning to address. 
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Table 2.1. Compositional Data from the EDS Analysis 

Element Atomic Fraction 

Ni 55.01 % 

Ti 44.48 % 

O 00.42 % 

Co 32.5 ppm 

Cr 32.5 ppm 

Fe 126.5 ppm 

N 0.027 ppm 
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Table 2.2. Calculated Structural and Energetic Results for NiTi in the B2 Phase.
 
 

Method a(Å)
 a
 Energy of Formation 

0K (eV/formula unit) 

Energy of Formation 0K 

(eV/atom) 

 

PW/PBE (this work)
b
 3.007 -0.67 -0.33 

EMTO/GGA
c
 3.017 -0.76 -0.38 

Mixed BS/LDA
d 

2.982 -0.66 -0.33 

PW/LDA
e 

2.965   

Experimental 3.0141(6)
f
 -0.70

d
 -0.35 

 

a
 a = b = c = unit cell distances in Å.  =  =  = 90.0 .  

b
 NWChem PBE GGA with norm-conserving Troullier-Martins pseudopotentials.  

c
 Reference 70 

d
 Reference 65  

e
 Reference 23 

f
 Reference 25. T = 294 K. Ni50.7Ti49.3.
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Table 2.3. Calculated Structural and Energetic Results for Ni4Ti3 (R3, rhomohedral 

setting).  

Method a(Å)
 a
 (°) Energy of 

Formation 0K 

(eV/formula unit) 

Energy of 

Formation 0K 

(eV/atom) 

PW/PBE (this work) 6.684 113.93 -5.50 -0.39 

LAPW+LO/PBE
c
 6.6697 113.84   

Experimental
d
 6.710(2) 113.883(7)   

 

a
 a = b = c = unit cell distances.  =  =  = unit cell angles.  

b
 NWChem PBE GGA with norm-conserving Troullier-Martins pseudopotentials.  

c
 Reference 55. 

d
 Reference 25.T = 294 K. At 298 K, a = 6.711(2) Å and  = 113.863°. 
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Table 2.4. Calculated Structural and Energetic Results for Ni3Ti. 

Method a(Å)
a
 c(Å) Energy of 

Formation 0K 

(eV/formula unit) 

Energy of Formation 

0K (eV/atom) 

PW/PBE (this work)
 b
 5.088 8.299 -7.73 -0.48 

Experimental
c
 5.109 8.299   

 

a
 a = b, c = unit cell distances.  =  = 90.0 ,  = 120.0 .   

b
 NWChem PBE GGA with norm-conserving Troullier-Martins pseudopotentials.  

c
 Reference 58. 
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Figure 2.1. SOT data for NiTi ball bearing on NiTi plates using the Penzane2001-A   lubricant.  
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Figure 2.2. (a) SEM image of Abbott Ball  specimen. W represents Ni3Ti, D represents Ni2Ti4Ox, P 

represents Ni4Ti3, and M represents NiTi. (b-d) TEM images of ball bearing specimen (b-c) sub-structure 

of Ni3Ti secondary phase particles (d) Ni4Ti3 precipitate with low-angle grain boundary shown.
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Figure 2.3. Diffraction pattern of (a) Ni4Ti3 (b) Ni3Ti. 
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Figure 2.4. UPS data from Abbott Ball
 
specimen, with binding energy shifted relative to the Fermi 

energy. Light blue is the experimental UPS data, the dark blue is the calculated DOS for Ni4Ti3, the green 

is the calculated DOS for Ni3Ti, and the red is the calculated DOS for NiTi. 
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(c) 

 

Figure 2.5. Partially decomposed density of states and associated band character for (a) NiTi (b) Ni4Ti3 (c) Ni3Ti with the Fermi level defined at 0 

eV.
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(f)

 
Figure 2.6 Individual atomic contributions to partially decomposed density of states for (a) Ni in NiTi (b) 

Ti in NiTi (c) Ni in Ni4Ti3 (d) Ti in Ni4Ti3 (e) Ni in Ni3Ti (f) Ti in Ni3Ti with the Fermi level defined at 0 

eV.  
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(f) 

Figure 2.7. Individual atomic contributions of minority states in partially decomposed density of states 

for (a) Ni in NiTi (b) Ti in NiTi (c) Ni in Ni4Ti3 (d) Ti in Ni4Ti3 (e) Ni in Ni3Ti (f) Ti in Ni3Ti with the 

Fermi level is defined at 0 eV.  
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Figure 2.8. 2-D charge density projection plots with color legend indicating magnitude of charge 

distribution for (a,b) NiTi (c,d) Ni3Ti (e,f) Ni4Ti3. The charge density projection is given as the product of 

the charge density times the volume of the unit cell. Units are number of electrons, with Nemax the 

maximum number of valence electrons in the system. 
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Figure 2.9. 3-D charge density plots indicating charge density distribution in the crystal lattice for (a,b) 

NiTi (c,d) Ni3Ti (e,f) Ni4Ti3. The charge density projection is given as the product of the charge density 

times the volume of the unit cell. The left hand side represents an isosurface value of 0.146 e and the right 

hand side represents an isosurface value of 0.462 e. 
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APPENDIX: BONDING AND MICROSTRUCTURAL STABILITY IN Ni55Ti45 

STUDIED BY EXPERIMENTAL AND THEORETICAL METHODS  
 

From Stott, A. C.; Brauer, J. I.; Garg, A.; Pepper, S. V.; Abel, P. B.; DellaCorte, C.; 

Noebe, R. D.; Glennon, G.; Bylaska, E.; Dixon, D. A. J. Phys. Chem. C 2010, 114, 

19704. 

 

Supporting Information 

Additional Computational Details and Results 

 There are three user input files for a typical VASP calculation: INCAR (Tables 

A1 and A2), POSCAR (Table A3), and KPOINTS (Tables A4 and A5). INCAR contains 

user-defined input directives, POSCAR contains the atomic positions in the unit cell, and 

KPOINTS contains the points spanned in the Brillouin zone in reciprocal space. For the 

band structure and DOS calculations after geometry optimization, the KPOINTS file 

must be changed to contain points along the lines of high symmetry in the first Brillouin 

zone (Figure A1). Twenty points were taken along selected lines of high symmetry along 

the Brillouin zone (Table A5). A Sample NWChem input file is given in Table A6 for 

Ni3Ti. Input geometries for NWChem are given in fractional coordinates, but are 

equivalent to VASP geometries (Table A3).   
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Table A1 INCAR input file for geometry relaxation calculation to obtain the 

ground-state structure. 

ISMEAR = 0    

LWAVE=.TRUE.  

LCHARG=.TRUE.  

RWIGS= 1.4 1.5  

ICHARG = 2   

LORBIT = 1   

NSW = 200   

EDIFFG = -0.01  

ISTART = 0   

IBRION = 2    

ISIF = 3   

ISYM = 0  
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Table A2 INCAR input file for single point energy to obtain orbital decomposed 

band structure and density of states. 

ISMEAR = 0    

LWAVE =.TRUE.  

LCHARG =.TRUE.  

RWIGS = 1.4 1.5  

ICHARG = 11    

LORBIT = 1   

NSW = 0   

EIFFG = -0.01   

ISTART = 1   

IBRION = 2    

ISIF = 3   

ISYM = 0 

 

   



62 

 

Table A3 POSCAR input files for VASP scf calculation. 

 NiTi 

 1.0  

 3.105    0.000    0.000 

 

 Ni3Ti 

 1.0 

 5.096     0.000     0.000 

-2.548     4.413     0.000 

 0.000     0.000     8.304 

 12 4 

 Cart 

 2.548     0.000     0.000 

 2.548     2.942     2.076 

 1.274     2.207     4.152 

-1.274     2.207     0.000 

 2.548     0.000     4.152 

 1.274     2.207     0.000 

-1.274     2.207     4.152 

-1.274     3.678     6.228          

 1.274     0.736    2.076 

 0.000     1.471     6.228 

 3.822     0.736     2.076                

 1.274     3.678     6.228 

 0.000     0.000     0.000 

 0.000     2.942     2.076 

 0.000     0.000     4.152 

 2.548     1.471     6.228 
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 Ni4Ti3 

 1.0 

 6.687    -0.002    -0.018 

-2.705     6.115    -0.019 

-2.713    -4.166     4.484 

 8 6 

 Cart 

 0.000     0.000     0.000    

 0.622     0.955     2.181 

-3.141     0.453     3.241 

 3.160    -2.031     2.536 

 1.686     4.208     0.225 

 4.386     1.458     1.121 

-1.915     3.941     1.827 

-0.441    -2.297     4.137 

 2.369    -0.346     1.031 

-0.044     2.573     0.442 

-1.279    -0.619     2.193 

-1.124     2.257     3.330     

 1.290    -0.663     3.920 

 2.524     2.530     2.168     
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Table A4 KPOINTS file for automatic generation scheme for geometry relaxation 

calculation. 

Automatic Mesh 

Auto       ! fully automatic 

40           ! number mesh points shortest direction in real space 

 

Table A5A Points along lines of high symmetry in first Brillouin Zone of NiTi in 

units of 2*/a. 

 

 

 

 

 

 

 

 

 

 

 

Table A5B Points along lines of high symmetry in first Brillouin Zone of Ni4Ti3 in 

units of 2*/a, 2*/b, and 2*/c. 

 

 

 

 

 

 

Line kx ky kz 

Γ  X 0.0 0.0  0.0 

 0.5 0.0  0.0 

X  M 0.5 0.0  0.0 

 0.5 0.5  0.0 

M  Γ 0.5 0.5  0.0 

 0.0 0.0  0.0 

M  R 0.5 0.5  0.0 

 0.5 0.5  0.5 

R  Γ 0.5 0.5  0.5 

 0.0 0.0  0.0 

Line kx ky kz 

Γ  F 0.0 0.0  0.0 

 0.5 0.5  0.0 

F  Z 0.5 0.5  0.0 

 0.5 0.0  0.0 

Z  Γ 0.5 0.0  0.0 
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Table A5C Points along lines of high symmetry in first Brillouin Zone of Ni4Ti3 in 

units of 2*/a and 2*/c. 

 

 

Table A6 Sample input file for NWChem calculations  

title "Ni3Ti FCC metal, monkhorst-pack=3x3x3, fermi smearing, xc=pbe96" 

start Ni3Ti 

echo 

memory 2500 mb 

#Titanium psp, with 3s and 3p valence 

nwpw 

psp_generator 

pseudopotential_filename Ti.psp 

element Ti 

charge 22 

mass_number 48 

atomic_filling 3 3 

Line kx ky kz 

Γ  K 0.0 0.0  0.0 

 2/3   0.0 0.0 

K  M 2/3   0.0 0.0 

 1/2 1/23  0.0 

M  Γ 1/2 1/23  0.0 

 0.0 0.0  1/2 

A  H 0.0 0.0  1/2 

 2/3 0.0 1/3 

H  Γ 2/3 0.0 1/3 

 0.0 0.0  0.0 
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1 s 2.0 

2 s 2.0 

2 p 6.0 

3 s 2.0 

3 p 6.0 

3 d 2.0 

cutoff 3 

s 1.220 

p 2.000 

d 1.9326638 

pseudopotential_type troullier-martins 

solver_type pauli 

exchange_type dirac 

correlation_type vosko 

locp s 

lmax d 

end 

end 

geometry units angstroms center noautosym noautoz print 

system crystal 

lat_a 5.096d0 

lat_b 5.096d0 

lat_c 8.304d0 

alpha 90.0d0 

beta  90.0d0 

gamma 120.0d0 
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end  

Ni 0.500 0.000 0.000 

Ni 0.833 0.666 0.250 

Ni 0.500 0.500 0.500 

0.000 0.500 0.000 

Ni 0.500 0.000 0.500 

Ni 0.500 0.500 0.000 

Ni 0.000 0.500 0.500 

Ni 0.166 0.833 0.750 

Ni 0.333 0.166 0.250 

Ni 0.166 0.333 0.750 

Ni 0.833 0.166 0.250 

Ni 0.666 0.833 0.750 

Ti 0.000 0.000 0.000 

Ti 0.333 0.666 0.250 

Ti 0.000 0.000 0.500 

Ti 0.666 0.333 0.750 

end 

set nwpw:cif_filename Ni3Ti.cif 

#***** setup the nwpw gamma point code **** 

set nwpw:kbpp_ray .true. 

set nwpw:kbpp_filter .true. 

nwpw 

#cutoff 10.0 

scf anderson outer_iterations 0 kerker 2.0 

smear fermi 
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xc pbe96 

monkhorst-pack  7 7 7 

ewald_ncut 8 

ewald_rcut 3.0 

np_dimensions -1 -1 16 

end 

task band energy 

nwpw 

cutoff 50.0 

loop 10 100 

end 

driver 

clear 

end 

set includestress    .true. # turn on unitcell forces 

set nwpw:zero_forces .true. # turn off atom forces 

task band optimize ignore 
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Figure A1A First Brillouin Zone in NiTi,  

   

 

 

 

 

 

 

 

 

 

 

 

Figure A1B First Brillouin Zone in Ni4Ti3.  
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Figure A1C First Brillouin Zone in Ni3Ti.  

 Optimized unit cells for each of the crystal structures (Figure A2) show the 

symmetry and periodicity in the crystal lattice. The lattice parameters, cell angles, Fermi 

energies, and electronic energies from DFT calculations treating all electrons as core-

valence states (Table A8) and from DFT calculations treating only Ti p states as semi-

core valence states (Table A9) are in good agreement with each other and the other 

calculated values. The PBE exchange-correlation functional and the VASP PAW 

pseudopotentials yield the best results. VASP energies of formation are given in Table 

S10. These values are slightly higher than the NWChem values reported in the paper, a 

result of slightly different DFT implementations.  

  The Ni (Figure A5 (a)) and Ti (Figure A5 (b)) individual atomic contributions to 

the band structures and density of states show that the Ni states occur over a much 

broader range and the majority of the DOS distribution occurs at lower energy, whereas 

for the Ti states the energy range is narrower and the majority of the DOS distribution 

occurs at higher energy.   
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Table A8 DFT results treating all electrons as core valence states.
a
 

Pseudopotential a(Å), c(Å) (°),  (°) Ef (eV) 

PAW/PBE    

NiTi 3.011 90.00 5.82 

Ni4Ti3 6.701 113.94 5.64 

Ni3Ti 5.092, 8.329 90.00, 120.0 5.44 

PAW/LDA    

NiTi 2.936 90.00 4.61 

Ni4Ti3 6.531 113.93 4.74 

Ni3Ti 4.971, 8.127 90.00 5.36 

PAW/GGA    

NiTi 3.005 90.00 4.16 

Ni4Ti3 6.674 113.93 4.31 

Ni3Ti 5.080, 8.305 90.00 4.86 

USPP/LDA    

NiTi 2.942 90.00 6.18 

Ni4Ti3 6.545 113.93 6.03 

Ni3Ti 4.976, 8.139 90.00 5.83 

USPP/GGA    

NiTi 3.015 90.00     5.01 

Ni4Ti3 6.679 113.93 5.85 

Ni3Ti 5.096, 8.304 90.00 5.76 

a
 a ,b,c = unit cell distances. NiTi, Ni4Ti3 a=b=c, Ni3Ti a=bc ,, = unit cell angles. 

NiTi, Ni4Ti3 ==, Ni3Ti  Ni3Ti =. Ef = Fermi Energy. 
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Table A9 DFT results treating only Ti p states as semi-core valence states. 
a
 

Pseudopotential a(Å), c(Å) (°),  (°) Ef (eV) 

PAW/PBE    

NiTi 3.007 90.00 6.00 

Ni4Ti3 6.684 113.93 5.92 

Ni3Ti 5.088, 8.299 90.00, 120.00 5.93 

PAW/LDA    

NiTi 2.938 90.00 6.16 

Ni4Ti3 6.548 113.97 5.71 

Ni3Ti 4.972, 8.131 90.00, 120.00 5.82 

PAW/GGA    

NiTi 3.007 90.00 5.96 

Ni4Ti3 6.690 113.97 5.90 

Ni3Ti 5.084, 8.311 90.00, 120.00 5.91 

USPP/LDA    

NiTi 2.955 90.00 6.44 

Ni4Ti3 6.574 113.99 6.34 

Ni3Ti 4.986, 8.153 90.00, 120.00 6.43 

USPP/GGA    

NiTi 3.018 90.00     5.85 

Ni4Ti3 6.709 113.98 5.71 

Ni3Ti 5.097, 8.335 90.00, 120.00 5.46 

a
 a ,b,c = unit cell distances. NiTi, Ni4Ti3 a=b=c, Ni3Ti a=bc ,, = unit cell angles. 

NiTi, Ni4Ti3 ==, Ni3Ti  Ni3Ti =. Ef = Fermi Energy. 
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Table A10 VASP Energies of Formation  

Compound Energy of Formation 0K 

(eV/atom) 

 

NiTi -0.34 

Ni4Ti3 -0.50 

Ni3Ti -0.56 
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Figure A4 Crystal structures for (a) NiTi (b) Ni4Ti3 precipitate phase (b) Ni3Ti secondary 

phase from DFT calculations. 
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 (a) 

 

 

(b) 

Figure A5 Band structure and DOS for pure elemental (a) Ni and (b) Ti. 
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Additional Experimental Details and Results 

 Auger emission spectroscopy collected at 3 keV after sputtering the surface of the 

bearing specimens (Figure A6) indicates the presence of surface oxide as CO only. The 

C:O peak ratio is 2:1, which is consistent with a CO peak signal with sensitivity factors 

for C of 0.61 and O of 1.25, respectively. The lack of a stronger oxide peak indicates no 

TiOx or NiOx is present on the surface of the bearing. The presence of an S peak is most 

likely an artifact of the processing and forming step used to produce the bearing. AES 

was measured on a bearing specimen before (pre-sot) and after (post-sot) spiral orbit 

tribometry testing.  

Figure A6 AES Data for NiTi ball bearing pre-sot and post-sot. 
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CHAPTER 3 

COMPUTATIONAL STUDIES OF THE NiTi ALLOY SYSTEM: BULK, SUPERCELL, 

AND SURFACE CALCULATIONS 

From Stott, A. C.; Abel, P. B.; DellaCorte, C.; Pepper, S. V.; Dixon, D. A. Mater. Res. Soc. 

Symp. Proc., 2011, 1295, 15. 

 

ABSTRACT 

Plane wave ab initio density functional theory (DFT) calculations of the B2 NiTi (100), 

(110), and (111) surfaces, the B2 and B19´ phases of NiTi, and the supercell structures of NiTi, 

Ni4Ti3 and Ni3Ti are reported. Electronic energies from the electronic structure calculations are 

used to assess relative stability of the different surface and supercell geometries. 

INTRODUCTION 

NiTi is important as a shape memory alloy material. Equimolar NiTi undergoes a thermally 

induced martensitic phase transformation between the high temperature, high symmetry rigid 

austenitic cubic phase (B2) and the low temperature, low symmetry ductile martensitic 

monoclinic phase (B19’) during deformation and heat treatment. Upon cooling below the 

martensitic transformation temperature, unstrained shape memory NiTi has a twinned 

microstructure. Upon deformation, the twins reorient along the direction of applied stress. When 

heated above the austenite transition temperature, the alloy reverts to the original shape in the 

austenite phase.
1,2 

Additionally, this alloy possesses other interesting physical properties which 

are only just being realized. Tailoring the microstructure of NiTi by increasing the Ni atomic 

content leads to alloys with increased dimensional stability. For example, Ni-rich NiTi alloys 

have excellent corrosion resistance and relatively high ductility,
3
 as well as increasing wear 
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resistance with increasing Ni content.
4
 NiTi has also been demonstrated as a potential bulk-phase 

alloy material for rolling contact bearing applications, maintaining tribological performance 

equal to that of traditional tool steels in friction tests.
5
 Unlike traditional tool steels, which are 

magnetic and may corrode in harsh environments, Ni55Ti45 is non-corrosive and non-magnetic, 

both of which are desirable properties currently not found in any bearing material. To fully 

understand the atomic behavior of this alloy in rolling contact applications, a detailed analysis of 

the surface electronic structure is needed. We present ab initio density functional theory (DFT) 

calculations of the B2 NiTi (100), (110), and (111) surfaces, the B2 and B19´ phases of NiTi, and 

the supercell structures of NiTi, Ni4Ti3 and Ni3Ti.  

THEORY 

First principles total energy calculations were performed using plane wave DFT as 

implemented in the Vienna Ab-Initio Simulation Package (VASP 5.2).
6,7

 The calculations were 

performed at 0 K using the projector augmented wave (PAW) method
8,9

 with the PW91 

generalized gradient approximation (GGA) exchange-correlation functional.
10,11

 Atomic 

positions and unit cell dimensions were optimized for each crystal structure with convergence 

criteria of changes in the electronic energy of <10
-4

 eV and differences in forces of < 0.01 eV/Å. 

The default energy cutoff values of 367.945 eV for Ni and 222.338 eV for Ti were used in the 

VASP calculations as were the default cutoff atomic sphere radii for angular momentum 

projection of 1.301 Å for Ni and 1.701 Å for Ti. Once optimized, a single point calculation was 

performed on the optimized coordinates to determine the density of states (DOS) and charge 

density. Gaussian smearing with a smearing width of 0.2 eV was used in the DOS calculations. 

The Kohn-Sham orbitals were projected onto spherical harmonics centered on each of the atoms 
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in the unit cell to determine the site-projected character of the orbitals. Charge density plots were 

constructed to determine charge transfer and bonding characteristics.  

Bulk calculations were performed on NiTi, Ni3Ti, and Ni4Ti3 lattice structures, with 

supercells of 112 atoms or greater used to model the bulk crystal. The NiTi supercell consisted of 

64 Ni and 64 Ti atoms for a total of 8 atomic layers. Similar cell sizes were applied for Ni4Ti3 

and Ni3Ti, with Ni4Ti3 consisting of 64 Ni and 48 Ti atoms and Ni3Ti consisting of 96 Ni and 28 

Ti atoms. Electronic structure calculations of the surface were performed on NiTi (100), (110), 

and (111) oriented B2 NiTi with a distance of ~ 3 Å between Ni and Ti atoms. The surfaces were 

periodic in x,y with a vacuum layer of 10 Å or greater in the z direction. The surfaces consisted 

of slabs of four atomic layers, containing 48 Ni and 64 Ti atoms for the Ti-terminated (100) 

surface, 64 Ni and 48 Ti atoms for the Ni-terminated (100) surface, a (100) surface with one Ti 

termination and one Ni termination with 42 Ni atoms and 42 Ti atoms, 32 Ni and 32 Ti atoms for 

the (110) surface, and 48 Ni and 48 Ti atoms for the (111) surface. Finally calculations of the B2 

and B19´ phases of NiTi were done with 2Ti and 2Ni per unit cell. The initial coordinates for the 

B19´ phases were taken from experiment.[12] 

DISCUSSION  

Experimental measurements of the NiTi microstructure show that it consists of large Ni3Ti 

(DO24) secondary phase particles in addition to Ni4Ti3 (R3, rhombohedral setting) precipitates, 

which appear as lenticellular needles finely dispersed throughout the NiTi parent matrix.
5
 Our 

previous calculations on the bulk phase NiTi, Ni4Ti3 and Ni3Ti structures are consistent with the 

experiments. The calculations showed that the Ni3Ti secondary phase and the Ni4Ti3 precipitate 

phase have a lower energy of formation than the NiTi parent phase based on normalized energies 
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to the same reference state, suggesting that these latter phases form to lower the overall energy of 

the bulk system.
5
 The calculations did not take into account the effect of temperature. The bulk 

energy of formation (BEF) was calculated as the difference between the electronic energy of the 

alloy and the pure atomic components (e.g., Ni(s) + Ti(s) → NiTi(s)) as described previously.
5
  

The PW91 BEFs (Table 3.1) are slightly smaller than and match closely with our previously 

calculated values
5 

obtained using the PBE exchange-correlation functional.
13,14

 We also 

calculated the energy of formation of the two B19’ phases (β = 98.8° or 108.8°) as this structure 

is the stable equilibrium structure of the equimolar alloy at 0 K.
15,16

 The two B19´ phases are 

predicted to be lower than the B2 structure by -36 meV (β = 98.8°) and by -8.5 meV (β = 108.8°) 

on a per atom basis somewhat lower than the respective energies of -57 and -25 meV at the 

FLAPW level with the PBE functional.
16

  Our energy difference of 144 meV (β = 98.8°) per 

four-atom unit cell is consistent with the value of 176 meV obtained at the PW91 level.
15

 The 

small calculated energy differences between the B2 and B19’ phases are consistent with the small 

energy change required for the reversible autesnite to martensite phase transformation. Using the 

various energy differences, we can assess the relative stability of the various phase components 

in the NiTi alloy system. Negative bulk energy of formation values show that these phases are 

more stable than their elemental components, so NiTi is more stable than Ni + Ti, Ni4Ti3 is more 

stable than 4Ni + 3Ti, and Ni3Ti is more stable than 3Ni + Ti at 0 K.  

The plane wave energies obtained from the VASP program are calculated with respect to a 

reference state of a virtual non spin-polarized pseudo-atom having one s electron and (n-1) d 

electrons, which is not the experimental ground state configuration. Therefore, the atomic 

energies must be adjusted to the ground state by normalizing the reference energy. This energy 

difference is 1.43 eV for Ti (s
1
d

3
 → s

2
d

2
) and 0.03 eV for Ni (s

1
d

9
 → s

2
d

8
) taken from Moore’s 
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Tables.
17

 Cohesive energies for the three phases (NiTi, Ni4Ti3, Ni3Ti) were calculated by 

subtracting the weighted average cohesive energy of the individual elemental components Ni and 

Ti from the ground state energy of the solid (Table 3.2). These results match closely with 

reported theoretical
5,18,19,20,21

 and experimental values and provide a complete and consistent 

estimate of the average cohesive energy per atom for these materials.  

Results from the NiTi surface calculations show the (110) surface to be the lowest energy 

structure. The energies of the other two surfaces relative to the (110) are given in Table 3.3. The 

results show that the (100) surface orientation is only half as destabilized as the (111) surface, 

both compared to the (110). This result is consistent with the packing density trend of surfaces 

with the higher packing densities being more stable.
23

 This trend indicates increased charge 

delocalization with increasing packing density, and can be observed in the surface charge density 

(Figure 3.1 (d)).  

A comparison of the partial DOS plots for the three relaxed NiTi surfaces shows that there is 

a change in bonding type, which can be seen from the width and distribution of the d bands in the 

partial DOS (Figure 1). During the slab relaxation procedure, a redistribution of states from dyz 

and dxz to dz
2
 is predicted, but this does not qualitatively change the amount of d character. The 

(100) DOS is broad and diffuse with both Ni and Ti being dominated by occupied d (dx
2

-y
2
, dxz, 

and dz
2
) orbitals. The partial DOS shown in Figure 1 is for the (100) surface slab with a Ti 

termination on one side of the slab and Ni termination on the other side of the slab. The (100) 

surface slabs terminated on both sides by Ni or by Ti exhibit similar behavior. Comparing the 

(100) surface DOS plots with the NiTi supercell structure shows that NiTi exhibits a much 
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sharper and narrower distribution of d-states with Ni states at higher energy and Ti states at 

lower (more stable) energy.  

For the (110) surface, the DOS for Ti is narrow and tightly distributed. The s and p states in 

the (110) DOS are spread across the energy range of -6 eV to -8 eV, while for the (100) surface 

they are tightly clustered around -8 eV. The (110) surface partial DOS most closely resembles 

the bulk for both Ni and Ti.  

The (111) surface DOS for Ti is the most diffuse of the three surfaces, with the most overlap 

of the Ti d-bands with the Ni d-bands. The electrons are distributed over the entire energy range 

of 2 to -6 eV. The Ni states are sharper and more defined than Ti states for this surface. The Ni d 

band is also shifted to higher energy than in the bulk, in contrast to the much smaller shifts for 

the (100) and (110) surfaces. This result is also consistent with the packing density trend 

described above.   

A shift in the center of the d-band to lower energy is predicted for the (100) surface (Figure 

3.1). There is a shift in the Ti d-band to energies above those of the NiTi bulk for the (110) and 

(111) surfaces (Figure 3.1). It has been suggested that the shift in the surface bands indicates a 

tendency of Ti to segregate towards the surface.
24

 We suggest that Ti surface segregation frees 

up Ni in the lattice to form Ni3Ti and Ni4Ti3 precipitates, and indeed these precipitate phases 

have a lower bulk energy of formation than the parent equiatomic NiTi phase (B2 or B19’).  

CONCLUSIONS 

A plane-wave density functional theory study of the constituent NiTi, Ni4Ti3, and Ni3Ti 

phases in the NiTi alloy system was performed for the bulk phase and for the (100), (110), and 

(111) surface structures of the NiTi phase. A detailed theoretical analysis of the NiTi surface 

bonding partial DOS was performed. The predicted DOS shows a significant contribution of Ti 



83 

 

states at higher energies (less stable) and Ni at lower energies (more stable). A pseudo-gap exists 

in the NiTi DOS, as often observed in ceramic materials. This pseudogap is due to NiTi phase 

stabilization from the partial occupancies between d-d or d-p hybridization orbital interactions. 

We hypothesize that Ti surface segregation could lead to the formation of titanium oxide phases, 

leaving free Ni to form the Ni4Ti3 precipitate phase and the Ni3Ti secondary phase. The lower 

calculated bulk energy of formation for the Ni4Ti3, and Ni3Ti phases as well as the larger 

cohesive energy of Ti is consistent with this hypothesis. Although the exact nature of this 

behavior is currently unknown, alloying NiTi with excess Ni stabilizes the alloy in the B2 

structure and also contributes to positive lubrication response based on previous experimental 

and computational results.
5
 Future work including extending the surface structures to 10-20 

atomic layers as well as performing phonon calculations to determine the vibrational modes to 

include entropic contributions will provide further insight into this phenomena.  



84 

 

 

Table 3.1. Calculated Bulk Energy of Formation (BEF) (eV/atom) Relative to Bulk Ni and Ti.  

Structure Current 

BEF 

PW91 

BEF[5]  

PBE 

a(Á) 

PW91 

b(Á) 

PW91 

c(Á) 

PW91 

NiTi (B2)
a
 -0.28 -0.33 2.96 2.96 2.96 

NiTi (supercell)
a
 -0.28  11.99 11.99 11.99 

Ni4Ti3 (supercell)
b
 -0.30 -0.35 13.24 13.24 13.24 

Ni3Ti (supercell)
c
 -0.39 -0.43 10.89 10.89 16.46 

NiTi (B19') (108.8)
d
 -0.29  4.77  4.06 2.90 

NiTi (B19’) (98.8)
e
 -0.32  4.65 4.06 2.87 

a
 B2 body centered cubic: 90° 

b 
R3 rhombohedral: 114.03°, 113.98°, 113.78° 

c
 D024 tetragonal: 

90°, 120° 
d
 B19' monoclinic: β = 105.30° 

e 
B19' monoclinic: β = 98.54° 
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Table 3.2. Cohesive Energy (eV) of the Various Phases in the Ni-rich Alloy. 

Structure Cohesive 

Energy 

(PW91) 

Other Calculated 

Cohesive Energies 

Expt. Cohesive 

Energy [19] 

Ti 4.96 5.09,
18

 5.19,
5
 4.85

20
  4.85 

Ni 4.77 4.52,
18 

4.72,
5
 4.44

20
  4.44 

NiTi (B2) 4.99 5.02
21

  

NiTi (B19') (108.8) 4.99   

NiTi (B19’) (98.8) 4.99   

Ni3Ti 4.88 4.99,
22

 4.94
21

  

Ni4Ti3 4.96   
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Table 3.3. Relative Energies for NITi surface structures in eV/atom. 

Surface ΔE  Packing density 

(110) 0.00 0.83 

(100) (Ni termination/Ti termination) 0.63 0.59 

(100) (Ti termination) 0.70 0.59 

(100) (Ni termination) 0.86 0.59 

(111) 1.22 0.34 

 

 



87 

 

 

Figure 3.1. left to right, partial DOS for (a) Ni in NiTi (100), (110), (111) (b)  Ti in NiTi (100), 

(110), (111) (c) Ni in NiTi, Ti in NiTi. (d) charge density surfaces. Legend: ^  dxz, o dz
2
, * dx

2
-y

2
, 

v dyz, x dxy, # px, ·s. The center of the highest population of states is indicated by a dashed line 

for Ni and a dot-dash line for Ti. 

 



88 

 

 

REFERENCES   

1
 Fu, Y.; Huang, W. ; Du, W., H.; Huang, X.; Tan, J.; Gao, X. Surface Coatings Technology 

2001, 145, 107. 

 
2
 Huang, X.; Ackland, G.; Rabe, K. Nature Materials 2003, 2, 307. 

3
 Garay, J.; Anselmi-Tamburini, U.; Munir, Z. Acta Mater. 2003, 51, 4487. 

4
 Liang, Y.N.; Li, S.Z.; Jin, Y.B.; Jin, W.; Li, S. Wear 1996, 198, 236. 

5
 Stott, A. C.; Brauer, J. I.; Garg, A.; Pepper, S. V.; Abel, P. B.; DellaCorte, C. ; Noebe, R. D.; 

Glennon, G.; Bylaska, E.; Dixon, D. A.  J. Phys. Chem. C 2010, 114, 19704. 

 
6
 Kresse, G.; Furthmüller , J. Phys. Rev. B. 1993, 47, 558. 

7
 Kresse, G.; Furthmüller, J. Phys Rev B 1996, 54, 11169.  

8
 Blöchl, P. E. Phys. Rev. B 1994, 50, 17953. 

9
 Kress, G. ; Joubert, J. Phys. Rev. B 1999, 59, 1758.  

10
 Perdew, J.P.; Chevary, J.A. ; Vosko, S.H.; Jackson,  K.A.; Pederson, M.R.; Singh, D.J.; 

Fiolhais. C. Phys. Rev. B 1992, 46, 6671. 

 
11

 Perdew, J.P.; Chevary, J.A.; Vosko, S.H. ; Jackson, K.A.; Pederson, M.R.; Singh, D.J.; 

Fiolhais. C. Phys. Rev. B 1993, 48, 4978. 

 
12

 Sitepu, H. ; Schmal, W. W. ; Stalick, J. K. Appl. Phys. A 2002, 74, 1719. 

13
 Perdew, J. P. ; Burke, K. ; Ernzerhof, M. Phys. Rev. Lett. 1998, 80, 891; Perdew, J. P.; Burke, 

K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865.  

 
14

 Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 45, 13244. 

15
 Wagner, M. F. –X.; Windl, W. Acta Mater. 2008, 56, 6232.  

16
 Hatcher, N.; Kontsevoi, Y. ; Freeman, A. J. Phys. Rev. B 2009, 79, 020202. 

17
 Moore, C. E. Atomic Energy Levels as Derived from the Analysis of Optical Spectra, Volume 

1, H to V; U.S. National Bureau of Standards Circular 467; U.S. Department of Commerce, 

National Technical Information Service, COM-72-50282: Washington, D C, 1949. 

 



89 

 

18
 Philipsen, P. H. ; Baerends, E. J. Phys. Rev. B 1996, 54, 5326. 

19
 Chase, M. W. Jr.  NIST-JANAF Thermochemical Tables, 4

th
 Ed., J. Phys. Chem. Ref. Data, 

Monograph 9, 1998. 

 
20 

Lai, W. S.; Liu, B. X. J. Phys. Condens. Matter 2000, 12, 53. 

21 
A. Pasturel, C. Colinet, M. D. Nguyen, A. T. Paxton, M. van Schilfgaarde Phys. Rev. B  1995, 

52, 176.  

 
22

 Y. O. Esin, M. G. Valishev, A. F. Ermakov, O. Gel’d, M. S. Petrushevsku, Russ. J. Phys. 

Chem., 55, 42 (1981).  

 
23

 Barrett, S. D.; Dhesi, S. S. The Structure of Rare-Earth Metal Surfaces, Imperial College 

Press, River Edge, NJ, 2001.  

 
24

 Koroteev, Y. M.; Lipnitskii, A. G.; Chulkov, E. V.; Silkin, V. M. Surf. Sci. 2002, 507, 199. 

 



90 
 

CHAPTER 4 

SURFACE SEGREGATION IN THE NiTi ALLOY SYSTEM: A MOLECULAR 

DYNAMICS STUDY 

 

Amanda C. Stott and David A. Dixon 

Abstract: 

 Molecular dynamics calculations were applied to determine surface segregation effects in 

the NiTi alloy system. NiTi nanoparticles in the (bcc) B2 starting structure with a spherical 

starting geometry was investigated with nanoparticle sizes ranging from 4 to 28 nm in diameter 

and containing from 2,445 to 838,949 atoms. In these simulations, the composition of NiTi for 

all nanoparticle sizes was 50:50. In addition, simulations with compositions ranging from 

Ni30Ti70 to Ni70Ti30 were performed for the smaller 4 nm and 8 nm nanoparticles. Simulated 

annealing from 300 – 1400 K was applied to capture a wide range of behavior. Following the 

annealing step, a quenching step was applied to bring the temperature back to 300 K. An 

equilibration step at 300 K was applied before and after the anneal using the canonical ensemble. 

The radial distribution function was calculated and plotted to determine the chemical 

environment achieved upon annealing and quenching.  
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Introduction 

NiTi alloys possess a range of interesting characteristics, most notably the shape memory 

effect and pseudoplasticity. The NiTi alloy is a shape memory alloy (SMA), and it undergoes a 

thermally induced martensitic phase transformation between the high temperature, high 

symmetry austenitic cubic phase (B2) and the low temperature, low symmetry ductile martensitic 

monoclinic phase (B19’). Upon cooling below the martensitic transformation temperature, 

unstrained SMAs have a twinned microstructure.  When placed under stress, the twins reorient 

along the direction of the applied stress, which permits easy deformation within the alloy 

microstructure. After deformation, when the SMA is heated above the austenite transition 

temperature, the austenite phase is recovered and the alloy reverts to the original shape.
1,2

  

Recently reported research on the NiTi alloy system includes structural properties,
 3,4,5,6,7

 

phase stability,
8,9,10,11

 thermodynamics,
12,13,14

 and phase transformation pathways.
8,9,12

 In addition 

to the NiTi bulk phase alloy, NiTi particles have also drawn interest and have been synthesized 

in-vaccuo with a plasma spray,
15,16

 amorphously by mechanical alloying,
17,18,19,20

 and on the 

nanoscale by chemical reaction in molten salts
21

 or via a bioreduction method.
22

 Recent 

equivalent crystal theory calculations using the BFS method show that Ti segregates to the 

surface at room temperature but at higher temperatures Ni begins to win out in segregation in a 

(bcc)/(bcc) multilayered structure of 3400 atoms.
23

 To maintain SMA properties, a balance of Ni 

and Ti atoms are required for the surface. In addition, oxidation can also have a degradative 

effect on the SMA properties.
24

 Increasing Ni content can limit mobility of Ti atoms, and even 

small changes in stoichiometry can influence the results. For example, increasing Ni content to 

55% greatly reduces Ti atom mobility.
9 

In addition, segregation in alloys cannot be predicted 

solely on the surface energetics of the individual atomic components,
25

 so a detailed study of the 
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entire microstructure of the material is vital to the understanding of the segregation behavior in 

this alloy.  

Many factors influence the composition and atomic distribution of Ni and Ti within the 

NiTi alloy system.
26

 For example, it is well known that when a melt has a composition within the 

range of a stable solid solution, rapid solidification typically cannot quench the melt into a 

vitrious state
7
 as the energetics favor solidification to lower the overall free energy of the 

solution.
 
During quenching, atomic segregation can also occur.  

Although the bulk NiTi alloy system has been studied extensively, little attention has 

been paid to other regions of the phase diagram in which the shape memory properties do not 

occur. We previously showed that the Ni-rich composition, Ni55Ti45, exhibits promise as a bulk-

phase alloy material for rolling contact bearing and aerospace applications.
27

 In the current work, 

we present a molecular dynamics (MD) study of NiTi nanoparticles ranging in size from 4 to 28 

nm and containing compositions from equi-atomic to Ni30Ti70 to Ni70Ti30 to investigate the role 

of composition and atomic distribution in the NiTi alloy system. Classical molecular dynamics 

(MD) simulations can be used to describe systems with large numbers of atoms, such as those 

encountered in solidification. Because MD deals with point particles, the calculated energy is 

therefore rotationally invariant, allowing for the calculation of the full trajectory of a selection of 

atoms within a material.
28

 This feature makes MD simulations quite useful for investigating 

phase stability in alloys.
28

  if an appropriately accurate force filed can be chosen. 

Computational Details: 

The Embedded Atom Method (EAM) developed by Daw and Baskes
29

 is an empirical 

form of effective mean theory in which the crystal energy is assumed to be the sum of a pairwise 

potential and an energy required to embed an atom into a local medium with a given electron 



93 
 

density.
30

 Because the embedding energy depends upon the local environment, EAM is able to 

accurately predict surface structures and defects.5 The embedding energy is given by equation 

(1): 

      (1) 

where rij is the distance between atoms of type i and j, φαβ is the pairwise potential function, ρβ is 

the atomic density function, which represents the contribution to the electron charge density from 

atom j of type β at the location of atom i, and Fα is the embedding energy function which  

represents the energy required to place an atom i of type α into the electron cloud.
31

 The initial 

NiTi EAM potential reported in the literature by Farkas et al.
32

 was unable to reproduce the 

experimentally observed solid state amorphization in NiTi multilayers or predict the B19’ phase 

as the stable equilibrium structure. Lai and Lu
33

 reported an improved parameterization of the 

Farkas et al
.32

 EAM potential using the experimental cohesive energy of the B2 phase at high 

temperature. This improved EAM potential uses the fourth order moment approximation to the 

electronic density of states in tight binding theory.
34

 Previous studies of (hcp) and (fcc) transition 

metals utilized the second moment approximation of tight binding theory to derive potentials for 

transition metals and alloys with these crystal structures.
35

 However, fourth order approximations 

are required for the (bcc) transition metals due to the presence of partially filled d-states, as the 

fourth-order term accurately describes the shape of the d-band and contains angular force terms, 

this potential can successfully reproduce bulk properties in the NiTi alloy system.  

MD simulations of NiTi nanoparticles were performed using the Large-scale 

Atomic/Molecular Massively Parallel Simulator
36

 (LAMMPS) simulation package with the 

EAM potentials of Lai and Lu potential.
33,

 The atomic cluster size was varied with initial cluster 
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geometry as a sphere with diameters ranging from 4 to 28 nm (Table 4.1). The nanoparticle 

spheres were initially generated from the (bcc) B2 crystal structure of NiTi.
37,38

 The atoms were 

allowed to relax and move freely, partly to model how the system behaves at higher temperature, 

but also to study phase segregation. Different alloy compositions ranging from 30% Ni and 70% 

Ti to 70% Ni and 30% Ti were employed in the smaller 4 nm, and 8 nm nanoparticles.  

The angular momentum of the ensemble of velocities was set to zero at the beginning of 

the simulation.  The canonical (NVT) ensemble
39

 was used to equilibrate the system of particles 

at an ambient temperature of 300 K. An equilibration step was performed using the NVT 

ensemble prior to the annealing and quenching procedure to ensure that the geometric 

configuration of the clusters was at the energy minimum. After equilibration, simulated 

annealing from 300 – 1400 K was performed in 100 K increments. In the simulated annealing 

procedure, the temperature was held constant at each value with a time step of 1 fs and a total of 

100,000 time steps for a total equilibration time of 100 ps at each temperature. The total 

simulation time for the entire simulated annealing procedure was 1.1 ns. Following heating to 

1400 K, a subsequent quench to ramp the temperature back to 300 K was performed using the 

same 1.1 ns time scale as in the heating step of the calculation. A final equilibration was 

performed after the quenching was complete. Thus, the total simulation time for the 

equilibration, simulated annealing, and quenching steps in each sphere calculation was 4.2 ns. 

The Nose-Hoover thermostat
40

 was used to regulate the temperature and pressure of each 

simulation. The positions and velocities from the simulated annealing procedure were generated 

from the NVT ensemble to determine atomic mobility and segregation effects in the system.  

The radial distribution functions g(r) for the pairwise interactions of Ni-Ni, Ti-Ti, and Ni-

Ti were calculated from the simulation output xyz data using the expression: 
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         (4.2) 

where r is the radius of integration, ρr is the radial density function, and Nij(r) is the number of 

particles with Ni-Ni, Ti-Ti, and Ni-Ti interactions, respectively. We used the Visual Molecular 

Dynamics
41

 (VMD) radial distribution function implementation to generate g(r) plots. The values 

obtained for g(r) were plotted versus r and the peaks were then fitted using the OriginPro8.0
42

 

software package. We also calculated a g(r) to determine the number of Ni and Ti atoms on the 

surface of the nanoparticles. In these calculations, the xyz data was divided into a series of thin 

spherical shells of radius r and thickness dr. The number of particles dN Ni-Ni, Ti-Ti, and Ni-Ti 

interactions are then counted and divided by dr to calculate g(r) for a radius of integration from 0 

to r.  

Results and Discussion: 

The simulations were carried out with the B2 phase as the starting structure with an initial 

spherical geometry. Periodic boundary conditions were applied in all of the simulations 

performed, and treating the spheres as unconstrained particles resulted in atomic sintering to a 

bulk alloy. During the equilibration step, the geometry relaxes to form an amorphous state, with 

“strings” of Ni and Ti dispersed throughout the structure (Figure 4.1 – 4.7 (a)). Although some 

ordering of Ni and Ti exists in similar regions but full phase segregation does not occur during 

the equilibration step. However, after the simulated annealing and quenching steps followed by a 

post-quench equilibration, the system reaches a state in which there is a Ni phase and a Ti phase 

so that both atoms are present on some portion of the surface (Figure 4.1 – 4.7 (b)) and phase 

segregation is observed. Simulation results from the equilibration step as well as the quenching 

step for the 4 nm (Figure 4.1 (a) – (b)), the 8 nm (Figure 4.2 (a) – (b)), 12 nm (Figure 4.3 (a) – 

(b)), 16 nm (Figure 4.4 (a) – (b)), 20 nm (Figure 4.5 (a) – (b)), 24 nm (Figure 4.6 (a) – (b)), and 
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28 nm (Figure 4.7 (a) – (b)) are all consistent and show phase segregation in the post-quenching 

step. This behavior is consistent across a range of length scales, with segregation observed from 

the smallest to the largest systems studied. Although the segregation patterns are different in 

each sized particle, the overall trend of Ni atoms segregating to a Ni-rich region and Ti atoms 

segregating to a Ti-rich region is observed post-quenching. The formation of these regions is 

likely due in part to strain compensation in the lattice between regions of dissimilar crystal 

structure.  

During the equilibration step, regions of short range segregation are observed, with the 

overall structure relaxing from the B2 starting structure to an amorphous mixture exhibiting short 

range segregation between Ni and Ti phases, observed as “strings” of Ni or Ti atoms in the 

structure. During the simulated annealing step, the atomic mobility increases with increasing 

temperature. Segregation into Ni and Ti regions begins to occur, and upon cooling these regions 

of Ni and Ti become ordered, with grain boundaries and lattice planes shown clearly in the 

microstructure of the alloy (Figure 4.4 (b)). These ordered regions are more prevalent as the size 

of the particles is increased. with the 16 – 28 nm particles exhibiting lattice planes and grain 

boundaries in the post-quenched state. This suggests that long-range ordering is beginning to 

take place in the separated elemental portions.   

In the 4 – 12 nm particles, phase segregation into layers of Ni and Ti is observed post-

quenching. However, by 16 nm the interior core of the particle contains mostly Ti while the outer 

shell is predominately Ni phase. In the 20 nm particle, a large “ribbon” of Ti runs through the 

interior of the particle surrounded by Ni and a small region of Ti on the lower right hand corner 

of the simulation box is observed. This type of phase segregation as well as “core/shell” behavior 

has been reported previously.by Liu et al.
43
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In the 12 and 16 nm nanoparticle simulations, just as in the 4 nm and 8 nm simulations, a 

clear separation of Ni and Ti regions is also observed. However, because there are many more 

atoms in the 16 nm case, there is a Ti interior core surrounded by a Ni outer region, indicating 

that Ni preferentially segregates to the surface of the alloy during heating. In the g(r) plot (Figure 

4.8), the Ni-Ni peaks are much sharper than the Ti-Ti, and upon observation of the atomic 

distribution of Ni and Ti within the crystalline lattice, lattice planes of Ni can be seen clearly 

(labeled in Figure 4.4 (b)). There is also an ordering of Ti observed in Ti-rich regions, however 

the separation between planes is less prevalent than in the Ni-rich regions. This result is shown 

by the shift in g(r) peak positions in the equilibrated (Figure 4.8 (a)) Ni-Ni, Ti-Ti, and Ni-Ti 

peaks to larger values post-annealing and quenching (Figure 4.8 (b),Table 4.2). In general, there 

is a 0.1 – 0.2 nm shift in the positions of Ni and Ti in the lattice after equilibration and simulated 

annealing followed by quenching, with the Ni-Ni average peak position shifting from 3.25 to 

3.40 Å, the Ni-Ti average peak position shifting from 3.35 to 3.5 Å, and the Ti-Ti average peak 

position shifting from 2.8 to 3.0 Å. This shifting in peak position shows atomic movement in the 

lattice, which could be indicative of strain compensation, in which variants form between regions 

of Ni and Ti to relieve strain induced by the atomic migration.
44,45

 In strain compensation, 

variants form between regions of Ni and Ti to relieve induced strain.
46

 which may occur as a 

result of atomic migration. Both the shift in g(r) to larger distances as well as the appearance of 

lattice planes and grain boundaries post-quenching illustrate that there is atomic migration of Ni 

and Ti atoms in the lattice that occurs as a result of simulated annealing. 

The shifts of the peaks in the g(r) plot also indicate ordering between phases of similar 

atomic composition. For example, in the case of Ni, the pure component lattice parameter is a = 

3.52 Å. The value of the Ni-Ni peak we observe post-quenching is ~ 3.4 Å, indicating that the Ni 
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regions of the alloy are ordering into the (fcc) phase. Similarly for Ti, the equilibrium lattice 

parameter for (hcp) phase Ti is a = 2.95 Å. The value we observe for the Ti-Ti peak post-

quenching is ~ 3.05 Å, also indicating that Ti-rich regions of the microstructure are ordering into 

the (hcp) phase. This important result further supports the formation of strain variants, as regions 

of (hcp) and (fcc) phase are crystallographically dissimilar in nature, creating strain between 

adjoining regions of Ni-Ni and Ti-Ti phases.     

One important observation is that regardless of the cluster size, the equilibration and post-

quenching peak values are about the same for all clusters, showing phase separation and atomic 

segregation mechanisms are operative across a range of length scales. For this reason only a 

representative g(r) plot is shown in the paper, with all g(r) plots provided in the supporting 

information.  

Using the radial distribution function, we counted the number of Ni and number of Ti 

atoms within a region r + dr near the surface of the sphere. This analysis of atom types was 

performed after the equilibration procedure as well as after the simulated annealing and 

quenching. The counting statistics provided by this show that there is excess Ni on the surface of 

the particles after the simulated annealing and quenching has taken place. The metal segregation 

result is consistent with the lower (less positive) surface free energy of Ni (2.364 J/m
2
 = 4.69 

eV/nm
2
) as compared to Ti (2.57 J/m

2
 = 5.09 eV/nm

2
).

47
 Examining the relationship between 

cluster size and excess surface Ni (Figure 3) reveals that there are more Ni atoms on the surfaces 

of the particles after annealing and quenching. This is a result of the shift to larger atomic 

spacings post-quench, as indicated by a shift in the largest peak in the radial distribution 

function. (Figure 4.2 and Table 4.2). 
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The mixtures with Ti:Ni ratios differing from 1 (Figures 4.9 – 4.10) ranging in 

composition from Ni30Ti70 to Ni70Ti30 exhibit similar behavior to the equi-atomic structures, with 

segregation of Ni and Ti occurring during the equilibration procedure. Further segregation is 

observed post annealing and quenching. In the structures containing more Ni than Ti, segregation 

of Ti to the center and Ni to the surface is observed. For the Ti-rich particles, Ni is seen evenly 

distributed throughout the center of the particle with more Ti distributed on the surface.      

In the 4 nm mixtures, the Ni70Ti30 particle looks the same after equilibration and post-

quenching, with segregation behavior clearly observed. In the Ni60Ti40 particle, segregation is 

observed in the equilibration step but post-quenching the appearance of Ti segregated to the 

lower edges of the box can be observed. In the Ni45Ti55 particle, the distribution of Ni and Ti 

does not exhibit phase segregation. Post-quenching, Ti is observed on the external part of the 

particle and Ni on the inside of the particle, which is surprising considering how close they are to 

equiatomic. In the the Ni40Ti60 and Ni30Ti70 particles, Ni and Ti are evenly distributed with no 

phase segregation observed during the equilibration step, and Ni and Ti segregating into layers 

post-quenching.    

In the 8 nm particle mixtures, the atoms in the Ni70Ti30 particle are evenly distributed 

with no clear phase segregation both during equilibration as well as post-quenching. In the 

Ni60Ti40 particle, although the equilibration structure exhibits an even distribution of Ni and Ti 

throughout the lattice, Ti is observed to have segregated to the bottom corner of the simulation 

box post-quenching. In the Ni45Ti55, Ni40Ti60, and Ni30Ti70 particles, clustering of Ni and Ti 

atoms into phase segregated regions is observed during the equilibration step, with complete 

phase segregation observed post-quenching.   
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Conclusions 

MD simulations using the EAM Lai and Lu EAM potential,
33

 of NiTi nanoparticles of 

equi-atomic, Ni-rich, and Ti-rich phases were performed. An equilibration step followed by a 

simulated annealing, quenching, and post-quench equilibration revealed Ni and Ti segregation in 

the particles. The radial distribution function revealed a sharper Ni-Ni peak compared to that of 

Ti-Ti. Lattice planes of Ni can be clearly observed. There is an ordering of Ti in Ti-rich regions, 

however the separation between planes is not as prevalent as that observed in the Ni-rich regions. 

This result is verified by the degree in the shift in the g(r) for Ti compared to the larger shift 

observed for Ni post-quenching. This result could be indicative of the formation of strain 

variants between regions of Ni and Ti clusters. Non-equi-atomic clusters of NixTiy were 

simulated for e 4 nm and 8 nm particles, with Ni and Ti segregation also observed. In the Ni-rich 

structures, segregation of Ti to the center and Ni to the surface is observed. For the Ti-rich 

particles, Ni is seen evenly distributed throughout the center of the particle with more Ti 

distributed on the surface.  
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Table 4.1. Atomic Cluster Sizes for NiTi Nanoparticle Calculations 

 

Initial Particle 

Diameter 

(nm) 

Number of 

Atoms 

4 2,445 

8 19,603 

12 66,027 

16 156,325 

20 305,507 

24 527,899 

28 838,949 
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Table 4.2. Peak positions of largest peak in radial distribution function (Figure 4.2) 

Nanoparticle 

Size (nm) 

Peak 

 

xc (Å) 

equilibration 

xc (Å)             

post-quench 

4 Ni-Ni 3.34 3.40 

 Ni-Ti 2.88 3.45 

 Ti-Ti 2.90 3.07 

8 Ni-Ni 3.25 3.40 

 Ni-Ti 3.36 3.50 

 Ti-Ti 2.82 3.08 

12 Ni-Ni 3.29 3.39 

 Ni-Ti 3.35 3.48 

 Ti-Ti 2.81 3.03 

16 Ni-Ni 3.20 3.42 

 Ni-Ti 3.32 3.51 

 Ti-Ti 2.76 3.09 

20 Ni-Ni 3.02 3.41 

 Ni-Ti 3.22 3.49 

 Ti-Ti 2.65 3.09 

24 Ni-Ni 2.96 3.40 

 Ni-Ti 3.16 3.47 

 Ti-Ti 2.54 3.04 

28 Ni-Ni 2.88 3.39 

 Ni-Ti 3.05 3.50 

 Ti-Ti 2.56 3.09 
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Cluster Size 

(nm) 

% Ti 

equilibration 

% Ni 

equilibration 

%Ti post-

quenching 

% Ni post-

quenching 

4 35.4 64.6 47.6 52.4 

8 65.2 34.8 73.7 26.3 

12 48.9 51.1 49.8 50.2 

16 50.7 49.3 25.0 75.0 

20 55.3 44.7 44.0 56.0 

24 52.3 47.7 40.6 59.4 

28 53.1 46.9 25.4 74.6 
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(a) 

 

(b) 

Figure 4.1. 4 nm particle: (a) 4 nm equilibration and (b) 4 nm post-quench. Ni is shown in blue, 

Ti in green. 
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(a) 

 

(b) 

Figure 4.2. 8nm particle: (a) 8 nm equilibration and (b) 8 nm post-quench. Ni is shown in blue, 

Ti in green. 
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(a)  

(b)  

Figure 4.3. 12 nm particle; (a) 12 nm equilibration AND (b) 12 nm post-quench. Ni is shown in 

blue, Ti in green. 



107 
 

 
(a) 

 
 

(b) 

Figure 4.4. 16 nm particle: (a) 16 nm equilibration AND (b) 16 nm post-quench. Ni is shown in 

blue, Ti in green.
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(a) 

 
(b) 

 

Figure 4.5. 20 nm particle: (a) 20 nm equilibration and (b) 20 nm post-quench. Ni is shown in 

blue, Ti in green.
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(a) 

 
(b) 

 

Figure 4.6. 24 nm particle: (a) 24 nm equilibration and (b) 24 nm post-quench. Ni is shown in 

blue, Ti in green. 
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(a) 

(a)  

(b) 

 

Figure 4.7. 28 nm particle: (a) 28 nm equilibration and (b) 28 nm post-quench. Ni is shown in 

blue, Ti in green. 



111 
 

 

 
(a) 

 

(b) 

Figure 4.8. Representative radial distribution function plots for (a) equilibration and (b) post-

quenching steps in the 24 nm particle. 
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Figure 4.9. NiTi mixed phase compositions in the 4 nm particle. Ni is shown in blue, Ti in 

green. 
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Figure 4.10. NiTi mixed phase compositions in the 8 nm particle. Ni is shown in blue, Ti in 

green.
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APPENDIX I: SURFACE SEGREGATION IN THE ALLOY SYSTEM: A MOLECULAR 

DYNAMICS STUDY 

Amanda C. Stott and David A. Dixon 

Supporting Information The radial distribution functions for the equilibration (a) and post-quenching 

(b) steps of the simulation are given for each cluster in Figure A 1 (a) – (g).  

 

 
 

(a) 4 nm equilibration 
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(b)  
 

 

 

 

(b) 4 nm post-quench 
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(c) 8 nm equilibration 
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(d) 8 nm post-quench 
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(e) 12 nm start 
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(f) 12 nm post-quench 
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(g) 16 nm start 
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(h) 16 nm post-quench 
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(i) 20 nm equilibration 
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(j) 20 nm post-quench 
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(k) 24 nm equilibration 
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(l) 24 nm post-quench 
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(f) 28 nm equilibration 
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(g) 28 nm post-quench 

Figure A1. Radial distribution functions for the MD simulation results shown in Figure 1. Ni-Ni 

distances are plotted in black, Ti-Ti distances are plotted in blue, and Ni-Ti distances are plotted 

in red.   
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APPENDIX II 

Introduction As part of our study of NiTi, we also have explored the structure of small NiTi 

clusters by using electronic structure methods. The study of transition metal clusters has received 

much attention in the past from both an experimental as well as a theoretical point of view due to 

the interesting chemical and physical properties these clusters possess. In particular, the 

relationship between the stable geometrical structures and the role these structures play upon 

trending towards bulk phase formation is of considerable interest to modeling physical behavior 

over a range of length scales. There are only limited reports on the electronic structure of small 

NiTi clusters.
1,2

 Du et al.2 have performed a study of small Tin clusters (2 ≤ n ≤ 5), and report 

that the Ti dimer has a triplet ground state with bond length of 1.943 Å. The ground state 

structure of the Ti trimer is reported as an isosceles triangle with C2v symmetry, the tetramer a 

distorted tetrahedron with D2h symmetry, and the pentamer a triangular bipyrimidal structure 

with C2v symmetry. Venkataramanan1 reported a study of NiTi clusters, but the results of this 

study remain unclear, as the ground state structure was reported without a comparison or 

discussion of the energetics of the other spin multiplicities. Salahub and co-workers have studied 

the structure of the vanadium trimer.
3
 For NiTi, the calculations show that a localization of the 

unfilled 3d electrons in Ni dominates the electronic and physical properties.
4
 Work in this field is 

sparse as transition metal complexes are traditionally difficult to treat theoretically due to the 

presence of active d electrons, which can lead to complicated electronic ground state structures
5
 

in terms of the number of spin states and the need to include reasonable amounts of electron 

correlation. We have calculated the geometries and electronic structure for different electron spin 

multiplicities in a series of small NixTiy clusters. Knowledge of the stable ground state structures 

will allow predictions about the clustering and growth pattern mechanisms that link these 
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molecular clusters to the known corresponding solid state structures as well as providing more 

information for the further improvement of force fields for molecular dynamics simulations.     
 

Computational Details The electronic structure calculations were done at the density functional 

theory (DFT) level. An appropriate basis set and exchange correlation functional must be chosen. 

For the first row 3d transition metals, either the double zeta valence polarization (DZVP2) basis 

set
6
 or the correlation consistent basis sets from Peterson with or without effective core potentials 

to treat relativistic effects
7
 have proven to be good choices.

8
  In this work, we have performed a 

comprehensive treatment of NiTi clusters with spins up to 7. The calculations were done by 

using the aug-cc-pVDZ basis set
9
 with an effective core potential on the transition metals and the 

PBE
10

 exchange-correlation functional as well as with the DZVP2 basis set and the PW91
11

 

exchange-correlation functional. Restricted open shell and unrestricted Hartree-Fock calculations 

were performed to verify the orbital occupancies obtained from the DFT calculations. The 

Gaussian09
12

 software package was used for the calculations. 

Results The optimized structural isomers of NixTiy, Ni, and Ti are shown in Figure A1. The 

geometries of all the isomers were optimized at the DFT level of theory (Figure A1). The 

structural properties including the bond lengths and bond angles of the clusters for the ground 

state spin multiplicity were calculated at the PBE/avdz (Table A1) and PW91/DZVP2 (Table 

A2) level of theory. A comparison of the energies between the ground state structures and the 

excited state spin multiplicities (Table A3) shows that in general there is more of an energy 

difference with PW91/DZVP2 than with PBE/avdz except in the case of Ti2 and Ni2Ti2, where 

the energy difference is less that that obtained with PBE/avdz. There is also a systematic increase 

in the energy difference between the ground state and excited state structures with increasing 

spin multiplicity, regardless of whether the ground state is a singlet, triplet, quintet, or septet. For 



 133  

 

Ni2, there are large energy differences between the different spin states (Figure A2) but for Ti2 

the energy differences are much smaller. Increasing the number of atoms in the cluster leads to a 

narrowing in the energies, with the triplet state being the preferred lowest energy structure of the 

spin multiplicities investigated. Exceptions to this are Ti3 and Ti4, which have the septet state as 

the lowest energy structure and Ni2Ti and Ni2Ti2, which exhibit lowest energy in the singlet 

state. These clusters may undergo a Jan-Teller distortion, although the distortion may not 

necessarily lead to a greater degree of stabilization due to the closeness in the energy levels 

between the low-lying states. 

Several of our ground state structures and spins differ from those reported by 

Venkataramanan,
1 

particularly the structure of Ni2Ti2, where we predict the singlet to be the 

ground state, whereas he predicts the quintet to be the lowest energy structure. Both PBE/avdz 

and PW91/DGVP2 calculations show that this structure is stable with respect to the quintet by ~ 

5 kcal/mol (Table A2). In addition, we find the Ni3 ground state to be a triplet which is consistent 

with previous studies that have reported the structure to be a triplet,
13

 but in contrast to the 

quintet ground state reported by Venkataramanan.1 Moskovits et al.
14

 reports that 

experimentally, the energy levels are so close that several configurations including singlet, 

triplet, and quintet ∆g state may exist, with a parent ground state a ∆u state of unknown spin 

multiplicity. The parent state has the possibility of a Jahn-Teller distortion, although the 

distortion may not necessarily lead to a greater degree of stabilization due to the closeness in the 

energy levels between the low-lying states. Our calculations confirm the energies of the higher 

spin multiplicities are similar, and with PBE/avdz we find the energy difference between the 

triplet and the quintet to be only 3.5 kcal/mol.  
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Table A1. Bond lengths and bond angles of NiTi clusters calculated at the PBE level  

Cluster 

Name/Cluster 

ID (Figure 1) 

Spin  bond length 

(Å) PBE 

bond angle 

(°) PBE 

bond length 

(Å) PW91 

bond angle 

(°) PW91 

Ni2/1 1 (1) 2.097  (1) 2.096  

 3 (1) 2.090  (1) 2.090  

 5 (1) 2.167  (1) 2.167  

 7 (1) 2.365  (1) 2.365  

Ti2/2 1 (1) 1.944  (1) 1.944  

 3 (1) 1.917  (1) 1.917  

 5 (1) 1.993  (1) 1.993  

 7 (1) 2.376  (1) 2.376  

NiTi/3 1 (1) 2.041  (1) 2.041  

 3 (1) 2.038  (1) 2.038  

 5 (1) 2.381  (1) 2.381  

 7 (1) 2.090  (1) 2.606  

Ni3/4 1 (1) 2.194      

(2) 2.194      

(3) 2.193 

(α) 59.96    

(β) 60.02  

(γ) 60.02 

(1) 2.194     

(2) 2.194     

(3) 2.193  

(α) 59.96 

(β) 60.02  

(γ) 60.02  

 3 (1) 2.239   

(2) 2.239   

(3) 2.194 

(α) 58.69    

(β) 60.66  

(γ) 60.66 

(1) 2.239     

(2) 2.239     

(3) 2.194  

(α) 58.69 

(β) 60.66  

(γ) 60.66  

 5 (1) 2.188  

(2) 2.187  

(3) 2.415 

(α) 67.01 

(β) 56.48  

(γ) 56.52 

(1) 2.188     

(2) 2.187     

(3) 2.415 

(α) 67.01 

(β) 56.48  

(γ) 56.52 

 7 (1) 2.254   

(2) 2.254   

(3) 2.253 

(α) 59.98   

(β) 60.01  

(γ) 60.01 

(1) 2.254     

(2) 2.254     

(3) 2.253 

(α) 59.98 

(β) 60.01  

(γ) 60.01  

Ti3/5 1 (1) 2.362    

(2) 2.362    

(3) 2.362 

(α) 60.00 

(β) 60.00  

(γ) 60.00 

(1) 2.362     

(2) 2.362      

(3) 2.362 

(α) 60.00 

(β) 60.00  

(γ) 60.00  

 3 (1) 2.346    (α) 62.85 (1) 2.346     (α) 62.85 
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(2) 2.346   

(3) 2.446 

(β) 58.57  

(γ) 58.58 

(2) 2.346     

(3) 2.446  

(β) 48.57  

(γ) 58.58  

 5 (1) 2.356   

(2) 2.356   

(3) 2.283 

(α) 57.97 

(β) 61.01  

(γ) 61.01 

(1) 2.356     

(2) 2.356     

(3) 2.283  

(α) 57.97 

(β) 61.02  

(γ) 61.02  

 7 (1) 2.423   

(2) 2.423   

(3) 2.111 

(α) 51.63 

(β) 64.18 (γ) 

64.18 

(1) 2.423     

(2) 2.423     

(3) 2.111 

(α) 51.63 

(β) 64.18  

(γ) 64.18  

Ni2Ti/6 1 (1) 2.014    

(2) 2.014   

(3) 3.464 

(α) 118.56 

(β) 30.72 (γ) 

30.72 

(1) 2.015 (2) 

2.015 (3) 

3.464  

(α) 118.56 

(β) 30.72  

(γ) 30.72 

 3 (1) 2.086   

(2) 2.086   

(3) 2.465 

(α) 72.44 

(β) 53.78 (γ) 

53.78 

(1) 2.086 (2) 

2.086 (3) 

2.465 

(α) 72.45 

(β) 53.78  

(γ) 53.78 

 5 (1) 2.242   

(2) 2.242   

(3) 2.259 

(α) 60.51 

(β) 59.75  

(γ) 59.75 

(1) 2.242 (2) 

2.242 (3) 

2.259 

(α) 60.51 

(β) 59.75  

(γ) 59.75 

 7 (1) 2.508   

(2) 2.508   

(3) 2.161 

(α) 51.03 

(β) 64.48  

(γ) 64.48 

(1) 2.508 (2) 

2.508 (3) 

2.161 

(α) 51.03 

(β) 64.48  

(γ) 64.48  

Ti2Ni/7 1 (1) 2.341   

(2) 2.341   

(3) 2.060 

(α) 52.21 

(β) 63.89  

(γ) 63.89 

(1) 2.341 (2) 

2.341 (3) 

2.060  

(α) 52.22 

(β) 63.89  

(γ) 63.89 

 3 (1) 2.338   

(2) 2.338   

(3) 2.065 

(α) 52.41 

(β) 63.80  

(γ) 63.80 

(1) 2.339 (2) 

2.339 (3) 

2.065 

(α) 52.41 

(β) 63.80  

(γ) 63.80  

 5 (1) 2.337   

(2) 2.337   

(3) 2.007 

(α) 50.83 

(β) 64.58  

(γ) 64.58 

(1) 2.338 (2) 

2.338 (3) 

2.007 

(α) 50.83 

(β) 64.58  

(γ) 64.58 

 7 (1) 2.267   

(2) 2.267   

(3) 2.358 

(α) 62.66 

(β) 58.67  

(γ) 58.67 

(1) 2.267 (2) 

2.267 (3) 

2.358 

(α) 62.66 

(β) 58.67  

(γ) 58.67 

Ni4/8 1 (1) 2.308   

(2) 2.308   

(3) 2.308   

(4) 2.308   

(5) 2.378   

(6) 2.200  

(α) 61.54 

(β) 58.99  

(γ) 58.99  

(δ) 61.54  

(π) 61.54  

(κ) 58.99  

(ε) 61.54  

(δ) 58.99  

(1) 2.308 (2) 

2.308 (3) 

2.308 (4) 

2.308 (5) 

2.378 (6) 

2.200 

(α) 61.54 

(β) 60.00  

(γ) 60.00  

(δ) 61.54  

(π) 61.54  

(κ) 56.92  

(ε) 61.54  

(δ) 56.92 
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 3 (1) 2.309 (2) 

2.309 (3) 

2.309 (4) 

2.309 (5) 

2.291 (6) 

2.290 

(α) 60.27 

(β) 59.46  

(γ) 60.26  

(δ) 60.27  

(π) 60.27  

(κ) 60.26  

(ε) 60.27  

(δ) 60.26  

(1) 2.309 (2) 

2.309 (3) 

2.309 (4) 

2.309 (5) 

2.291 (6) 

2.290  

(α) 60.27 

(β) 60.26  

(γ) 60.26  

(δ) 60.27  

(π) 60.27  

(κ) 59.46  

(ε) 60.27  

(δ) 59.46 

 5 (1) 2.340 (2) 

2.340 (3) 

2.340 (4) 

2.340 (5) 

2.215 (6) 

2.216  

(α) 61.73 

(β) 58.53  

(γ) 61.76 (δ) 

61.73 (π) 

61.73 (κ) 

61.76 (ε) 

61.73 (δ) 

61.76  

(1) 2.340 (2) 

2.340 (3) 

2.340 (4) 

2.340 (5) 

2.215 (6) 

2.216  

(α) 61.73 

(β) 61.76 (γ) 

61.76 (δ) 

61.73 (π) 

61.73 (κ) 

56.53 (ε) 

61.73 (δ) 

56.53 

 7 (1) 2.357 (2) 

2.357 (3) 

2.357 (4) 

2.357 (5) 

2.235 (6) 

2.185  

(α) 62.39 

(β) 55.22 (γ) 

61.69 (δ) 

62.39 (π) 

62.39 (κ) 

61.69 (ε) 

62.39 (δ) 

61.69 

(1) 2.357 (2) 

2.357 (3) 

2.357 (4) 

2.357 (5) 

2.236 (6) 

2.185  

(α) 62.39 

(β) 61.69 (γ) 

61.69 (δ) 

62.39 (π) 

62.39 (κ) 

55.22 (ε) 

62.39 (δ) 

55.22 

Ti4/9 1 (1) 2.500 (2) 

2.500 (3) 

2.500 (4) 

2.500 (5) 

2.500 (6) 

2.500  

(α) 60.00 

(β) 60.00 (γ) 

60.00 (δ) 

60.00 (π) 

60.00 (κ) 

60.00 (ε) 

60.00 (δ) 

60.00  

- - 

 3 (1) 2.549 (2) 

2.412 (3) 

2.549 (4) 

2.409 (5) 

2.546 (6) 

2.533  

(α) 56.61 

(β) 56.51 (γ) 

61.81 (δ) 

56.65 (π) 

62.02 (κ) 

61.33 (ε) 

62.03 (δ) 

61.36  

- - 
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 5 (1) 2.537 (2) 

2.537 (3) 

2.537 (4) 

2.537 (5) 

2.411 (6) 

2.411  

(α) 61.63 

(β) 61.63 (γ) 

61.63 (δ) 

61.63 (π) 

61.63 (κ) 

56.74 (ε) 

61.63 (δ) 

56.74 

- - 

 7 (1) 2.554 (2) 

2.554 (3) 

2.554 (4) 

2.554 (5) 

2.389 (6) 

2.389  

(α) 62.12 

(β) 62.12 (γ) 

62.12 (δ) 

62.12 (π) 

62.12 (κ) 

55.76  (ε) 

62.12 (δ) 

55.76  

- - 

Ni3Ti/10 1 (1) 3.562 (2) 

3.563 (3) 

2.188 (4) 

2.188 (5) 

2.262 (6) 

2.026 

(α) 33.71 

(β) 71.50 (γ) 

71.48 (δ) 

115.37 (π) 

33.70 (κ) 

58.88 (ε) 

115.35 (δ) 

30.94  

(1) 2.188 (2) 

2.188 (3) 

3.562 (4) 

3.563 (5) 

2.262 (6) 

2.026  

(α) 115.37 

(β) 58.88 (γ) 

58.88 (δ) 

33.72 (π) 

115.35 (κ) 

30.94 (ε) 

37.02 (δ) 

30.93  

 3 (1) 3.562 (2) 

3.563 (3) 

2.188 (4) 

2.188 (5) 

2.262 (6) 

2.026 

(α) 53.00 

(β) 53.00 (γ) 

60.03 (δ) 

74.00 (π) 

53.00 (κ) 

53.04 (ε) 

74.00 (δ) 

53.04 

(1) 2.108 (2) 

2.108 (3) 

2.537 (4) 

2.535 (5) 

2.537 (6) 

2.108  

(α) 73.92 

(β) 53.00 (γ) 

53.00 (δ) 

53.00 (π) 

74.00 (κ) 

53.00 (ε) 

60.03 (δ) 

53.04  

 5 (1) 2.366 (2) 

2.366 (3) 

2.218 (4) 

2.218 (5) 

2.366 (6) 

2.218 

(α) 57.77 

(β) 57.77 (γ) 

60.00 (δ) 

64.47 (π) 

57.76 (κ) 

57.76 (ε) 

64.47 (δ) 

57.76 

(1) 2.218 (2) 

2.218 (3) 

2.366 (4) 

2.366 (5) 

2.366 (6) 

2.218  

(α) 64.47 

(β) 57.74 (γ) 

57.76 (δ) 

57.77 (π) 

64.47 (κ) 

57.77 (ε) 

60.00 (δ) 

57.77 
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 7 (1) 2.340 (2) 

2.221 (3) 

2.469 (4) 

2.240 (5) 

2.340 (6) 

2.469  

(α) 55.43 

(β) 56.66 (γ) 

61.67 (δ) 

53.47 (π) 

63.27 (κ) 

55.43 (ε) 

59.37 (δ) 

65.20 

(1) 2.240 (2) 

2.469 (3) 

2.221 (4) 

2.340 (5) 

2.340 (6) 

2.469  

(α) 59.37 

(β) 65.20 (γ) 

55.42 (δ) 

63.27 (π) 

53.47 (κ) 

63.27 (ε) 

61.67 (δ) 

65.20  

Ti3Ni/11 1 (1) 2.419 (2) 

2.419 (3) 

2.417 (4) 

2.417 (5) 

2.417 (6) 

2.420 

(α) 59.93 

(β) 60.03 (γ) 

60.03 (δ) 

60.03 (π) 

59.93 (κ) 

60.00 (ε) 

60.03 (δ) 

60.00 

(1) 2.420 (2) 

2.420 (3) 

2.417 (4) 

2.417 (5) 

2.417 (6) 

2.419  

(α) 59.93 

(β) 60.03 (γ) 

60.05 (δ) 

60.03 (π) 

59.94 (κ) 

60.03 (ε) 

60.00 (δ) 

60.03  

 3 (1) 2.421 (2) 

2.509 (3) 

2.324 (4) 

2.377 (5) 

2.509(6) 

2.377   

(α) 59.38 

(β) 61.15 (γ) 

57.70 (δ) 

64.51 (π) 

56.72 (κ) 

58.77 (ε) 

61.25 (δ) 

56.73  

(1) 2.234 (2) 

2.377 (3) 

2.421 (4) 

2.509 (5) 

2.509 (6) 

2.377  

(α) 64.51 

(β) 58.77 (γ) 

56.72 (δ) 

59.38 (π) 

61.25 (κ) 

59.38 (ε) 

61.15 (δ) 

58.77  

 5 (1) 2.435 (2) 

2.434 (3) 

2.308 (4) 

2.308 (5) 

2.364 (6) 

2.420  

(α) 56.79 

(β) 57.24 (γ) 

57.26 (δ) 

61.93 (π) 

56.78 (κ) 

55.22 (ε) 

61.94 (δ) 

55.19 

(1) 2.308 (2) 

2.309 (3) 

2.435 (4) 

2.434 (5) 

2.634 (6) 

2.420  

(α) 61.93 

(β) 55.22 (γ) 

55.19 (δ) 

56.79 (π) 

61.94 (κ) 

61.27 (ε) 

65.50 (δ) 

61.29 

 7 (1) 2.672 (2) 

2.465 (3) 

2.415 (4) 

2.398 (5) 

2.265 (6) 

2.317  

(α) 56.92 

(β) 62.30  

(γ) 68.64  

(δ) 62.74  

(π) 60.57  

(κ) 61.55  

(ε) 69.01  

(δ) 62.30 

(1) 2.398 (2) 

2.317 (3) 

2.465 (4) 

2.398 (5) 

2.672 (6) 

2.415  

(α) 56.15 

(β) 62.74  

(γ) 56.92  

(δ) 56.69  

(π) 62.74  

(κ) 60.57  

(ε) 68.64  

(δ) 62.30  
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Ni2Ti2/12 1   (1) 2.323     

(2) 2.173 (3) 

2.323 (4) 

2.323 (5) 

2.323 

(α) 62.12 

(β) 55.76  

(γ) 62.12  

(θ) 62.12  

(ε) 62.12  

(δ) 55.76  

 3   (1) 2.333     

(2) 2.230     

(3) 2.333     

(4) 2.333     

(5) 2.333 

(α) 61.45 

(β) 57.10  

(γ) 62.12  

(θ) 61.45  

(ε) 61.45  

(δ) 57.10 

 5   (1) 2.307     

(2) 2.338     

(3)  2.307     

(4) 2.307     

(5) 2.307 

(α) 56.57 

(β) 60.87  

(γ) 59.57  

(θ) 59.57  

(ε) 59.57  

(δ) 60.87 

 7   (1) 2.351     

(2) 2.498     

(3) 2.351     

(4) 2.351     

(5) 2.351 

(α) 57.91 

(β) 64.18  

(γ) 57.91  

(θ) 57.91  

(ε) 57.91  

(δ) 64.18 
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Table A2. Energy Differences in kcal/mol Between Spin Multiplicities 1,3,5,7 in NiTi Clusters 

Calculated with DFT. Energy differences are between the higher energy states and the predicted 

ground state (G.S.). 

Cluster  Spin  ∆E PBE/avdzpp 

(kcal/mol) 

∆E PW91/DZVP2 

(kcal/mol) 

Ni2/1 1 32.8 29.8 

 3 0.0  0.0  

 5 24.6 - 

 7 95.5 130.2 

Ti2/2 1 11.4 8.7 

 3 0.0  0.0  

 5 7.5 3.3 

NiTi/3 1 27.0 21.5 

 3 0.0  0.0  

 5 21.2 21.9 

 7 54.5 107.6 

Ni3/4 1 19.6 16.3 

 3 0.0  0.0  

 5 2.6 38.9 

 7 22.2 - 

Ti3/5 1 16.6 12.7 

 3 10.0 8.4 

 5 5.6 3.5 

 7 0.0  0.0  

Ni2Ti/6 1 0.0 0.0 

 3 6.2 5.4 

 5 22.9 22.8 

 7 34.6 46.1 

Ni4/8 1 19.6 16.3 

 3 0.0  0.0 

 5 2.6 38.9 

 7 22.2 - 

Ti4/9 1 16.6 12.7 

 3 10.0 8.4 

 5 5.6 3.5 

 7 0.0 0.0  

Ni3Ti/10 1 - 3.4 

 3 - 0.0 
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 5 - 7.3 

 7 - 29.2 

Ti3Ni/11 1 3.7 2.8 

 3 0.0  0.0  

 5 4.4 10.5 

 7 17.7 29.1 

Ni2Ti2/12 1 0.0  0.0 

 3 2.13 1.4 

 5 5.8 3.4 

 7 20.4 16.7 
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Figure A1. NiTi molecular structures with bond lengths and angles corresponding to values given in 

Table 2.1.  Ni is shown in blue and Ti is shown in white.  
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Ni2 triplet spin density surface 

 
Ni2 quintet spin density surface  

 
Ni2 septet spin density surface  
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Ti2 triplet spin density surface  

 
Ti2 quintet spin density surface  

Ti2 septet spin density surface 

 

 



 145  

 

 
NiTi triplet spin density surface  

 
NiTi quintet spin density surface 

 
NiTi septet spin density surface 
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Ni3 triplet spin density surface 

 

Ni3 quintet spin density surface  

 
Ni3 septet spin density surface  
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Ti3 triplet spin density surface  

 
Ti3 quintet spin density surface  

 

Ti3 septet spin density surface  



 148  

 

 

Ni2Ti triplet spin density surface 

 
Ni2Ti quintet spin density surface 

 
Ni2Ti septet spin density surface  
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Ni4 triplet spin density surface  

 

 

Ni4 quintet spin density surface  

 

Ni4 septet spin density surface  



 150  

 

 

Ni3Ti triplet spin density surface 

 

 

Ni3Ti quintet spin density surface 

 

Ni3Ti septet spin density surface 

 

Figure A2. Spin density surfaces for NiTi clusters. 
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Abstract 

A detailed plane wave density functional theory investigation of the solid-state properties 

of the extended organometallic system Pb3C6X6 for X = O, S, Se, and Te has been performed. 

Initial geometry parameters for the Pb-X and C-X bond distances were obtained from optimized 

calculations on molecular fragment models. The Pb3C6X6 extended-solid molecular structures 

were constructed in the space group P6/mmm on the basis of the known structure for X = S. 

Ground state geometries, band gap energies, densities of states, and charge densities were 

calculated with the PBE generalized gradient exchange-correlation functional and the HSE06 

hybrid exchange-correlation functional.  The PBE band gap energies were found to be lower than 

the HSE06 values by about 0.5 eV. The band energies at points of high symmetry along the first 

Brillouin zone in the crystal were larger than the overall band gap of the system. Pb3C6O6 was 

predicted to be a direct semiconductor (  point) with a PBE band gap of 0.28 eV and an HSE06 

band gap of 1.06 eV. Pb3C6S6 and Pb3C6Se6 were predicted to have indirect band gaps. The PBE 

band gap for Pb3C6S6 was 0.98 eV, and the HSE06 band gap was 1.91 eV. The HSE06 value is 

in good agreement with the experimentally observed band gap of 1.7 eV.  Pb3C6Se6 has a PBE 

band gap of 0.56 eV and a HSE06 band gap of 1.41 eV.  Pb3C6Te6 was predicted to be metallic 

with both of the PBE and HSE06 functionals. A detailed analysis of the PBE band structure and 

partial density of states at two points before and after the metallic behavior reveals a change in 
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orbital character indicative of band crossing in Pb3C6Te6. These results show that the band gap 

energies can be fine-tuned by changing the substituent X atom.  
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Introduction 

Growing concern for the consequences of greenhouse gas emissions and the 

environmental impact from fossil fuel use in energy production has led to a heightened 

awareness of the need to develop alternative energy sources.
1
 In addition, fossil fuels are non-

renewable, and sustained energy production for future generations should be focused on 

renewable energy sources if we are to maintain the quality of life that fossil fuels have afforded 

us in past decades.
2
  Solar energy is a promising candidate to replace fossil fuels, as the Earth 

receives more energy from the sun in one hour than is used by all of humanity for an entire year. 

Solar energy can be captured using solar cells, which convert sunlight directly into electricity 

through the photovoltaic effect. Direct photoconversion of solar energy via photovoltaic 

technology is becoming increasingly recognized worldwide as a potential solution to the growing 

energy crisis.
3,4,5

 However, producing efficient, low-cost solar cells based on silicon is 

challenging, as inorganic semiconductors require high purity, a factor which can quickly drive up 

production costs, making wide-scale adoption of such devices unreasonable. Other options 

include thin film devices that rely on CuInxGa1-xSe or CdTe, which contain toxic elements and 

use less abundant elements,
6
 or organic photovoltaics, which currently suffer from low efficiency 

and short operating lifetimes due to oxidative damage to the polymeric material.6 Hybrid 

organic-inorganic compounds, which form a novel class of inorganic solid-state compounds of 

metal ions linked by multidentate, bridging organic ligands, hold great promise as versatile 

functional materials for use in energy conversion.3 These compounds combine the high electron 

and hole mobilities of traditional inorganic semiconductors and thin film devices with the 

molecular nature of covalent bonding in the bridging ligands, which allows fine-tuning of the 

physical properties as in organic semiconductors.
7
 The material Pb3C6S6 has been synthesized, its 
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crystal structure determined, and its optical band gap of 1.7 eV measured.7 Walsh reported plane 

wave density functional theory (DFT) calculations
8
 on solid Pb3C6S6 that gave a band gap of ~ 

1eV using the PBE exchange-correlation functional, substantially lower than the experimental 

value of 1.7 eV.7 He attributed this difference to a combination of use of the PBE functional and 

the difficulty in making the experimental measurement. Walsh
9
 subsequently reported 

calculations on PbS, Pb3(C6S6), and Pb2(S4C6H2)(ethylenedaimine) with the Perdew-Burke-

Ernzerhof (PBE) exchange correlation functional
10

  and the HSE06 hybrid exchange-correlation 

functional
11

 using the projector augmented wave method (PAW) of Blöchl
12

 as implemented in 

the VASP program system. In this later report, he notes that the fundamental band gap of 

Pb3(C6S6) is indirect between the Γ point (occupied) and L (unoccupied) with a value of 0.99 eV. 

He reports a value of 1.84 eV at the HSE level using the PBE geometry. 

Losses in conventional solar energy conversion consist of the reflected radiation from 

photons with energy smaller than the band gap of the solar cell system and from thermalization 

of electron hole-pairs generated by photons with energies larger than the band gap of the solar 

cell.
13

 Thermophotovoltaic (TPV) power conversion was conceived to reduce these losses by 

harnessing infrared radiation (heat) from photovoltaic cells using low-band gap materials, which 

can be tuned to peak just above the band edge of the photovoltaic and to drop at longer 

wavelengths to minimize heat losses.
14,15,16,17

 Optimal band gaps for TPV low temperature 

emitter solar cells fall between 0.3 – 0.6 eV. Tuning of the functional groups by varying the 

substituent atoms in a series of hybrid organic-inorganic compounds is a method of tailoring the 

band gap in these materials. By varying the functional group moiety we hope to achieve band 

gaps in the range of 0.3 – 2.0 eV. The targeted band gap for this study includes both larger band 

gaps for solar cells as well as lower band gaps for TPV applications. Compounds with larger 
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band gaps should be useful in photovoltaic applications whereas those with lower band gaps 

have potential for TPV applications. In the present work, we have studied the series of Pb3(C6X6) 

compounds (X = O, S, Se, and Te) with Pb in the formal +2 oxidation state using density 

functional theory (DFT). A detailed analysis of the properties of these materials provides insight 

into the behavior of hybrid organic-inorganic compounds. The current study is a first step 

towards the development of an understanding of the electronic properties in hybrid organic-

inorganic periodic systems for solar cell applications. Systematic studies highlighting 

engineering the band gap in hybrid semiconductors for solar cell and TPV applications will not 

only provide a future framework to extend work in this area, but will also provide synthetic 

chemists some insight into the electronic and optical properties to expect before going about 

making these compounds.  

The local spin-density approximation
18

 (LSDA) for the exchange-correlation functional 

in DFT is well known for its accuracy in predicting properties such as lattice parameters and bulk 

moduli in metallic systems. However, the LSDA results for electronic properties are of lower 

quality, because of intrinsic deficiencies, including missing self-interaction corrections and the 

absence of the derivative discontinuity in the exchange-correlation potential. This method tends 

to underestimate the band gap in semiconductors (which contain defect electron hole pairs).
 

19,20,21,22,23,24,25
 For molecules, hybrid exchange-correlation functionals have shown improvement 

in the prediction of energetics over those from generalized gradient approximation (GGA)
26

 

functionals because the hybrid functionals help to delocalize the exchange-hole.
27

 Hybrid 

functionals have proven to be equally good at predicting a range of physical properties, but such 

calculations in the solid state are computationally expensive due to the need to calculate Hartree-

Fock exchange.
28,29

 Several approaches to improving the quality of band gaps including LSDA + 
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U, which relies on LSDA optimized lattice parameters, and many body perturbation theory in the 

framework of the Green’s function (GW) method have been developed.
25,30,31

 Although these 

approaches predict improved band gaps, just like hybrid functionals, they are computationally 

demanding and are usually applied only to small systems. By using a screened hybrid functional 

that includes nonlocal Hartree-Fock exchange but decomposes the Coulomb operator into short-

range and long-range components, such as that proposed by Heyd, Scuseria, and Enzerhof (HSE, 

HSE06)
27,

 it is possible to accurately and efficiently predict semiconductor and insulator band 

gaps.
29,32

 We report band structure and density of states (DOS) calculations of Pb3C6X6 for X = 

O, S, Se, and Te using the HSE06 and the PBE functionals to predict the electronic behavior of 

these materials to determine their potential applicability in solar cell applications.  

Computational Details 

DFT geometry optimizations of benzene with an X substituent attached (Figure 1) and 

molecular clusters containing lead atoms surrounding the X substituent acting as the bridging 

unit (Figure 2) were performed with the Gaussian software package,
33

 using the B3LYP
34,35

 

exchange-correlation functional and the DZVP2 basis set
36

 for C, O, H, and S and the  

correlation consistent basis set cc-pVNZ-pp (where N = D) developed by Peterson et al.
37

 for Se 

and Te to determine an initial set of C-X bond lengths for the extended structure calculations. 

The charges on the X were balanced by adding the appropriate number of protons to the X. 

These molecular model structures were used as a guide to construct the solid state analogues, as 

the bond distances in these materials as well as their unit cell parameters are not presently 

known.  

By using the molecular structures as a guide, first principles total energy calculations 

involving full structural relaxations were then performed using plane-wave DFT as implemented 
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in the Vienna Ab-Initio Simulation Package (VASP 5.2)
38,39,40,41

 The PBE and HSE06 

functionals were used with the PAW method and the PAW pseudopotential implementation of 

Kress and Joubert.
38,39,40,41

 The 5d electrons for Pb were included in the valence space, giving a 

total of 51 valence electrons for Pb3C6X6. Scalar relativistic effects are explicitly included in the 

core potentials.
42

 Spin orbit coupling was not treated, following Wei and Zunger
43

 who reported 

that the inclusion of spin orbit coupling in calculations on PbS does not have a large effect on the 

valence band structure. 

In the PBE calculations, 40 k-points were taken along the shortest direction in real space, 

corresponding to a reciprocal k-space mesh of 6x6x12 for Pb3C6O6 and Pb3C6Se6, 5x5x10 for 

Pb3C6S6, and 5x5x9 for Pb3C6Te6. Atomic positions and the cell dimensions were optimized for 

each structure. Convergence criteria for the calculations were defined as differences in atomic 

forces of less than 0.01 eV/Å and differences in atomic energies of less than 1meV/atom. The 

default energy for the pseudopotentials was used as the energy cutoff for the calculations.  

In the HSE06 calculations, 25% Hartree-Fock exchange was included in the exchange 

functional and the HSE screening factor was set to 0.2. K-space meshes of 6x6x12 for Pb3C6O6 

and Pb3C6Se6, 5x5x10 for Pb3C6S6, and 5x5x9 for Pb3C6Te6 were used. The structures were 

taken from the optimized PBE results.  

Density of states and band structure calculations were performed for the first Brillouin 

zone for each of the optimized crystal structures. After the self-consistent  field calculations were 

completed, band structures calculations were calculated  at the PBE level using 20 k-points along 

high symmetry lines in the Brillouin zone, integrating in a triangular fashion around high 

symmetry points in the zone along the paths Γ → K → M → Γ → A → H → L → A → Γ .
44,45

 

The exact numerical values of the high symmetry lines as well as the k-point vectors and 
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reciprocal lattice vectors are given in the Supporting Information. The Kohn-Sham orbitals were 

projected onto spherical harmonics centered on each of the atoms in the unit cell to determine the 

site-projected character of the orbital. Band structures were normalized with respect to the Fermi 

energy. A test was performed where the number of empty bands was varied from 12 to 100 with 

no effect on the results, so the results presented here were determined using 12 empty bands. 

After analysis of the band structure, site-projected density of states (DOS) calculations 

were performed at specific k-points of interest to determine if orbital crossing occurs at points in 

the band structure where bands either touch or overlap. Gaussian smearing with a small smearing 

width of 0.05 eV was used to avoid partial occupancies in the DOS. 

 For the HSE06 calculations, the band gap, as well as the band energies, were calculated 

at specific k-points of interest by explicitly stating these k-points. Because these band structure 

calculations were performed at the specific points along lines of high symmetry, we can compare 

the vertical band gap energy to the PBE calculated values.   

The NWChem computational chemistry software package
46

 was also used to predict the 

band gap energy and electronic occupation in the Pb3C6X6 compounds using the PBE and HSE06 

functionals. A Monkhorst-pack grid of 5x5x5 grid points was used in the calculations. A Fermi 

smearing of 0.001 au was used for the occupation of the electronic levels.  The valence electron 

interactions with the atomic C, S, and Pb cores were approximated using generalized norm-

conserving Troullier-Martins pseudopotentials
47

 modified into a separable form as suggested by 

Kleinman and Bylander.
48

 36 electrons were included in the valence space in the NWChem 

calculations. The core radii were chosen to be, Pb: rcs = 1.927 a.u., rcp = 2.383 a.u., rcd = 3.929 

a.u.; C: rcs = 0.800 a.u., rcp = 0.850 a.u., rcd = 0.850 a.u.; S: rcs = 0.843 a.u., rcp = 0.955 a.u., rcd = 

0.955 a.u. A nonlinear semicore correction rcore = 2.20 a.u was included for Pb. The Ewald 
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sampling was carried out with a cutoff radius of 3.00 a.u.  The electronic wavefunctions were 

expanded using a plane-wave basis set with periodic boundary conditions, with a wavefunction 

cutoff energies of 35 and 100 Ry and a density cutoff energy of 70 and 200 Ry.  The NWChem 

and VASP software packages were utilized in the solid state calculations to test/benchmark the 

implementation of HSE06 in both codes for Pb3C6S6.   

Results and Discussion 

The DFT optimized molecular C-X and Pb-X bond distances are given in Table 5.1, and 

were obtained from molecular calculations for the structures given in Figure 5.1 and Figure 5.2. 

These distances were used as a guide in determining approximate atomic spacings in the crystal 

lattices, as only the Pb3C6S6 solid state structure has previously been determined using x-ray 

diffraction using synchrotron radiation.
7
 Both a planar and non-planar structure were optimized 

and used as guides to building the solid-state structure (Figure 5.2). The planar structures are 

higher in energy than the non-planar structures (Table 5.2)). We used the experimentally 

determined crystal structure as the starting structure for the geometry relaxation of Pb3C6S6. The 

geometry parameters from the molecular models were used to generate starting structures for the 

periodic calculations. All unit cells were constructed in the hexagonal space group P6/mmm 

(#191) (Figure 5.3) and optimized unit cell parameters (Table 5.3) were determined at the 

periodic DFT level using VASP. As expected, the unit cells expand as X goes from O to Te, as 

the increasing atomic radius of X necessitates an increase in volume. The HSE06 geometries are 

slightly different than their PBE counterparts (Table 5.3), with a and c lattice parameters for 

Pb3C6O6 and Pb3C6S6 shorter with HSE06, Pb3C6Se6 a and c lattice parameters longer with 

HSE06, and a shorter and c longer in Pb3C6Te6. For Pb3C6S6, the NWChem PBE geometry 

obtained with 36 electrons is more compact than the VASP PBE geometry obtained with 51 
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electrons. This is especially noticeable in the c direction, the direction defining the spacing 

between the effective molecular planes. 

Band-structure plots (Figure 5.4) yield important information regarding the electronic 

properties of these materials. The overall band gap is given as the smallest difference between 

the valence (HOMO) and conduction (LUMO) bands (Table 5.4). The previously reported 

calculation by Walsh
8 

of the band gap for Pb3C6S6 gave a direct band gap of ~1 eV using the 

PBE exchange-correlation functional. Walsh
8 

suggested that the difference from experiment of 

~0.7 eV was a result of the intrinsic limitation of the exchange-correlation functional and the 

approximate nature of the experimental extrapolation of the visible light absorption onset. We 

predict that Pb3C6S6 is an indirect band gap semiconductor, and our PBE (0.97 eV) and HSE06 

(1.91 eV) values bracket the experimental value of 1.7 eV with the HSE value being much 

closer.
7 

Our band gap energies for these two exchange-correlation functionals match closely 

those reported by Walsh.
8,9

 The HSE06 implementation in NWChem
46

 for Pb3C6S6 (See 

Supporting Information for the input file for NWChem) yields an HSE06 band gap of 1.86 eV, 

with the PBE geometry which is consistent with the values obtained from the implementation of 

HSE06 in VASP. The reasonable agreement for the band gap with experiment using the HSE06 

functional further illustrates the power of the HSE06 hybrid functional for predicting the band 

gap in semiconductor materials. The VASP HSE06 vertical band energy at the  point is 

somewhat higher in energy at 2.18 eV than the overall band gap. The NWChem HSE06 value 

obtained with the NWChem PBE geometry for the vertical band energy at the  point is 2.0 eV, 

which suggests that the size of the cell plays a role in the vertical band gaps at various k points. 

The NWChem PBE geometry is more compact with a shorter c spacing as compared to the 

optimized HSE06 geometry. 
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Our results show that the PBE band gap is significantly lower than the HSE06 value by 

0.8 to 0.9 eV for X = O, S, and Se. (Table 5.4) Both PBE and HSE predict the structure with X = 

Te to be metallic. On the basis of the agreement between experiment and theory for Pb3C6S6 as 

well as for other systems,
1,11,27,28,29

 the HSE06 band gap energies should provide a reasonable 

estimate of the band gap. Our results also show that the vertical values of the band gap (HOMO-

LUMO at a specific point) vary widely depending on direction, so, we have reported the band 

gap at various points of high symmetry in the Brillouin zone (Table 5.5). The energy differences 

between the bands of the highest occupied level and lowest unoccupied level at points of high 

symmetry in the first Brillouin zone for the Pb3C6X6 compounds are larger than the band gap in 

these materials.  

Pb3C6O6 (Figure 5.4 (a)) is predicted to be a direct semiconductor (the valence band 

maximum and conduction band minimum occur at the same point) with a PBE band gap of 0.28 

eV at the  point and an HSE06 band gap of 1.06 eV. The vertical gap energies vary widely 

depending upon the line of high symmetry of interest with the largest vertical band energy 

difference occurring at the H point and the smallest vertical band energy difference occurring at 

the  point.  

Pb3C6Se6 is predicted to be an indirect band gap material with a PBE band gap of 0.56 eV 

and an HSE06 band gap of 1.41 eV. The largest vertical band energy difference occurs at the K 

point and the smallest vertical band energy difference at the  and A points with the PBE 

functional and at the L point with the HSE06 functional. On the basis of the agreement between 

experiment and theory in the case of Pb3C6S6, the HSE06 band gap should be within 0.2 eV of 

the optical band gap in Pb3C6O6 and Pb3C6Se6 and most likely represents an upper limit.  
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Pb3C6Te6 is predicted to exhibit metallic behavior with both the PBE and HSE06 hybrid 

exchange-correlation functionals. The fact that the two results are the same suggests that this 

compound should exhibit metallic behavior or have a very small band gap. With the PBE 

functional, the valence and conduction bands touch along the lines   K, M   , A  H, and 

L  A. However, along the lines K   M,     A, and H   L the valence and conduction 

bands do not touch.  

The site-projected density of states plots yield information about the bonding and orbital 

character of these materials. Plots of the partial density of states in the energy range around the 

band gap for Pb, C, and the X substituent are presented from the PBE calculations (Figure 5.5). 

These plots reveal a majority of pz states in C for all the systems under study, corresponding to 

the benzene  orbitals. In Pb3C6O6, (Figure 5.5 (a)) C has mostly pz states, and O has a mixture 

of px and pz character, with px falling right below the valence band. This is consistent with the 

expected excess negative charge of the O atoms for the nominal C6O6
6-

 anion. The p states, 

particularly pz for C and O fall near the same energy and have a similar distribution. In Pb, the 

px, py, and pz states are virtual orbitals (above the conduction band) and the s states are occupied 

(below the valence band). This is consistent with the Pb being in the+2 oxidation state 

 In Pb3C6S6, (Figure 5.5 (b)) the Pb and C partial density of states resembles that of 

Pb3C6O6, except that a small portion of the Pb px states occur in the occupied orbitals. However, 

unlike in Pb3C6O6, where C and O have pz states in the occupied and virtual states, for S the pz 

bands fall only above the conduction band in the virtual states, and there is no pz character below 

the valence band in the occupied region. This is consistent with the electronegativity values of O 

(3.44 on the Pauling scale) and S (2.58).
49
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Pb3C6Se6 (Figure 5.5 (c)) exhibits the opposite behavior, with Se pz states occurring only 

in the occupied region below the valence band, and no Se pz states are found above the valence 

band in the virtual region. The Pauling electronegativity of Se is 2.55, which is very close in to 

the electronegativity of 2.58 for S. Again, as in Pb3C6O6, the Pb and C p and s states are similar 

in energy and distribution, except that as in Pb3C6S6, a small portion of px states occur in the 

occupied orbitals.  

Pb3C6Te6 is predicted to exhibit metallic behavior. In Pb3C6Te6 (Figure 5.5 (d)) there is a 

mixture of pz character along the entire band structure, with more px character evident in Te and 

Pb than in C. The Pb and C states resemble that of the other systems, again with a small portion 

of px states occuring in the occupied orbitals. The electronegativity of Te is lower than the other 

X substituents at 2.10. The valence and conduction band meet along the lines   K, M   , A 

 H, and L  A, so there is the potential for the valence band and conduction band to change 

character due to the bands crossing. To determine the specific nature of the bands involved in the 

metallic behavior, we calculated the partial density of states at the points (0.26, 0.15, 0.00) and 

(0.05, 0.03, 0.00) in reciprocal space (Figure 5.6). These points correspond to the 5
th

 and 17
th

 k 

points along a line of 20 k points M   . In the Pb and Te partial density of states, the Pb px 

and py in the valence band shift to the conduction band, while the Pb pz states move from the 

conduction band to below the valence band. The C and Pb do not change character between the 

valence and conduction band, and only move closer together after the crossing transition occurs. 

For Te, the states above and below the conduction and valence band change character, but the 

valence and conduction band only shift in position after the crossing transition occurs.  

A plot of the p character on X as a function of electronegativity (Figure 5.7) reveals the 

population decreases as a function of X substituent electronegativity between O, S, and Te as 
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well as between O, Se, and Te. However, the population of Se is slightly higher than that of S, 

although S and Se have nearly identical electronegativities (2.58 vs. 2.55). As the 

electronegativity decreases from O to Te and the atomic size increases, the charge density 

becomes more discontinuous for Pb3C6O6, Pb3C6S6, and Pb3C6Se6 (Figure 8). In Pb3C6O6, there 

is a continuous charge density distribution around all atoms, although charge separation is 

observed between the Pb-X and C-X constituents. In Pb3C6S6 and Pb3C6Se6 charge separation is 

observed at atom centers as well as between Pb-X and C-X constituents. Pb3C6Te6 exhibits a 

clear charge separation at both atom centers and Pb-X and C-X constituents, indicative of 

metallic bonding.  

We have compared the structures for X = O, S, Se, and Te in the known space group for 

X = S in order to directly compare the effects of substitution of the chalcogen on the expected 

semiconductor properties. The actual crystal structures for X= O, Se, and Te could differ from 

the one that we used but searching all 230 possible space groups
50

 for the correct structure is not 

computationally feasible at this time for such complex materials. The results in Figure 5.2 show 

that for X= S, the structure in the crystal corresponds closely to the optimized molecular 

fragment structure. The X = O structure has shorter Pb-O bonds and forms more of a V-type 

structure. Some angle strain will be induced in order to make the organic rings planar with the Pb 

out of the plane in the space group that was used. The structures in Figure 2 with X = Se and Te 

show that the planes of the organic groups also twist so that there will be some torsional strain in 

the chosen crystal structure. The smaller band gaps for X = O and Se, and the metallic behavior 

for X = Te could be due in part to the space group that is chosen based on the structure for X = S. 

The energies in Table 2 show that it is easiest to distort the structures with X = Se and Te and 

most difficult for X = O. The most likely deviations in the structures would be for X = O and X = 
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Te. In the former, the angular strain to make the rings planar due to the chosen crystal structure is 

likely to be the largest. In the latter, there is the possibility of Te-Te interactions as Te has the 

largest covalent radius (1.37 Å). Strain effects due to overlapping the O atoms would not be as 

pronounced as the O covalent radius is much smaller (0.66 Å). Relaxing the structure would 

probably lead to more semiconductor behavior for X = O, Se, and Te with larger band gaps. It 

would be interesting to synthesize all three compounds to determine their structures and band 

gaps as these compounds are predicted to have quite different band gaps and for X = Te to 

exhibit metallic behavior. The fact that the crystal structures may change is of interest in 

understanding how to extrapolate to the structures of new materials on the basis of only a few 

data points, especially when only varying a single substituent. The Se compound is most likely to 

be isostructural with the S compound, and efforts at its synthesis are underway. 

Conclusions 

 Pb3C6X6 extended-solid molecular structures were constructed in the space group 

P6/mmm, which has hexagonal symmetry, and structural relaxations were performed to obtain 

lattice parameters and bond distances. Initial molecular calculations were used as a guide for C-

X and Pb-X bond distances.  The PBE exchange-correlation functional and the HSE06 hybrid 

functional were used predict the band gaps. The HSE06 functional predicts higher band gaps for 

X = O and S and lower for X = Se.  Both functionals predict the compound with X = Te to have 

metallic behavior. In Pb3C6S6, the PBE band gap of 0.98 eV is lower than the experimental value 

of 1.7 eV, whereas the HSE06 value of 1.91 eV is much closer to the experimental value.  

Pb3C6O6 and Pb3C6Se6 were shown to have relatively small band gaps of 0.28 eV and 

0.56 eV, respectively when the PBE exchange-correlation functional was used. However, when 

the HSE06 hybrid functional was used, the band gaps of Pb3C6O6 increases to 1.06 eV and that 
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for Pb3C6Se6 increases to 1.41 eV. Pb3C6Te6 is predicted to be a metal. Thus the calculations 

predict that there are substantial differences in the band gaps as a function of the chalcogen 

substituent and that variation of the chalcogen can be used to engineer the band gap. The use of 

the specific crystal space group used in the calculations may lead to the prediction of a lower 

band gap for X = O, Se, and Te than will be found if and when such hybrid organic-inorganic 

compounds are synthesized. This is due to the strain in the structure for a non-optimal point 

group. This difference is likely to be largest for X= O and Te. We found that the energy 

differences between the bands of the HOMO and LUMO at points of high symmetry in the first 

Brillouin zone for the Pb3C6X6 compounds are larger than the band gap in these materials, except 

for X = Te with the HSE06 functional.  

Partial density of states in the energy range around the band gap reveal a majority of pz 

states in C for all the systems under study A detailed analysis of the band structure and partial 

density of states at two points before and after metallic behavior is observed in Pb3C6Te6 reveal a 

change in orbital character indicative of band crossing. Orbitals with py and dxz character in the 

valence band shift to the conduction band, while pz states in the conduction band shift to below 

the valence band. 
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Table 5.1. (a) DFT Optimized Bond Distances (Å) in Molecular Model Structures 

shown in Figures 5.1 and 5.2.   

Substituent r(C-X) C6H5XH
a
 r(C-X) C12H8PbX4

b
 r(Pb-X) C12H8PbX4

c
 

O 1.414 1.304 2.370 

S 1.783 1.800( 3), 1.757 (4) 2.821 (1), 2.553 (2)  

Se 1.933 1.928 3.036 

Te 2.141 2.153 3.237 

a
 Bond lengths in Figure 1.  

b
 Bond lengths in the planar molecules in Figure 2 (left).  

c
 Bond lengths in the bent molecules in Figure 2 (right). 
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Table 5.2. Electronic Energy Difference between Planar and Non-Planar Molecular 

Structures in kcal/mol 

Substituent E 

O 17.9 

S 11.7 

Se 10.3 

Te 9.5 
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Table 5.3. Optimized Unit Cell Parameters and Selected Bond Distances (Å) for 

Solid State Ground State Geometries of (Pb3C6X6) with the PBE and HSE06 

Functionals.
a
 

X VXC a c r (C-X) r (Pb-X) r (Pb-Pb) r (Pb-C) 

O PBE 7.881 3.407 1.382 2.679 (1) 

4.383 (2) 

3.929 3.274 

 HSE06 7.905 3.438 1.386 2.694 (1) 

4.403 (2) 

3.953 3.306 

S PBE 9.031 3.982 1.771 3.095 (1) 

5.041 (2) 

4.515 3.901 

  8.996
b
 3.785

b
 1.765

b
 3.026 (1)

b
 

4.986 (2)
b
 

4.498
b
 3.847

b
 

  9.053
c
 4.006

c
  3.11

c
   

 HSE06 8.964 3.957 1.787 3.072 (1) 

4.998 (2) 

4.482 3.895 

 Expt. X-

ray
d
 

8.964 3.958 1.787 3.073 (1) 

5.000 (2) 

4.482 3.895 

Se PBE 9.416 4.125 1.937 3.213 (1) 

5.229 (2) 

4.708 4.111 

 HSE06 9.426 4.131 1.942 3.217 (1) 

5.234 (2) 

4.713 4.117 

Te PBE 9.967 4.401 2.175 3.405 (1) 

5.512 (2) 

4.984 4.420 

 HSE06 9.959 4.421 2.183 3.409 (1) 

5.505 (2) 

4.980 4.423 

 

a
 Atomic positions are labeled in Figure 3 (a). Space Group #191 (P6/mmm),  =  = 90 , 

 = 120 . 
b
 Calculated using NWChem. 

c
 Ref. 9. 

d
 Ref. 7.
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Table 5.4. Band Gaps (eV) for Pb3C6X6  

X  PBE HSE06 

O 0.28 1.06 

S 0.98 1.91  

Se 0.56 1.41 

Te 0.00 0.00 
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Table 5.5. Vertical Gaps (eV) at Points of Symmetry in First Brillouin Zone 

Point Pb3C6O6 Pb3C6S6 Pb3C6Se6 Pb3C6Te6 

 PBE HSE06 PBE HSE06 PBE HSE06 PBE HSE06 

Γ 0.28 1.06    1.49 2.18 0.62 2.27 0.99 0.60 

K 1.78 2.62 2.81 3.39 2.59 3.31 1.86 2.46 

M 0.82 1.64   2.04 2.59 1.84 2.57 1.58 2.09 

A 1.44 2.37 1.23 2.09 0.63 1.96 0.16 0.00 

H 2.35 3.24 2.09 2.85 1.85 2.04 1.53 2.04 

L 1.75 2.64 1.39 1.93 1.45 1.42 0.64 1.05 

 



178 

 

 

 

 

Figure 5.1 Optimized geometries of model structures used to estimate the initial bond 

distance for the Pb3C6X6 solid state structures. Light grey spheres represent C, white 

spheres represent hydrogen, red spheres represent O (a), yellow spheres represent S (b), 

blue spheres represent Se (c), and green spheres represent Te (d).  
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Figure 5.2. Optimized C12H8PbX4 molecular structures for (a) Pb3C6O6 (b) Pb3C6S6 (c) 

Pb3C6Se6 (d) Pb3C6Te6. Light grey spheres represent C, white spheres represent 

hydrogen, dark grey spheres represent Pb, red spheres represent O, yellow spheres 

represent S, orange spheres represent Se, and sienna spheres represent Te.   



180 

 

 



181 

 

 

Figure 5.3 Optimized extended Pb3(C6X6)n unit-cell structures for (a) Pb3C6O6 (b) 

Pb3C6S6 (c) Pb3C6Se6 (d) Pb3C6Te6. Calculations were performed on the smallest 15 atom 

unit cell, but an extended unit cell is shown here for clarity. Light grey spheres denote C 

and dark grey spheres denote Pb. Red spheres denote O, yellow S, blue Se, and green Te. 

Interatomic distances between X substituent and numbered Pb atom are denoted by 

dashed lines. Values for bond distances are given in Table 5.2. 
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Figure 5.4 Band structure plots obtained from (a) Pb3C6O6 (b) Pb3C6S6 (c) Pb3C6Se6 (d) 

Pb3C6Te6. 
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Figure 5.5. Partial Density of States (left to right) for Pb, C, and X substituent in (a) Pb3C6O6 (b) Pb3C6S6 (c) Pb3C6Se6 (d) Pb3C6Te6 

obtained with PBE.  
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Figure 5.6. Pb3C6Te6 partial density of states at the 5
th

 (a) and 17
th

 (b) kpoint along the line M   . 

  



186 

 

 

 

Figure 5.7. Electronegativity as a function of population for X substituent in Pb3C6X6. 
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Figure 5.8. Charge density distributions obtained from PAW pseudopotentials with PBE 

exchange-correlation functional calculations for (a) Pb3C6O6 (b) Pb3C6S6 (c) Pb3C6Se6 (d) 

Pb3C6Te6. Unit cells are shown top down, with axes labeled in top right hand corner: Z is 

blue, y is green, x is red. Pb atoms occur at the top and bottom corners of the unit cell, C 

atoms are arranged in a benzene ring in the center of the cell, and X substituent atoms are 

bonded to C, as shown in Figure 3.  
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APPENDIX: TUNING OPTICAL PROPERTIES AND BAND GAP ENERGIES IN 

Pb3(C6X6) EXTENDED SOLID-STATE STRUCTURES 

 

Amanda C. Stott
a
, Thomas P. Vaid

a
, Eric J. Bylaska

b
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a
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a
The University of Alabama, Department of Chemistry, Tuscaloosa, AL 35487-0336 

b
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Richland, WA 99352 

 

Supporting Information The optimized coordinates for the solid state structures 

obtained using VASP, the molecular structures obtained from the Gaussian calculations, 

the k-points for the solid state structures, and various HSE06 band gaps at different k-

points for Pb3(C6S6) with NWChem. The optimized unit cell coordinates for the Pb3C6X6 

solid state compounds are given in Tables A1 – 4. The optimized coordinates for the 

molecular structures are given in Tables A5 – 16. K-points used in the calculations are 

given in Table A17. The scaling distances used to scale the band structure based on the 

distances in the unit cell are given in Table A18. The NWChem band gaps in Pb3C6S6 are 

given in Table A19. The first Brillouin zone is given in Figure A1.  
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Table A1: Cartesian coordinates and lattice vectors for Pb3C6O6 ground state 

structure 

ID X Y Z 

Pb 1.96988 3.41203 1.70356 

Pb -1.97061 3.41249 1.70356 

Pb 3.94049 -0.00042 1.70356 

C 3.93977 5.41938 0.00000 

C -2.72485 6.12243 0.00000 

C 1.21632 0.70222 0.00000 

C -0.00002 1.40447 0.00000 

C 6.66460 0.70142 0.00000 

C 2.72343 6.12163 0.00000 

O -1.52755 5.43117 0.00000 

O 1.52608 5.43039 0.00000 

O 3.93981 4.03682 0.00000 

O 5.46731 1.39268 0.00000 

O 2.41367 1.39346 0.00000 

O -0.00006 2.78703 0.00000 

Tv 7.880970489 -0.000845621 -0.000000751 

Tv -3.941217570 6.824698230 -0.000000301 

Tv -0.000000360 -0.000000299 3.407112519 
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Table A2: Cartesian coordinates and lattice vectors for Pb3C6S6 ground state 

structure 

ID X Y Z 

Pb 2.25788 3.91076 1.99032 

Pb 4.51577 -0.00001 1.99032 

Pb -2.25789 3.91077 1.99032 

C 4.51576 6.40291 0.00000 

C 7.80298 0.70930 0.00000 

C -3.28722 7.11223 0.00000 

C 0.00000 1.41862 0.00000 

C 3.28720 7.11222 0.00000 

C 1.22856 0.70931 0.00000 

S 4.51577 4.63077 0.00000 

S 6.26826 1.59537 0.00000 

S -1.75249 6.22616 0.00000 

S -0.00001 3.19076 0.00000 

S 1.75248 6.22615 0.00000 

S 2.76328 1.59538 0.00000 

Tv 9.031546297 -0.000013263 -0.000000131 

Tv -4.515784480 7.821540893 -0.000000029 

Tv -0.000000058 -0.000000030 3.980647891 
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Table A3: Cartesian coordinates and lattice vectors for Pb3C6Se6 ground state 

structure 

ID X Y Z 

Pb 2.35650 4.08158 2.06537 

Pb -2.35650 4.08158 2.06537 

Pb 4.71301 0.00000 2.06537 

C 4.71301 6.75140 0.00000 

C -3.49038 7.45728 0.00000 

C 1.22262 0.70588 0.00000 

C 0.00000 1.41176 0.00000 

C 8.20339 0.70588 0.00000 

C 3.49038 7.45728 0.00000 

Se -1.80867 6.48635 0.00000 

Se 1.80867 6.48635 0.00000 

Se 4.71301 4.80953 0.00000 

Se 6.52168 1.67682 0.00000 

Se 2.90433 1.67682 0.00000 

Se 0.00000 3.35363 0.00000 

Tv 9.426011225 0.000000000 0.000000000 

Tv -4.713005613 8.163161720 0.000000000 

Tv 0.000000000 0.000000000 4.130733251 
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Table A4: Cartesian coordinates and lattice vectors for Pb3C6Te6 ground state 

structure 

ID X Y Z 

Pb 2.49171 4.31577 2.20081 

Pb -2.49210 4.31599 2.20081 

Pb 4.98381 -0.00023 2.20081 

C 4.98336 7.22775 0.00000 

C -3.76858 7.93014 0.00000 

C 1.21568 0.70194 0.00000 

C 0.00005 1.40378 0.00000 

C 8.75199 0.70139 0.00000 

C 3.76773 7.92959 0.00000 

Te -1.88471 6.84250 0.00000 

Te 1.88383 6.84213 0.00000 

Te 4.98354 5.05251 0.00000 

Te 6.86813 1.78904 0.00000 

Te 3.09959 1.78940 0.00000 

Te -0.00013 3.57902 0.00000 

Tv 9.967611176 -0.000450539 -0.000000987 

Tv -4.984196400 8.631983247 -0.000000527 

Tv -0.000000562 -0.000000657 4.401628609 
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Table A5: Cartesian coordinates for the planar C12H8PbO4 ground state structure 

ID X Y Z 

C 0.000000 3.200815 0.749643 

C 0.000000 3.200333 -0.748353 

C 0.000000 4.44069 -1.42896 

C 0.000000 5.646994 -0.724708 

C 0.000000 5.647457 0.724445 

C 0.000000 4.441613 1.429454 

C 0.000000 -4.441613 1.429454 

C 0.000000 -5.647457 0.724445 

C 0.000000 -5.646994 -0.724708 

C 0.000000 -4.44069 -1.42896 

C 0.000000 -3.200333 -0.748353 

C 0.000000 -3.200815 0.749643 

Pb 0.000000 0.000000 0.001504 

O 0.000000 -2.061607 -1.372462 

O 0.000000 -2.062527 1.374482 

O 0.000000 2.062527 1.374482 

O 0.000000 2.061607 -1.372462 

O 0.000000 4.485731 2.823094 

O 0.000000 6.821276 1.363521 

O 0.000000 6.820437 -1.364479 

O 0.000000 4.483931 -2.822625 

O 0.000000 -4.485731 2.823094 

O 0.000000 -6.821276 1.363521 

O 0.000000 -6.820437 -1.364479 

O 0.000000 -4.483931 -2.822625 

H 0.000000 5.43626 3.026024 

H 0.000000 5.434325 -3.026172 

H 0.000000 -5.43626 3.026024 

H 0.000000 -5.434325 -3.026172 

Pb 0.000000 8.604548 -0.001011 

Pb 0.000000 -8.604548 -0.001011 
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Table A6: Cartesian coordinates for the planar C12H8PbS4 ground state structure 

ID X Y Z 

S 0.000000 2.368678 -1.682363 

S 0.000000 2.369241 1.683452 

S 0.000000 -2.368678 -1.682363 

S 0.000000 -2.369241 1.683452 

C 0.000000 -3.834335 0.720385 

C 0.000000 -3.834097 -0.719759 

C 0.000000 -5.075411 -1.411242 

C 0.000000 -6.310719 -0.718543 

C 0.000000 -6.310955 0.718384 

C 0.000000 -5.075871 1.411466 

C 0.000000 5.075871 1.411466 

C 0.000000 6.310955 0.718384 

C 0.000000 6.310719 -0.718543 

C 0.000000 5.075411 -1.411242 

C 0.000000 3.834097 -0.719759 

C 0.000000 3.834335 0.720385 

Pb 0.000000 0.000000 0.000848 

S 0.000000 4.944242 -3.20668 

S 0.000000 4.945233 3.206942 

S 0.000000 -4.944242 -3.20668 

S 0.000000 -4.945233 3.206942 

S 0.000000 -7.816078 -1.670471 

S 0.000000 -7.816605 1.669875 

S 0.000000 7.816078 -1.670471 

S 0.000000 7.816605 1.669875 

H 0.000000 6.280265 -3.421577 

H 0.000000 6.281316 3.421463 

H 0.000000 -6.280265 3.026024 

H 0.000000 -6.281316 -3.026172 

Pb 0.000000 9.740141 -0.001011 

Pb 0.000000 -9.740141 -0.001011 
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Table A7: Cartesian coordinates for the planar C12H8PbSe4 ground state structure 

ID X Y Z 

C 0.000000 3.990194 0.721475 

C 0.000000 3.990194 -0.706085 

C 0.000000 5.239012 -1.374885 

C 0.000000 6.459558 -0.695376 

C 0.000000 6.459558 0.710766 

C 0.000000 5.239012 1.390275 

C 0.000000 -5.239012 1.390275 

C 0.000000 -6.459558 0.710766 

C 0.000000 -6.459558 -0.695376 

C 0.000000 -5.239012 -1.374885 

C 0.000000 -3.990194 -0.706085 

C 0.000000 -3.990194 0.721475 

Pb 0.000000 0.000000 0.007695 

Se 0.000000 -2.420595 1.840996 

Se 0.000000 -2.420595 -1.825606 

Se 0.000000 2.420595 -1.825606 

Se 0.000000 2.420595 1.840996 

Se 0.000000 5.224138 3.330218 

Se 0.000000 5.224138 -3.314828 

Se 0.000000 8.125564 -1.68937 

Se 0.000000 8.125564 1.704761 

Se 0.000000 -5.224138 3.330218 

Se 0.000000 -8.125564 1.704761 

Se 0.000000 -8.125564 -1.68937 

Se 0.000000 -5.224138 -3.314828 

H 0.000000 6.606269 3.83083 

H 0.000000 6.606269 -3.81544 

H 0.000000 -6.606269 3.83083 

H 0.000000 -6.606269 -3.81544 

Pb 0.000000 10.210423 -0.026557 

Pb 0.000000 -10.210423 -0.026557 
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Table A8: Cartesian coordinates for the planar C12H8PbTe4 ground state structure 

ID X Y Z 

C 4.405382 0.740643 0.000000 

C 4.378488 -0.677891 0.000000 

C 5.59526 -1.404463 0.000000 

C 6.841781 -0.728076 0.000000 

C 6.868852 0.697113 0.000000 

C 5.648918 1.420261 0.000000 

C -5.649034 1.420111 0.000000 

C -6.868917 0.696858 0.000000 

C -6.84174 -0.728333 0.000000 

C -5.595169 -1.404601 0.000000 

C -4.378473 -0.677953 0.000000 

C -4.405444 0.740579 0.000000 

Pb 0.000000 0.10264 0.000000 

Te -2.61483 1.936247 0.000000 

Te 2.614745 1.936281 0.000000 

Te 2.544366 -1.806058 0.000000 

Te -2.544366 -1.806067 0.000000 

Te 5.433713 3.59319 0.000000 

Te 5.299523 -3.567962 0.000000 

Te 8.640559 -1.945983 0.000000 

Te 8.711571 1.846326 0.000000 

Te -5.433957 3.593059 0.000000 

Te -5.29919 -3.568025 0.000000 

Te -8.711697 1.845921 0.000000 

Te -8.640422 -1.946395 0.000000 

H 7.115768 3.839129 0.000000 

H -7.116015 3.838975 0.000000 

H -6.969947 -3.87677 0.000000 

H 6.970305 -3.876636 0.000000 

Pb 10.778084 -0.08909 0.000000 

Pb -10.778087 -0.089623 0.000000 
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Table A9: Cartesian coordinates for the torsional C12H8PbO4 ground state structure 

ID X Y Z 

Pb 0.000012 2.018521 0.000082 

C -2.714364 0.587251 0.746368 

C -2.714288 0.587161 -0.74623 

C -3.873889 0.170716 -1.42869 

C -5.012831 -0.23627 -0.722836 

C -5.012903 -0.236189 0.722841 

C -3.874041 0.170894 1.42876 

C 3.873856 0.170505 1.428701 

C 5.0128 -0.236419 0.722815 

C 5.012888 -0.236178 -0.722861 

C 3.874033 0.170981 -1.42875 

C 2.71436 0.587293 -0.746325 

C 2.714271 0.587047 0.746272 

Pb -7.816572 -1.18769 -0.000078 

Pb 7.816579 -1.187658 -0.000015 

O -3.921545 0.170623 -2.822098 

H -4.814194 -0.157001 -3.023675 

O -6.120039 -0.617193 -1.362606 

O -6.120185 -0.616985 1.362541 

O -3.921839 0.170983 2.822165 

H -4.814492 -0.156659 3.023694 

O -1.639718 0.988994 -1.366935 

O -1.639854 0.989161 1.367132 

O 1.639867 0.989267 -1.367053 

O 1.6397 0.988822 1.367009 

O 3.921495 0.170259 2.822109 

H 4.814138 -0.157397 3.023661 

O 3.921843 0.171198 -2.822153 

H 4.814514 -0.156384 -3.023701 

O 6.120169 -0.616932 -1.362593 

O 6.120003 -0.61739 1.362554 

 



 

198 

 

 

Table A10: Cartesian coordinates for the torsional C12H8PbS4 ground state 

structure 

ID X Y Z 

Pb -0.000493 0.000092 1.050278 

C -3.400423 -0.721109 -0.131534 

C -3.400465 0.721263 -0.131502 

C -4.638526 1.40987 -0.157581 

C -5.877079 0.717124 -0.194096 

C -5.877037 -0.717121 -0.194104 

C -4.638439 -1.409792 -0.157624 

C 4.63869 -1.409828 -0.156493 

C 5.877269 -0.717143 -0.19342 

C 5.877286 0.717105 -0.193489 

C 4.638728 1.409826 -0.156613 

C 3.400687 0.721198 -0.130003 

C 3.40067 -0.721164 -0.129942 

Pb -9.313099 -0.000096 -0.255728 

Pb 9.313206 -0.000061 -0.256314 

H 5.847672 3.419892 -0.180801 

H 5.847578 -3.419927 -0.180599 

H -5.847519 3.419918 -0.180898 

H -5.847307 -3.419912 -0.181075 

S -4.5125 -3.205837 -0.140228 

S -7.379642 -1.668113 -0.229205 

S -7.37974 1.668029 -0.229187 

S -4.512697 3.205922 -0.140097 

S -1.931265 1.685072 -0.130051 

S -1.931159 -1.684829 -0.130156 

S 1.931476 -1.684961 -0.1277 

S 1.931522 1.685036 -0.127834 

S 4.512877 3.205879 -0.139283 

S 4.51279 -3.205876 -0.139041 

S 7.379869 -1.668113 -0.228967 

S 7.379909 1.668035 -0.229105 
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Table A11: Cartesian coordinates for the torsional C12H8PbSe4 ground state 

structure 

ID X Y Z 

Pb 0.000076 -0.000312 -0.557217 

C 3.479345 -0.379772 0.617741 

C 3.539494 0.993858 0.239169 

C 4.78113 1.543054 -0.155669 

C 5.970417 0.772104 -0.134569 

C 5.908242 -0.596865 0.253613 

C 4.650334 -1.164587 0.587942 

C -4.781221 -1.54302 -0.155837 

C -5.970477 -0.772021 -0.134641 

C -5.908207 0.596949 0.253519 

C -4.650259 1.164626 0.587758 

C -3.479299 0.379755 0.617494 

C -3.539543 -0.993876 0.238941 

Pb 9.490361 -0.22658 -0.445528 

Pb -9.490394 0.226808 -0.445358 

H 6.122641 3.546166 -0.979006 

H 5.777462 -3.439233 0.808744 

H -6.122849 -3.54596 -0.979328 

H -5.777326 3.439288 0.80874 

Se 7.61925 1.643333 -0.666365 

Se 7.469561 -1.736616 0.371113 

Se 4.659771 3.412099 -0.704296 

Se 4.355773 -3.045707 1.026483 

Se 2.005418 2.146936 0.244689 

Se 1.855519 -1.227877 1.231705 

Se -1.855398 1.227819 1.231298 

Se -2.005537 -2.147058 0.244453 

Se -4.355579 3.045708 1.026239 

Se -4.66001 -3.412051 -0.704515 

Se -7.469473 1.736772 0.371112 

Se -7.619388 -1.643201 -0.666257 
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Table A12: Cartesian coordinates for the torsional C12H8PbTe4 ground state 

structure 

ID X Y Z 

Pb 0.002187 0.001747 0.114532 

C -3.730454 0.161614 1.159865 

C -3.723331 -1.185008 0.718146 

C -4.874603 -1.7096 0.086014 

C -5.969073 -0.87146 -0.246222 

C -5.976351 0.477345 0.203481 

C -4.877463 0.959229 0.962354 

C 4.876265 1.709972 0.084632 

C 5.969094 0.869748 -0.247545 

C 5.975653 -0.477988 0.205383 

C 4.876668 -0.957253 0.965766 

C 3.731044 -0.15759 1.163325 

C 3.725071 1.188216 0.719107 

Pb -9.228572 0.467261 -2.056051 

Pb 9.225614 -0.475284 -2.057413 

H -6.443514 -3.948303 -0.493586 

H -6.442599 3.106432 1.879078 

H 6.449156 3.945273 -0.49718 

H 6.437013 -3.110842 1.878752 

Te -7.472178 -1.706604 -1.566659 

Te -7.532137 1.900428 -0.292967 

Te -4.74925 -3.84647 -0.289869 

Te -4.751884 2.926531 1.887007 

Te -2.006708 -2.472935 0.925698 

Te -2.012993 1.06852 2.1269 

Te 2.013352 -1.05947 2.13436 

Te 2.010121 2.478675 0.924952 

Te 4.746864 -2.924054 1.891811 

Te 4.754427 3.846749 -0.293879 

Te 7.532562 -1.901803 -0.285631 

Te 7.468748 1.69964 -1.575191 
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Table A13: Cartesian coordinates for the C6H5OH ground state structure 

ID X Y Z 

C 1.149136 1.23159 0.000000 

C -0.256676 1.218101 0.000004 

C -0.95136 -0.022071 0.000001 

C -0.216012 -1.239904 0.000002 

C 1.187228 -1.204904 0.000003 

C 1.877486 0.025943 -0.000005 

H 1.679041 2.193999 -0.000003 

H -0.824125 2.158825 0.000007 

H -0.761157 -2.192191 0.000002 

H 1.749959 -2.148447 0.000002 

H 2.974278 0.043946 -0.000008 

O -2.361752 -0.121048 -0.000005 

H -2.662794 0.859726 0.000003 

C 1.149136 1.23159 0.000000 
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Table A14: Cartesian coordinates for the C6H5SH ground state structure 

ID X Y Z 

C 1.200133 -1.613822 0.000000 

C 1.214746 -0.20683 0.000000 

C 0.000000 0.526924 0.000000 

C -1.226145 -0.190815 0.000000 

C -1.232086 -1.595945 0.000000 

C -0.020147 -2.316281 0.000000 

H 2.151392 -2.163505 0.000000 

H 2.175999 0.324686 0.000000 

H -2.176804 0.359146 0.000000 

H -2.190236 -2.133308 0.000000 

H -0.027807 -3.413607 0.000000 

H 1.300766 2.461985 0.000000 

S -0.05327 2.309076 0.000000 

C 1.200133 -1.613822 0.000000 
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Table A15: Cartesian coordinates for the C6H5SeH ground state structure 

ID X Y Z 

C 1.200133 -1.613822 0.000000 

C 1.214746 -0.20683 0.000000 

C -0.711296 2.423129 0.000000 

C -1.027646 1.058712 0.000000 

C 0.000000 0.103257 0.000000 

C 1.340287 0.522279 0.000000 

H 1.646346 1.887956 0.000000 

H 0.623941 2.845692 0.000000 

H -1.513799 3.155311 0.000000 

H -2.068494 0.750242 0.000000 

H 2.145365 -0.207515 0.000000 

H 2.686309 2.201847 0.000000 

Se 0.864149 3.904226 0.000000 

C -1.80768 -1.669637 0.000000 
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Table A16: Cartesian coordinates for the C6H5TeH ground state structure 

ID X Y Z 

C -1.105249 2.730248 0.000000 

C -1.178588 1.331339 0.000000 

C 0.000000 0.568396 0.000000 

C 1.246232 1.215993 0.000000 

C 1.310261 2.614891 0.000000 

C 0.136274 3.378627 0.000000 

H -2.022693 3.312156 0.000000 

H -2.15093 0.848823 0.000000 

H 2.170746 0.64434 0.000000 

H 2.279407 3.105731 0.000000 

H 0.188137 4.462936 0.000000 

H -1.687985 -1.655882 0.000000 

Te -0.023659 -1.572213 0.000000 

C -1.105249 2.730248 0.000000 
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Table A17: Table of k-points 

 

The points of high symmetry in the first Brillouin zone used in the calculations are: 

 

Γ = (0, 0, 0) 

A = (0, 0, ½) 

M = (½, 0, 0) 

K = (⅓, ⅓, 0) 

H = (⅓,⅓, ½) 

L = (½, 0, ½) 

Each vector was divided into 20 points.  

Once the band structure was obtained the distances were scaled in units of 4π/a√3, 

4π/a√3, 2π/c along the three primitive reciprocal vectors b the points. The  real space 

lattice vectors a1 to a3 and reciprocal space lattice vectors b1 to  b3 are: . 

 

Table A18 Table of Scaling Distances 

 

                                                                                          

                                                                                                       

                                                                                                                   

                                                                                                  

                                                                                                        

      

and basis vectors B1 and B2 are:                                                                                                     

                                                                                                 

                                                                                                

where a and c are the lattice parameters of the unit cell 
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Table A19: NWChem Band Gaps (eV) for Pb3C6S6 

kx ky kz Band Energy 

0.213 0.123 0.293 1.9 

0.071 0.123 0.293 1.7 

-0.071 0.123 0.293 1.7 

0.142 0.000 0.293 1.7 

0.000 0.000 0.290 2.5 

0.142 0.000 -0.293 1.5 

0.071 -0.123 0.293 1.7 

0.071 0.123 -0.293 1.5 

0.213 0.123 -0.293 1.7 

0.213 0.123 0.000 3.0 

0.071 0.123 0.000 2.3 

0.071 -0.123 0.000 2.2 

0.142 0.000 0.000 2.3 

0.000 0.000 0.000 2.0 
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Figure A1 First Brillouin Zone for the Pb3C6X6 crystal structures 



208 

 

CHAPTER 6 

INTERFACIAL PHASE STABILITY IN TiV MULTILAMINATE THIN FILMS 

From Stott, A. C.; Abel, P. B.; Bozzolo, G. H.; and Dixon, D. A. J. Phys. Chem. C, 2009, 113, 

21383. 

  

Abstract 

The influence of the interfacial energy on the material phase stability is investigated for a series 

of TiV multi-laminate thin films. Experiments reveal that at a higher layer thickness, the α (hcp) 

phase is the most stable. As the layer thickness is reduced, a transformation from the α (hcp) 

phase to the β (bcc) phase occurs. Atomic-scale characterization of the transformed specimen by 

atom probe tomography reveals V interfacial diffusion between the layers. Equivalent crystal 

theory based calculations confirm the V interfacial diffusion mechanism. The predicted 

segregation profiles match those obtained experimentally.  
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Introduction 

The development of economically viable methods for energy production to replace the 

combustion of carbon-based fuels, which release CO2 into the atmosphere, with alternative 

energy sources that do not emit CO2 is arguably one of the greatest scientific challenges of the 

21
st
 century. One critical issue to enabling the use of environmentally friendly energy sources is 

the development of efficient energy storage technologies for stationary and mobile phase 

applications
1
  such as chemical hydrogen storage systems

2,3
 or novel batteries and capacitors.

4
 

We are specifically interested in improving nickel metal-hydride (Ni/MH) batteries through the 

development of novel negative electrode materials. TiV-based alloys are promising candidates 

for NiMH batteries, as they exhibit a V-based (bcc) solid solution  phase as well as a C14 (hcp) 

 Laves phase.
5,6,7

 The  phase is the major hydrogen absorbing phase. Although the  phase 

can absorb hydrogen, it acts mainly as a catalyst for electrochemical hydrogenation and 

dehydrogenation processes. The presence of these phases working in tandem can enhance 

electrochemical performance.
1,6,7

 However, to achieve improved performance, a precise 

knowledge of the microstructure is required to better control the interfacial structure.  

It is well established that V acts to stabilize the  phase of Ti, and it has been suggested 

that the presence of V promotes interfacial diffusion, leading to transient ordered phases.
8
 A 

transient ordered phase is the equivalent of a reaction intermediate in an activated process, as it 

represents a meta-stable phase with a lower Gibbs energy than the initial solid solution, but is not 

the lowest energy equilibrium phase. Phase stability in intermetallic systems is dependent upon 

the kinetics of ordering and segregation, which are often considered simultaneous processes. 

Because ordering involves diffusion over a smaller length scale than decomposition, it is a 

kinetically favored process. Therefore, a supersaturated solution or transient ordered phase can 
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lower its free energy by undergoing an ordering reaction. Ordering over small length scales can 

be easily replicated in the microstructure of a multilaminate, intermetallic thin film. Scaling 

down the microstructure means that the volume of the film is reduced, which is equivalent to 

reducing the layer thickness for a given surface area. This reduction in layer thickness allows for 

precise control of material properties during thin film deposition.
9
 As the microstructure is 

reduced to the nanometer length scale, the interfacial energy can become a significant driving 

force for phase transformation across an interfacial boundary.
10,11

  

An inherently non-equilibrium structure can develop during the fabrication of multi-

laminate thin films because of the compositional gradient across the laminate interface 

boundary.
12,13,14,15,16,17

 Interfacial diffusion between the laminate layers can result in a reduction 

in layer thickness, allowing the thermally induced crystalline transformation to occur at a much 

lower temperature. Xu et al. reported that a decrease in laminate spacing stabilizes Ti in the  

phase.
18

 They reported that an increase in the hardness (a mechanical property) with increasing  

phase stabilization in a series of TiV multilaminate thin films may result from mutual solubility 

of the Ti and V or to dislocation networks at the interface. However, to date there has been little 

work reported on the chemical nature of the interfacial phase stability in the TiV alloy system 

from either an experimental or a theoretical perspective. This paper describes an experimental 

and computational study of the chemical nature of the interfacial phase stability in a series of 

TiV multilaminate thin films. 

Experimental Details  

Equi-atomic films of TiV were sputter deposited onto low resistivity Si wafers using 

elementally pure targets of Ti and V at a pressure of 2 mTorr. The substrate was rotated to ensure 

surface film uniformity. Sputtering rates were determined by x-ray reflectivity of individual 
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component films. The rates used in the deposition process were 0.052 nm/s for Ti at 125 W and 

0.048 nm/s for V at 50 W. Multi-laminate TiV specimens were grown to a total thickness of 800 

nm with individual layer thicknesses of 2 nm, 10 nm, and 20 nm (the 20 nm specimens consisted 

of 40 bilayer pairs, the 10 nm specimens consisted of 80 bilayer pairs, and the 4 nm specimens 

consisted of 200 bilayer pairs). X-ray diffraction (XRD) was used to characterize the phases. 

Focused ion beam (FIB) milling using a dual beam FIB from FEI was used to prepare cross-

sectional foils for transmission electron microscopy (TEM) and specimens for site-specific 3-D 

atom probe tomography (APT) using a local electrode atom probe (LEAP
®

 from Imago 

Scientific) studies.
19

 A representative TEM (Tecani Supertwin) micrograph (Figure 6.1) shows a 

bilayer stack of approximately 20 nm. XRD scans were performed using a Phillips X-ray 

diffractometer with a Cu K  source to identify the crystal structure of each of the bilayer stacks. 

Peak fitting was performed using the OriginPro® software package using a Lorentz function.
20

 

Results from these initial experiments revealed a phase transformation at a bilayer thickness of 

less than 10 nm, while at a bilayer thickness of 20 nm, no phase transformation was observed.   

 Based on the XRD results, which indicated the presence of phase transformation in the 4 

nm bilayer stack, the sputtering process was repeated for the phase transformed 200 bilayer pair 

specimens to deposit them onto an array of flat-top coupons.
21

 FIB annular milling with a Ga ion 

source was used to prepare sharpened tips from the flat-top coupons, which produced a micro-tip 

array of sharpened posts with a radius of approximately 50 nm. A 1 μm thick, 5 nm diameter 

protective Pt cap was deposited onto the surface of each of the tips in the array to protect the film 

during the milling procedure. During ion-milling, the sacrificial Pt tip was removed as the tip 

was sequentially sharpened from an initial radius of 5 m to a final tip radius of 50 nm.  The ion-

milling current was reduced during the milling process from an initial value of 12 nA to a final 



212 

 

value of 200 pA to minimize specimen damage. Cleanup of the surface at 5 kV using a current of 

10 nA was used to remove specimen impurities. The controlled ion-milling conditions, in 

combination with the use of a sacrificial Pt cap minimized implantation damage, with less than 

2% of the LEAP data comprised of impurities (Ga, H, O) from the milling procedure and from 

atmospheric contaminants. The tip array was transferred to a pre-cooled specimen stage and 

maintained at a constant temperature of 80 K under ultra-high vacuum (UHV) conditions 

overnight before analysis to minimize atmospheric contaminants. A pulse duty cycle of 20% at a 

frequency of 1.8 kHz was applied for LEAP analysis of each tip in the array. This produced 

several tip fractures most likely as a result of the milling procedure with tip asymmetries or 

insufficient film remaining on the tip leading to failure. The data set reported here is 

representative of a phase-transformed 200 bilayer stack specimen containing approximately 

80,000 atoms with only trace amounts of impurities.  

Computational Details  

We use the Bozzolo-Ferrante-Smith (BFS) method
22

 to predict the energy of formation of 

TiV from its constituent elements to obtain a better understanding of the energetics of interfacial 

diffusion processes. The BFS method is a quantum approximate semiempirical
23

 method based 

on equivalent crystal theory (ECT).
22

 In ECT, lattice defect and surface energies are predicted by 

perturbation theory using a defect free crystal as the reference ground state. All of the defect 

configuration energies are equivalent to those of a ground state configuration except in the value 

of the lattice constant. A specific lattice parameter, which may differ from the ground state value, 

is chosen to match the perturbation energy. In the BFS treatment of an alloy, an additional 

perturbation arises from the difference in the ion core electronic potentials of the ordered alloy 

and the equilibrium ground state structures.
24

  The BFS calculations are computationally 
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efficient,
25

 allowing investigation of complex transition metal systems with a large number of 

atoms. The BFS method is particularly well suited to study atomic registry and intermixing at 

thin film interfaces.
22  

In the BFS method, the energy of formation is written as the sum of the individual atom 

constituents of the alloy, εi. The energy of formation of each atom is given by Equation (2.1),  

i = i
S 

+gi ( i
C
- i

Co
)         (2.1) 

with εi
S
 a strain energy, εi

C
 a chemical component with respect to the energy i

Co
 of the chemical 

reference state, and gi a coupling function  The BFS strain energy is computed pairwise in the 

actual lattice with every neighbor of atom i treated as the same atomic species as atom i. The 

computation of the strain energy via the BFS method involves three pure-element properties of 

species i: the cohesive energy Ec (eV), the equilibrium lattice parameter ae (Å), and the bulk 

modulus Bo (GPa).  The additional ECT parameters are the scaling length l (Å), the electron 

screening length  (Å), and the crystal lattice constant  (Å
-1

), which can be obtained from Ec, ae, 

and Bo.
22,24 

The BFS chemical energy is computed by treating every neighbor of atom i as if it 

were in an equilibrium lattice site of a crystal of species i, but retaining its actual chemical 

identity.
25

 The BFS chemical energy term includes the perturbative parameters ΔAB and ΔBA, 

which are determined from the difference in excited state and ground state properties for each 

pair of atomic species. The parameter ΔAB describes the change in electron density near atom B 

due to the presence of atom A relative to a pure B environment and vice versa for ΔBA. BFS 

parameters are computed at the density functional theory level
26

 by using the self-consistent full 

potential linearized augmented plane wave (FLAPW) method
27

 with the generalized gradient 

corrected PBE exchange-correlation functional.
28,29

 The BFS parameters for the TiV simulations 

are given in Table 6.1. 
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 Atom exchange in the crystal lattice was done with Monte Carlo (MC) simulated 

annealing
30

 with periodic boundary conditions. Each cell configuration in the simulation is then 

used in the BFS method to determine the chemical and structural components of the energy. 

Simulated annealing and quenching were carried out from 300 K to 3000 K and returning to 300 

K in 100 K increments for a simulation cell size of 4,350 atoms. Each MC step allows for every 

possible atom exchange, with repetitions of 500, 1000, 2500, and 4000 iterations performed per 

annealing step. Multiple iterations were performed to ensure steady-state conditions were 

achieved, around 1,000 iterations. Atom exchange was performed using surface and volume 

boundary conditions to ensure that no artifacts due to the cell size appeared as part of the MC 

exchange method. Surfaces were oriented to represent the (110) plane of the TiV  crystal 

lattice, the equilibrium structure of the alloy.
18 

This structure was chosen for the simulations 

because it is the stable crystal structure.
18

 The alloy was modeled as a multi-laminate structure 

with alternating planes of Ti and V atoms as well as a solid solution with random lattice site 

occupancy. To ensure that the interface dynamics were captured, a 2 nm layer of V over a 2 nm 

layer of Ti was modeled to match exactly the thinnest of the experimentally fabricated 

multilaminate thin films. The simulations involving atomic layer length scales provide 

fundamental knowledge regarding the energetics related to the initial and final states of the 

diffusion process. The 4 nm bilayer stack model provides further information as to whether 

interfacial diffusion is an interface mediated process, or if phase stabilization occurs throughout 

the bulk of the specimen.  
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Results and Discussion  

Surface segregation during a deposition procedure is driven by differences in the 

chemical potential, lattice constant, or interfacial atomic alignment of the constituent 

elements.
31,32

 We used the XRD, TEM, and LEAP microstructural characterization techniques to 

identify the influence of interfacial diffusion on the TiV bilayer interfacial energy. The XRD 

data in Figure 6.2 exhibit two strong peaks at layer thicknesses of 20 nm that we assigned to the 

-Ti (002) peak near 38.1º (pure metal =38.404º) and the -V (110) peak near 41.5º (pure metal 

= 42.171º). These peak shifts can be attributed to a slight orientation mismatch between the 

layers,
18 

because of the difference in crystal structure prior to and at the onset of phase 

transformation. This orientation mismatch creates strain in the lattice, causing the interplanar 

spacings to be altered from those reported for the pure metal.
33

 XRD peak position values and 

corresponding α, β phase assignments are given in Table 6.2. The atomic positions and planar 

orientations are shown in Figure 6.3 for the α, β phase assignments An indication of a phase 

transformation from α  β can be seen in the XRD pattern as the bilayer thickness is reduced. At 

10 nm layer thickness, a shoulder on the -Ti (002) peak is observed, which could be assigned to 

the presence of the -Ti (001) peak or a satellite reflection.
34

 At this layer thickness, satellite 

reflections are present near the -V (110) peak. At 2 nm the -Ti (110) peak has replaced the -

Ti (002) peak, with any small observed -Ti phase remaining in the -Ti (100) peak, This 

assignment is consistent with the active slip systems
35

 {110} <111> for -V and {0001} <1120> 

for -Ti, and is also consistent with the onset of a phase transformation. The peak positions are 

shifted relative to the bulk values due to strain effects induced by the narrow lattice spacing.
33
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The multilayer character of the films gives rise to the small satellite reflections present near the 

-V (110) peak near 42 . These results are consistent with Xu et al., who reported a thickness 

induced phase transformation at layer thicknesses of 3 nm Ti and 3 nm V for a Ti/V 

multilaminate thin film.
18

  

 A three-dimensional reconstruction of the multilaminate thin film with 2 nm layer 

spacing deposited onto the atom probe tip was performed using the IVAS
TM

 software package,
36

 

leading to the image shown in Figure 6.4a. The LEAP compositional profile data in Figure 6.4 

indicate interfacial diffusion of V between the layers, as can be seen in the concentration profile 

in Figure 6.4b. There is initially a 50/50 mole percent of Ti and V as indicated at d = 0 nm (tip). 

Very quickly, the V mole percent increases and the Ti mole percent decreases. There is more V 

than Ti out to a depth of ~ 70 nm consistent with the presence of interfacial diffusion in accord 

with the XRD results for the film with 2 nm spacing. 

The calculated components for the BFS energetics are given in Table 6.3 for the phase 

transformation in a TiV system with 50% Ti and 50% V. At the beginning of the annealing 

process, there is a sharp drop in the total energy. A gradual increase in energy is observed over 

the course of the simulation as the temperature is increased. The energy decreases again during 

the annealing stage of the simulation. A minimum in the total energy is observed at a 

temperature close to 400 K, as shown in Table 6.3. The BFS calculation energies are also shown 

in Figure 6.5. Simulated annealing curves are shown in black, and cooling curves are shown in 

color. The chemical energy component is lowered during diffusion for the bilayer model, using 

surface (allowing motion in two directions) as well as volume (allowing motion in two 

directions) boundary conditions. Lowering the chemical energy component is equivalent to an 

effective reduction in the chemical potential due to atomic diffusion across the interface.
18

 Slip 
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across the interface to give the observed orientations shown in Figures 6.2 and 6.3 may lead to 

transformation pathways in the material. However, because Ti and V are completely miscible 

(i.e. no solid solution strengthening) the atomic misfit between the α phase of Ti (the Ti ground-

state structure) and the β phase of V is relieved when the chemical energy is lowered upon 

interfacial diffusion. 

A representative concentration profile for the annealing models of the bulk solid solution 

and the multi-laminate thin film is shown in Figure 6.6. These results are for the film with 

alternating 2 nm layers of V and Ti modeled to match the thinnest of the experimentally 

fabricated multilaminate thin films. Concentration profiles illustrate a compositional gradient 

across the interface in both the multilaminate thin film model as well as in the solid solution 

model. These results are consistent with the segregation profile obtained from LEAP data 

analysis, and indicate that diffusion is an interface-mediated process. The limitation with the 

LEAP data arises from the spatial resolution of the instrument, which is approximately 5 nm. In 

the model results, interfacial diffusion can occur at smaller scales because the simulation 

resolution is approximately 0.3 nm. The results of the 4 nm bilayer stack simulation (top inset in 

Figure 6.6) show that V diffusion through the lattice is initiated at the interface and progresses 

through the bulk of the material. Regions of pure Ti appear several atomic layers below the 

surface, providing further evidence of interfacial diffusion. Applying either surface or volume 

boundary conditions (movement in two or three dimensions) to the simulations produced the 

same result.  

The initial and final atomic distributions in the first 10 individual atomic layers for 

multilayer and solid solution models are shown in Figure 6.7. Clustering of Ti can be seen on the 

lattice planes surrounded by V atoms, indicating V stabilization of the Ti β crystal structure after 
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interfacial diffusion has occurred. Small compositional fluxes have been shown to be the driving 

force for phase transformation at small layer thicknesses, where the surface to volume ratio is 

greatly increased.
13,14,15

 Our results are consistent with these prior observations. 

Comparison of the predicted segregation profiles in Figure 6.6 to the APT data in Figure 

6.6b shows good agreement between experiment and theory. The initial concentrations of Ti and 

V were equimolar in the experiment and the simulation. After diffusion has occurred either in the 

experiment or in the computational simulated annealing studies, the mole fraction of Ti at the 

interface is decreased relative to V. The mole fraction of V remains higher than that of Ti until it 

is no longer thermodynamically favorable for the V to diffuse further into the Ti. At this point, 

some Ti diffuses back into the lattice until an equimolar composition can be reestablished. The 

interfacial diffusion is indicative of surface reconstruction, which occurs as a result of atomic 

rearrangement in the top layers of the crystal lattice. This behavior effectively leads to a phase 

transformation at room temperature as the layer thickness is decreased.  
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Conclusions 

 

 Using the reported sputtering rates and powers, it is possible to precisely control the 

microstructure of the TiV thin film during processing. Reduction in the bilayer spacing in multi-

laminate TiV thin films produces an observable phase transformation for Ti from α phase to the 

β phase. The -Ti phase is stable at a bilayer spacing of 20 nm. The onset of the α → β phase 

transformation is observed at bilayer spacings ≤ 10 nm. Atomic scale characterization using 

LEAP and our BFS calculations show that interfacial diffusion of Ti and V has occurred and 

strongly suggest that diffusion of V across an interface boundary is the dominant mechanism for 

the phase transformation. Our modeling results corroborate the experimentally determined 

concentration profiles of the TiV multilaminate thin film that exhibited a phase transition from α 

→ β. Multilaminate TiV thin films that have layer spacings less than 10 nm will be V rich closer 

to the surface and will be predominantly the β-stabilized phase. Thus, they should exhibit 

enhanced hydrogen absorption, but will exhibit a decrease in electrocatalytic activity due to the 

loss of the α phase. Optimization of the presence of both the α and β phases may occur near 10 

nm layer thicknesses as observed in our XRD experiments. The precise control of layer spacings 

in this region could lead to materials with optimal hydrogen absorption and electrocatalytic 

behavior. 
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Table 6.1. BFS parameters  

Element a (Å) Ec (eV) α (Å
-1

) λ (Å) l (Å) ΔTiV (Å
-1

) ΔVTi (Å
-1

) 

Ti 3.25 5.78 2.69 1.07 0.38 0.06 -0.04 

V 2.99 7.51 2.91 0.96 0.34 -0.04 0.06 
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Table 6.2. XRD results from peak fitting analysis  

Phase 2-  

Multilayer 

Fitting 

Error 

2-  ICDD 

Bulk 

20-nm -Ti (002) 38.123 0.003 38.404 

20-nm -V (110) 41.595 0.002 42.171 

10-nm -Ti (100) 37.772 < 10
-3

 35.022 

10-nm -Ti (002) 38.196 < 10
-3

 38.481 

10-nm -V (110) 41.761 0.002 42.171 

2-nm -Ti (100) 36.643 < 10
-3

 35.022 

2-nm -Ti (110) 38.815 0.002 38.481 

2-nm -TiV (110) 41.040 0.001 41.039 

2-nm -V (110) 43.256 < 10
-3

 42.171 
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Table 6.3. Energy results from multilayer annealing simulations performed with 1000 

iterations per stage using surface and volume boundary conditions.  

T (K) ET (eV) 

Surf. 

B.C. 

EC (eV) 

Surf. 

B.C. 

ES (eV) 

Surf. 

B.C. 

ET(eV) 

Vol. B.C. 

EC (eV) 

Vol. B.C. 

ES (eV) 

Vol. B.C. 

initial 5.04 0.01 5.04 4.01 0.01 4.00 

300 2.20 -2.02 4.21 2.05 -1.95 4.00 

400 2.26 -2.01 4.21 2.14 -1.86 4.00 

500 2.24 -1.97 4.21 2.29 -1.70 4.00 
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Figure 6.1. TEM cross-sectional micrograph of a representative bilayer film with multilaminate 

spacing greater than 20-nm. 
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Figure 6.2. X-ray diffraction patterns for TiV multilaminate films of 20 nm, 10 nm, and 2 nm 

bilayer thicknesses. 
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Figure 6.3. Atomic positions and planar orientations for the α, β phase assignments from the 

XRD results. (a) shows the (002) plane for -Ti, (b) shows the (100) plane for -Ti, and (c) 

shows the (110) plane for -Ti (110) or -V (110), with Ti or V depicted as grey spheres. 
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Figure 6.4. (a) LEAP 3-dimensional data set, showing the multilaminate structure of the 4 nm 

phase transformed bilayer stack with Ti represented by the yellow spheres and V represented by 

the purple spheres. Blue and green spheres represent Ga and H impurities, respectively. Si is 

represented by gray spheres. These impurities are barely visible, as they comprised less than 2% 

of the dataset. (b) Composition profile across an interface boundary, signifying segregation and 

intermixing between the layers. 
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Figure 6.5. Energy versus temperature plot for Monte-Carlo simulated annealing procedure 

using the BFS Method for alloys showing the strain and chemical contribution to the total 

energy. The black lines represent heating stage while the colored lines represent cooling stage.  
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Figure 6.6. Representative segregation profile for the multilayer cell shown at initial and lowest 

energy conditions. The dashed line represents V and the solid line represents Ti. Segregation 

profiles from the simulations agree with the experimental APT data shown in Figure 5 (b).  
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Figure 6.7. Multiple atomic layers from Monte-Carlo simulations for (a) multilayer and (b) 

solid-solution models. The left-hand image in each group represents the initial configuration and 

right-hand image is a minimum energy conformation. Composition profile data shown in Figure 

6 is representative of the cells shown here. Note that in both simulations, V clustering is evident 

in the interior of the cell, indicating segregation and phase stabilization throughout the unit-cell.  
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Appendix: Interfacial Phase Stability in TiV Multilaminate Thin Films 

From Stott, A. C.; Abel, P. B.; Bozzolo, G. H.; and Dixon, D. A. J. Phys. Chem. C, 2009, 

113, 21383. 

  

Supporting Information: Additional Experimental Details 

FIB milling was used to prepare cross-sectional foils for TEM, as shown in Figure 

A1. In this procedure, the ion beam is used to mill away a trench in the thin film. Once 

the trench is cut, the specimen is milled away on the wafer side to preserve the film while 

removing extraneous material. Subsequent material is removed from the back of the 

specimen until the film is electron transparent, as shown in Figure A1. Once the foil has 

been prepared, the specimen stage is tilted off-axis from 4 to 10° and the final cuts, 

shown in Figure A1, are performed to release the specimen from the trench. The TEM 

foil is then lifted out of the trench by use of an ex situ manipulator and then mounted on a 

Cu mesh TEM grid. FIB annular milling of the flat-top coupons produced a micro-tip 

array of sharpened posts, each with a radius of approximately 50 nm (Figure A2) for use 

in the LEAP experiments. 
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Figure A1. Cross-sectional TEM image of specimen prepared by FIB milling to show 

foil preparation.  

 

Figure A2 LEAP specimen preparation. SEM image showing initial flat-top post for 

LEAP experiment before milling (100 μm scale). Inset shows SEM image of the 

approximately 80 nm sharpened atom probe tip prepared by annular milling in the FIB. 
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CHAPTER 7 

CONCLUSIONS 

The work described in this thesis covers three different materials where we have used 

computational/theoretical approaches in some cases coupled with experiment to study new 

technology applications of solid state and surface structures. The most extensive studies were 

performed on NiTi, a shape memory alloy for use in aerospace applications as a ball bearing. Our 

joint SOT experiments performed on Ni55Ti45 Abbott Ball  bearings coated with 28.6 g of 

Penzane2001-A  indicate good bearing service lifetimes in rolling contact for this alloy. 

Therefore, Ni55Ti45 is projected to be a candidate material for ball-bearing applications where 

traditional bearing materials such as tool steels cannot be used. SEM and TEM imaging of 

material from the Ni55Ti45 ball bearings were used to characterize the phases within the 

microstructure. From the SEM and TEM images, finely dispersed Ni4Ti3 precipitates, Ni2Ti4Ox 

oxide phases, and low-angle NiTi grain boundaries were identified in the microstructure of the 

bearing. A secondary Ni3Ti phase was also identified in the microstructure, with a sub-structure 

containing stacking faults and dislocations. The presence of secondary phase particles and 

precipitates in the microstructure plays a role in the dimensional stability in this unique alloy.  

In order to better understand the properties of NiTi-based materials, DFT calculations 

were used to study the electronic structure of different stoichiometries of the material. The 

calculations show that the d orbital character of the band structure and charge density of Ni3Ti is 

highly symmetric as compared to the less symmetric d orbital character of the NiTi band 

structure. The predicted DOS from the DFT calculations matches closely with the DOS from the 

UPS experiments. Overlaying the calculated DOS for each of the phases with the experimentally 

measured DOS illustrates that the experimental curve is not due to any pure phase, but rather to a 
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superposition of different phases, indicating that the near-surface region of the bearing contains 

Ni-rich precipitates. Our DFT energy calculations are consistent with the formation of Ni rich 

particles in terms of the energies of the bulk phases. The calculated energies of formation for 

Ni4Ti3 and Ni3Ti as well as reactions with excess Ni present show that these phases are more 

stable than the pure metals or NiTi. Charge density plots revealed negative charge accumulation 

around Ni sites in NiTi and Ni4Ti3, with Ni3Ti displaying no preference for charge transfer due to 

the double hexagonal stacking pattern.  

Although Ti bulk-phase alloys have not exhibited positive lubrication response under 

previous tribological testing with organic fluids,
 
Ni bulk-phase alloys do exhibit positive 

lubrication response under similar conditions. This leads to the conclusion that there must be a 

Ni concentration above which the NiTi alloy should become favorable for lubrication. We 

hypothesize that the mixed phase composition of the bearing surface and the Ni-rich composition 

of the alloy are both factors in the positive lubrication behavior of Ni55Ti45. The energy 

calculations clearly show that Ni rich phases for alloys derived from Ni and Ti can be formed in 

the presence of excess Ni which can be generated by oxidation of the Ti in the original NiTi 

alloy. The delocalized metallic bonding found in the density of states calculations and the 

negative charge accumulation at Ni lattice sites shown in the charge density plots could be 

responsible for the improved lubrication behavior. Further investigation of the interactions of 

lubricant molecules with Ni4Ti3, Ni3Ti, and NiTi phases will provide additional insight to the 

nature of the tribological performance in this system. A quantitative understanding of the 

tribological chemistry at the molecular level of this or any alloy requires further study with the 

inclusion of a wide range of phenomena, which is currently being addressed. 
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A plane-wave density functional theory study of the constituent NiTi, Ni4Ti3, and Ni3Ti 

phases in the NiTi alloy system was performed for the bulk phase and for the (100), (110), and 

(111) surface structures of the NiTi phase. A detailed theoretical analysis of the NiTi surface 

bonding partial DOS was also performed. The predicted DOS plots show a significant 

contribution of Ti states at higher energies (less stable) and Ni at lower energies (more stable), 

just as in the bulk alloy, discussed above. A pseudo-gap exists in the NiTi DOS, as often 

observed in ceramic materials. This pseudogap is due to NiTi phase stabilization from the partial 

occupancies between d-d or d-p hybridization orbital interactions. It is believed that Ti surface 

segregation could lead to the formation of titanium oxide phases, leaving free Ni to form the 

Ni4Ti3 precipitate phase and the Ni3Ti secondary phase. The lower calculated bulk energy of 

formation for the Ni4Ti3, and Ni3Ti phases as well as the larger cohesive energy of Ti is 

consistent with this hypothesis. Although the exact nature of this behavior is currently unknown, 

alloying NiTi with excess Ni stabilizes the alloy in the B2 structure and also contributes to 

positive lubrication response based on previous experimental and computational results. Future 

work should include extending the surface structures to 10-20 atomic layers as well as 

performing phonon calculations to determine the vibrational modes to include entropic 

contributions will provide further insight into this phenomena. 

MD simulations with the EAM potential were used to study NiTi nanoparticles with equi-

atomic, Ni-rich, and Ti-rich phases. An equilibration step followed by simulated annealing, 

quenching, and post-quench equilibration steps revealed Ni and Ti segregation in the particles. 

The radial distribution function revealed a sharper Ni-Ni peak compared to that of Ti-Ti. Lattice 

planes of Ni were also clearly observed. There is an ordering of Ti in Ti-rich regions, however 

the separation between planes is not as prevalent as that observed in the Ni-rich regions. This 
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result is verified by the degree in the shift in the g(r) for Ti compared to the larger shift observed 

for Ni post-quenching. This result could be indicative of the formation of strain variants between 

regions of Ni and Ti clusters. Non-equi-atomic clusters of NixTiy were simulated for e 4 nm and 

8 nm particles, with Ni and Ti segregation also observed. In the Ni-rich structures, segregation of 

Ti to the center and Ni to the surface is also observed. For the Ti-rich particles, Ni is seen evenly 

distributed throughout the center of the particle with more Ti distributed on the surface.  

The second material that was studied was Pb3C6X6 with X a chalcogen for use in solar 

cells for energy capture and thermophotovoltaic (TPV) power conversion. In the Pb3C6X6 calculations, 

extended-solid molecular structures were constructed in the space group P6/mmm, which has 

hexagonal symmetry, and structural relaxations were performed to obtain lattice parameters and 

bond distances. Initial molecular calculations were used as a guide to determine the C-X and Pb-

X bond distances. The PBE exchange-correlation functional and the HSE06 hybrid functional 

were used in this study to predict the band gaps in these materials. The HSE06 functional 

predicts higher band gaps for X = O and S and lower for X = Se.  Both functionals predict the 

compound with X = Te to have metallic behavior. In Pb3C6S6, the PBE band gap of 0.98 eV is 

lower than the experimental value of 1.7 eV, whereas the HSE06 value of 1.91 eV is much closer 

to the experimental value.  

Pb3C6O6 and Pb3C6Se6 were shown to have relatively small band gaps of 0.27 eV and 

0.56 eV, respectively, when the PBE exchange-correlation functional was used. However, when 

the HSE06 hybrid functional was used, the band gaps of Pb3C6O6 increases to 1.07 eV and that 

for Pb3C6Se6 increased to 1.41 eV. Pb3C6Te6 is predicted to be a metal because the band gap was 

0.0 eV. Thus, the calculations predict that there are substantial differences in the band gaps as a 

function of the chalcogen substituent and that variation of the chalcogen can be used to engineer 
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the band gap. The specific crystal space group used in the calculations may lead to the prediction 

of a lower band gap for X = O, Se, and Te than will be found if and when such hybrid organic-

inorganic compounds are synthesized. This is due to the strain in the structure for a non-optimal 

point group. This difference is likely to be largest for X= O and Te. The energy differences 

between the bands of the HOMO and LUMO at points of high symmetry in the first Brillouin 

zone for the Pb3C6X6 compounds are larger than the band gap in these materials, except for X = 

Te with the HSE06 functional.  

The partial density of states in the energy range around the band gap reveal a majority of 

pz states in C for all the systems under study A detailed analysis of the band structure and partial 

density of states at two points before and after metallic behavior is observed in Pb3C6Te6 reveal a 

change in orbital character indicative of band crossing. Orbitals with py and dxz character in the 

valence band shift to the conduction band, while pz states in the conduction band shift to below 

the valence band. 

The third material studied was TiV-based alloys, which are promising candidates for the 

negative electrode in nickel metal-hydride (Ni/MH) batteries. It was shown that is possible to 

precisely control the microstructure of the TiV thin film during processing using the reported 

sputtering rates and powers. Reduction in the bilayer spacing in multi-laminate TiV thin films 

produced an observable phase transformation for Ti from α phase to the β phase. The -Ti phase 

is stable at a bilayer spacing of 20 nm. The onset of the α → β phase transformation was 

observed at bilayer spacings ≤ 10 nm. Atomic scale characterization using LEAP and the BFS 

calculations show that interfacial diffusion of Ti and V has occurred and strongly suggest that 

diffusion of V across an interface boundary is the dominant mechanism for the phase 

transformation. Our modeling results corroborate the experimentally determined concentration 
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profiles of the TiV multilaminate thin film that exhibited a phase transition from α → β. 

Multilaminate TiV thin films that have layer spacings less than 10 nm will be V rich closer to the 

surface and will be predominantly the β-stabilized phase. Thus, they should exhibit enhanced 

hydrogen absorption, but will exhibit a decrease in electrocatalytic activity due to the loss of the 

α phase. Optimization of the presence of both the α and β phases may occur near 10 nm layer 

thicknesses as observed in our XRD experiments. The precise control of layer spacings in this 

region could lead to materials with optimal hydrogen absorption and electrocatalytic behavior. 

 In conclusion, we have reported experimental studies which show that precise control of 

physical properties can be achieved by tailoring the atomic or microstructure of a material. Our 

theoretical studies show that materials with tailored atomic level microstructures can have novel 

properties. The theoretical results can be used for the prediction of the properties of new 

materials. These new insights can be utilized to suggest the synthesis of novel materials with 

specific properties for aerospace, solar cell, and hydrogen fuel cell applications.  
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