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Chair John J. Rehr
Physics

Phonons, the quantization of atomic vibrations, are important in studying many solid state
properties, ranging from Raman, infrared, and neutron scattering to thermal expansion,
specific heat, and heat conductivity to electrical resistivity and superconductivity. Generally,
modeling the interatomic forces and vibrational modes of a given system require costly
computer simulations, though once calculated, they provide the means to a wide variety
of phonon properties. Our goal is to enable easy access to these phonon properties and to
do this, we have developed a framework for easily automating the workflows involved in
interfacing a phonon mode calculation with the analysis tools for determining such physical
properties. This was originally implemented with the A12pPs (ab initio to phonon spectra)
tool, meant solely for the calculation of vibrational properties. It has since greatly expanded
in scope and capabilities to a general scientific workflow tool called CORVUS, which was
started with the eventual goal of collecting all our various scientific workflow efforts—phonon
properties, optical properties, and so on—into a single hub. We present here both the
evolution of A12PS into the CORVUS project and the phonon properties simulated, including
Debye—Waller factors, phonon contributions the electron self-energy and spectral function,

vibrational free energy, thermal expansion, and heat capacity.
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Chapter 1
INTRODUCTION

The driving force of theoretical physics is developing models that represent observed
phenomena as accurately as possible. Generally, theorists will start with simplified models
and gradually relax assumptions to incorporate more physical effects and improve agreement
with observed phenomena. With the ubiquity of computers, this is now realized in the form
of increasingly sophisticated computational software used to test the performance of our
models numerically. Our overarching goal is to create scientific software tools that provide

easy access to the oftentimes complex physical simulation of condensed matter systems.
1.1 Background

Three years after the discovery of the electron by J. J. Thomson in 1897, [1] Paul Drude
introduced his model of electronic transport in metals. [2,3] The Drude model entails a free
electron gas moving in a stationary background of positive ions, with the classical collisions
between them being the source of resistance. This simple kinetic model was relatively suc-
cessful in explaining electronic and thermal conductivity in metals, the Hall effect, and the
Wiedemann-Franz law (relates electrical conductivity and thermal conductivity), but failed
significantly for electronic heat capacities.

Realizing the importance of the Pauli exclusion principle for the electron gas, Arnold
Sommerfeld expanded on the Drude model by replacing the classical Maxwell-Boltzmann
velocity distribution with the quantum Fermi-Dirac distribution. [4] The Drude-Sommerfeld
model, typically referred to as the free electron model, improved agreement with experi-

ment on a number of physical properties, including specific heat, thermal conductivity, and



thermopower. Some notable shortcomings were the failure of the Wiedemann—Franz law at
moderate temperatures, the 7% dependence of specific heat at low temperatures, and what
determines the number of conduction electrons.

Crystalline materials were observed in 1912 by Max von Laue [5] to produce intense peaks
in x-ray scattering experiments, leading William Lawrence Bragg and William Henry Bragg
to propose in 1913 [6] that crystals were composed of parallel planes of ions forming a periodic
lattice. In 1928, Felix Bloch encapsulated the effect of a static periodic ionic potential using
Bloch waves. [7] The static lattice model brings improvements to properties like electronic
band structure and chemical bonding, but still cannot accurately predict properties like
low-temperature scaling of specific heat, thermal expansion, melting, electric and thermal
conductance, and sound propagation.

At this point, it becomes imperative to include the effects of the motion of the ions. The
lattice motion can be broken down into a combination of collective modes of vibration. These
vibrational modes are called phonons, and they can lead to interesting effects in materials

that we will present here.
1.2 Goal of Dissertation

This thesis aims to model various phonon effects in solid state materials, while building
a simulation framework that can accommodate generically any scientific workflow. There
are numerous current materials science software packages capable of calculating the phonon
modes of a system, as well as numerous physical properties that can be simulated from these
phonon modes. However, the process of obtaining the latter from the former often involves
connecting multiple software packages. As such, our goal to model various phonon-related
properties has necessitated the additional goal of creating a physical simulation workflow
system that eases the process for our users. Both aspects will be presented in this thesis.
We will start by defining some common conventions and notation used throughout. In
the next chapter, we will present a brief overview of the theory of phonons and related

properties simulated in this work. In chapter [3] we present the A12PS tool for calculating



phonon properties by connecting density functional theory (DFT) software to the bMDW
analysis tool. Chapter [4] presents the previously published results for calculating phonon
contributions to the electron spectral function using A12PS, which demonstrates the use of
phonon properties such as the phonon density of states and Eliashberg function. In chapter 5],
we present the Corvus software package, the updated and expanded incarnation of the A12PS
tool, developed for general physical simulations that depend on the coordinated execution
of multiple software packages, which is necessary for simulating many phonon properties.
Chapter [6] details our use of the vibrational free energy in modeling the thermal expansion—a
complex calculation workflow recently implemented in CORvVUS that now allows us to include
expansion effects in calculated properties—as well as heat capacity at constant volume and
pressure. Concluding remarks are given in chapter [7] followed by appendices with more

detailed information on using the software packages described here.
1.3 Conventions and Notation

Throughout this dissertation, Hartree atomic units (h = e = m, = kg = 1) can be assumed

unless stated otherwise.



Chapter 2

PHONON THEORY

Lattice vibrations can be thought of as oscillations of the atoms about the equilibrium
static lattice positions. The vibrational effects can be determined from the equation of
motion, which is encapsulated in the quantity called the dynamical matrix, from which
various macroscopic physical properties can be modeled. This chapter will give a brief

overview of the theoretical background for the phonon properties simulated in this work.

2.1 Dynamical Matrix and Vibrational Density of States

Starting with a monoatomic lattice, for notational simplicity, we consider an atom located
at a Bravais lattice site R. In the static approximation, the atom is fixed at R at all time
t. We relax this assumption, and allow the atom to oscillate about the lattice site with

displacement u, such that its instantaneous position is given by
r(R)=R+u(R), (2.1)

where u is small compared to the interatomic spacing and the mean position of the ion is
still located at R. Given the pair potential ¢ between two atoms, the total potential energy

U is just the sum of ¢ for all pairs in the crystal

U= 6 r(R) ~r(R) =L Y oR R +u(R) —u(R). (2.2)

RR/ RR/



If the u(R) are small, we can use the three-dimensional Taylor expansion of U about its

equilibrium value

U:gZQZ)(R)—l—%Z(u(R)—u(R’)).V¢(R—R’)+

RR/

iZ (u(®) -u(®R))-V¢(R-R)+0 (u). (23)

RR/

The equilibrium potential energy, the zeroth-order term, is independent of the dynamics of
the atoms and can therefore be neglected in many dynamical problems that do not rely on
the absolute energy of the crystal or its equilibrium size. Additionally, the force exerted
on the atom at R by all other atoms in the lattice, when all atoms are located at their

equilibrium position, is given by

Y [-Ve(R-R)], (2.4)

=,
and must therefore vanish for the equilibrium configuration. This expression is, modulo
a negative sign, the coefficient of the linear term in Eq. [2.3] meaning the first nonvanish-
ing correction to the equilibrium potential energy is the quadratic term, i.e., a harmonic

approximation. The harmonic term is then given by

e = 7 3 [0 (R) — u (R)] & (R — ') [u (R) — u (R'),

RR/
o (2.5)
N dr,or,

Gy (1)

Higher order corrections are known as anharmonic terms, generally treated as perturbations
of the dominant harmonic term, but will be neglected in this work. Finally, the harmonic

term can be rewritten in the general form

Uharrn = % Z u (R) D (R - R/) u (Rl) )
R (2.6)

D/U/ (R - R/) = 5R,R’ Z ¢,u1/ (R - R”) - ¢w/ (R - R,) .
R//



For N ions of mass M, the (3N) equations of motion given by F = —VU are then
Mit(R) = ~VUiam = —» DR-R)u(R). (2.7)
R/

To obtain the normal modes of the oscillating system, we use plane waves u(R, t) = ee!(KR—wt)

as an ansatz, where € is the polarization vector. Under Born-von Karman periodic boundary
conditions, where u(R + N;a;) = u(R) for each primitive vector a;, and N; are large integers

such that N = Ny NyN3, wave vectors are restricted N allowed values of the form

n n n
k=—b,+—by+—

b 2.8
N, N, Ny (2.8)

where the reciprocal lattice vectors b, satisfy the relation b; - a, = 2md;;. Substituting the

ansatz solution into the equations of motion yields
Mw?e =D (k) e, (2.9)

where
D(k)=) D(R)e ™" (2.10)

is known as the dynamical matrix of force constants. [8,9] The three-dimensional eigenvalue
problem gives three solutions for each of the N allowed values of k, yielding 3/N normal modes
that correspond to the phonon frequencies w(k) of the system. The real space dynamical
matrix can be expressed in terms of second derivatives of the total internal energy U with
respect to the i = x,y, z Cartesian displacements u;(R) of the atom associated with lattice

site R
0*U

1
Diy = M (R)M(R’) Ou;i(R)Juy (R)’

where U contains implicit thermal dependence of the lattice geometry. Previously, the force

(2.11)

constants were roughly modeled by Born—von Karman parameters, dominated by nearest and
next—nearest neighbor terms, which were determined through fitting elastic, calorimetric, and
spectroscopic data, but this method was limited to the temperatures specified by the exper-

iments. With modern condensed matter simulation software, a system can be modeled with



any given expansion or contraction, which can in turn give us full temperature dependence
of the dynamical matrix. Tables and give example Born—von Karman parameters for
a selection of materials and temperatures from experimental fits and theoretical calculations.

From the real space dynamical matrix D, we can calculate the vibrational density of
states (VDOS) for a given multiple-scattering (MS) path P from the imaginary part of the
lattice dynamical Green’s function using the Lanczos algorithm [15-18]

1

2w
— 2 - -
oo ) == (0] g

™

0> , (2.12)

where |0) is an appropriate Lanczos seed vector representing an initial displacement of atoms
along the path P and D is the real space dynamical matrix. Similarly, the VDOS p,(w) for
atomic distortions can also be calculated using Equation [2.12| with the seed state representing
the distortion. These two forms of the VDOS allow us to calculate the Debye—Waller factors

for a system, as discussed in the following section.

2.2 Debye—Waller Factors

Debye-Waller factors are used to describe the exponential damping observed in x-ray scat-
tering spectra due to thermal vibrations and configurational disorder. In normalized x-ray
absorption fine structure (XAFS) spectra x(k) = (1 — po)/po, the effect of vibrations is
dominated by an average over the oscillatory behavior xz o sin(2kR + ®) of the MS paths.
Figure shows an example of copper x—ray absorption spectra simulated by the FEFF9
code with and without the proper XAFS Debye-Waller factors, clearly demonstrating the
importance of their inclusion and therefore the accurate determination of 0.

The oscillations can be expressed in terms of the cumulant expansion as follows [14]
( ei2kr> — 2ikRo ,—~W(T)

wir)=-3 B0 ),

n=1

where Ry and r represent the equilibrium length without vibrations instantaneous length

respectively. The dominating term W (T') ~ 2k*c?(T) is related to the mean square relative



displacement (MSRD) of the scattering path R [20]
o® = {(r— f)2> =05 (T), (2.14)

which is referred to as the XAFS Debye-Waller factor. Evaluating the average using Bose—

Einstein statistics for a normal mode wy and normal coordinate g, [16,17]

1 1 2 hw Bhw
2 2 A A
w <Q)\> = <n (WA) + _> hwy = 5 |:65M——1 + 1:| hwy = T coth < 2 ) , (2.15)

2
where = 1/kgT. The XAFS Debye-Waller factor is then
h [ dw Bhw

where piy is the reduced mass associated with path R. The mean-square displacements u?(T')
for a given atom, referred to as the crystallographic Debye-Waller factors, can likewise be

calculated from Equation by replacing the VDOS with that for an atomic distortion
Pa(w). [14]

2.3 Electron—phonon Coupling and Superconducting Transition

The Hamiltonian for a many—electron system with bare energies given by €2 coupled linearly
to phonons with energies w, can be expressed as

kk'q
where V2, represents the electron—phonon potential, and ¢t (¢g) and al (ag) are the elec-
tron and phonon creation (annihilation) operators respectively. The electron—phonon matrix

elements are given by [21-24]
g = (k|0 [K). (2.18)

[

The ¢}, represent scattering from a point k to k' in k—space, but it is often useful to look at
the coupling between a state with energy e, and all other final states with energy €, + hw.

This coupling is given by the Eliashberg function

2
a” Fy (w) 27TN Z|gkk’| 0 (w—wg), (2.19)



where ep is the Fermi energy. The inverse moment of the Eliashberg function gives the

electron—phonon coupling constant A [9,25]

Wmax 2F
A= 2/ OFW) 4, (2.20)
0

w

where o?F(w) = >, a*Fi(w). The electron-phonon coupling constant A\, Coulomb pseu-

dopotential p*, and Debye temperature Op can be related in the McMillan relation [9,21]

1c

©p { 1.04 (14 A) (2.21)

TP T St 062y

which allows us to determine bounds on 7, using A and estimates of p*.
2.4 Phonon Contributions to Electron Self-Energy and Spectral Function

The electron self-energy describes the energy of an electron resulting from its effect on the
surroundings. The interaction of an electron with a single phonon with energies ¢ and w
respectively at temperature T can be characterized by a self-energy in the Einstein model

(9,26, 27]

2 €E—V—w €E—V+w

P (6w, T) = 1/_oo {"(W’T) T1of@T)  nlw)t f(w)] dv, (2.22)

[e.e]

where f and n denoted the Fermi and Bose distributions respectively. This can then be

analytically continued as [26-29]

~ 1 1 1 w—2z 1 1 w+z
¥ (z,w,T) = —im (n (w) + 2) + 2\11 (2 +1 27TT> 2‘11 <2 e ) : (2.23)

where ¥ represents the Digamma function. The full electron self-energy is then found by

integrating over all phonon modes weighted by the electron—phonon coupling [9]
Yk (€) = /2ZE (e,w) @®F (w). (2.24)

The one—electron Green’s function in frequency space is then

1
Gie(w) = — P ot (2.25)
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To be more complete, one would include another self-energy term with ¥y due to electron—
electron interactions, though such terms give negligible corrections in most cases and are
typically dropped. The spectral function Ay(w) for electrons interacting with phonons is
then [9, 28]
A (@) = 2 TGy ()] = = e AC N (2.26)
m T{w — [ex — €r] — ReXk(w)}” + [ImXEk (w)]

The above approximate forms of Gy(w) and Ag(w) are called the Migdal approximation.

[30,31] An alternative method using the retarded Green’s function [32] is described and
contrasted with the above method in the publication presented in Chapter [4

2.5 Vibrational Free Energy and Thermal Expansion

In a canonical ensemble, a mechanical system of fixed N,V in thermal equilibrium, the
Helmholtz free energy F'is the minimum free energy of the system and can be expressed in
terms of the partition function Z as F' = —kgT'In Z. [33,34] For the vibrational contribution
F,y,, we first consider the partition function for a single harmonic oscillator of frequency

w; [20,35] /
¢~ Bhwi/2 1

Z; = Z e BEn _ Z e-ﬁfhﬂi(”+§) = = = Y= (ﬁf;wz) , (2.27)

which gives a partition function for N lattice atoms as

3N

3N
1
z=1]%=1] —— 2.28
; 2sinh (20) (2:28)

where § = 1/kgT. Substituting this into the expression above for F', gives us the following
form for Fiy, [20,35]

3N
Fop = kBTzz:ln {2 sinh (52“’” . (2.29)

The Helmholtz free energy as a function of physical size and temperature of the system can

then be determined from the sum of the total internal energy U(V') and the vibrational free

energy Fun(T,V) [20]

F(T,V)=U(V)+ kgT /0 " dwoln [2 sinh (@)} pv (W), (2.30)
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where py(w) is the total VDOS (e.g., sum of all three Cartesian distortions) for the system
at volume V. Since F' is minimized when the system is in its equilibrium configuration at
fixed temperature and volume, we can determine the thermal expansion of the system V(T')

by minimizing F' with respect to V at a given temperature 7'. The average pressure is related

to F as [34]
P=— (g—‘l;)T, (2.31)

which means we can also calculate the Gibbs free energy G = F 4+ PV after determining

V(T) and F(V,T).
2.6 Heat Capacity

The heat capacity at constant volume C'y is given by

Cy = (g—g>v. (2.32)

Condensed matter simulations generally calculate the total internal energy U for a given
structure geometry, meaning the simulations are parameterized by size V(T') instead of
temperature 7. However, as with the vibrational free energy above, the heat capacity can be
reexpressed as an integral over the VDOS obtained from the dynamical matrix calculation.

For a canonical ensemble of fixed N and V/, the total internal energy is [34]

Y X Ene P 9InZ
U= Rt =~ (2.33)

Substituting the results from Equation [2.28] we get

B
InZ = lnnm— Zln |:2Slnh<

hw;
> } (2.34)
which yields the following expression for the internal energy

i oth (5 Zw) . (2.35)

%
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Finally, the temperature derivative gives the heat capacity for constant volume

B _, = (Bhwi\* o (Bl
V=3 59T B ; 5 cse 5 (2.36)
or expressed in integral form
> hwi\” hw;
Cy (T,V) = k:B/ dw (52 ) csch? (52 ) py (w) . (2.37)
0
To calculate the heat capacity at constant pressure
oH

Cp=|—=— 2.38
o= (), 2%

where H = U+ PV is the enthalpy of the system, we instead calculate the difference C'p —Cy,
and add the above result for Cy. Taking the thermodynamic identities for internal energy

and enthalpy [34]

dU =T dS — PdV — udN (2.39)
dH =T dS +V dP + pudN (2.40)

at constant volume and pressure respectively (for fixed N), we see

ou oS
=) =7(=) =(C 2.41
(o), =7 (5r), — o 240
OH oS
— ) =T(=] =0Cp. 2.42
(5r), =7 (57), =" 242
Expressing the entropy as a function of temperature and volume
oS oS
S=|(=—) dT — | dV, 2.43
(or), 7+ (37), 24
the volume as a function of temperature and pressure
oV oV
V=|(=—| dl — | dP 2.44
(5r), 7+ (57), 240

and making use of the Maxwell relation [34]

), (),



we have

e opP oV oV
=it (a—T)V KaT)Pd“ (ap)po} ’

oS OP oV
T(22) =cp= (<) (£ .
(r), = er=cver(Gr), (5r).
Mathematically, the partial derivative (0P/0T)y can be rewritten [34]

P\  (3V/aT)p
(a_T>v B _(8V/8P)T’

which results in

which yields
(OV/0T)%

CP == CV —TW

13

(2.46)

(2.47)

(2.48)

(2.49)

This is commonly written in terms of the (volumetric) thermal expansion coefficient ay

_ 1oV
wv=v\or),

and the isothermal bulk modulus Br
oP
Br=-V|—
1= (5,

Cp - CV = VTO(%/BT.

giving the final result [33,34]

(2.50)

(2.51)

(2.52)
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Table 2.1: Born—von Karman parameters D}} (N/m) up to next-nearest neighbors for select
metals calculated at ground state (7' = 0) using density functional theory (DFT) with
local density approximation (LDA) exchange—correlation functional, in addition to fits from
neutron inelastic scattering [10-12] and x-—ray thermal diffusion scattering experiments at

room temperature. [13]

Neighbor position m ij Th. (0 K) Expt. (RT) Ref.

(1,1,0)a/2 XX 14.82 13.124 [10]
77 —3.11 —1.503
Cu Xy 17.66 14.626
(2,0,0)a/2 XX 1.18 0.525
vy —0.21 0.265
(1,1,1)a/2 XX 19.80 16.983 [13]
Xy 8.88 11.201
Ta
(2,0,0)a/2 XX 3.88 1.182
vy 1.89 1.423
(1,1,1)a/2 XX 18.26 14.14(9) [12]
Xy 5.41 8.84(12)
Nb
(2,0,0)a/2 XX 15.45 14.16(9)
vy —1.71 —3.64(20)
(1,1,1)a/2 XX 14.42 10.872(380) [11]
Xy 4.18 7.244(390
\Y

(380)

(390)

(2,0,0)a,/2 xx 7.67 6.494(840)
yy ~ —0.63 —2.148(530)
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Table 2.2: Born-von Karman parameters D7 (N/m) up to next-nearest neighbors for copper

at select temperatures calculated using DFT/LDA and fit from neutron scattering experi-

ments.
Neighbor position m ij 0K 49 K 298 K
Th. Th. Expt. Th. Expt.
(1,1,0)a,/2 XX 14.82 14.532 13.278P 13.872 13.124P
7z —3.11 -3.17*  —1.351P -3.01*  —1.503P
Xy 17.66 17.12% 14.629° 16.332 14.626"
(2,0,0)a,/2 XX 1.18 .07  —0.041° 1.06 0.525P
yy  —0.21 —0.12*  —0.198" —0.12*  —1.265P

“Ref. [14] PRef. [10]
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Figure 2.1: Cu x-ray absorption spectra at 298 K simulated with the FEFF9 software package
using the correlated Debye model (Op = 315 K) with and without XAFS Debye-Waller
factors o2, along with experimental spectra for reference. [19] The XAS amplitudes are

significantly improved by the inclusion of o2.
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Chapter 3

AI2PS: AN INTEGRATED WORKFLOW FOR AB INITIO DFT
CALCULATIONS OF VIBRATIONAL PROPERTIES

3.1 Introduction

Vibrational properties—such as Debye-Waller factors, phonon self energy, and vibrational
free energies—are key to understanding many aspects of materials. Thus, their simula-
tion using first principles methods is of particular importance to computational physicists.
As shown in Chapter [2| these properties can be calculated from the dynamical matrix, or
interatomic forces, and other quantities produced by density functional theory (DFT) calcu-
lations, but require additional analysis tools to translate all these quantities ultimately into

these phonon properties.

The process of manually coordinating the simulation and analysis calculations is a tedious
undertaking for the user, which motivated the creation of an automated tool to run the
phonon property workflow. This kind of automated workflow coordination has already been
accomplished for UV /Visual and x-ray simulations with our A12NBSE and OCEAN [36-39]
packages. With the addition of the A12ps (ab initio to phonon spectra) tool, capable of
connecting DF'T software packages with the DMDW analysis package, we are able to efficiently
simulate phonon properties such as XAFS (x-ray absorption fine structure) Debye-Waller
factors o2, crystallographic Debye-Waller factors u?, vibrational free energy, and phonon
contributions to the electron spectral function and electron self-energy. Here we present the

A12PS tool, along with example calculations of the aforementioned properties.
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3.2 AI2PS

3.2.1 Global structure

AI2PS serves as an automated driver for three main components—a DFT engine, an inter-
facing program, and a vibrational properties engine. The DFT engine is responsible for
producing the physical quantities of a given structure. The interfacing program takes that
output and translates it into a format compatible with the vibrational properties engine,
which calculates the desired vibrational property.

We developed A12PS to work with the standalone module DMDW, which is also packaged
with the FEFF9 code. DMDW is capable of calculating numerous vibrational properties when
provided with a properly formatted dynamical matrix and electron—phonon coupling coeffi-
cients. AI12PS has been designed to be modular, in that we can connect with various DFT
packages by writing an associated interfacing program.

The interfacing has been already been established manually for several DFT software
packages—ABINIT,Gaussian, Quantum ESPRESSO, NWChem, VASP. Here, we focus first on the
implementation with ABINIT as the DF'T engine, as it is often by our group and collaborators,

though additional DFT packages can be supported in the future.

3.2.2  ABINIT program

ABINIT is an open source package that computes electron density and derived quantities
within DFT using pseudopotentials and a planewave basis for periodic and molecular systems,
as well as response functions using DFPT necessary for modeling vibrational properties.
[40-44] Their active development and collaboration efforts made for an attractive intial use
case for the A12PS project.

AI2PS requires ABINIT version 7.0 or above. The interfacing program for ABINIT utilizes
the interatomic force constants calculated internally. A patch is included with A12PS to print
out this data if using versions 7.0 or 7.2. Starting in version 7.4, ABINIT now includes the

prt_ifc option in the ANADDB utility, which will do the same when enabled.
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The calculation of the interatomic force constants necessary for the modeling of phonon
properties can be computationally expensive, and rely heavily on the parallelization available
in the ABINIT software. For instance, we found that the calculation of the electron—phonon
couplings, essential to the accuracy of the electron—phonon coupling constant \ and therefore
estimates of the superconducting transition temperature T, required a relatively large k—
point grid (ngkpt=32x32x32) and planewave energy cutoff (ecut=>50.0 Ha) for convergence,
which took roughly 200 minutes on 160 AMD Opteron 6128 (800 MHz) cores spread across

ten nodes of our computer cluster.

3.2.83 DMDW program

DMDW is an open source package for the calculation of vibrational properties, namely XAFS
Debye-Waller factors o2, crystallographic Debye—Waller factors u?, vibrational free energy,
electron—self energy with phonon contributions, and electron spectral function with phonon
contributions, from the dynamical matrix using the Lanczos recursion algorithm, [15-18]
providing a better alternative to the correlated Einstein and Debye models. [14] It is released
as a standalone package, as well as a module integrated into the FEFF9 code. [45,46] DMDW

is a serial code, though its computations take only a few minutes on any modern processor.

3.2.4 AI2PS Driver

The main A12PS driver coordinates the calculation workflow. In general, an A12PS workflow
consists of a DFT calculation that generates the interatomic force constants or dynamical
matrix, the translation of this output into the input format for DMDW, and finally the
execution of DMDW to produce the desired vibrational property. In the case of ABINIT, the
generation of the interatomic forces is itself a multi—step calculation using ABINIT and its
analysis tool ANADDB, which produces the interatomic force constants and the electron—
phonon couplings.

The full process, illustrated in Figure [3.1] starts with parsing the single input file con-

taining relevant physical parameters defining the system. The A12PS input file consists of
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keywords followed by values enclosed in curly braces (see Appendix |A| for example input
files). A12pPs then generates all the input files necessary for each software package involved in
the full calculation, ABINIT and DMDW in this case, and stores them in a single subdirectory.
The ABINIT calculation consists of running the main abinit tool to produce the multitude of
derivative database (DDB) and electron—phonon matrix (GKK) files. Each set of these files
has a respective merging tool—mrgddb and mrggkk—that consolidates all this information
into input for ABINIT’s analysis tool ANADDB, which in turn produces the interatomic force
constants in the dynamical matrix, as well as the electron—phonon coupling constants used
in calculating the electron self-energy and electron spectral function with phonon contribu-
tions. This output is fed into A12PS’s interfacing translator tool, which formats the quantities

as needed for use in DMDW. Lastly, DMDW is used to calculate the selected phonon property.
3.3 Applications

This section gives an example calculation of each vibrational property that can be produced
using A12PS with the ABINIT and DMDW software packages. AI2Ps input files used for these
calculations can be found in Appendix [A] as well as more details on how to run AI2PS.
Chapter [4] presents published results for the phonon contributions to the electron spectral
function and related quantities for Cu, Ta, V, Nb, and Pb, all of which were obtained using

AI2PS.

3.3.1 XAFS DWF

X-ray absorption fine structure (XAFS) spectra demonstrate exponential damping with in-
creasing temperature and energy of approximate form exp|[—2k%0?(T)], due to displacements
of the x—ray multiple-scattering, and is commonly described quantitatively by the XAFS
Debye-Waller factors o?(T'). An example for nearest neighbor single scattering in Cu is
shown in Figure [3.2] which was generated using the input file found in Appendix [A] calcu-
lated at both the experimental lattice constant, a = 6.82 Bohr, and the lattice constant for

the optimized cell, a = 6.73339 Bohr. Both calculations used the standard LDA exchange—
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correlation functional. One can see how much the choice of lattice constant affects the
results, which is due to the anharmonicity of the dynamical matrix. Improved results can

be obtained by using temperature—dependence of the lattice constant. [14]

3.8.2  Crystallographic DWF

Crystallographic Debye-Waller factors correspond to the effects of individual atomic dis-
placements on x-ray and neutron scattering spectra, where the exponential damping factor
is of approximate form exp[—1k®u?] and v?(T') is the mean-square relative displacement on a
given atom. An example for Cu is shown in Figure [3.3] which was generated using the input
file found in Appendix . Again, the u? were calculated at both the experimental lattice
constant, a = 6.82 Bohr, and the lattice constant for the optimized cell, a = 6.73339 Bohr,
to demonstrate the sensitivity to the lattice constant choice, and therefore the need for more
extensive workflow that can first simulate a(T") to account for thermal expansion effects in
the dynamical matrix and any subsequently derived phonon properties. Also shown in Figure
and Figure are the u? for Ga and As atoms, respectively, in bulk GaAs. GaAs simu-
lations using the LDA function do not have the same issue of systematically underestimating

Debye—Waller factors that metals like Cu do. [14, 48]

3.3.8  Electron self-energy and spectral function

AI2PS can also be used to calculation phonon contributions to the electron self-energy > and
electron spectral function A(w) to study phonon excitations. An example for Cu is shown in
Figure [3.7) which was generated using the input file found in Appendix [A], however, a more
in—depth look into the phonon effects with the electron spectral function for Cu, Ta, V, Nb,
and Pb can be found in Chapter [4]
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3.3.4  Vibrational free energy

DMDW also gives AI2PS access to the vibrational free energy, shown for bulk Cu in Figure[3.8]
The vibrational free energy is a quantity of particular interest, because it can be combined
with the total internal energy U to get the Helmholtz free energy F(T,V), which can be
minimized at all 7" to determine V(T') (see Chapter [2). Therefore, it is possible to use the
vibrational free energy produced by this workflow to determine the thermal expansion of
the lattice constant a(7"). This in turn means it is possible to include thermal expansion
effects in the dynamical matrix and other phonon properties, but requires a more complex

calculation workflow structure, essentially a nested workflow of A12PS workflows!

3.4 Conclusions

We have demonstrated an integrated code, A12PS, for ab initio calculations of vibrational
properties using the dynamical matrix and electron—phonon couplings produced by the DFT
package ABINIT. The same machinery can accommodate additional DFT packages in the
future with the modular design of A12PSs, which would allow the user to pick the DFT
software best suited for the condensed matter system being simulation. The automation
of the numerous tasks related to mere technical details of running the calculations (e.g.,
input generation and coordinated file names) significantly reduces time spent preparing these
phonon—property calculations, which means users can focus on exploring the physics instead.

We have also seen that, due to the anharmonicity of the dynamical matrix, i.e., the in-
teratomic force constants, simulation of phonon properties become sensitive to the choice
of lattice constant when specifying the system of study. It is therefore imperative to estab-
lish the thermal expansion of the system’s structure first, before calculating other phonon
properties. As alluded to in Section |3.3.4] access to the vibrational free energy gives us the
ability to calculate the thermal expansion of the lattice constant a(7T), though it is even
more complicated to coordinate as it would require an iteration of AI2PS calculations to

build the F(T,V)—or F(T,a)—surface and an analysis tool to determine the a(7) curve
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that minimizes it.

Nevertheless, it is within our capabilities to do so, but building the next level workflow
tool to accomplish this in an elegant and sustainable way requires us to rethink our construc-
tion of scientific workflows. Continuing from the work accomplished with A12PS, covered in
detail in Chapter [ we transferred the development of vibrational property calculations to
the redesigned scientific workflow framework that became CORvVUS, which is discussed in
Chapter 5] Finally, the sought after thermal expansion automated workflow was successfully
implemented, and those results are presented in Chapter [6]

The ABINIT code is a common project of the Université Catholique de Louvain, Corn-
ing Incorporated and other contributors (See http://www.abinit.org). This work was

supported in part by NSF Grant PHY-0835543.
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ABINIT
DMDW
AI2PS

= dynamical matrix data Input Parser
— el-ph coupling data

Input Generator

ABINIT

DDB/GKK Mergers

Run Calculations

DDB Analysis

DM translator

Figure 3.1: An illustration of the workflow necessary for generating vibrational properties
using ABINIT as the DFT engine and bDMDW as the analysis backend. The automated in-
put generator, fed by one minimal input file, and dynamical matrix translator significantly
decrease the workload for the user. The only additional input from the user is the pseu-
dopotential files used by DFT engine. A12PS calculations are run with a one-line command,

which is explained in further detail in Appendix [A]
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Figure 3.2: Example 02(T) calculation for bulk Cu nearest neighbors using ABINIT with
the LDA function and both the experimental lattice constant a = 6.82 Bohr (blue) and
the lattice constant for the LDA-optimized cell a = 6.73339 Bohr(red) to demonstrate the
sensitivity to a. Experimental results, shifted to match the LDA at T = 0, are included for

comparison. [47]
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Figure 3.3: Example u?(T) calculation for bulk Cu using ABINIT with the LDA function and
both the experimental lattice constant a = 6.82 Bohr (blue) and the lattice constant for the
LDA-optimized cell @ = 6.73339 Bohr(red) to demonstrate the sensitivity to a. Experimental

results are included for comparison. [49]
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Figure 3.4: Example u?(T) calculation for Ga in bulk GaAs using ABINIT with the LDA

functional. GGA calculations [50] and range of experimental results [51-54] for comparison.
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Figure 3.5: Example u*(T) calculation for As in bulk GaAs using ABINIT with the LDA

functional. GGA calculations [50] and range of experimental results [51-54] for comparison.
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Figure 3.6: Example electron self-energy calculation for bulk Cu using ABINIT with the LDA

functional.
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Figure 3.7: Example electron spectral function calculation for bulk Cu using ABINIT with

the LDA functional.
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Chapter 4

CUMULANT EXPANSION FOR PHONON CONTRIBUTIONS
TO THE ELECTRON SPECTRAL FUNCTION

Originally published as Phys. Rev. B 90, 195135 [55],
by S. M. Story, J. J. Kas, F. D. Vila, M. J. Verstraete, and J. J. Rehr.
Copyright (2014) by the American Physical Society

We describe an approach for calculations of phonon contributions to the electron spectral
function, including both quasiparticle properties and satellites. The method is based on a
cumulant expansion for the retarded one-electron Green’s function and a many-pole model
for the electron self-energy. Pole models are also used for the phonon density of states
and the Eliashberg functions. Our calculations incorporate ab initio dynamical matrices
and electron-phonon couplings from the density functional theory. Illustrative results are
presented for several elemental metals and for Einstein and Debye models with a range
of coupling constants. These are compared with experiment and other theoretical models.
Estimates of corrections to Migdal’s theorem are obtained by comparing with leading order
contributions to the self-energy, and are found to be significant only for large electron-phonon

couplings and low temperatures.
4.1 Introduction

To first approximation, electronic and vibrational properties can be treated separately in
condensed matter due to the large mass ratio between electrons and ions, e.g., within the
Born-Oppenheimer approximation. However, corrections to this approximation, which de-
pend on the strength of the electron-phonon interaction, are of considerable importance both

theoretically and experimentally. Here we investigate the effects of electron-phonon inter-
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actions on the quasiparticle properties and inelastic losses of electrons due to coupling to
phonons. Due to such interactions, the electron energy levels €, are not sharply defined, but
have finite lifetimes characterized by the electron self-energy ¥, which lead to broadening
of the associated spectral function. In addition, phonon-excitations give rise to inelastic
losses. Such effects are visible experimentally, e.g., in high resolution ARPES spectra at low

temperatures. [56]

In general, the electron spectral function at energies near the Fermi-level is dominated
by a sharp quasiparticle peak, but it can also exhibit satellites due to phonon excitations.
According to Migdal’s theorem, [30] only the leading order electron-phonon interaction con-
tributions to the self-energy are important, due to the large mass ratio between electrons and
nuclei. In that case, the electron self-energy can be approximated by the simplest diagram,
and vertex corrections can be neglected. We will refer to this diagram as the Migdal ap-
proximation (MA). The Migdal approximation (MA) is analogous to the GW approximation
of Hedin [31] for electrons coupled to plasmons, where G is the electron Green’s function
and W the screened Coulomb interaction, by replacing W with the phonon propagator D.
This approximation has been investigated in detail [28,57-60] and extended to finite tem-
perature, e.g., by Allen. [26] The MA leads to a spectral function with a quasiparticle peak
and two satellite features originating from single-boson excitations, one on each side of the
quasiparticle peak. However, this leading order approximation is generally unsatisfactory
as the satellite peaks typically appear at the wrong energies and with the wrong intensities
compared to experiment. Moreover, systems of electrons coupled to neutral bosonic excita-
tions typically exhibit multiple satellites. [61,62] Thus, it is of interest to investigate possible
corrections to Migdal’s theorem, i.e., the effects of higher order terms in an expansion in
powers of the electron-phonon coupling. [63] One approach to this end is to investigate con-
tributions to the self-energy from the vertex function I'; as in the formal identity > = iGDI".
However, direct calculations of I' have been formidably challenging, and there has been little
progress along these lines. An attractive alternative that overcomes some of the above the

shortcomings is provided by the cumulant expansion, [32,63,64] which is an exponential rep-
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resentation of the electron Green’s function in the time domain. The cumulant expansion is
exact for the case of a deep core-level coupled to bosons, and generalizations have been devel-
oped for valence electrons coupled to plasmons. [65,66] The approach has been applied with
considerable success in cases ranging from multiple plasmon satellites in photoemission [67]
to dynamical mean field theory. [68] Nevertheless, the conventional approach based on the
time-ordered Green’s function is only strictly applicable for the hole- or particle-branch of
the spectral function, depending on whether the state is above or below the Fermi level. This
limitation is particularly problematic in systems with particle-hole symmetry, such as elec-
trons coupled to phonons. To overcome this difficulty, we utilize here the recently developed
retarded cumulant (RC) approach, which is based on a particle/hole cumulant and a retarded
Green’s function formalism. [32] A further goal of the present work is to develop a practical
approach for calculations of phonon contributions to properties of condensed matter.

The remainder of this paper is organized as follows. In Sec.[4.2] we describe the retarded
cumulant expansion method and many-pole model self-energy used to calculate phonon con-
tributions to the electron spectral function. Sec. gives details on how this method is
implemented computationally with our workflow tool A12Ps. Finally, our results are pre-

sented in Sec. and Sec. [4.5] contains a summary and conclusions.

4.2 Theory and Methodology

In this section, we briefly summarize the MA and RC methods used in this work for calcula-
tions of the electron spectral function in systems linearly coupled to phonons. As usual, the
Hamiltonian for the electron-phonon system can be represented as
H= Z el o + Z weala, + Z Vi (ag + al)chp, (4.1)
k q kk'q
where k denotes the electron levels and ¢ the phonon modes with bare energies £ and w,
respectively, V%, are the electron-phonon matrix elements, and ¢ (cL) and a, (al) are the

electron and phonon destruction (creation) operators. In this paper, we use atomic units

e=h=m=1and kg = 0.08617 meV/K. At low temperatures, the electrons are nearly
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degenerate with Fermi energy er and w, < er < w,, where w, is the dominant plasmon
excitation energy (~ 10 eV) and ep is taken relative to the bottom of the band. Thus, for
our purposes here, the density of electron states near e is replaced by a constant, which we
assume is non-vanishing. The generalization to insulators or molecular systems with discrete

spectra near £p is straightforward, but will not be treated here.

4.2.1 MA spectral function

Briefly, the Migdal approximation for the self-energy is given by ¥ = iG D, where G is the one-
electron Green’s function and D is the phonon propagator. Within MA, the usual strategy is
to calculate the spectral function Ax(w) from the imaginary part of the one-electron Green’s

function in frequency space, [28]

1
G (w) = w—ed — 3 (w)
Ag (w) = % [Im G (w)| (4.2)
1 [Im 32 (w)]

Tlw — el — Re Xg(w)|? + [Im g (w)[>

The spectral function is comprised of two main features—a dominant quasiparticle peak at
w =g = 52 + X with width Im >}, and phonon satellites at w = ep £ w,, consistent with
Ref. [28]. Other physical properties such as the quasiparticle lifetime and energy levels can
be obtained from the properties of Ag(w) and X (w).

4.2.2  RC spectral function

As noted in the introduction, the conventional time-ordered cumulant expansion must be
generalized to treat cases with particle-hole symmetry, such as phonon excitations in metals.
[63] Our treatment is based on the RC formalism which is discussed in detail by Kas et

al. [32] For a degenerate Fermi system in the absence of plasmons, the RC representation of
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the retarded one-particle Green’s function is

G (1) = Gy (1) (43)
4.3
GOP (1) = —ie k0 (1) ,

where Cft(t) is the cumulant as described below. Formally, the spectral function is obtained

from the Fourier transform of GI(t)
< dt wt YR
Ag (w) =Im —e Gy (). (4.4)

The retarded particle/hole cumulant C{¥(¢) is then approximated by the second order (in
electron-phonon coupling) cumulant diagram [32]
Ci(t) = O (1)

0, [ d : 2
= ie’skt/ T gt [G%R (u))} Y (w).

oo 2T

(4.5)

This diagram is conveniently evaluated in frequency space [32] and can be expressed in terms
of the imaginary part of the G°D° boson excitation spectrum (3 (w) as
> et —jwt — 1
et = [ dose) =, (4.6)

where [ (w) is obtained from the MA self-energy
1 0
Br(w) = - Im 3y, (w + 7). (4.7)

Consequently, the ingredients in the RC are similar to those in RC spectral function is
no more difficult to calculate than the MA spectral function. Since we approximate the
non-interacting Green’s function with that of a homogeneous electron gas, material-specific
band structure will not be reflected in the resulting spectral functions. In contrast to the
conventional time-ordered cumulant expansion, which only contains frequencies within the
particle- or hole branches, the retarded cumulant in Eq. contains all frequencies, and
explicitly builds in the particle-hole symmetry desired for phonons. Also, due to the behavior
of the self-energy 3 (w), (Fig. [4.1), multiple phonon satellites may exist with the cumulant
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expansion, as peaks at integral multiples of wg on both sides of the Fermi energy ep. This
is in contrast to the case with plasmons, where the satellites appear at multiples of w,, from

the quasiparticle peak at ¢.

4.2.3  Many-pole self-energy

Above we gave the formulae relating the RC and MA spectral functions to the MA phonon
self-energy. We now focus on a self-energy model appropriate for phonons. Here we have
adapted the finite-temperature Einstein model for phonons, [9,26,27] where the self-energy
is represented as a sum over Einstein modes. For a single mode with Einstein frequency w’,

the MA self-energy at finite temperature 7' (with unit coupling) is given by [26,27]
1 1 1 W—-w 1 1 WHw
»E ''T) = —i ) R/ (ay — U= —i 4.8
(@, 1) m[n(w)+2]+2 (2“2@) 2 (2 Zsz)’ (4:8)

where n(w) is the Bose-Einstein distribution and W(z) is the digamma function. The electron-

phonon coupling constants in the model are represented in terms of the Eliashberg function

a’Fy. The self-energy is then [9, 26]
Yk (w,T) = / dw' 25 (w, ', T) & Fy (W) . (4.9)

We emphasize that the form of the self-energy in Eq. is strictly appropriate only for
cases where the band width of electron states near the Fermi energy is large compared to
characteristic phonon energies w, and will not work for sharp band features. This is the case
for valence states in metals and in many semi-metals, semiconductors, and insulators, but
becomes questionable in the case of small molecules and core level states. Thus in the present
work, we focus only on a selection of metallic systems covering a range of electron-phonon
couplings. As an example, Fig. shows the real and imaginary parts of the self-energy
calculated using Eq. when coupling to a single Einstein mode, i.e., an Einstein model
for the phonon spectrum in Cu. We also note that the approximation in Eq. neglects
Debye-Waller corrections to the self-energy discussed for example, by Allen and Heine and
others [69-71]. This correction is found to give temperature dependent shifts in the quasi-

particle energies and a broadening of the energy bands. On the other hand, this term gives no
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contribution to the excitation spectrum and hence the structure of the spectral function [69]
which is the main topic of this work.

Generally, the Eliashberg function depends on both k and &’ through the electron-phonon
matrix elements g{,,. [21-24] However, since the phonon contributions to the spectral function
involve energies very close to e, it is sufficient for our purposes here to use the Eliashberg

function averaged over the Fermi surface

2
a’F(w) = 27TN6F Z Z gL 0w — w,)

T enenner (4.10)
I =2 ) (Uw] SV en)

where N(ep) is the bare density of states at the Fermi level, §V is the change in potential
due to a change in the nuclear parameters, and the sum over spin states for non-magnetic
systems considered here gives a factor of 2. Typically, > F(w) is rather similar to the total
phonon density of states (PDOS) F(w) of the system (See Fig. [4.2)), allowing us to express
it as a smooth coupling a?(w) multiplying the PDOS. Moreover, it is convenient to use a
many-pole model for the PDOS, [28] analogous to the plasmon-pole self-energy model of
Hedin and Lundqvist. [72-75] The integration over the phonon frequencies w’ in Eq.
can then be replaced by a discrete sum over a sufficiently large number of poles without
significant loss of accuracy. To this end, an efficient many-pole Lanczos representation of the

PDOS has been developed, [14]

FMP (4 ZF& (w — w;). (4.11)
Thus, a many-pole representation of the Eliashberg function o?FMP can be constructed
similarly,
? FMP (w Za ) Fid (w — w;), (4.12)
where

o (w) = ’F(w)/F(w) (4.13)
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A 16-pole representation of the copper Eliashberg function is shown in Fig. [£.2] Finally, an
effective or mean electron-phonon coupling constant A can be defined, which is related to
the first inverse frequency moment of the Eliashberg function [25]
< dw a?F;
A=2 [ —a’Fw)~2) L 4.14
| Cerrw ey (419

w -
%

This quantity provides a dimensionless characterization of the strength of electron-phonon

coupling in a given material.

4.3 Implementation

The calculations of phonon properties presented here were carried out using A12PS (ab ini-
tio DFT to Phonon Spectra), [46] a workflow tool we have developed that links density
functional theory electronic structure codes, ABINIT in this case, [42,43] to the vibrational
properties module of real-space Green’s function code FEFF9. [45] AI12PS can be used to
calculate phonon properties such as Debye-Waller factors in x-ray spectra. The modular in-
terface automatically coordinates the desired workflow. Briefly, for our purposes here, A12PS
uses ABINIT to generate a set of real-space symmetry-inequivalent blocks of the lattice dy-
namical matrix (DM), which are used to calculate the many-pole PDOS FMP(w). [14] The
code ABINIT also yields both F(w) and o?F(w), which are used to calculate the couplings
a?(w) using Eq. . Since Eq. is restricted to energies near the Fermi level, this
presently excludes any k-dependent features in the spectral functions presented in the cur-
rent study. The ABINIT calculations used Troullier-Martins LDA pseudopotentials provided
by ABINIT, [76] and an energy cutoff of 50 Hartrees; for convergence of o?F(w), a 32x32x 32
Monkhorst-Pack k-point grid was found to be necessary. For the metallic systems discussed
here, the occupation numbers were smeared with the Methfessel and Paxton scheme [77]
with a broadening parameter of 0.025. To simplify the numerical calculations by removing

self-energy shifts, the RC and MA spectral function expressions were expressed in terms of

the quasiparticle energy g, = 2 + ReX(£?) as opposed to €2 (see Eqs. (4.2)), (4.3),(4.7)).
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4.4 Results and Discussion

In this section, we present illustrative results for several elemental metals and for Einstein
and Debye models with a range of electron-phonon couplings over a range of temperatures

and energies for both the RC and MA methods.

4.4.1  Einstein model

As a first example, we consider the Einstein model self-energy X.F, i.e., using the single-pole

(zeroth-order Lanczos) approximation for the Eliashberg function,
?F (w) — a50 (w — wg), (4.15)

where wg is the Einstein frequency and o% = a?(wg). For realistic systems, the value of
wg is taken to be the centroid of the calculated PDOS. As an example, we present results
for an Einstein model with wg = 21.6 meV (251 K), representative of Cu metal, in Fig. |4.3]
Note that phonon satellites in the spectral function are visible only for quasiparticle energies
small compared to phonon frequencies ¢, — ep < wg, and very low temperatures (~ 10 K),
as seen in the top two panels of Fig. 4.3] For the Einstein model, the mean coupling constant
A is simply 202 /wg, so we artificially ramp up the coupling by manually setting the value
of a%. Typically, metals have coupling constants A that range from roughly 0.1 to 1.7, [24]
so we will focus on that range. The satellites become larger as A is increased (third panel),
and for X\ =~ 1.6, a weak second phonon satellite becomes apparent at w = ep + 2wg. The
relative weakness of the second satellite even at A = 1.6 suggests Migdal’s theorem is valid
to high accuracy for typical metals, apart from corrections close to the Fermi energy at very

low temperatures.

4.4.2  Debye model

For comparison, we show similar results using the Debye model PDOS converted to a many-

pole form in Fig. 4.4} with quantities expressed in terms of the Debye temperature for copper
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Op =315 K =27.1 meV = wp. Overall, the Debye model shows trends quite similar to the
Einstein model. However, the phonon satellites are not as sharply peaked, and the satellites
at ep+2wp are indiscernible at the same scale for large couplings A ~ 1.6. Note that artifacts
of the many-pole model can be seen in the spectral functions as small peaks near the Fermi

energy (third panel), though these effects are negligible compared to the phonon satellites.

4.4.8 Comparison of RC and MA

We note that the electron spectral function near the Fermi level ¢p is generally nearly
symmetrical due to particle-hole symmetry, and is sensitive to phonon correlations beyond
MA at strong electron-phonon coupling, as illustrated by the significant deviation of RC
from MA seen in Fig. 4.5l Thus, it is useful to compare the RC and MA methods in this
limit, especially since the differences characterize corrections to the Migdal approximation
due to vertex effects. Fig. shows that the two methods differ significantly at strong
couplings and low temperatures compared to the Debye or Einstein temperature (see Table
for distribution of spectral weight). The RC method gives larger satellite weights, with a
stronger first satellite peak closer to the expected er + wp (see Inset to Fig. . However,
the differences between the two methods diminish as the temperature is increased towards

room temperature. Neither method shows a noticeable two phonon satellite peak.

4.4.4  Selected metals: Cu, Nb, Pb, Ta, and V

Next, we present results for the spectral function for a few elemental solids (Fig. 4.6|) repre-
sentative of a range of electron-phonon couplings (See Table . To obtain the full spectral
function for these materials, we use the Lanczos many-pole representation of Eq. as
shown in Fig. for copper. The results for these metals follow similar trends with the RC
and MA methods that we saw with our results for the Einstein and Debye models. Copper,
which has a relatively weak coupling (A ~ 0.1), displays near agreement between the RC
and MA methods. Tantalum and vanadium, on the other hand, have medium to strong

couplings, respectively, and show significant differences between the two methods. Most
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noticeably, for increasing quasiparticle energies, both the distribution of weight between the
quasiparticle and satellites and the location of these peaks disagree significantly, possibly
enough to be noticeable experimentally. However, these differences can only be seen at low
temperatures (~ 50 K). Even with the strongest coupling, vanadium does not show multiple
phonon satellites, indicating Migdal’s theorem is valid to high accuracy for phonons in these

materials.

4.4.5  Comparison with experiment

Evidence for electron-phonon effects in the spectral function have been measured in a number
of cases. For instance, the value of the mean coupling constant A can be obtained experimen-
tally from the slope of the quasiparticle linewidth I" ~ 2w \kpT versus temperature. [9] Thus,
calculations of quasiparticle linewidths characterize the phonon-contributions to the quasi-
particle broadening. Our calculated quasiparticle peak FWHM (Fig. are comparable to
those measured experimentally. [82-84] As an example, we find a slope of 0.0680 meV /K for
copper at large ¢ (top panel Fig. , corresponding to A = 0.126. Due to the redistri-
bution of spectral weight from the quasiparticle peak to the phonon satellites for g, ~ ep
(lower panel Fig. , the temperature trends are significantly steeper, resulting in inflated
A values. The X taken from the large ¢, calculations are more consistent with experimental
observations, and are listed in Table . The calculated A for the metals using Eq.
are given as well in Table[4.2] along with several experimental results for comparison. Over-
all, there is decent agreement with experiment. The heavier metals show more discrepancy,

which is likely an effect of the absence of spin-orbit coupling in our simulations. [85,86]
4.5 Summary and Conclusions

We have implemented a retarded cumulant (RC) expansion approach to calculate phonon
contributions to electron spectral function. This approach goes beyond the standard Migdal
approximation (MA) to include effects of phonon excitation satellites in the electron spectral

function. Our calculations show that the phonon-contribution to the quasiparticle peak is
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linearly dependent on temperature. We verify that Migdal’s theorem is generally satisfied
for phonons to high accuracy. Thus the effects of vertex corrections leading to deviations
between the MA and RC approaches and multiple satellites in the spectral function and
are generally negligible except at very low T' (7" < 50 K) and very strong electron-phonon
couplings (A 2 1), and would require roughly meV resolution to discern experimentally.
With an appropriate self-energy, the method presented here can also be extended to treat
insulators and molecular systems.

We thank C. Draxl, L. Reining, P. B. Allen, G. Rignanese, X. Gonze, M. Bernardi,
and K. Jorissen for useful discussions, and S. R. Williams and J. Vinson for assistance in
code development. The ABINIT code is a common project of the Université Catholique de

Louvain, Corning Incorporated and other contributors (See http://www.abinit.org). This

work was supported in part by DOE grant DE-FG02-97ER45623.
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4.6 Addendum

The following related material was not included for publication of the original article above.

As another application, the value of electron-phonon coupling Ais also related to the

superconducting critical temperature T, via the McMillan relation [21,87]

o { 1.04(1+ ) ]

T, = -
120 P | TN e (11 0.62))

In(w) (4.16)

Wi = exp [; /000 dwT&QF(w)] :
where p* is the Coulomb pseudopotential, a fitting parameter typically ~ 0.1-0.2. [88] Cal-
culated transition temperatures for the five bulk materials studied above are given in Table
, along with the values of u* used in the McMillan relation. The T, calculated for (non—
superconducting) copper, with A = 0.155 and p* = 0.1, is essentially zero as expected. The
other four materials, with significantly stronger electron—phonon coupling, have finite T, and
our simulations yield values on the correct order of magnitude (~ 10 K), with the coupling
constants calculated from the spectral function quasiparticle peak widths giving the best

agreement with experiment (see Figure {4.8)).
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Figure 4.1: Real (top) and imaginary (bottom) parts of the self-energy ¥ (w) in Eq. (4.9)

using the Einstein model for Cu, where wg = 21.6 meV = 251 K (see text). Positive w is

not shown, as Re ¥ and Im ¥ and can be determined from the odd parity of 3 (w).
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Figure 4.2: Eliashberg function (top) o®F(w) and total density of modes (bottom) for Cu
at the Fermi level k = kr obtained from ABINIT with our many-pole approximations o?, F;
calculated by the Lanczos inversion tools in FEFF9 (see text). Experimental PDOS taken
from Ref. [10]. Calculated frequencies have been scaled using an overall Griineisen parameter

to match the PDOS peak frequency with experiment.
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Figure 4.3: Spectral function for the Einstein model using the RC method, where wg is the
Einstein energy. Top: varying quasiparticle energy for low temperature and weak coupling
(T" = 0.01 wg, A = 0.2), middle: varying temperature near the Fermi energy and with
medium coupling (g, — e = 0.25 wg, A = 1.0), bottom: varying electron-phonon coupling

constant at low temperature near the Fermi energy (¢, —ep =T = 0.01 wg).
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Figure 4.4: Spectral function for the Debye model using the RC method, where wp is energy
corresponding to the Debye temperature. Top: varying quasiparticle energy for low temper-
ature and weak coupling (7" = 0.01 wp,A = 0.2), middle: varying temperature near the Fermi
energy and with medium coupling (g, — er = 0.25 wp, A = 1.0), bottom: varying electron-

phonon coupling constant at low temperature near the Fermi energy (e, —ep =T = 0.01 wp).
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Figure 4.5: Comparison of spectral function from the RC and MA methods using the Einstein
and Debye models at strong coupling (i.e., A = 1.6) near the Fermi level (¢, = ep +0.01 wg)
for various temperatures, where wp ~ 1.3 wg. Inset: enlarged view of phonon satellites seen

in the top panel. Note the satellite centroid for the MA method is further out.
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Table 4.1: Comparison of weights for the quasiparticle peak, hole satellite, and particle satel-

lite (Zk, wp,w, respectively) using the RC and MA methods, done for the Einstein/Debye

models at large coupling (A = 1.6) and several elemental metals near the Fermi level at low

temperature (e = er + 0.01 wpcy = 0.216 meV, T'= 0.1 wg ey = 25.1 K).

RC

MA

Einstein
Debye
\Y

Nb

Pb

Ta

Cu

Einstein
Debye
\%

Nb

Pb

Ta

Cu

Zy,
0.19
0.18
0.29
0.31
0.35
0.37
0.85

0.38
0.37
0.45
0.46
0.49
0.50
0.86

W,
0.39
0.39
0.34
0.33
0.31
0.30
0.07

0.31
0.31
0.27
0.27
0.25
0.24
0.07

w
0.42
0.43
0.37
0.36
0.34
0.33
0.08

0.31
0.32
0.28
0.27
0.26
0.26
0.07

A
1.60
1.60
1.17
1.08
0.95
0.91
0.16

1.60
1.60
1.17
1.08
0.95
0.91
0.16
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Figure 4.6: Comparing the spectral functions of the RC and MA methods for select metals
at low temperature and three quasiparticle energies ¢ for (¢, — ep)/wp = 0.01,0.5,1.25
(bottom, middle, top vertically offset curves respectively in each panel, with arrows indicating
corresponding location along the horizontal axis). For Cu, Ta, and V, wg = 21.6, 15.0, 24.1
meV respectively and T' = 0.15 wg = 37.65, 17.4, 42.0 K respectively. The spectral function

for Cu with ¢, — ep = 1.25 wg has been scaled vertically, as indicated.
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Figure 4.7: (color online) Quasiparticle peak width versus temperature at the Fermi energy

e = ep (bottom), and at moderate quasiparticle energy e, = ep + 1.0 eV (top) for Cu,

Ta, and V. The linear relationship, given by I' ~ 27 AkgT', gives an estimate of the electron-

phonon coupling strength A\. Table4d.2]shows A derived from the ¢, = ep+1.0 €V calculations,

to limit any skewing of the quasiparticle widths due to phonon satellites.
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Table 4.2: Calculated electron-phonon coupling constants using two methods—the inverse
moment of the many-pole a?F(w) (Eq. 4.14) and the temperature dependence of the quasi-
particle linewidth taken from the spectral functions at large e,—and experimental results

for comparison.

)\MP /\I‘ /\expt
\% 1.174 0.899 0.82° 1.09° 0.80¢
Nb  1.079 0.897 1.04" 1.06° 1.164
Pb 0.946 0.955 1.55P 1.48¢ 1.454
Ta  0.909 0.809 0.78P 0.87¢
Cu  0.155 0.126 0.10* 0.13° 0.084

“Ref. [78] PRef. [79] °“Ref. [80] 9Ref. [81]

Table 4.3: Calculated electron—phonon coupling constant and superconducting critical tem-
perature for selected elemental metals using both methods given above for calculating the

electron—phonon coupling constants A\, with experimental values for comparison.

Cu Ta V Nb Pb
w* 0.10*  0.11*  0.12*  0.12*  0.10*
T™P K] 1071 9.0 19.9 14.4 5.0
" K] 1077 4.2 4.0 4.6 5.3
TP K] - 4.5P 5.4P 9.5P 7.2b

aRef. [88] PRef. [89]
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Figure 4.8: Comparison of calculated T, with measured values from Ref. [89] using a 0.2
range of u* centered around the values given in Table which are indicated by the white
lines across the colored bars. Using the coupling constants calculated from the quasiparticle

widths show better agreement with experiment.
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Chapter 5

CORVUS: A WORKFLOW TOOL FOR MATERIALS SCIENCE
AND SPECTROSCOPY

5.1 Introduction

During the past decade, our group has increased its usage of third party software to obtain
properties that are unavailable in the code-base developed in—house. Most development has
relied on the creation of interfaces between disparate software, using a plethora of languages
and coding strategies. The end result has been a proliferation of workflows that are neither
expandable nor connectable, and for which usage and development have very steep learning
curves that create a barrier to entry. Existing scientific workflow software often provides
a framework in which the user can construct their own workflows, [90-95] but this again
requires the user to learn the vocabulary and format of the workflow software. In order
to provide users of our software with a single workflow tool that minimizes their workload,
allowing them to focus on physics instead of computational details, we have taken our pre-
viously disparate workflow designs and expanded to an all-encompassing tool for generically
managing physical simulations that can span multiple scientific software packages. This
design has been recently realized as the CORvUS Python workflow tool, aimed to accommo-
date both beginner or impatient users only wishing to run pre—built workflows and expert or
curious users wanting to use and expand on our provided functionality. By providing a solu-
tion for both target audiences, CORVUS brings a unique approach to the scientific workflow
landscape. This chapter presents the general design of CORvUS along with a few example
workflows for phonon property calculations. A more detailed application of CORrvuUs for

calculating thermal expansion is given in Chapter [6]
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5.2 Corvus

The design of CORVUS is divided into two main layers: (1) the top level code that interacts
with the user and runs through the workflow and (2) the lower level code that interacts
with the external scientific software to produce desired physical properties. This allows us
to separate the implementation details specific to each external software package from the
workflow controls, so we can design generic and modular workflow structures that can handle
a wide variety of calculations.

CoRvUs relies on a Workflow object constructed of a sequence of modular steps that each
provide a new piece of information necessary to calculated the desired physical property.
These individual steps are dubbed FEzchanges, in that a set of input properties is passed
down to the external software that passes back up newly calculated output properties. The
actual code that deals with the external software is separated into independent pieces, termed
Handlers, that are each specific to one external software package. These Handlers contain
the majority of our previous workflow efforts. This rest of this section gives further details

on the design and the usage of CORVUS.

5.2.1 Top level structure

The basic structure of running CORVUS consists of the specification of the system being
studied and choice of desired output properties, the creation and execution of the CORVUS
Workflow that will yield the target properties, and finally the reporting of the target prop-
erties. Figure [5.2 shows a flowchart for the high-level execution of a CORvUS calculation.
Often, parameters in input files for scientific simulations are specific to how the simulation
is run, and are therefore managed by the Handlers. This means we can have the user just
provide a single minimal input file (see Section which specifies the physical system.
The input is parsed and stored in a system dictionary, or lookup table, that contains known
physical properties. This table will update as the COrRvUS Workflow executes, incrementally

growing the knowledge base of the system with each Exchange.
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After getting the information provided by the user, the Workflow is created either by
reading in a ready—made Workflow from file or automatically generating a Workflow based
on the target property(ies) and available scientific software. More details on the Workflow
structure itself can be found in Section [5.2.2] There is currently a rudimentary automated
Workflow builder in place that can handle basic sequential workflows by building backwards
from the desired property based on calculation dependencies. A fully general Workflow
builder requires an algorithm that accounts for the fact that a single calculation can generate
multiple desired properties and that a single property can be generated by multiple scientific
software packages. As such, the standard dependency (acyclic directed) graph solutions are
insufficient for these purposes (see Figure .

The Corvus Workflow contains the sequence of Exchanges to be executed in order.
We require the Handlers to implement generic methods for running an Exchange using its
associated external software (see Section [5.2.3). This allows CORVUS to then run through
the entire Workflow in an automated way. Each step in the calculation is run in a separate
subdirectory, so the output from all the scientific software is later accessible in an organized
fashion. Once finished, the output properties requested by the user are pulled from the

property dictionary and written to file.

5.2.2  Workflow and Fxchanges

The Workflow objects are designed to be minimal to allow CORVUS to easily iterate through
the sequence of calculations. Specifically, a Workflow consists of three main components: (1)
a list of target properties requested by the user, (2) a list of Exchange objects to execute
in order to produce the requested properties, (3) and the minimum list of input properties
required from the user. Though the sequence of Exchanges must be executed in a specific
order to produce the desired properties, as determined by the dependencies of the property
calculations, the actual execution of the Exchanges are independent of each other. By
breaking up the Workflow into discrete Exchanges, it is easy to build in checkpointing and

restarting of calculations. This is especially important when a user has a Workflow with
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Figure 5.1: Illustration of a dependency graph for the main physical properties involved the
calculation of Debye-Waller factors using the ABINIT and DMDW software packages. User—
provided properties are shown in orange, and the primary calculated properties are shown

in blue.

an expensive (with regards to time/resources) calculation up front, but wants to rerun the

simulation with different physical parameters that only affect later parts of the calculation.

The Exchange itself is also a lightweight object, and merely stores a list of input properties
to be pulled from the system property dictionary, a list of output properties to be calculated
and passed back up to be stored in the system property dictionary, and the specification of
which Handler (and therefore which external software) is to be used to produce the requested

output. With this information, CORVUS can automatically call upon the specified Handler



59

System Property Dictionary

Choose Workflow Execute Target
Property Builder Workflow Property

Figure 5.2: Overview of the top—level process of running CORvUS. The user responsibility is
constrained to choosing the target and providing basic input. CORVUS creates a dictionary
to store all information on the physical system being studied, which is continually updated
as CORvVUS runs through the Workflow. The solid black arrows indicate progression in time,

while the dashed green arrows represent passing of information.

at each stage and have it generate the necessary output from the provided input without

any knowledge of the implementation details.

In addition to the standard Exchange, there are currently two other Workflow sequence
structures—Updates and Loops. An Update is used simply to overwrite a given property (or
list of properties) in the system property dictionary. This is useful for tasks like initializing
a property and replacing it with an optimized/converged value or parameter sweeps. The
Loop structure is used to run the same Exchange multiple times, but iterating over a grid

(or grids) of parameters by running an Update before for each Exchange iteration.
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Figure 5.3: The Corvus Workflow object consists of a sequence of Exchanges. Each Ex-

change is an independent component of the Workflow, and uses its assigned Handler to run
the external scientific software that produces the desired physical quantity. The new prop-
erties are then passed back up to the system property dictionary, so they can be accessed in

subsequent Exchanges.

5.2.3 Handlers

As seen in the preceding sections, the structural design of CORVUS is such that the flow
control can simply operate at the top level without being hindered by technical details
specific to the external software used to calculate the physical properties. This makes building
Workflows nearly effortless, but relies on the necessary Exchanges being supported by the
Handlers. As such, the vast majority of the technical development lies within the Handlers,

which are in essence the evolution of our group’s various scientific workflow tools.

The Handlers are completely independent of one another, so that the development for
supporting the external scientific software packages can be done independently as well. A

Handler only needs to implement a set of basic functions used by CORVUS to create Workflows
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and run Exchanges to interface with the top—level flow control:

canProduce (output) Returns True/False based on whether or not the associated external

software can produce the given output(s).

requiredInputFor (output) Returns a list of input properties the associated external soft-
ware requires to produce the given output(s). This includes any output properties not

supported by this Handler.

sequenceFor (output) Returns the Workflow sequence required to produce the given out-

put(s).

prep() Prepares a subdirectory where the external software is run.

generatelInput (input,output) Creates the necessary input files used by the external soft-

ware to produce the desired output and returns a list of them.

run(files) Runs the external software using the given list of input files.

translateOutput (input,output) Grabs the desired properties from output generated by
the external software and translates them into the internal property dictionary format

returned back up to update the system property dictionary.

cleanup() Does any necessary clean—up of the subdirectory before finishing up the Ex-

change.

As CoRvUS grows with new, more complicated Workflows and Exchanges, the above set

required interfacing functions could feasibly grow as well.
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5.2.4 Input

Continuing from A12PS, we use the Rehr group generic token-based input format. The
input—parsing tool has been translated into a Python version called Parsnip, which is a
utility included in the CORVUS package. The input grammar is again composed of a token
string followed by the input value(s) wrapped in curly braces (see Figure [5.4). Property
tokens must be one string of non—whitespace characters. The input file supports standard

commenting as well. Complete example input files can be found in Appendix [B]

# comment
tokenl {value} # comment
token2 {value value value}
token3 {
value # comment
value # comment
}

token4 value

Figure 5.4: Example grammar for an input file read by Parsnip, the input parser used in
CoRrvuUs. As shown with token4, if an input value is a single entry with no whitespace,
the curly braces can be dropped if desired. Comments can be denoted by the # and/or !

characters.

5.2.5  Output

As CORvUS makes use of external software to calculate physical properties, there is output
produced both by CoORvUS and the external packages themselves. The raw output from
each Exchange is kept in the subdirectory where the external software was run. The output
from CORvVUS is limited to the final target properties requested by the user. The CORVUS
output formatting is still being finalized, but currently prints either column—based data or

the Python string representation of the data.
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5.2.6  Checkpointing and Savefiles

The user has the option of enabling basic checkpointing when running a Corvus Workflow.
Before running a Workflow step, the system property dictionary, the Workflow, and the most
recently completed Workflow step are all recorded in a savefile. The savefile is written out
using Python’s pickle module, which is used for saving (loading) Python objects to (from)
a binary-based format. This allows CORVUS to load in previously generated save states
mid-Workflow and resume the calculation, i.e., tweaking settings from an old run without
regenerating everything. The also lets users pass along a savefile to another user or computer
and use the previously generated data as a springboard for new calculations by loading the
old savefile along with a new Workflow. More details on the checkpointing/savefile usage

can be found in Appendix [B]

5.2.7 Requirements

One of the goals of CORVUS is to alleviate hindrances for the user, which includes the
installation process. We have therefore kept CORVUS constrained to Python 2.7. Additional
Python packages that provide useful analysis tools (e.g., Numpy [96]) will be treated like any
other external software package, and be enabled through their own Handler. Consequently,
users will only need Python 2.7 to install CORVUS, and the usage of CORVUS workflows will

be determined by the specific external software packages installed on the system.

5.3 Example Workflows

In this section, we illustrate a few CORvUSs Workflows for calculating various phonon prop-
erties. The first two Workflows demonstrate the current evolution of the A12PS tool (see
Chapter |3) within the Corvus framework. Figure shows the Workflow setup for cal-
culating XAFS (x-ray absorption fine structure) and crystallographic Debye—Waller factors
using ABINIT and DMDW. The A12Ps workflow comprises the last three steps, while the first

two make use of the addition of the Update sequence to replace the user—provided lattice
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constant with the optimized value. This kind of structure means users can give a rough
estimate for a property, such as the lattice constant, provided the external software can
determine the more optimal value.

Figure [5.6| shows the Workflow used for calculating phonon contributions to the electron
self-energy and/or the electron spectral function, which brings in the work of Chapter .
The Workflow is nearly identical to that for the Debye-Waller factors, but with the addition
of the electron—phonon couplings a? coming along with the dynamical matrix from ABINIT.
This Workflow also demonstrates the action of producing multiple output properties from a
single Exchange. This is of particular interest for the automated generation of Workflows,
as the generator needs to be able to detect that it can, essentially, feed two birds with one
scone. The rudimentary automated Workflow generator mentioned in Section [5.2.1]is capable
of generating the spectral function (and any other A12pPs-style) Workflow by using a greedy
algorithm to maximize the output produced by an Exchange, which prevents the expensive
ABINIT calculation from being errantly duplicated to produce the dynamical matrix and o?
separately.

The final example (Figure is a Workflow used to calculate the thermal expansion
of solid state materials. This type of calculation is much more involved than the A12pPS-
style Workflows that were first to be implemented in CORvVUS, due to the need for target
properties over a grid of input parameters. In the case of thermal expansion calculations, we
need the dependence of the internal energy U and the vibrational free energy Fi, (7)) on the
lattice constant a, which precipitated the need for the Loop structure described in Section
5.2.2l The end products of this Workflow are then U(a) and Fy;, (7, a), the sum of which
is minimized at a(7T"), which gives the linear thermal expansion. The thermal expansion

simulations are covered in more detail in Chapter [0
5.4 Conclusions

CORvVUS is a new physical property-based scientific workflow tool that, while inspired and

informed by our previous workflow efforts, has been designed from the ground up to accom-
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modate all of our past, present, and future calculations utilizing multiple software packages.
We have structured CORVUS to keep any technical details concerning the external scientific
software well-separated from the flow control to allow for automated calculations and easy
construction of CORvUS Workflows. CORVUS is intended for both inexperienced and am-
bitious users by operating both as a single-shot execution of a workflow and as an open
library of functions ripe for customized Workflows. The software is currently in the alpha
stage of development, meaning specific implementation details are subject to change in the
future, though the core structure and design will remain unchanged. Further information

for obtaining and using CORvVUS can be found in Appendix [B]
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DWF Workflow

Exchange ABINIT
ABINIT: lattice constant a — optimized a Handler

Update
optimized a — a

Exchange ABINIT

ABINIT: structure, qpt grid — qpt list Handler

Exchange ABINIT
ABINIT: structure, qpt list — DM Handler

Exchange DMDW
DMDW: DM — Debye-Waller Factors Handler

Figure 5.5: Workflow for calculating Debye-Waller factors using the ABINIT and DMDW
software packages. The first two steps have been added to the automatically generated
workflow to instead use the lattice constant that optimizes the total internal energy for the
chosen exchange correlation functional. The automatic generation of the symmetry-reduced
g—point list from a given n x m x [ grid, added from A12PS, is a major component in reducing

the user workload through automated input generation.
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Spectral Function Workflow

Exchange ABINIT
ABINIT: lattice constant a — optimized a Handler

Update
optimized a — a

Exchange ABINIT
ABINIT: structure, qpt grid — qpt list Handler

Exchange ABINIT
ABINIT: structure, qpt list — DM, Handler

Exchange DMDW
DMDW: DM, a® — Z, Spectral Function Handler

Figure 5.6: Workflow for calculating the phonon contributions to the electron spectral func-
tion (and electron self-energy ) using the ABINIT and DMDW software packages. This
Workflow is nearly identical to the one for calculating Debye-Waller factors (Figure ,
but with the addition of the electron—phonon couplings o needed to calculate ¥. Note the
self-energy and the spectral function can be obtained from the same Exchange if both are

desired by the user.
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Thermal Expansion Workflow

Exchange ABINIT ABINIT
ABINIT: lattice constant a — optimized a Handler

Update
optimized a — a

Exchange ABINIT
ABINIT: a — grid of lattice constants Handler

Loop
lattice constant grid

Update
alil—a

Exchange ABINIT
ABINIT: structure — U, DM Handler

ABINIT

Loop
dynamical matrix grid

Update
DM[i] — DM

Exchange ABINIT
DMDW: DM — VFE(T) Handler

ABINIT

Figure 5.7: Workflow for calculating thermal expansion using the ABINIT and DMDW software
packages. The first two steps have been added to the automatically generated workflow
to instead use the lattice constant that optimizes the total internal energy for the chosen
exchange correlation functional. The automatic generation of the symmetry-reduced g—point

list from a given n x m x [ grid was a major step in reducing the user workload.
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Chapter 6

MODELING THERMAL EXPANSION FOR IMPROVED
SIMULATIONS OF VIBRATIONAL PROPERTIES

Accurate simulation of thermal expansion of materials is of considerable importance for
calculating temperature-dependent vibrational properties, as the anharmonicity of the inter-
atomic forces makes them sensitive to the lattice constant a. We can therefore significantly
improve the results of our vibrational property calculations by first determining a good model
for a(T") and then using it in subsequent calculations. However, the extensive procedure for
calculating a(7") made it a slow, tedious process. With the development of the CORvVUS
workflow tool and the implementation of a thermal expansion workflow, we can simulate
thermal properties more efficiently. Here we will present the recent work on thermal expan-
sion calculations with CORvUS, using the ABINIT and DMDW software packages, for bulk
copper and gallium arsenide. GaAs is of particular interest due to its negative thermal ex-
pansion observed at low temperatures. [97-99] Such negative thermal expansion materials
are important to understand, as they can be used in the development of non-expanding

composite materials. [100]

6.1 Methodology

As we saw in Chapter [2| minimizing the Helmholtz free energy with respect to the system
size gives us the thermal expansion of the system. In practice, simulations parameterize
the size of a solid state system in terms of the lattice constant a instead of the volume V.

Equation can be reexpressed as

F(a,T)=Ula) + kgT /OOO dwIn {2 sinh <ﬁ7h°">} pa (). (6.1)

Both the total internal energy and vibrational free energy can be obtained from a DFT
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calculation (ABINIT [40-44] in this work), though the vibrational free energy is more efficiently
calculated with the Lanczos algorithm used in DMDW. [14] As such, we will be using the DF'T
calculation to determine U (a) for a grid of lattice constants, as well as the dynamical matrices
for that same grid. The dynamical matrices are generally expensive calculations, taking on
the order of hours for ~ 100 modern processors, so we will confine the lattice constant grid
to ~ 5 — 10 points. DMDW can then take each grid point a;, and calculate F'(a;, T') over an
arbitrary grid of finite temperatures. The efficiency of the vibrational free energy calculation
in DMDW allows us to use a much finer temperature grid, as hundreds of data points can be
calculated in minutes on a modern machine. The two—dimensional grid for the heat capacity
at constant volume Cy (a;, T;) can be calculated with DMDW in similar to the Helmholtz free
energy. The electronic contribution to Cy has also been included through the use of the

Sommerfeld model of an electron gas [4, 8]

2
ol _ T

Cy = 3 k3T g (er), (6.2)

where g(er) is the electron DOS evaluated at the Fermi energy, which was provided by an
additional DF'T calculation.

Finally, the data for U(a;), F(a;, T}), C*"(a;, T}), and g(ep) are processed via a Python/Numpy
[96] script, which is provided in Appendix |C} In the quasiharmonic approximation, the tem-
perature slices of the Helmholtz free energy F'(a,T;) can be fit to a quartic to determine
the lattice constant a(T;) corresponding to the equilibrium configuration. By repeating this
process for a large grid of temperatures, we can determine a(7"). Due to the cubic symmetry
of the bulk materials studied here, we can focus on the linear thermal expansion coefficient
for simplicity. The volumetric and linear expansion coefficients for cubic systems are related

as follows

14V 3d
- = 2% 34, (6.3)

aV_Vﬁ_adT

Similarly, the derivatives with respect to volume used to calculate the pressure (Eq.[2.31)) and

bulk modulus (Eq. 2.51)) can be converted to derivatives with respect to the lattice constant
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using the volume of the fcc primitive cell

055\
a
V})rim(a):det % 0 % :Z, (64)
s 50

which is used for both fce Cu and zincblende GaAs structures. Further details on the CORVUS

thermal expansion workflow, as well as a script for the analysis described above, can be found

in Appendix [C]
6.2 Thermal Expansion Results for Cu

Bulk copper is a well-studied standard material, and so serves as the initial test case for
our thermal expansion calculations. Figurd6.]| displays temperature-cuts of the Helmholtz
free energy surface F'(a,T), as well as the curve that traces the minimum of F'(a, T;), which
indicates the lattice constant at T;. The resulting calculated thermal expansion of the Cu
lattice constant a(T") is given in Figure . The linear expansion coefficient results, shown
in Figure [6.3, agree qualitatively quite well with experiment, though we can see the well-
known behavior of the standard LDA exchange—correlation functional in underestimating
the expansion coefficient in metallic systems such as Cu. [48] The bulk modulus is similarly
overestimated by the LDA functional (Figure . However, these effects essentially balance
out and yield good agreement for the isobaric heat capacity Cp, as seen in Figure It
would be of interest to explore the use of hybrid exchange—correlation functionals, such as
PBESol [101,102] or hGGA [14], which could possibly improve the quantitative agreement

with experiment.
6.3 Negative Thermal Expansion Results for GaAs

GaAs is another good case study since (1) it is a relatively simple system to calculate using
ABINIT and (2) it also displays the uncommon negative thermal expansion behavior at low

temperatures, which has been observed experimentally, although it is a very small effect.
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[97-99] Figure shows the GaAs F'(a,T) for the same temperatures as those plotted for
Cu in Figure 6.1, which indicates the equilibrium a does not start to increase quite as rapidly
as with Cu. We can start to see this in the GaAs a(T) plot in Figure [6.7, where the lattice
constant stays roughly constant for about twice the temperature range as compared with
Cu. The actual contraction, or negative expansion, becomes apparent in the results for the
linear expansion coefficient (see Figure [6.8). There is a clear region of negative «(T') at low
temperatures, although it is relatively small.

For comparison to experimental results, we focus on the lower temperature range and
look at the expansion of the atomic distance between neighboring cells, i.e., the Ga—Ga
separation in Figure Note the observed contraction is on the order of a mere 107° A,
which is not a trivial computational feat. Again, it would be of great interest to investigate
the effects of the functional choice in the DFT calculations, though great care should be
taken as the GaAs calculations require significant computational resources—the GaAs a(7T')

results shown here required on the order of 10,000 core—hours.
6.4 Conclusions

The latest developments of the CORVUS workflow tool has enabled us to simulate the ther-
mal expansion of materials much more easily and efficiently. Our first test cases of Cu and
GaAs demonstrate good qualitative agreement with experiment, although we predict im-
proved quantitative performance could be achieved in the case of metals through the use of
hybrid DFT functionals. Furthermore, calculating the thermal expansion is a major step in
providing the means to improved simulations of thermal properties due to their sensitivity
to expansion of the system. Additionally, the analysis methods used in the accompanying
Python script (see Appendix were specifically written with only NumPy dependencies,
which will allow them to be easily incorporated into a COrRVUS NumPy Handler, giving
users access to fully automated workflows for thermal properties with both temperature and

volume dependence.
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Figure 6.1: Temperature cuts of the Cu Helmholtz free energy surface F(a,T) used to
determine thermal expansion of the lattice constant a(7), shown as the dashed line. Energies
are plotted relative to the minimum of U(a). The temperature range plotted, shown here

increasing from purple to red, is from 3.15 K to 398.15 K in 5 degree increments.
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Figure 6.2: Thermal expansion of copper lattice constant calculated with the LDA exchange—

correlation functional.
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Figure 6.3: Linear thermal expansion coefficient for copper using the LDA exchange—
correlation functional, with experimental results [103,104] for comparison. The LDA func-
tional underestimates the expansion coefficient for metals, yet captures the correct temper-

ature trend.
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Figure 6.4: Isothermal bulk modulus of copper calculated using the LDA exchange—
correlation functional for two methods: (1) a finite differences method to directly calcu-
late Br = V(d*F/d*V )7 (this work, red) and (2) F(a,T) fit to the fourth-order Birch—
Murnaghan equation of state (Ref. [48], black). Experimental data also included for com-
parison [105] (blue). The finite differences method is less accurate, but manages to capture

the correct temperature trend.
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Figure 6.5: Molar heat capacity of copper at constant volume and constant pressure, with

experiment for comparison. [104] Though the phonons dominate the heat capacity, the elec-

trons provide a noticeable contribution.
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Figure 6.6: Temperature cuts of the GaAs Helmholtz free energy surface F'(a,T’) used to
determine thermal expansion of the lattice constant a(7), shown as the dashed line. Energies
are plotted relative to the minimum of U(a). The temperature range plotted, shown here

increasing from purple to red, is from 3.15 K to 398.15 K in 5 degree increments.
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Figure 6.7: Thermal expansion of GaAs lattice constant calculated with the LDA exchange—

correlation functional.
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Figure 6.8: Linear thermal expansion coefficient for bulk GaAS using the LDA exchange—

correlation functional.
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Figure 6.9: Thermal dependence of interatomic distances (Ga—Ga, As—As) in GaAs seen
at low temperatures, with experimental results for comparison. [97-99] Negative thermal
expansion has been observed at temperatures below 100 K and shows up in our simulation

around 30 K.
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Chapter 7
CONCLUSIONS

We have demonstrated that the simulation of a wide variety of phonon properties can
be conceptually reduced to a common set of tasks—the production of the dynamical matrix
that yields the vibrational density of states, which, combined with a number of additional
physical properties of the system, can be used to calculate the desired phonon property.
This functional equivalence led us to develop A12PS, a scientific workflow tool capable of
driving the full multi-code phonon property calculation, much in the vein of our previously
established AI2NBSE and OCEAN packages [36-39] for the simulation of UV /visible spectra.
AI2PS gave us easy access to XAFS and crystallographic Debye-Waller factors, as well as

phonon contributions to the electron self-energy and electron spectral function.

The latter two were used to show that the newly developed retarded cumulant (RC)
method for calculating the electron spectral function, though yielding significant improve-
ments for plasmon satellites over the widely—used Migdal approximation method, showed
good agreement with the Migdal approximation outside of the low—temperature (< 50 K)
and strong electron—phonon coupling. [55] As spectroscopy experiments continue to improve
on the meV resolution necessary to resolve the relatively small phonon satellites, [106, 107]
we will be able to test the performance of the two methods for phonons. The spectral
function simulations also yielded electron—phonon coupling constants, and the related super-
conducting transition temperatures 7T, for a number of bulk materials, which we were able

to calculate to within an order of magnitude of experiment.
A12PS was also successfully integrated into the Java GUI-based (graphical user interface)
package for our group’s main software product FEFF9, with access to the Amazon Web

Services (AWS) cloud computing platform. [108] This let users run the computationally
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expensive phonon property calculations on the cloud from their laptop. This was a good
demonstration of the flexibility of the A12PS workflow design. However, as A12PS was being
prepared for public release, it became clear that a more extensive and general tool, one that
could combine our separate scientific workflow tools, would not only be incredibly useful
to our users, but it would foster a more maintainable software ecosystem for our group’s
developers, especially for the increasingly complicated simulations (e.g., thermal expansion)
we hoped to implement.

At this point, A12PS metamorphosed into the property—based scientific workflow tool
Corvus. The updated workflow framework was designed with the typical usage of multiple
physical simulations in mind, i.e., feeding physical properties into one software package to
generate additional physical properties, which are then fed into another software package to
generate more physical properties, and so on. By implementing the automated tools of A12PS
inside the generalized structure of CORVUS, we could trivially connect multiple calculations,
which reduced the construction of the coveted thermal expansion automated workflow in the
CoRrvus framework to a ~ 20-line Python script (see Appendix [C.1]).

With the recent implementation of the automated thermal expansion simulation, we
are now able to easily study thermal expansion of interesting materials, especially negative
thermal expansion materials. We have already shown we can simulate the extremely small
(~ 107°A) negative thermal expansion observed for GaAs at low temperatures. [97-99] We
would also like to used this to simulate perovskites, such as zirconium tungstate ZrWs,QOs,
which displays negative thermal expansion roughly four times the order of magnitude of that
in GaAs. [109] Not only can we study thermal expansion in materials with CORVUS, but we
can also now include temperature and volume dependence in various thermal properties. It
is merely a matter of first calculating the length (or volume) expansion a(7") (or V(T')), and
using those values in any subsequent thermal property calculation, as demonstrated with the
Cp calculation for copper.

Finally, though the focus of this work has been on various vibrational properties, the

CoRrvus framework is capable of implementing our other workflow tools, such as AI2NBSE
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and OCEAN, which will add support for optical and core spectra calculations. In addition,
Corvus will add support for additional DFT engines (VASP, Gaussian, NWChem, Quantum
ESPRESSO) in the near future, This will allow users to simulate different types of condensed
matter systems (e.g., molecules or crystals with large cells) more efficiently by catering to
the specific strengths of each DFT package. The key feature of CORVUS is its ability to

continually grow and improve on its capabilities.
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Appendix A
AI2PS SUPPLEMENTARY DETAILS

This appendix contains more in—depth information related to the content found in Chap-

ter
A.1 Running AI2PS

A.1.1 Supported Command Line Options

A12PS supports the following command line arguments:

Enable frontend calculation of dynamical matrix using selected DFT engine
P
Enable DMDW backend calculation of specified vibrational property
-t [filename]
Run translator, associated with selected DFT engine, on given file to generate DMDW
dynamical matrix file
-0 (zero)
Generate input files only
-i [filename]
Specify input file (default ai2ps.in)
-c [filename]
Specify custom config file (default ai2ps.config)
-n [integer]

Specify number of processors used for parallel calculations
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A.1.2  Example Commands

The following are example commands for typical usage:

ai2ps -ep —n64 -i my.input
Run full calculation on 64 processors with input file my.input
ai2ps -fc my.config
Run DFT engine only using config file my.config
ai2ps -t ifcinfo.out -b
Convert ABINIT interatomic force constants in ifcinfo.out into dynamical matrix file

for bDMDW, and run DMDW

A.2 Example Input Files

A.2.1 Input for Cu XAFS Debye—Waller Factors

name {Cu}
engine {abinit}
property {s2%}
Ho-mmmmmm oo abinit-----------------------"-"-----~—-~—~——-—-—-—-
pspfil {29-Cu.LDA.fhi} # list of pseudopotential files
natom {13} # number of atoms
ntypat {12} # number of types of atoms
typat {1} # type of atoms
znucl {29} # charge Z of the nucleus
xred {0.00 0.00 0.00} # vectors (x) of atom positions
# in reduced coordinates

acell {3%6.82+00} # experimental lattice constant
rprim {0.0 0.5 0.5 # real space primitive translations

0.5 0.0 0.5

0.5 0.5 0.0}
ngkpt {8 8 8} # number of grid points for k points generation
ecut {60.0} # energy cutoff

# additional abinit input settings appended verbatim

verbatim {
occopt 6
tsmear 0.025
nband 12
}
B m oo e anaddb-=----------------—————— - - -
ngqpt {4 4 4} # coarse q-grid

ng2qpt {16 16 16} # fine q-grid




Fom e - -
dmdw.ioflag {1}
dmdw.nlanc {16}
dmdw .ntemp {100}
dmdw . temp {56.0 500.0%}
dmdw . paths {

1

2 172 0 3.0

}

more detailed output level

number of Lanczos poles

temperature grid endpoints in K

#

#

# number of temperature in T-grid

#

# single scattering paths for all atoms within
#

3.0 Ang of the central atom (172/343)
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A.2.2  Input for Cu Crystallographic Debye—Waller Factors

name {Cu}

engine {abinit}
property {u2}

# __________________________________
pspfil {29-Cu.LDA.fhi}
natom {1}

ntypat {1}

typat {13}

znucl {29}

xred {0.00 0.00 0.00}
acell {3%6.82+00%}
rprim {0.0 0.5 0.5

0.5 0.0 0.5
0.5 0.5 0.0}
ngkpt {8 8 8}
ecut {60.0}

# additional abinit input settings

verbatim {
occopt 6
tsmear 0.025
nband 12
}
# __________________________________
ngqpt {4 4 4}
ng2qpt {16 16 16}
# __________________________________
dmdw.ioflag {12}
dmdw.nlanc {16}
dmdw . ntemp {1003}
dmdw . temp {56.0 500.0}
dmdw . paths {
1
1 172 1.0

list of pseudopotential files

number of atoms

number of types of atoms

type of atoms

charge Z of the nucleus

vectors (x) of atom positions
in reduced coordinates

experimental lattice constant

H OH O ¥ O O OH K H

real space primitive translations
number of grid points for k points generation
# energy cutoff

appended verbatim

# coarse q-grid
# fine gq-grid

more detailed output level

number of Lanczos poles

temperature grid endpoints in K

#
#
# number of temperature in T-grid
#
# central atom (172/343)
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name
engine

property

ngkpt
ecut

# additional

verbatim {

occopt 6

tsmear 0.025

nband 12

}
e anaddb---------------------—-—-—-—-——-——-—-—-
ngqpt {4 4 4%} # coarse q-grid
ng2qpt {16 16 16} # fine gq-grid
e dmdw--------------------——————-—-—-———
dmdw.nlanc {16} # number of Lanczos poles
dmdw .ntemp {400} # number of temperature in T-grid
dmdw . temp {1.0 400.0} # temperature grid endpoints in K
dmdw.dispopt {full} # full DOS

{Cu-vfe}
{abinit}
{vfel}

{29-Cu.LDA.fhi}

{12
{13
{13
{292

{0.00 0.00 0.00}

{3%6.82+00%}

{0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0}

{8 8 8}
{50.0}

abinit input settings

H OH O ¥ O O OH K H

list of pseudopotential files

number of atoms

number of types of atoms

type of atoms

charge Z of the nucleus

vectors (x) of atom positions
in reduced coordinates

experimental lattice constant

real space primitive translations

number of grid points for k points

energy cutoff

appended verbatim

generation

A.2.4  Input for Cu FElectron Self-energy and Spectral Function

name
engine
property

{Cu-sf}
{abinit}
{sf}

{29-Cu.LDA.fhi}

{13
{13
{12
{29}

{0.00 0.00 0.00%}

{3%6.82+00}
{0.0 0.5 o0.

H OH OHE OH OF O OH O H

list of pseudopotential files

number of atoms

number of types of atoms

type of atoms

charge Z of the nucleus

vectors (x) of atom positions
in reduced coordinates

experimental lattice constant

real space primitive translations
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0.5 0.0 0.5

0.5 0.5 0.0}
ngkpt {32 32 32} # number of grid points for k points generation
ecut {50.0} # energy cutoff

# additional abinit input settings appended verbatim

verbatim {
occopt 6
tsmear 0.025
nband 12
}
e i anaddb------------------------—-—-—-——————————
ngqpt {4 4 4} # coarse q-grid
ng2qpt {16 16 16} # fine q-grid
e dmdw-----------------——---—— -
dmdw.nlanc {16} # number of Lanczos poles
dmdw . temp { # temperature(s) in K
10.0
100.0
1000.0
}
dmdw . ek {5.0} # quasiparticle energy in meV
dmdw.dispopt {x} # direction of projected DOS

# arbitrary for cubic symmetry

A.3 Obtaining AI2ZPS

The A12PS tool can be obtained through the FEFF Project group at the University of Wash-
ington. Contact information can be found at http://feffproject.org. Development on
AI2PS is currently frozen, as its full capabilities have transferred to the recently developed

workflow tool CORVUS, which we recommend using in place of A12PS.



http://feffproject.org
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Appendix B
CORVUS SUPPLEMENTARY DETAILS

This appendix contains more in—depth information related to the content found in Chap-

ter
B.1 Running a One—shot Corvus Calculation

B.1.1 Supported Command Line Options

CoRrvus supports the following command line arguments:

-i/--input [filename]
Specify input file (default Corvus. inp)
-w/--workflow
Specify pre-generated Workflow file
-t/--target [string]
Specify target property(ies) for automated Workflow generator
--prefix [string]
Specify prefix/label, strongly recommended being restricted to alphanumeribeingc and
[-_.1 characters, for subdirectories and output files (default="Corvus’)
-c/--checkpoints
Enable checkpointing
-r/--resume
Load savefile (’[prefix|.nest’) and continue from last savepoint
-s/--save [filename]

Specify savefile other than default
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--parallelrun [command string]

Specify command prefix for parallelized program commands, e.g., "mpirun -np 240"

Note:

Loaded input file takes precedence over loaded saved state

Loaded Workflow file takes precedence over loaded saved state

Uses automatically generated Workflow from loaded target string if (1) no Workflow
file loaded and (2) no savefile loaded

Current developer option -j/--jump [integer] allows user to start the calculation at

the specified Workflow step

B.1.2  Ezample Commands

The following are example commands for typical usage:

run-corvus -t "specfn,selfen" -i Cu-sf.inp -c¢ --parallelrun "mpirun -np 96"
Generate and run a Workflow for producing electron spectral function and self-energy
using input file Cu-sf.inp with checkpointing enabled using the standard mpirun
command (for parallel jobs) with 96 processors

run-corvus —-cr ——prefix old --input Cu-refresh.inp
With checkpointing enabled, load up savefile with prefix o1d (= old.nest) and resume
where previous Workflow left off, refreshing the values of any properties listed in the
input file Cu-refresh.inp

run-corvus -w expansion.wf --parallelrun "aprun -np 240"

Run pre-generated Workflow expansion.wf using 240 processors on a Cray compute

cluster, which uses the aprun command for paralle jobs
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B.2 Using Corvus Interactively

In addition to operating as a Workflow driver, CORVUS can be used as a software library
for any of the workflow tools written by our developers, e.g., input file generators or output
file parsers and translators, as they can be imported just as any other Python module. This
also allows users to use the CORVUS tools on—the—fly through the Python interpreter (useful
for tasks such as post hoc analysis or construction of Workflows, input files, etc.) or through
user-made Python scripts. Appendix [C] gives a Python script example for building the
relatively involved thermal expansion Workflow.

Suppose, for example, the user has output from a previous DMDW calculation (pre—
Corvus), and would like to do some extended analysis using the spectral function. This

could be accomplished as follows:

from corvus.dmdw import readSpecFn

# DMDW output file
SFfilename = "dmdw_Akw.dat"

# readSpecFn returns energy-grid w and Re[A(w)], Im[A(w)] as column data

energies, realSF, imagSF = readSpecFn(SFfilename)

# Additional analysis, plotting, etc.

If the user wanted to insert a change of a property’s value midway through a given Workflow:

from corvus.structure.structures import x*

import pickle

# Load in pre-made Workflow from file

wf = pickle.load(open(’myworkflow.wf’, ’r’))

# Want to change temperature to 300.0 K
tempUpdate = Update(’temp’, newValue=300.0)

# Change temperature at step 3 (index = 2)
wf.addExchangeAt (2, tempUpdate)

Furthermore, by enabling checkpointing, the user ensures that the entire system property

dictionary is saved to file. Since the savefile is formatted using Python’s included pickle
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module, the user can load up the saved state, either in the Python interpreter or in a
Python script, and manipulate any of the saved properties at will. This is a more attractive
alternative to the user having the additional step of parsing and translating output data

themselves.

B.3 Example Input File

Below is an example input file for calculating the crystallographic Debye-Waller factors u?

for the Ga and As atoms in bulk GaAs.

# ABINIT Input
diemac 12.9
ecut 60.0

natom 2

ntypat 2

typat {1 2}
znucl {31 33}
acell {3%x10.68}

rprim {
0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0
}

xred {-0.125 -0.125 -0.125
0.125 0.125 0.125%}
pspfiles {
31-Ga-3d.LDA.fhi
33-As.LDA.fhi
}
ngqpt {4 4 4}
ngkpt {16 16 16}

# DMDW Input
paths {
2 # number of paths

1 1 1.0 # one atom, index 1 (central Ga), cutoff radius (arbitrary)
1 2 1.0 # one atom, index 2 (central As), cutoff radius (arbitrary)

}

tempgrid {3 100.0 300.0}

nlanc 16

Note that, as opposed to the A12PS input files seen in Appendix [A] the software selection
(e.g., ABINIT and DMDW) is not present as an input parameter as it now falls under the

responsibility of the Workflow.
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B.4 Obtaining Corvus

The CoORvUS software package is maintained by the FEFF Project at the University of
Washington and can be found, along with complete documentation, at the Corvus GitHub

page (https://github.com/feffgroup/Corvus).


https://github.com/feffgroup/Corvus
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Appendix C
THERMAL EXPANSION SUPPLEMENTARY DETAILS

C.1 Generating Corvus Thermal Expansion Workflow

The following script generates the thermal expansion workflow, using the ABINIT and DMDW
software packages, that generated the internal energy U(a) and vibrational free energy

F(T,a) data as seen in Chapter [} Line breaks are indicated by arrows.

#!/bin/env python

from corvus.structures import *
from corvus.dmdw import Dmdw
from corvus.abinit import Abinit
import pickle

wf = Workflow([’acell-grid’,’eint-grid’,’vfe-grid’], desc=’Data,for thermal expansion’)

# Get lattice constant that minimized total internal energy
stepl = Exchange (Abinit, Abinit.requiredInputFor (’aopt’), [’aopt’], desc=’Use ABINIT to, «

— getyoptimizedya’)

# Replace intial lattice constant with optimized value
step2 = Update(’acell’, newToken=’aopt’)

# Generate symmetry-reduced list of gq-points from NxMxL grid
step3 = Exchange (Abinit, Abinit.requiredInputFor(’gptlist’), [’qptlist’], desc=’Use, <«
«— ABINIT_ toygetylist of gqpts’)

# Create grid of lattice constants for parameter sweep
step4 = Exchange (Abinit, Abinit.requiredInputFor(’acell-grid’), [’acell-grid’], desc=’Get «

— ,grid,of a-values centered around,current a’)

# Use Loop to generate U(a)

UdymExchange = Exchange (Abinit, Abinit.requiredInputFor([’eint’,’dynmat’,’pdos’,’a2f’]), <«
— [’eint’,’dynmat’,’pdos’,’a2f’], desc=’Use ABINIT to,get, internal energy,and, <«
— dynamicalmatrix’)

stepb5 = Loop(UdymExchange, ’acell’, gridToken=’acell-grid’)

# Use Loop to generate vfe(T,a)

vfeExchange = Exchange(Dmdw, Dmdw.requiredInputFor(’vfe’), [’vfe’], desc=’Use DMDW, to,get <
— yvibrational free energy per;cell’)

step6 = Loop(vfeExchange, [’acell’,’dynmat’,’pdos’,’a2f’], gridToken=[’acell-grid’,’ «




— dynmat-grid’,’pdos-grid’,’a2f-grid’])

# Add list of steps to Workflow, print out, and save to file

wf.addExchangelList ([stepl,step2,step3,stepd4,step5,step6])

print wf

pickle.dump(wf, open(’expansion.wf’,’w’))
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The script also generates the following output, which lists the details of the thermal

expansion Workflow:

Data for thermal expansion
1) Use ABINIT to get optimized a

input: [’pspfiles’, ’natom’, ’ntypat’, ’typat’, ’znucl’, ’acell’, ’rprim’,
’xred’, ’diemac’]
output: [’aopt’]
2) Update acell with value of aopt
3) Use ABINIT to get list of qpts
input: [’pspfiles’, ’natom’, ’ntypat’, ’typat’, ’znucl’, ’acell’, ’rprim’,
’xred’, ’ngqpt’]
output: [’qgptlist’]
4) Get grid of a-values centered around current a
input: [’acell’]
output: [’acell-grid’]
5) Loop over acell with dynamic grid acell-grid
input: [’acell’, ’xred’, ’qptlist’, ’typat’, ’ntypat’, ’rprim’, ’natom’,
’znucl’, ’pspfiles’]
output: [’eint-grid’, ’dynmat-grid’, ’pdos-grid’, ’a2f-grid’]
6) Loop over [’acell’, ’dynmat’, ’pdos’, ’a2f’] with dynamic grids from
[’acell-grid’, ’dynmat-grid’, ’pdos-grid’, ’a2f-grid’] respectively
input: [’dynmat’, ’pdos’, ’a2f’]
output: [’vfe-grid’]
Required User Input: [’acell’, ’xred’, ’typat’, ’ngqpt’, ’ntypat’, ’diemac’,

rprim’, ’natom’, ’znucl’, ’pspfiles’]

An analysis script to produce the thermal expansion a(7") from the generated output is

given in Section

C.2 Corvus Input for Thermal Expansion of Cu

The following Corvus input file was used in generating the thermal expansion data for copper

as seen in Chapter [0}

# ABINIT Input
diemac 1.0e6
ecut 60.0
natom 1

ntypat 1

typat 1
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znucl 29
acell {3*6.7333943148E+00}

rprim {
0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0
}

xred {0.0 0.0 0.0%}
verbatim {

occopt 6

tsmear 0.025

nband 12
}
pspfiles {29-Cu.LDA.fhi}
ngqpt {4 4 4}
ngkpt {16 16 16}

# DMDW Input
nlanc 16
tempgrid {159 13.15 803.15}

C.3 Corvus Input for Thermal Expansion of GaAs

The following Corvus input file was used in generating the thermal expansion data for gallium

arsenide as seen in Chapter [6]

# ABINIT Input

diemac 12.9

ecut 60.0

natom 2

ntypat 2

typat {1 2}

znucl {31 33}

acell {3%10.68%}

rprim {
0.0 0.5 .5
0.5 0.0 0.5
0.5 0.5 0.0

}

xred {-0.125 -0.125 -0.125

0.125 0.125 0.125}

pspfiles {
31-Ga-3d.LDA.fhi
33-As.LDA.fhi

}

ngqpt {4 4 4}

ngkpt {16 16 16}

# DMDW Input
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tempgrid {159 13.15 803.15}

nlanc 16

C.4 Generating Thermal Expansion from Corvus Output

The following script was used to generate the thermal expansion a(T') from the output

produced by Corvus when running the Workflow above.

#!/bin/env python

import numpy as np

from math import pi

# COPPER SPECIFIC: electronic DOS at the Fermi emnergy in 1/J/cell
dosFermi = 7.16 * 2.293712e17

# FCC SPECIFIC: cell volume for volumetric <-> linear expansion
def V(a):

return 0.25 * pow(a, 3.0)
def dVda(a):

return 0.75 * pow(a, 2.0)

# Read in grid of lattice constants (Bohr)
output = eval(open(’Corvus.acell-grid.out’,’r’).read())
agrid = [float(a.split()[0]) for a in output]

# Read in grid of internal energies U and convert from Hartree/cell to J/mole-cell
output = eval(open(’Corvus.eint-grid.out’,’r’).read())

Ugrid = [(4.35974434%6.022140857*1.0e5)*u for u in output]

fit = np.polyld(mnp.polyfit(agrid, Ugrid, 2))

Umin = fit(fit.deriv().r[0].real)

# Read in vibrational free energy (J/mole-cell) and temperature (K) grids
output = eval(open(’Corvus.vfe-grid.out’,’r’).read())
Tgrid = output [0][’Temp,(K)’]
vfegrid = [[None for j in range(len(agrid))] for i in range(len(Tgrid))]
for i in range(len(Tgrid)):
for j in range(len(agrid)):
vfegrid[il[j]l = output[j1[’VFE,(J/mol-c)’]1[i]

# Sum U(a) and vfe(a,T) to get Helmholtz free energy F(a,T)
Fgrid = [[None for j in range(len(agrid))] for i in range(len(Tgrid))]
for i in range(len(Tgrid)):
for j in range(len(agrid)):
Fgrid[il[j] = Ugrid[j]l + vfegrid[il[j]

# Read in Cv and convert to kB per atom
output = eval(open(’Corvus.Cv-grid.out’,’r’).read())
Cvgrid = [[None for j in range(len(agrid))] for i in range(len(Tgrid))]
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for i in range(len(Tgrid)):
for j in range(len(agrid)):
Cvgrid[i1[j] = output[j1[’Cv,(J/K/mol)’]1[i] / (1.38064852%6.022140857)

aofT = []
FofT = []
GofT = []
BofT = []

Pgrid = [[None for j in range(len(agrid))] for i in range(len(Tgrid))]

for iT in range(len(Tgrid)):
# Fit temperature slices F(a,T_i) to a quartic and minimize to get a(T_i)
fit = np.polyld(np.polyfit(agrid, Fgrid[iT], 4))
deriv = fit.deriv()
amin = filter(lambda a: agrid[0] < a < agrid[-1], deriv.r)[0].real
aofT.append (amin)

# Calculate P = -dF/dV using V(a) = a~3/4 for fcc cell
for ia in range(len(agrid)):
Pgrid[iT] [ia]l = -1.0 * deriv(agridl[ial) / dVda(agrid[ial)

# Calculate Helmholtz and Gibbs free energies at a(T)

Pfit = np.polyld(np.polyfit(agrid, Pgrid[iT], 4))
FofT.append ((fit (aofT[iT]) - Umin)/1000.0) # kJ/mole-cell

PV = (Pfit(aofT[iT]) * V(aofT[iT]1))/1000.0 # kJ/mole-cell
GofT.append (FofT[iT] + PV) # kJ/mole-cell

# Calculate isothermal bulk modulus using B = -V~-1 dP/dV

Pderiv = Pfit.deriv ()

BofT.append(-1.0 * V(aofT[iT]) * Pderiv(aofT[iT]) / dVda(aofT[iT]))

# Fit a(T) to a 10th order polynomial and calculate linear expansion coefficient
alpha = [x/aofT[iT] for x in np.gradient(np.array(aofT), np.gradient(np.array(Tgrid)))]

# Write results to file with appropriate units
outfile = open(’expansion.dat’,’w’)
for iT in range(len(Tgrid)):
aang = aofT[iT]#*0.529177211 # Angstrom
alphaV = 3.0 * alphal[iT] # 1/XK
B = BofT[iT] * (6.7483345e30/6.022140857e23/1.0e9) # GPa
BV = B * V(aang) * (1.0e-30%1.0e9/1.38064852e-23) # kB
Cvfit = np.polyld(np.polyfit(agrid, Cvgrid[iT], 4))
Cv = Cvfit(aofT[iT]) # kB
Celec = (pi*pi/3.0) * (1.38064852e-23 * dosFermi)* Tgrid[iT] # kB
Cp = Cv + Celec + alphaVxalphaV * BV * Tgrid[iT] # kB
# Units: K, Angstrom, 1/K, GPa, kB, kB, kB
cols = [Tgrid[iT], aang, alphal[iT], B, Cv, Celec, Cp, FofT[iT], GofT[iT]]
outfile.write(’,,’.join(map(str, cols)) + ’\n’)
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