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Motivation
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Earlier Definition of Materials Science 

www.google.com

http://www.google.com/
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More Recent and Inclusive Definition of Materials Science 

www.google.com

http://www.google.com/
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Computational Modeling

Simulation

Visualization

Prediction!

www.google.com

http://www.google.com/
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Brief explanation of Density 
Functional Theory (DFT)
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Atomistic Modeling

Simulation

Visualization

Prediction!

Density Functional Theory

Computational Quantum Chemistry/Physics
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Kinetic energy, interaction 
with external potential and 
electron-electron interaction

Electron-atomic nuclei interaction
(of interest in materials simulation) 

Time independent, non-relativistic 
Schrodinger equation
Born-Oppenheimer approximation

An Introduction to Density Functional Theory, N.M. Harrison

Many Body Schrodinger’s equation

More than one electron
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Hartree-Fock ansatz

Exchange 
energy

Hartree-Fock energy 

Coulomb energy

Many Body Schrodinger’s equation
More than one electron
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Introduction to DFT

Function y=f(x),    from a number x we go to a number y=f(x)

Simple example of functional N[n],    from the function n(r) 
we go to a number N

Another example where the functional depends on a parameter

Hartree potential
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Average total energy 
for specified state
Energy is a functional
Variational theorem
Ground state

Introduction to DFT
•Hohenberg-Kohn Theorem

Given the ground state density n0(r), it is possible to calculate Y0(r)

Y0[n0] is a functional

Minimized by n0
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• Kohn-Sham equations:

Coulomb 
potential

Electron
density 
matrix

Exchange correlation potential -
Hides complexity of many body 
interaction

Introduction to DFT
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Introduction to DFT- Pseudopotentials

Hartree potential
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Valence electrons

Core electrons

ATOM

nucleus

electron orbitals

Energy 
[eV]

2s

3s

4s

5s

2p

3p

4p

5p

3d

4d

5d

l=0 l=1 l=2

Origin of Electronic Bands
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bonding

antibonding

X X

Y1 Y2

Y1 + Y2

Y1 - Y2

Adapted from Solid State Electronic Devices, Ben G. Streetman

Origin of Electronic Bands
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Example of DFT use for 
practical outcomes in battery 

science and technology
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Charging
LiTM2+PO4

Discharging
TM3+PO4 + e- +Li+

Main processes during

charging/discharging

• Diffusion of Li ions

• Migration of electrons

Olivine phosphates
LiFe(ll)PO4             Fe(lll)PO4

Ø LiMPO4, M=Mn, Fe, Co and Ni.

Ø Theoretical capacity: 170 mAh/g

Ø Voltage plateau:

• LiMnPO4: 4.1 V

• LiFePO4: 3.45 V

• LiCoPO4: 4.8 V

• LiNiPO4: 5.1 V

Ionic diffusivity: 10-13 ~ 10-16 cm2/s; 

Electronic conductivity: 10-9 ~ 10-10 S/cm
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Ø Electronic structure

• Large band gap

• Localized valence band 

maximum
(Johannes et al., 2012)

Ø Small polaron hopping

• Thermally activated

• Activation energy  (Ea) for 

LiFePO4: 156 meV – 630 meV

• Hopping rate is related to the 

concentration of small polaron 

and Li vacancy (Hoang et al., 2011)

• Ea= ¼ optical electron transfer 

energy
(Furutsuki et al., 2012)

Transport mechanism of LTMP

UV-Vis diffusion reflectance for LiFePO4
(Zhou et al. 2004).

Eg ~3-4 eV
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LiFePO4

Optical absorbance and Tauc plots 

UV-Vis-NIR absorbance spectra Tauc plots (Kubelka Munk function) 

FePO4

Y. Zhang et al., RSC Adv. 9 (2019) pp 1134-1146.

Urbach tails
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Samples:

LFP-H: Hydrothermal, Li:Fe:P=3:1:1

LFP-S: Solution based method, Li:Fe:P=1:1:1

FP-S: Chemically delithiated with H2O2

SEM micrographs and XRD patterns for the 
LFP samples.

High resolution  Fe-2p XPS 
spectra.

X-ray photoemission (XPS)

Y. Zhang et al., RSC Adv. 9 (2019) pp 1134-1146.
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(a) Low electron energy loss spectrum (LEELS) for 

LiFePO4. 

(b) Magnification of the onset of 

energy loss in LEELS.

EELS in the TEM for LFeP

Y. Zhang et al., RSC Adv. 9 (2019) pp 1134-1146.
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Sign of Negative electron affinity

Y. Zhang et al., RSC Adv. 9 (2019) pp 1134-1146.

UV photoemission (UPS)
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HSE06 sX-LDA

LiFePO4

FePO4

Y. Zhang et al., RSC Adv. 9 (2019) pp 1134-1146.

Comparison of DFT functionals
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Soft X-ray Absorption Spectroscopy
(Australian Synchrotron)
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(~3-50nm depth)

(~50-300nm depth)

Surface Sensitive 
(~1nm) 

PEY

TEY

TFY
Sample

Soft X-ray Absorption Spectroscopy

TEY – Total Electron Yield

PEY – Partial Electron Yield

TFY – Total Fluorescence Yield

TFY

TEY and PEY

Photoelectron

X-ray
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O K-edge Fe L-edge

O K-edge and Fe L-edge spectra for chemically delithiated LiFePO4 samples (TEY).

707 eV

709 eV

O K-edge and Fe L-edge of LFeP vs Li

Y. Zhang et al., ACS Appl. Energy Mat. 3(3) (2019) 2856-2866.
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LiMPO4 O-K edges
PEY (surface) TFY (hundreds nm)TEY (~ 10 nm)

Y. Zhang et al., ACS Appl. Energy Mat. 3(3) (2019) 2856-2866.
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XRD patterns for the pristine and doped LiFePO4 samples.

Pristine Li Na Mg Cu Al Ti Si V

Fe2+% 0.72 0.47 0.52 0.48 0.50 0.47 0.46 0.59 0.52

Fe3+% 0.28 0.53 0.48 0.52 0.50 0.53 0.54 0.41 0.48

Preferential doping at the surface layer of LFeP
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O K-edge spectra for the pristine and doped LiFePO4 samples with (a) PEY, (b) TEY and (c) TFY modes.

Preferential doping at the surface layer of LiFePO4

Y. Zhang et al., ACS Appl. Energy Mat. (2020).  https://doi.org/10.1021/acsaem.0c01536

PEY (surface) TFY (hundreds nm)TEY (~ 10 nm)

https://doi.org/10.1021/acsaem.0c01536
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Pristine Li Mg Ti V
R1/Ω 3.22 3.20 3.51 3.72 3.62

R2/Ω 16.34 4.91 2.93 1.25 4.03

R3/Ω 12.8 7.12 8.09 7.37 4.04
Polarization/mV 61.8 - 48.1 43.3 54.5

Preferential doping at the surface layer of LFeP
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Transmission Electron Microscopy

jose.alarco@qut.edu.au
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EVAC

VBM

LiFePO4
Negative electron affinity (EVAC < ECBM)

5.98 eV

CBM

1.2 eV

EF (Li)

3 eV

3.3 eV

EVAC

6.82 eV

CBM

EF (LFP) =

EF (FP)  

Before Contact

Junction effects

Zhang et al., (2021) J. Phys. Energy 3
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EVAC

VBM

LiFePO4
Negative electron affinity (EVAC < ECBM)

IP = 5.98 eV

CBM

EF (Li)

3 eV

3.3 eV

EVAC

IP = 6.82 eV

CBM

EF (LFP) =
EF (FP)  
VBM

4.08 eV

EF (Al)
4.81 eV

EF (C)

3-4.5 eV

EF (DLC)

After ContactWF (Cu) = 4.7 eV
WF (Al) = 4.08 eV

WF (Less dense graphitic C) = 3.5 - 6 eV   [ref Neuville]

WF (denser DLC) = ~ 2-3 eV   [ref Neuville]

Zhang et al., (2021) J. Phys. Energy 3
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Zhang et al., (2021) J. Phys. Energy 3
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~ 1,174
cycles

About minimum 7.8 times improvement in effective cycle life (down 
to 80% of initial capacity), given that the cycles seem to become 
more horizontal as the test is proceeding

Accelerated cycle test (at 1C for discharge)



CRICOS No.00213J

jose.alarco@qut.edu.au



CRICOS No.00213J

40

Example of DFT use for 
improved understanding of 
superconductor materials 
symmetry and insight on 

mechanisms 
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Metal borides synthesis in small Parr reactor
MgB2 – SEM/Raman

SEM of MgB2 samples

A

B

Raman

Mackinnon, I.D.R. et al., Materials, (2014), 7, 3901-3918. Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
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MgB2 - Properties
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MgB2 - Raman

Raman

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
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MgB2 – Group Analysis

E2g modes

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
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MgB2 - Super-lattice modes

Frozen phonon technique 
results in similar symmetry 
reductions

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
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GKG A H M HL

Phonon Dispersion

Density 
Functional 
Theory 
(DFT)

Signatures of superconductivity

Identify key features in:
Electronic Band Structure
Fermi surface
Phonon dispersion

Complementary to Eliashberg
Equations (uses normal state 
parameters) 

Maintain ab-initio approach
Reciprocal geometrical information

Transform back to real space 
geometry

Motivation
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MgB2

Good
Simple structure with few atoms – good for computation
Extensively investigated experimentally and theoretically –
good for validation
Multiple effects that influence the superconducting 
transition temperature (Tc)

Isotope effects
Metal substitutions
Pressure effects

Parent structure hosts superconductors with different 
elements and Tc’s

Bad ??
Out of fashion for publications

MgB2 – choice for benchmarking
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Modelling and Simulation
E2g modes

GKG A H M HL

Phonon Dispersion

Fermi Surface

• Phonon Dispersion – convergence indicates structural 
stability

• High computational demand for low values of x
• Ab initio models without post-computational corrections

E2g modes

MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
Alarco et al., Phys. Chem. Chem. Phys., 17, 25090-25099, 2015

Density Functional Theory – Materials Studio V8.0
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Substitution in AlB2-type Structures
Mg1-xMxB2

Solubility of most metals in MgB2 is low

Metal Max Value
(x)

Tc at max x
(K)

Li 0.12 ~351

Al 0.90 02

Fe 0.04 ~351

Ti 0.40 ~253

Mn 0.05 01

Sc 0.28 ~64

Mg(B1-xCx)2  x < 0.20; Tc at max x: 0
1. Karpinski et al., Phys. Rev. B., 2008 
2. Lee et al., Physica C, 2007 
3. Lee et al., J. Mag. Magnetic Mater., 2008
4. Agrestini et al., J Phys. Chem. Solids, 2004

In all cases, Tc is suppressed
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Substituted Metal Borides

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
Alarco et al., Phys. Chem. Chem. Phys., 17, 25090-25099, 2015

Superlattices
Mg0.75Al0.25B2 = Mg3AlB8

Mg0.5Al0.5B2 = MgAlB4

Mg0.33Al0.66B2 = MgAl2B6

Observed by HREM
Xiang et al., Phys. Rev. B, 2002
Zandbergen et al., Physica C, 2002
Li et al., Phys. Rev. B, 2002



CRICOS No.00213J

Density Functional Theory
Phonon Dispersions – Mg1-xAlxB2

MgB2

E2g

B2g

A2u

E1u

AlB2

Kohn Anomaly
Centred around G or Γ
Along G-K and G-M directions

Experimental IXS along G-M (Baron et al., 
Phys. Rev. Lett., 92, 2004.) for MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014 LDA: k = 0.02 A-1

(Mg0.66Al0.33)B2
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Alarco et al., Phys. Chem. Chem. Phys.,17, 25090-25099, 2015 

Superconducting Tc – Mg1-xAlxB2
Theory and Experiment

δ = (nN/Z)x(kBTδ /2)

δ = (nN/Z)x(kBTδ /2)

δ = height of phonon anomaly (cm-1)
n = degrees of freedom per atom
N = number of atoms per unit cell
Z =  number of formula units per cell
kB = Boltzman’s constant
Tδ = thermal energy of phonon 

Solve for Tδ

*Experimental values are onset temperatures
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Alarco et al., Physica C

P = 0 GPa

P = 15 GPa

MgB2 - Pressure dependence of Tc
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Compound
Predicted Tc

This work
(K)

Experimental Tc 
By Others

(K)
MgB2 42.0 (3.0) 39.2 – 40.2

(Mg0.8Al0.2)B2 31.3 (3.4) 25 (2) – 33.0 (0.1)

(Mg0.66Al0.34)B2 16.2 (3.3) 13.5 (0.1)

(Mg0.5Al0.5)B2 4.6 (2.5) 4.0 – 13.5

(Mg0.86Sc0.14)B2 31.5 (4.4) 23.0 (2.5)**

(Mg0.75Sc0.25)B2 11.4 (1.0) ~8.2 (5.0)**

AlB2 0.0 0.0

BaSi2 9.3 (0.5) 8.9

Ca(Al0.5Si0.5)2 7.5 (0.5) 7.8

Superconducting Tc – AlB2-type Structures
Theory and Experiment

**peak values from derivative of surface resistance

Can we use this approach to design/predict new superconducting materials ?
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Compound
Predicted Tc

This work
(K)

Experimental Tc 
By Others

(K)
MgB2 42.0 (3.0) 39.2 – 40.2

(Mg0.8Al0.2)B2 31.3 (3.4) 25 (2) – 33.0 (0.1)

(Mg0.67Al0.33)B2 16.2 (3.3) 13.5 (0.1)

(Mg0.5Al0.5)B2 4.6 (2.5) 4.0 – 13.5

(Mg0.86Sc0.14)B2 31.5 (4.4) 23.0 (2.5)**

(Mg0.75Sc0.25)B2 11.4 (1.0) ~8.2 (5.0)**

AlB2 0.0 0.0

BaSi2 9.3 (0.5) 8.9

Ca(Al0.5Si0.5)2 7.5 (0.5) 7.8

(Mg0.67Ba0.33)B2 64.4 (2.2) n.d.

(Mg0.5Ba0.5)B2 63.6 (6.6) n.d.

(Mg0.33Ba0.67)B2 62.1 (5.8) n.d.

BaB2 (~16GPa) 79.1 (10.2) n.d.

Superconducting Tc – AlB2-type Structures
Theory and Experiment

**peak values from derivative of surface resistance
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New Materials: (Mg1-xBax)B2
DFT Predicted Tc

Alarco et al., Phys. Chem. Chem. Phys.,17, 25090-25099, 2015 

(Mg0.5Ba0.5)B2 (Mg0.33Ba0.66)B2

k = 0.02 A-1

Tδ = 63.6 K
σ = 6.6 K

Tδ = 62.1 K
σ = 5.8 K

GGA LDA
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A. Prof. Alexei Kolmogorov alerted us on
Palnichenko et al., JETP Letters 86 (4), 272-274, 2007 

Multiple
step
transitions

MgB2 substituted with Ba, Rb and Cs
Magnetic susceptibility Tc



CRICOS No.00213J

58
Ab

so
rb

an
ce

 (a
rb

. u
ni

ts
)

Wave number (cm-1)

b

Ab
so

rb
an

ce
 (a

rb
. u

ni
ts

)

Wave number (cm-1)

a

THz/Far Infrared synchrotron absorption
C-doped MgB2

Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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a

Γ-K/4 Γ-M/3Γ-A/2

236

331

398

Γ M LKHA HΓ

Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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a

b

c

Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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a b

Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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𝐸! 𝑘" , 𝑘# , 𝑘$ = 𝐸% − 2𝑡& cos 𝑐𝑘$ − ℏ' - ⁄/𝑘"' + 𝑘#' 2𝑚!

𝑚!""
# = 0.53 − 0.59 ,  

𝑚!""
$ = 0.20 − 0.28,

E% = 0.58 − 0.6 and 
t& = 0.092 − 0.094 eV

Alarco et al., submitted to Phys. Chem. Chem. Phys., Jul 2021
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Collaboration opportunities



CRICOS No.00213J

68



CRICOS No.00213J

69



CRICOS No.00213J

70



CRICOS No.00213J

71

Conclusions
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Conclusions
• DFT can be an exceptional tool to advance the understanding of 

fundamental physical properties and for prediction of the properties of 
new materials.

• Examples from two areas at the frontier of R&D and practical 
applications have been discussed.

• The importance of calibration for accurate and realistic DFT 
approaches to modelling, combined with regular experimental 
validation, cannot be overstated.

• DFT is suited to long-distance collaboration, where there may be 
experimental limitations at one of the locations.
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Electronic Band Structure 
of Bi-oxide based 

photocatalysts
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Electronic Band Structure of Bi-oxide based photocatalysts
Bi1.5M’M1.5O7 (M’=  Zn, Cd, M = Nb, Ta)A2B2O7 pyrochlores

Cubic CIF, random substitution 
(fractional occupation)

à No band gap

Ordered substitution, 
rhombohedral structure à Band 
gap close match to experiment

Perenlei et al., RSC Advances, in press, 2017
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Band Structure Optical Absorption

BZT

Perenlei et al., RSC Advances, in press, 2017
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Summary of calculated lattice parameters

Perenlei et al., RSC Advances, in press, 2017
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Enthalpies of Formation

Perenlei et al., RSC Advances, in press, 2017
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Rhombohedral XRD                                                    

X-ray diffraction

Perenlei et al., RSC Advances, in press, 2017
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Transmission electron microscopy

Perenlei et al., RSC Advances, in press, 2017
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Selected area micro-diffraction

Superlattice diffraction in BCN 

Perenlei et al., RSC Advances, in press, 2017
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Raman spectrometry

BiNbO4
Orthorhombic à
sharp peaks

All others, similar 
broad peaks à
Raman (and IR) 
activity governed 
by group symmetry 
and degeneracy 
breaking
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Effect of pseudopotential

Perenlei et al., RSC Advances, in press, 2017
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Tauc plots for LTMP 

Unground                   Ground

Ring milled Pristine Ring milled Pristine

Ring milled Pristine Ring milled Pristine
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2 1X X 2 1

2 1

G[Li Host]-G[Li Host]-(x -x )G[Li]
V=-

x -x

Estimated Li intercalation voltage with GGA, GGA+U, HSE06 and sX-LDA.

• sX-LDA outperforms all other functional in EBS determination for 

phosphate materials.

Conclusions 
Open circuit voltage from calculated enthalpies

Y. Zhang et al., JPCC (2020) https://dx.doi.org/10.1021/acs.jpcc.0c05251



CRICOS No.00213J

Peak fitting refinement vs Geometry Optimization

Geometry optimised 

mode (no spin)

Enthalpy -24760.02 eV

More stable

Band gap 5.464 eV

Closer to exp.

Reduced forces 

Equilibrium positions
2 1X X 2 1

2 1

G[Li Host]-G[Li Host]-(x -x )G[Li]
V=-

x -x

LiNiPO4 (CIF 72929)
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Conclusions 
Localised impurity states

• Phosphate cathode materials surfaces are different from their cores.



CRICOS No.00213J

Soft X-ray Absorption Spectroscopy
(Australian Synchrotron)
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Density Functional Theory

jose.alarco@qut.edu.au
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• Partial electron yield (PEY): surface sensitive

• Total electron yield (TEY): ~50 Å

• Total fluorescence yield (TFY): ~3000 Å

O K-edge

PEY

TEY

TFY

Fe L-edge

TEY
PEY

O K-edge and Fe L-edge vs escape depth

707 eV

709 eV
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O K-edge spectra of the as prepared LiMPO4.

O K-edge of LTMP 

Y. Zhang et al., ACS Appl. Energy Mat. 3(3) (2019) 2856-2866.
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O K-edge and TM L-edge spectra for NMC.

• Differentiation between surfaces and cores may be more 

general than for only phosphates.

Conclusions 
Preliminary results for NMC materials
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MgB2 – Frequency Harmonics

Slope ~ 4kBTc A1g (= B1g) = E2g + 116 cm-1

Slope a Isotope effect

E2g

Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
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MgB2 – Isotope Effect

Slope a Isotope effect
Slope ~ 4kBTc
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Electron density response– MgB2 with 
Frozen displaced atoms

8.05

8.1

8.15

8.2

8.25

8.3

8.35

8.4

8.45

8.5

8.55

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Fermi energy
LDA

GGA

Alarco et al., MNSMS 8, 21-46, 2018

8.3800

8.3820

8.3840

8.3860

8.3880

8.3900

8.3920

8.3940

8.3960

8.3980

8.4000

8.4020

0 0.002 0.004 0.006 0.008 0.01

Fermi energy
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Electron density response– MgB2 with 
Frozen displaced atoms

E2g modes

MgB2 
symmetric
Geometry 
optimized

E1u mode

A2u mode

Relative 
displacement 
Dx = 0.05

Alarco et al., MNSMS 8, 21-46, 2018

E2g modes à 25 times 
stronger contribution
to e-ph coupling
than other modes
An and Pickett, PRL 86 (19) 4366, 2001
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Alarco et al., MNSMS 8, 21-46, 2018

Dx = -0.006Dx = -0.000

Frozen displaced atoms

0
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600

700

800

900
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Dx = 0.006Dx = 0.006

Fermi surface topological
changes 
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Superconducting Tc – Mg1-xScxB2
Theory and Experiment

**Agrestini et al. 2004 use peak values from derivative of surface resistance measurements
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MgRbB4 LDA k=0.012

Asymmetric
and
Multiple
level
anomaly

MgB2 substituted with Rb
Phonon Dispersions
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Asymmetric
and
Multiple
level
anomaly

MgB2 substituted with Cs 
Phonon Dispersions

MgCsB4 LDA k=0.015 0GPa MgCsB4 LDA k=0.015 1GPa
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Density Functional Theory
Phonon Dispersions – MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014 

Key Factors:

q Optimise cell parameters

q Use dense k-grid mesh
(optimise for lowest k-value)

q Avoid negative phonon 
frequencies

q Fractional occupancies for metal 
substitutions are limited

q Mean relative error  ±5%

k = 0.04 A-1

k = 0.02 A-1
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Q Expresso+ ~0.007 48x48x48 na 408 na na GGA

CASTEP 0.100 4x4x4 8 990 8.8103 -0.097 LDA

CASTEP 0.060 6x6x6 21 990 8.2110 0.636 LDA

CASTEP 0.050 8x8x6 30 990 8.5190 0.419 LDA

CASTEP 0.040 9x9x8 48 990 8.4706 0.328 LDA

CASTEP 0.030 12x12x10 95 990 8.3773 0.383 LDA

CASTEP 0.020 19x19x14 280 990 8.3976 0.348 LDA

CASTEP 0.015 25x25x20 650 990 8.3991 0.352 LDA

CASTEP 0.008 47x47x36 3744 990 8.4038 0.343 LDA

CASTEP 0.005 75x75x58 14703 990 8.4040 0.343 LDA

CASTEP 0.005 75x75x58 14703 500 7.3295 0.371 LDA

CASTEP 0.008 47x47x36 3744 500 7.3285 0.372 LDA

CASTEP 0.020 19x19x14 280 500 7.3218 0.370 LDA

CASTEP 0.030 12x12x10 95 500 7.2449 0.475 LDA

DFT Code Δk value 
(Å-1) Grid Equivalent No. of k-

points
Energy 
Cut-off 

(eV)

Fermi 
Energy

(eV)
ΔEv
[eV]

Funct’l

All k-grid values are geometry optimized and converged to the same ultrafine tolerance. 

K-grid optimization
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b

K-grid optimization

All k-grid values are geometry optimized and converged to the same ultrafine tolerance! 

Machine 
learning
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yL = 17.807x4 + 5E-12x3 - 14.371x2 + 5E-14x + 0.3745
R² = 0.9998

yH =  4.0135x4 - 8E-13x3 - 7.960x2 - 2E-12x + 0.3912     
R² = 1

yM = 10.910x4 + 4E-12x3 - 11.166x2 - 7E-13x + 0.3828
R² = 0.9999
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0.5
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-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
k

E

yL = 12.256x4 + 3E-12x3 - 12.191x2 + 2E-12x + 0.0015
R² = 1

yH = 9.9756x4 + 2E-12x3 - 10.283x2 + 1E-12x + 0.8015
R² = 0.9999

yM = 11.116x4 + 3E-12x3 - 11.237x2 + 5E-12x + 0.4015
R² = 0.9999
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Fig.1 s bands (heavy (yH) - red, light (yL) - blue and average (yM) - gray) for the EBS of MgB2 along the GK-
direction at atmospheric pressure (0 GPa), calculated with the LDA functional using k-grid Dk = 0.01 Å-1: (a) for 
equilibrium B – atom positions and (b) for displaced B –atom positions along E2g modes.

Trendline fittings EBS

Light

Heavy

Average 
or

Medium

Approximate
Constant of 
Movement
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k-grid

Coefficient X4 Coefficient X2 (-1) Coefficient X0 Estimated 
gap 

energy 
(eV)

H M L H M L H M L

0.005 4.2955 11.434 18.572 8.161 11.455 14.749 0.3441 0.3354 0.3266 0.0175

0.008 8.0342 23.341 36.301 11.159 15.864 20.344 0.3441 0.3375 0.3287 0.0154

0.01 4.0135 10.91 17.807 7.96 11.166 14.371 0.3912 0.3828 0.3745 0.0167

0.022 6.8879 21.451 36.014 10.381 14.929 19.477 0.3377 0.3333 0.3289 0.0088

0.03 6.4614 24.477 42.492 10.33 15.271 20.213 0.383 0.383 0.383 0.000

*Tables present the coefficients in front of the even powers of the quartic polynomials (X4, X2 and X0 ).
Smearing was 0.001eV for k-grids 0.005 and 0.008A-1, and 0.1eV for k-grids 0.01, 0.022 and 0.03A-1.

Trendline fittings EBS
Table 2. Trendline fittings along GK for the s bands of MgB2 calculated using LDA and different k-grids*.
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A15-superconductors
Nb3Ga Tc ~ 20.3K

k= 0.016 A-1 à 0.012 A-1 k= 0.01 A-1

Negative 
Frequencies

Soft modes

Phase 
instability
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A15-superconductors
Nb3In Tc ~ 9.2K 

At 20 GPa, k= 0.008 A-1

At 20 GPa, 
increased Tc

Better resolved 
reciprocal space

features

At 0 GPa, 
k=0.01 A-1 à k= 0.005 A-1

Soft modes
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MgB2 – E2g Phonon Modes

Superconductor Tc ~ 40K
AlB2-type structure
Group symmetry P6/mmm Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014

Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
Alarco et al., Phys. Chem. Chem. Phys., 17, 25090-25099, 2015
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Modelling and Simulation
E2g modes

GKG A H M HL

Phonon Dispersion

Fermi Surface

• Phonon Dispersion – convergence indicates structural 
stability

• High computational demand for low values of x
• Ab initio models without post-computational corrections

E2g modes

MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
Alarco et al., Phys. Chem. Chem. Phys., 17, 25090-25099, 2015

Density Functional Theory – Materials Studio V8.0
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Density Functional Theory
Phonon Dispersions – MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014 

Key Factors:

qOptimise cell parameters

qUse dense k-grid mesh
(optimise for lowest k-value)

qAvoid negative phonon 
frequencies

qFractional occupancies for metal 
substitutions are limited

qMean relative error  ±5%

k = 0.04 A-1 k = 0.03 A-1

k = 0.02 A-1 k = 0.015 A-1
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Substituted Metal Borides

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014
Alarco et al., Phys. Chem. Chem. Phys., 17, 25090-25099, 2015

Superlattices
Mg0.75Al0.25B2 = Mg3AlB8

Mg0.5Al0.5B2 = MgAlB4

Mg0.33Al0.66B2 = MgAl2B6

Observed by HREM
Xiang et al., Phys. Rev. B, 2002
Zandbergen et al., Physica C, 2002
Li et al., Phys. Rev. B, 2002
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Superconducting Tc – MgB2 with pressure

Alarco et al., Physica C., 536, 11-17, 2017 

P = 0 GPa P = 15 GPa
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Superconducting Tc – MgB2 with pressure
Theory and Experiment

Alarco et al., Physica C., 536, 11-17, 2017 

P = -2 GPa

P = 18 GPa
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Compound
Predicted Tc

This work
(K)

Experimental Tc 
By Others

(K)
MgB2 42.0 (3.0) 39.2 – 40.2

(Mg0.8Al0.2)B2 31.3 (3.4) 25 (2) – 33.0 (0.1)

(Mg0.67Al0.33)B2 16.2 (3.3) 13.5 (0.1)

(Mg0.5Al0.5)B2 4.6 (2.5) 4.0 – 13.5

(Mg0.86Sc0.14)B2 31.5 (4.4) 23.0 (2.5)**

(Mg0.75Sc0.25)B2 11.4 (1.0) ~8.2 (5.0)**

AlB2 0.0 0.0

BaSi2 9.3 (0.5) 8.9

Ca(Al0.5Si0.5)2 7.5 (0.5) 7.8

(Mg0.67Ba0.33)B2 64.4 (2.2) n.d.

(Mg0.5Ba0.5)B2 63.6 (6.6) n.d.

(Mg0.33Ba0.67)B2 62.1 (5.8) n.d.

BaB2 (~16GPa) 79.1 (10.2) n.d.

Superconducting Tc – AlB2-type Structures
Theory and Experiment

**peak values from derivative of surface resistance
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New Materials: (Mg1-xBax)B2
DFT Predicted Tc

Alarco et al., Phys. Chem. Chem. Phys.,17, 25090-25099, 2015 

(Mg0.5Ba0.5)B2 (Mg0.33Ba0.66)B2

k = 0.02 A-1

Tδ = 63.6 K
σ = 6.6 K

Tδ = 62.1 K
σ = 5.8 K

GGA LDA
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Density Functional Theory
Phonon Dispersions – Mg1-xAlxB2

MgB2

E2g

B2g

A2u

E1u

AlB2

Kohn Anomaly
Centred around G or Γ
Along G-K and G-M directions

Experimental IXS along G-M (Baron et al., 
Phys. Rev. Lett., 92, 2004.) for MgB2

Alarco et al., Phys. Chem. Chem. Phys., 16, 24443-24456, 2014
Alarco et al., Phys. Chem. Chem. Phys., 16, 25386-25392, 2014 

LDA: k = 0.02 A-1
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Density Functional Theory
Phonon Dispersions – Mg1-xAlxB2

Alarco et al., Phys. Chem. Chem. Phys.,17, 25090-25099, 2015 

MgB2 (Mg0.66Al0.33)B2

LDA: k = 0.02 A-1

δ = (nN/Z)x(kBTδ /2)
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Alarco et al., Phys. Chem. Chem. Phys.,17, 25090-25099, 2015 

Superconducting Tc – Mg1-xAlxB2
Theory and Experiment

δ = (nN/Z)x(kBTδ /2)

δ = (nN/Z)x(kBTδ /2)

δ = height of phonon anomaly (cm-1)
n = degrees of freedom per atom
N = number of atoms per unit cell
Z =  number of formula units per cell
kB = Boltzman’s constant
Tδ = thermal energy of phonon 

Solve for Tδ

*Experimental values are onset temperatures
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Tc vs x for Mg1-xAlxB2


