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Hubbard Model Approach to X-ray Spectroscopy

Towfig Ahmed

Chair of the Supervisory Committee:
Professor John J. Rehr
Department of Physics

We have implemented a Hubbard model based first-princigipsoach for real-space calculations
of x-ray spectroscopy, which allows one to study excitedestdectronic structure of correlated
systems. Theoretical understanding of many electronicifesind and f electron systems remains
beyond the scope of conventional density functional théDRT). In this work our main effort is to
go beyond the local density approximation (LDA) by incogtorg the Hubbard model within the
real-space multiple-scattering Green'’s function (RS®@FRnfalism. Historically, the first theoretical
description of correlated systems was published by Sir IeMott and others in 1937. They
realized that the insulating gap and antiferromagnetisriéntransition metal oxides are mainly
caused by the strong on-site Coulomb interaction of thelilmazh unfilled 31 orbitals. Even with
the recent progress of first principles methods (e.g. DF@)raadel Hamiltonian approaches (e.g.,
Hubbard-Anderson model), the electronic description afiyraf these systems remains a non-trivial
combination of both.

X-ray absorption near edge spectra (XANES) and x-ray eomnisspectra (XES) are very power-
ful spectroscopic probes for many electronic features Reami energy (E), which are caused by
the on-site Coulomb interaction of localized electronghla work we focus on three different cases
of many-body effects due to the interaction of localizkelectrons. Here, for the first time, we have
applied the Hubbard model in the real-space multiple statidRSGF) formalism for the calcula-
tion of x-ray spectra of Mott insulators (e.g., NiO and MnSgcondly, we have implemented in our

RSGF approach a doping dependent self-energy that wasectest from a single-band Hubbard






model for the over doped highsTuprate La 4SCuQy. Finally our RSGF calculation of XANES
is calculated with the spectral function from Lee and Heddtharge transfer satellite model. For
all these cases our calculated x-ray spectra yield reakmagbeement with experiment. The above
work has been implemented as an extension into the FEFF9 andave have also included notes
for the new and modified key features of this development.

Aside from the x-ray spectroscopy of correlated systemsala® present our calculation of the
ground state local electronic structure of DNA nucleotidaggraphene, and the transmission cur-
rents through graphene nanopores. Our calculation angisss@rovide theoretical guidelines for
developing DNA sequencing techniques using scanning timgngpectroscopy (STS) and nanopore
experiment. Evolved as a secondary focus of this thesis,ave Added an additional chapter dis-

cussing our calculation of DNA-graphene hybrids.
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Chapter 1
INTRODUCTION

Research in the area of correlated systems has progregséitantly over the last thirty years.
Due to the recent advances in experimental techniques anduting resources, it is now possible
to study a series of exotic materials including heavy femaj@opper-based high temperature super-
conductors and colossal magnetoresistance. With theaj@welnt of second generation synchrotron
radiation, high resolution x-ray spectroscopy of theseesys became possible, and plethora of ex-
citing experimental data became available for theoretiodlerstanding. A growing need to explain
the underlying physics has driven a significant effort toedep theoretical and computational tools
beyond the conventional electronic-structure codes.

There are two main ways one can study ground state proparigeexcitation spectra of many-
electron systems. In the first approach one constructs angéeadependent model hamiltonian
where the parameter(s) is fitted with some previously measexperimental data, and the sec-
ond one is a parameter free first principle approach. The mastessful of all the first-principle
approaches is Density Functional Theory (DFT) within thealaensity approximation (LDA). De-
spite its enormous success in simple metals and molecidterayg, the limitation of LDA is clearly
visible for systems with partially filled or f shells, e.g. transition-metal or rare-earth compounds.

There have been several attempts to improve over LDA suctifasteraction correction (SIC),
GW approximation, LDAY, dynamical mean-field theory (DMFT) etc. In the present wak
first-principles Hubbard model approach will be followedhin a RSGF multiple-scattering frame

work.

1.1 Historical Background

Despite its relatively recent popularity, the history afosigly correlated systems pre-dates much
of the modern development of many-body quantum theory. @tigecearly successes of quantum

mechanics was indeed the development of single particld-bancture theory which was able to



describe most of the simple metals and a handful of regutadators. It was about the same time
when interest in metal-insulator transition increasedlileg to the realization of a new class of
materials. In 1937 de Boer and Verway [2] first pointed outdpecial case of NiO, a transparent
non-metal which should be metallic according to the sinmdicle band-structure theory. It was
Peierls who, for the first time, proposed the possibility lté strong Coulomb correlation as the
underlying cause of the insulating phase in these systems.
In a series of seminal papers from 1935 to 1949, using a digstarray of hydrogen-like atoms

with varying lattice constard, Sir Neville Mott was able to show and classify a class of latsus,
now known as Mott insulators [3, 4]. In such systems, theeswed potential around each positive

charge is given by

V(r) = —§le, (1.1)

where the screening constantvas calculated using Thomas-Fermi model [4, 5]. In this dpson,
the value ofgwas just enough to trap an electron. With varyqmall trapped electrons in the system
go through a transition where all of them eventually becorae.fThus a formal, yet simple metal
to insulator transition was proposed for the first time. 51 $later provided a description [6, 7]
where the anti-ferromagnetic lattices are responsibléh®splitd-bands in NiO or similar systems.
But such systems were later found to remain non-metallio edmve Neel temperature where the
AFM ordering vanishes [4].

A next step development came from Hubbard in 1964 with a miadehich the on-site Coulomb
interaction was included while long-range forces are ratgte[8, 9]. With large values of the lattice
constanta, this model was able to explain the appearance of antifexgmetic phases and band
splitting as Slater claimed earlier.

In recent years Lars Hedin and others have shown [10, 11hthafficient and consistent treat-
ment of many-body effects are essential for dealing withrgjrcorrelation phenomena. Despite the
enormous success of the quasi-particle GW formalism ins@mducting systems, insulators with
strong Coulomb interaction still remains a challenge.

Some of the of the most successful modern developments éondrstate properties of cor-
related systems are the LDAHby Anisimov et al. [12, 13], SIC method by Perdeet al. [14],
and hybrid functional approach e.g. HSE functional [15]r Excitation properties, TDDFT [16]



and configuration interaction CI [17] are still limited to aher systems. Recent development in

dynamical mean field theory (DMFT) [18] seems promisinga@ltfh computationally expensive.

1.2 Goal of the Dissertation

Almost all efforts to integrate strong correlation effeatish first principles methods end up being
either computationally very expensive or parameter depetce.g., relying on Hubbard and

exchangel terms. Currently there are a number of ground-state elgictetructure codes available
that can incorporate a Hubbard model correction, but theorityajof them fit the parameteld

to obtain the experimental band gap. In the presence ofgstetecttron-electron interactions, the
narrow band at the Fermi energy splits into upper and lowdrlddcd band and a insulating gap is
formed. Thus, to understand the physics near the Fermigioésych systems, a good description

of the unoccupied states is essential.

In order to reproduce some of the signature features in thEX®and density of states (DOS)
of Mott insulators, in this thesis we have implemented atimtally invariant real-space Hubbard
model on top of our real-space multiple-scattering methblis correctly accounts for the onsite
strong Coulomb interaction of the localizeHorbital electrons, and our calculations show good
agreement with experimentally observed features. Mostetievelopments presented in this thesis
are within the RSGF framework of the FEFF9 program. As a gpadicle excited state electronic-
structure code, FEFF9 calculates occupied and unoccufgetianic states as well as various x-ray
spectrum in the presence of the core-hole. Here also welatddhe dominant Hubbard parameter
U within the scope of FEFF9 code. As the main purpose of thikweaur development thus compu-
tationally reproduces, from first-principles, the elentoostructure and spectral features present in
the x-ray spectra of Mott-Hubbard insulators due to stromgjte Coulomb interaction of localized
3d electrons.

Many correlated-electron systems including the higtedprates, show doping dependent spec-
tral features in their near edge x-ray spectra. As the dopargentration increases, the spectral
features due to strong Coulomb interaction vanishes in nsaioh systems, e.g., Nd.CeCuQy
(NCCO) and La_xSrCuO, (LSCO). To account for such changes in the correlation gtrewith

varying doping concentration, a quasi-particle self-gpavas originally developed by Bansit al.



[19] using a single-band Hubbard model. As the next topichid thesis, we have implemented
this self-energy in our RSGF code FEFF, and calculated tpendalependent O K-edge XANES

in over-doped LSCO which are in good accord with experiment.

Another interesting property of correlated systems is thayybody charge-transfer excitations.
The signatures of such excitation are often present in treyxspectroscopy, and are generally
identified as the shake-up or shake-down satellites. Inth@sis we have also studied some of
the satellite features present in the Cu K-edge XANES of @i, and LaCuQy. Following the
prescription of Leeet al. [20], we constructed a charge transfer (CT) spectral fonctOur RSGF
calculation of XANES convoluted with the CT spectral fuoctiyields good agreement with the

experiment by Kosuggt al. [21]

As a secondary interest, we have also applied our firstiptag calculation of the local elec-
tronic structure using ground-state DFT and conductantgeugn-equilibrium Green’s function
(NEGF) technique for the DNA nucleotides on graphene. Oumpagation, although not directly
connected to the problem of correlated systems, providesrétical guidelines for scanning tun-
neling spectroscopy (STS) and nano-pore sequencing exg@etriin the ongoing effort to develop

cheaper and accurate DNA fingerprinting techniques.

1.3 Overview of the Dissertation

The chapters in this thesis are organized as follows: Intelndpwe briefly make historical remarks
on some of the key developments in our understanding of@iraorrelated systems. This chapter
also includes the goal of this work, our key observationsl amuick review of x-ray absorption
and emission spectroscopy. The discussion in chapter 2da®wa review of all the background
concept and theories needed for the rest of the thesisirgtavith the real-space Green’s function
and multiple scattering formalism of x-ray spectroscopg,bsiefly discuss some of the key features
of Hubbard model and high temperature superconductivitye discussion in chapter 3 and 4 are
based on our previously published papers [22, 23]. chaptis@isses our rotationally invariant
Hubbard model and its implementation in the real-spaceiphedscattering code FEFF9. Here we
also briefly discuss our method for the calculation of the Ibbuld parameted. In this chapter

we show our calculation of XANES and DOS of transition metgldes (NiO, MnO) and High



T cuprate (LSCO), and compare with experiment. The work pitegein chapter 4 stems from a
collaboration between the Rehr Group at University of Wagtadn and the Bansil group at North-
eastern University. In this chapter we discuss the key feataf a doping dependent self-energy
which is developed at Northeastern University. We apply seif-energy to our RSGF code FEFF9,
and presented our calculation of O K-edge XANES in over-dop8CO. chapter 6 is dedicated
to our ground state calculation of DNA nucleotides on grayghand electron transport calculation
through graphene nano-pores.
In chapter 7 we give concluding remarks and briefly discusgdudirections. Finally we give a

detailed description of our computer program in appendithdt has been developed and added to
FEFF9 as an integrated part of this work. Some supplementatgrials for chapter 6 are given in

appendix B.

1.4 Units and Convention

In this thesis atomic units are employed for all physicalrgities, i.e.me=1, | = 1,h =1, where
me is the electron masg is the electron chargdy is Plank’s constant divided byr2 The atomic
unit of length is the bohiy = A?/mee? ~ 0.5294. The atomic unit of cross sectionag~ 28.0 Mb,
where a barn (b) equals 18 m?. The atomic unit of energy is the Hartrég, = mee* /h? ~ 27.2eV.

In this thesis most of our calculated results are LDOS (aargulomentum projected density of
states) and K-edge XANES (x-ray absorption near edge stejcspectra. In FEFF calculations the
XANES spectrum output is normalized within 50 eV of the tinad (edge) energy. In order to

compare with experiments we have scaled the spectrum are fie® y-axis has arbitrary units.

1.5 Review of x-ray spectroscopy

1.5.1 x-ray absorption

For the purpose of this thesis we now briefly discuss a fewdorghtal concepts of x-ray absorption
(XAS) and x-ray emission (XES) spectra. In XAS, the lightlwitensitylg hits the sample with

thicknesd, and according the Beer-Lambert law

| = loe B, (1.2)



This equation can be re-written for tabsorption coefficieras,

W(E) = —(dI/dI)/1. (1.3)

This coefficient is also related to the scattering crossie®f the absorbing center inside the

material as

W(E) = Ot (E) N, (14)

wheren, is the density of scattering atoms in the sample.

The naming convention of the edge in spectroscopy depenttedype of core-level excitation,
e.g., for the K edge, x-ray excites a électron. The excited electron then fills an unoccupgied
state following the dipole selection rulel = +1. Thus the x-ray absorption, and more precisely
the x-ray near edge absorption spectrum (XANES) maps outrtbecupied density of states near
the Fermi energy. In this process the photoelectron seesffdwts of the screened core-hole which
it leaves behind, and the spectrum is broadened by the tiife &f the core-hole. The absorption
spectrum can be further broadened by the extrinsic anahéntriosses which are discussed by Luke

Campbell in the context of RSGF method [24].

1.5.2 x-ray emission spectroscopy

In the context of our RSGF code, XES refers to the x-ray emmisspectroscopy. In practice, one
can think of XES as an inverse process of XAS where the ocdwgigges below the Fermi energy
fill out an existing hole according to the dipole selectioferuThus XES maps out the occupied
density of states, including those near the Fermi energyhitnprocess the energy broadening is
negligible since the hole, which was left behind by the etettis very close to the Fermi energy

and has a much longer life time.



Chapter 2

BACKGROUND THEORY

In this chapter we review the background theory which isvaaléto our work presented in this
thesis. In general, our development of computational nusthor calculating x-ray spectroscopy
of correlated systems, is built on real-space Green’s inn¢RSGF) theory and a Hubbard model
with anab initio determination ofJ and a many-pole approximation to the GW self-energy. The
multiple scattering formalism of RSGF method is formallyis@lent to the much celebrated density
functional theory in many aspects. Both approaches areé@atde to a quasiparticle description
by incorporating a GW like approximation. Here we brieflyiesv the GW approximation and
DFT and their limitation in the regime of highly localized @omb correlation. This is where the

Hubbard model enters into the picture, and it is briefly nereid in this chapter.

2.1 Real-space Green'’s function theory

2.1.1 Single-particle Green function

The theoretical description of the excitation of a coresl@lectron by an x-ray requires a framework
that links theN particle with the(N + 1) particle systems. The Green’s function technique is one
of the useful methods that enables one not only to calcutetgtound state energies as in density
functional theory but also attack the problems of excitatiad ionization energies, transition matrix
elements, absorption coefficients, dynamical polariz#sl and elastic and inelastic cross-sections.
Such techniques are discussed in various many-body phigsitbooks, e.g., Fetter and Walecka
[25]. Here we summarize some of these background theoriendstly following the language
and convention of Hedin and others [10, 11, 26, 27]. The GsdenctioniG®(rt,r't") is defined
[11, 26] as the probability amplitude for the propagatioranfelectron from(r’;t’) to (r,t) in a

many electron system where the Hamiltonian can be expressed



H= .Z[ =07 + Vex(ri } ; oIi,rj (2.1)

HereVex(r) is the potential by the atomic nucleie(r,r’) = 1/(41®,|r,r'|) is the electron-electron
interaction g, is the dielectric constant, arfi= me = 1.
The time-ordered (causal) Green’s functiBhis defined as an expectation value with respect to

the many-electron statl) [26] is
Go(rt,r't’) = —i <wg‘ ‘f [QJ(rt)LﬁT(r’t’)] ‘ wy>, 2.2)
where theT is time ordering operator. Depending bandt’, the above equation can be written as
Go(rt,r't') = G8(rt,r't') — G"(rt,r't), (2.3)

where(rt) and’(r't’) are the electron annihilation and creation field operatbtsree t andt’,
respectively, on thél-electron ground stateGe(rt,r't’) and G"(rt,r’t’) are the Green’s function
for electron { > t’) and hole { < t’) propagators ifN+1 andN-1 electron system respectively.

GE&(rt,r't’) can be expressed as,

Go(rt,r't) = —%<WB“¢J(rt)lﬁT(r’t’)

Wh)e(t—t), (2.4)

wheref(t —t') is the Heaviside step function that can take value 1 or O baséd-t' ort <t’. In

this causal Green'’s function, the hole propagator is
hyprys _ _l N (/4 N I
G'(r't',rt) = = Wo (W (r't)d(rt)| Wy ) B(t" —t), (2.5)

Although the causal Green'’s function is mathematicallyvenient and particularly useful for
Feynman’s diagram techniques [27], a physically more nmedni Green’s function igetarded
Green’s functionG'(rt,r't’) that can be used to calculate the linear response of a system t
external field [25, 27]. The density of states is also prapoél to the imaginary part of the single-
particle retarded Green’s function. The Fourier transfttiom of the retarded Green’s function
G'(rt,r't') is

G'(k,00) = —iB(t —t') <w0

(D), 61| o). (2.6)
This Green’s function is also known as the retarded Greemistfon of second kind where the

electron Green’s function defined in eq.2.4 is sometimesrred as retarded first kind Green’s



function. In RSGF formalism we determine the real-spacsioarof this retarded Green’s function

of second kind3' (rt,r't’).

2.1.2 Spectral function

Starting with the causal Green’s function, we first address Green’s functions relate to exited
state quasi-particle energy states. In order to obtain éierlan representation of the causal Green’s

function, following Hedin [10] the quasi-particle amplites are defined as
) = (N=Li[§(n)IN), 2.7)

and

() = (N|Q(r) N+ 1,i). (2.8)
Here, el ! = E)) —EN"tandeM™ = EN™ —E). Now usingt —t’ = 1, the Fourier transform of

the Green’s function can be written in terms of the above dotds [26],

fiN-l-l(r)fiN-i-l*(r/) fiNfl(r)fiNfl*(r/)

G(r,r',w) = z N+1 N-T

. . (2.9)
m hw—g " +in T hw—¢; in

We see that the above expression has poles at true mangi@axcitation energieé\‘ﬂ. In the
independent particle pictur€' ™ is the unoccupied ang~* is the occupied single-particle state
with corresponding energies €. In this representation the spectral functiw) = | 2ImG(w)|

in a finite system now becomes,

Alr,rw) =5 fNTL ) FNT (1) S (w0 — eNTH) +- > NN (8w —eN ). (2.10)

|
Here the first term can be expresseddasr,r’,w) and the second term &s (r,r’,w).
The Fourier transformed retarded Green’s funci@itk,w) can be written in terms of these

spectral functions

G (k,w) = /m dod 2.11)

[ AT (K, w) A (k,w)
0

W—W—P+id0 W+ —p+id|’
Generally one calculates the causal Green’s function usagman’s diagrams or other pertur-

bation techniques which gives™ (k,w) and A~ (k,w). Using these spectral functions one then
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calculate the retarded Green'’s function. But in our RSGHFaauh we calculate the real-space re-
tarded Green'’s functio' (r,r’,w) directly using multiple-scattering formalism. This methwwill

be briefly discussed in the next section, and a detailed igéiscr can be found in ref. [28, 29].

2.1.3 Excited State Electronic structure from Green’s Fiamc

Green’s function methods are particularly useful for eectistate electronic structure calculation.
In this approach physical quantities of interest are exgg@$n terms of the quasi-particle Green’s
functionG(r,r’,E). For example, the physical quantity measured in XAS for phebf polarization

€ and energyw is the x-ray absorption coefficiepfw) which can be expressed as
U(w) O —%Im (@c|&-rG(r,r', w+Ec)é-r'|q), (2.12)

whereE is the core electron energy ang) is the core state wave function. The FEFF9 code also
calculates closely related quantities such as the spin agdlar momentum projected density of

states [DOS) pl(g) (E) at siten,
(n) . 1 Rn 0,0 2
Pis (E) = —ﬁlm %/0 Gry (r,r,E)redr, (2.13)

whereR, is the Norman radius around th& mtom [29], which is analogous to the Wigner-Seitz
radius of neutral spheres. The coeﬁicie@@f,' characterize the expansion of the Green’s function
G(r,r’,E) in spherical harmonics,
G(r,r',E) YL(F) Gl (' E) Y (), (2.14)
Lo
whereL = (I,m) denotes both orbital and azimuthal quantum numbers. Iretf@snulae, the
guasi-particle Green'’s function for an excited electroarargyE is given formally (matrix-indices

suppressed) by

GE)=[E—-H-2(E)*, (2.15)
whereH is the Hartree Hamiltonian
2
H— % LV, (2.16)

andV is the Hartree-potential. For convenience in our calcoifetj the Hamiltonian is re-expressed
in terms of a Kohn-Sham HamiltoniadkS = H + V,. where V¢ is a ground state exchange-

correlation functional[30], and the self-energy is replhdy a modified self-energ¥(E) — Vyc
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which is set to zero at the Fermi-energy= Er. In this thesis we use the von Barth-Hedin LSDA
functionalVyc[n(r), m(r)] [30], wheren(r) = n; +n, is the total electron density ama(r) =n; —n;
is the spin polarization density. In practice, it is usefullecompose the total Green’s functiG(E)

as

G(E) = G(E) + GYE), (2.17)

whereG¢(E) is the contribution from the central (absorbing) atom &3€(E) is the scattering part.
The multiple scattering formalism is briefly discussed ia thllowing section.

In the FEFF code a typical calculation of the electronicctrte (ground or excited state) starts
with a self-consistent calculation of the electron denaitg Kohn-Sham potentials [29]. Once the
self-consistent potential is obtained, the Green'’s famcts constructed and used to calculate XAS
and other quantities of interest. Of particular interesthis paper is the spin-dependent density

matrix for then-th site

o0’ 1

Er ,
o = % [ OB [ IMGE (. E) (2.18)

wheren denotes the cell defined by the Norman sphere centered dtenft atom,r,r’ are relative
to the center of the celR,, and o is the spin-index, and we explicitly designate the azimlutha

guantum numbemn andmn.
2.2 Multiple-scattering formalism for x-ray spectroscopy

Asin Eqg. (2.13), The total Green'’s function is treated in tlifferent partsG® andG®©. To calculate
these two parts we only need to know the free electron GréemionG® and the scattering matrix

ti where

ti = Vi +Vv,G%;. (2.19)

The RSGF code FEFF uses the muffin-tin approximation foriatewhereV = 5; v inside the
muffin-tin radius and/ = 0 in the interstitial region. Here the indéis summed over all muffin-tin
sites in the cluster. The free electron propag&bis defined as

2k €k|r —r'|

Gor,r' E)y=—="0
(r,r,E) 4 k|r —r'|

(2.20)

wherek = /2(E — Vint) andVy stands for potential at the muffin-tin radius.
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The central atom Green'’s functi@®f = G°+ G%.G° from Eq. (2.13) can be written as a com-
bination of regular and irregular solution of Schrodirigequation,
Go= =2k [RI(r<, kNI (=, k) +iRI (KR (I, K)] 5 Y™ (F)Y™(r") (2.21)
| m

Using Dyson’s expansion the scattering part of the Greemistion can be repackaged as

GSC — GC

§Z“+ > tG%; + > |G (2.22)
cAT#C  cAF]#C cAZTEkAC

where the sum starts and ends at the absorbing atom.

Full multiple scattering (FMS) calculations can be carr@d by matrix inversion [28], i.e.,
with G3¢ = [1— GT]~1GP, whereT is the scatterind -matrix, which is represented in an angular-
momentum and site basig: =tJ 8 1/8,v0s . Finally, t is the single site scatteringmatrix,

which is related to partial wave phase shifts,
t0, = & sin(82)). (2.23)

The full multiple scattering is considered “full” only wittn the given cluster size. For a more
detailed description of the multiple scattering RSGF méthee Goni®t al. [28], and Rehtet al.
[29, 31].

2.3 Density Functional Theory and GW Approximation

Although quasi-particle Green'’s function theory is verficiént for excited states, in the ground-
state regime such approaches are completely equivaldm &ffective single-particle density func-
tional theory (DFT). Additionally, there are various siaritechniques in both theories, such as the
treatment of missing correlation by a quasi-particle G\Wfterkrgy in the Green'’s function method
and improved exchange-correlation potentials in DFT. Atseating strongly correlated systems
with localized electrons by implementing Hubbard modeldB8Anderson impurity model [32] in
both theories have some common strategies. Although in @@Rmultiple-scattering theory no
final state wave functions are calculated, in contrast wiiT considering all these similarities in
their many-body extensions it might be worth reviewing sdrmasic concepts and approximations

of DFT.
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2.3.1 Fundamentals of DFT

Perhaps the most celebrated and successful post Hartoketfanry to study many-body ground
state is the density functional theory (DFT). Although euatty the work-horse of DFT is the
well known Kohn-Sham self-consistent formalism [33] wiifferent kinds of exchange-correlation
functionals, the historical development of DFT followsrparily from the construction of Hohenberg-
Kohn theorem [34], Mermin functional [35], and finally LDA sieription of Kohn-Sham theory [33].
The discussion here will mostly follow from some of theseerefices and summarize the central
concept of DFT.

In the Hohenberg-Kohn theory, one realizes the strength of the density functionals frioen t
two theorems: i) Ground state density(r) uniquely determines any external potentigk(r) in a
system of interacting particles, atiterefore, all properties of the system are completelyrdatesd
from the ground state densjtgnd ii) the densityn(r) that minimizes the energy function&ln] is
the exact ground state densiiy(r ).

The proofs of these extremely powerful theorems are avail@bomany texts and papers [34],

and will not be discussed in details here. The energy funatis generally written as

Evuc [ = T[] -+ Ei [1] + / PtV (r)N(r) + En, (2.24)

where the first two terms are callediversal functional fk,
Frk [n] = T[] + Eine[1]. (2.25)

This is universal since in the presencé/gf; this kineticT [n] and internal interactiok;n;[n] is same
for any interacting system and can be determined fng(n) in principle.

Despite the appeal and robustness of this theory, no ppéiscriwas suggested to solve the
many-body problem, e.g., frovy — W(r) — no(r) — Emin[no]. Shortly after Hohenberg-Kohn
paper, in 1965, David Mermin constructed a density funetiadheory based on finite temperature
ensemble theory [35]. Using a trial density mafixhe showed that the grand partition function is
given by,

Qlp] = Tr ﬁ(ﬁ_uﬂ)+%ln@ , (2.26)
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where the minimum is achieved by the equilibrium dengiy
Qmin = Q[o] = —InTre BH-1), (2.27)

Just like Hohenbeg-Kohn theory, the energy in Mermin theteyends upon the external poten-
tial only through the terny Vex(r)n(r). Although this finite temperature theory is more powerful
than the ground state HK theory since it does not only detezrttie total energy, but the entropy,
specific heat, etc. as functionals @f, but it was much more difficult to construct for practical
purpose [36].

Finally, in the same year 1965, the most computable and dtzbconstruct of DFT was pro-
posed by the ground breaking work of Walter Kohn and Lu JewS[32]. The many-body exact
Hohenberg-Kohn energy functionBlk [n] was realized as an effective single particle Hamiltonian
and a Schrodinger like equation , also known as the KohmaSkaguation. To see this develop-
ment, the Hohenberg-Kohn energy functional (Eg. 2.20) @arekexpressed as Kohn-Sham energy

functional Exs,

Exsln] = Toln + / drVex(1)N(r) + En[n] + En + Exclnl. (2.28)
HereTs is the independent-particle kinetic energy,
1\ )
Ts: 2 <LIJ| |D ‘lpl 2 z ’DLIJ, : (2-29)
a, 1=1 a, 1=1

By taking a variation with respect tr ), the Kohn-Sham equation is obtained as,

(——D2+ A >> Wo(1) = P (1), (2.30)

where tha?(r) are the Kohn-Sham orbitals and the single-particle effeqtbtential
Veft () = Vext(r) + Vi (1) 4+ Ve.(r). (2.31)

Here all the terms includingy(r) = [n(r)/|r —r’|dr’ are known except for the last tenwg.(r) =
OExc[n(r)]/dn(r), which is also known as the exchange-correlation (XC) teltnis the exchange
and correlation termvc) whose correct determination has been the central challsimge the for-
mulation of Kohn-Sham theory. In principlg. should incorporate all the correlation physics that is
missing from the single-determinant Hartree-Fock thebmypractice, many variations of exchange-

correlation potentials are constructed from free elecgias(FEG) approximation, e.g., LDA, GGA,
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LSDA and their hybrids. Such formulations are highly susbdsin many finite systems argp
solids with delocalized electrons. But they are limitedhait descriptio of the electronic structure
in systems with localized electrons, mostly due to the iaheitinerant nature of the FEG approach.

More on this will be discussed in chapter 3.

2.3.2 Local spin density approximation LSDA

In LSDA [30] one sets the functional dependence,fn(r, o) to be that of a homogenous electron
gas. The termiocal’ in LSDA implies that at a small volum@&V aroundr, the local energy density

becomes that of the homogenous electron gas,or— €/EC. Thus,

HEG , 08¢ °
SEccl = 5 / dr |elEC+n22 | n(r,0), (2.32)
[e) r,o
and the potential becomes
N HEG , 08¢ ©
XC(I’) = EXC +nW r70. (233)
The LSDA exchange terms are exactly
¥ = 2eE0(n(r, 0)), (2.3

3
but LDA correlation term/2 is not so trivial and can not be calculated exactly. Sevestainations
were given by other authors, e.g., Hedin-Lundqvist [10]p€&ey and Alder [37], etc. For spin
polarized systems, the LSDA can be formulated in terms dfeeitwo spin densities'(r) and
nk(r), or the total density(r) = n'(r) +n!(r) and the fractional spin polarization(r) following
von Barth-Hedin prescription [30],

i) =nk()
M) = SO i)

For unpolarized systems, the LDA is found simply by setting) = n(r) = n(r)/2.

(2.35)

In our RSGF method the potential is calculated self-coastst in a spin-averaged manner
regardless of the polarization of the system. Once the flatés converged AVy:(n(r),m(r)) is
implemented using von Barth-Hedin prescription in a sirgllet approach.

Although our Green'’s function approach only incorporat&DH in a single step, some of the
limitations of FEG thus becomes inevitable. For localizgstems withd or f electrons, we needed

to go beyond LSDA and this will be the primary topic of thisdle
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2.3.3 Orbital-dependent functionals for SIC and LDA+U

Minimizing the LDA energy functional with respect to dersih an unrestricted manner tends
to overly delocalize the electron orbitals or wrongly lozalinappropriate states. Many systems
with delocalizeds or p valence electrons were found to work well with LSDA functds But

the situation becomes severe for correlated systems amlisanethods have been developed to

incorporate strong correlation. Among the most successfiilese are SIC [38] and LDA#[12].

SIC stands for “self interaction corrections” and is notdeztin the Hartree-Fock theory since
the self-interaction in the Hartree teMp is exactly canceled by the exchange tafm But this is
not automatically done in the LDA approximation®f.. For strongly correlated systems where the
electron-electron Coulomb interaction is non-negligithies to the localized orbitals, this error can
bring severe consequences. In extended systems, the geebarmelation term is constructed by
subtracting the self-interaction term. There have beearaésgtudies using SIC-LSDA within DFT
[14] and Green's function [39] framework that show signifitémprovement in the description
of magnetism and magnetic ordering in transition metal esjchigh Tt cuprates, and rare earth

compounds.

In contrast to SIC, LDAWY adds an explicit orbital dependent term in the Hamiltoniduexe ap-
propriate double counting terms are subtracted. Such draetien is motivated from the Hubbard
model [8, 9] where the onsite Coulomb interaction is vergrar due to the presence of localized
orbitals. The termJ can be obtained from the screened electron-electron atienawithind or f
orbitals. In real systems it is often a very difficult task tdauilate screening from first-principles.
ThusU has often been taken as a fitting parameter with respect &riexgntal results on the mag-

netic moment or the band-gap of correlated systems.

The prototype systems are the transition metal oxides, Hi@, MnO, and CoO which are
anti ferromagnetic insulators but incorrectly predictedveetals by conventional DFT. On the other
hand, an arbitrariness of LDAJcomes from the double counting term which is often not vesyea
to determine in a mean-field theory such as LSDA. Anothertsboring of this approach is the
absence of a good screening model which often leads oneytomed parametric determination of

u.
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2.3.4 GWA self energy model for excited states

The discussion in this section is mostly following Hedihal. [10] and Aryasetiawart al. [40].
Whether it is in a Green’s function based multiple-scatigrpproach or in a wave-function based
DFT approach, the GW approximation is the one of the eaddisdtmost generally accurate devel-
opment for calculating the quasi-particle energies. Thisimally the first term in the perturbative
expansion of the electron self-energy in powers of screartedactionW, and was first applied to

the electron gas by Hedin [10]. The quasi-particle equatenmbe written as
(—%D2+vext(r)+vHartree(r)+/dr’20(r’,r,w)> We(r) = gwl(r). (2.36)
The GWA is formally given by
S(r'rw) = %T/Zdw’G(r’,r,w+w’)W(r’,r,w’)ei&d, (2.37)

where theW(r’,r,w) is the screened Coulomb interaction with dielectric fumc®(r’,r,w). A
detailed discussion of the GWA is beyond the scope of thisishdut here we will mention that
a robust implementation of the GWA can be made in both DFT arekes function based ap-
proaches. In the language of DFT, the self-ene€Xfiir’,r,w) is a non-local and energy dependent
extension of the static and local exchange-correlatioerg@l V°(r). It was also formally shown
by Gunnarssoret al. [41] that for localized systems, such as transition metadex or actinide

compounds, the LDAY is an approximation to the GWA.

2.4 Theory of localized electrons and strong correlation

2.4.1 Hubbard Model

Several properties of strongly correlated systems aredessiribed by three parameters, the ratio
between the electron-electron Coulomb repulsion and theWg't, average electron occupancy

and the dimensionless temperattiré. The interplay between these parameters has most success-
fully been captured by the Hubbard model. Despite its sicitg)i the Hubbard model has been
acknowledged as the paradigm of strong correlation physiced, even after 40 years of intense

investigation, many of these Hubbard model systems rerhaitopic of heated debate.
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The Hubbard model [8] typically starts with a simple lookidgmiltonian,
H=—ty aajo+U Y riy, (2.38)
{ij) !

where(ij) are to denote the neighboring sitéss the hopping matrix term, arld is the on-site
Coulomb or Hubbard interaction.

In systems wher®) /t < 1, the hopping dominates over on-site Coulomb interactidhis
happens whehis very large due to significant overlap between the orbaalslifferent sites. With
these orbitals, the Hubbard model then approaches a rilaaldscription of itinerant electrons. On
the other hand wheld /t > 1 in a half-filled system, hopping is suppressed and douldepancies
due to a transition from a neighbouring site is inhibited bg energy cost). Thus, the onsite
Coulomb interaction between the localized electrons dritie system from the metal phase to the
insulating phase.

The most interesting aspect of Hubbard model comes fromtiggiation with electronic struc-
ture theory such as DFT so one can study more realistic sgstiany of the transition metal oxides
and the parent compounds of High duprates are now realized as insulators with correlatigns,ga

and are formally called Mott-Hubbard insulators.

2.4.2 Antiferromagnetism and Mott transition

Experimentally the low temperature Mott-Hubbard insulatare always found to be accompanied
by an antiferromagnetic phase [42, 43]. This is also the &asBliO, MnO and La_xSrCuQy.
The correlation between their insulating phase and magnet explained by a mechanism called
“super exchange” and can be understood within the Hubbamkhsystems. Here we will try to
gain an intuitive understanding of this phenomenon.

The discussion in this chapter follows from the text by Aleder Altland [43]. In the strong-
coupling limitU is much larger than (e.g.,U > t) in Hubbard model. Wheh= O there will
be exactly one electron at every lattice site correspontbrtpe ground state of the entire system.
Through fluctuation, anti-parallel electrons between twigihboring sites can hybridize by making
a transition to an intermediate virtual state in which ore secomes doubly occupied. This virtual
state has energy above the ground state. This state decays quickly by hoghmelectrons on

to neighboring site and reducing the overall energy. Thassiistem remains an antiferromagneitc



19

insulator with half-filled lower Hubbard band and fully uropied upper Hubbard band. Such

strong coupling Hubbard systems are often described with ldamiltonian [43],

Hiog=—tY afgans+J 5 S-S, (2:39)
(i )

(

where the second term can be easily recognized from Hisgmbedel, and ~ t?/U.

With doping the Mott-Hubbard insulators become very dittico explain. The removal of
electrons introduces vacancies in the lower Hubbard baridnwdan then propagate through the
lattice. Doping dependent phenomena in LSCO has creatadisamt interest in the recent years
[19, 44-46]. The parent compoundJGuQy is build of layers of Cu@ separated by rare earth
ion lanthanum. At half-filling the Cu sites adopt @%3configuration. In this system the Fermi
energy lies in the middle od¥ Y orbital of copper. In a simple band picture, this single bend
exactly half-filled and therefore metallic. However, sggag@oulomb interaction drives the cuprate
system to be an anti-ferromagnetic Mott-Hubbard insul§4@i. In Lay_SrCuO, however, the
lower Hubbard band is introduced with charge carriers. Witls increasing doping concentration,
the Hubbard gap collapses and the unconventional superctingl phase evolves. The mechanism
is believed to be due to the exchange of antiferromagnetit fijctuations. This explanation is
still not conclusive and the subject of great controversy speculation. In chapter 4 we will study
the overdoped phase of LSCO based on a single band Hubbarel mitd a doping dependent

self-energy.
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Chapter 3

HUBBARD MODEL CORRECTIONS IN REAL-SPACE X-RAY
SPECTROSCOPY THEORY

We have implemented the Hubbard model in real-space meilsiphttering Green’s function
(RSGF) calculations of x-ray spectra based on a rotatipialariant LDA+U formalism. We have
also estimated values of the Hubbard paranigtasing the constrained RPA method that was origi-
nally developed by Yoshinari Takimoto [47] and Joshua J., ldad details can be found in Ref.[23].
For this development we followed cRPA approach as preatiityeAryasetiawaret al. [48]. Our
treatment also includes a model self-energy which incatesrthe interaction of the photo-electron
with excitations such as plasmon; this model is based onextireh gas Green’s function and a
many-pole model of the screened Coulomb interactdn This combined treatment leads to an
efficient approach to account for correlation on localizednv&ll as delocalized electrons, and its
effects on x-ray spectra. Moreover, the RSGF formalism s alpplicable to general aperiodic
systems including nano-particles, molecules, and swsfaBesults are presented for the spin and
angular momentum projected density of states of MnO, Ni@ la_«SrCuO, (LSCO), for the K-
edge x-ray spectra of O atoms in MnO and NiO, and the unocdwgéctronic states and O K-edge
spectra of undoped LSCO. The method is found to yield redderzgreement with experiment. We

have reported our findings to Physical Review B [23].

3.0.3 Outline of this chapter

After a brief introduction in section 3.2, we discuss Aniewis prescription [13, 49] of LDAY
formalism in section 3.3. Our implementation of LDB+n RSGF code FEFF9 is discussed in the
later part of this section, namely section 3.3.2. The ddtation of the Hubbard parametgrand
the many-pole approximation of the quasi-particle setrgy are briefly discussed in sections 3.4
and 3.5. Finally our LDAY implemented RSGF calculation are presented and analyzstiions

3.6-3.8.
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3.0.4 Key Observation

With a cRPA calculated Hubbard parameterour LDA+U correction correctly accounts for the
correlation gap in Mott insulators, e.g., NiO, MnO, andCa0O,. The agreement with experiment
is significantly improved with LDAY for the calculated XANES and XES of the O K edge in these

systems.

3.1 Introduction

Density functional theory (DFT) together with quasi-paeicorrections has been remarkably suc-
cessful in describing the electronic structure and barnb-gd weakly interacting-p bonded sys-
tems. For such systems, quasi-particle corrections aem afiell described in terms of Hedin’s
GW self-energy [10, 50], wher& refers to the one-particle Green’s function aidthe screened
Coulomb interaction. Such corrections are especially n#mb in treatments of excited states, e.qg.,
in various x-ray spectra. However, the GW approach is gélgermdequate to describe the band
gap and other electronic properties in materials with welhlized 8 or 4f electrons [12, 51]. On
the other hand, the strong Coulomb interactions in thesemsgsare often approximated using a
Hubbard-model [12], in which the on-site electron-electrepulsion is represented by the spin-
and orbital-occupancy dependent potential parametelyétiubbard parameterd) andJ. Com-
bining the local density approximation (LDA) of DFT with tiubbard model leads to the LDAW
method. In practice, the Hubbard correction is added to tiggnal Kohn-Sham LDA Hamiltonian
while an approximate mean-field term is subtracted to avoigbte-counting [49]. Formally the
Hubbard interaction can be regarded as a static approximadithe self-energy of correlated sys-
tems [1]. In calculations of excited state properties, haweone also needs dynamic self-energy
effects due to delocalized excitations, i.e., plasmon atigich can be approximated by model GW
calculations. A related approach has been proposed by étaaig 1, 52], where a GW self-energy
is calculated from an LDAW starting point and the infamous double counting terms lgrgen-
cel. Their approach also yields good approximations forbidwed-gap of several and f electron
systems [1, 52]. In another prescription, Baretilal developed a self-consistent GW+scheme
based on the tight-binding approximation and a single-dmiobard model [53, 54]. Their method

is found to qualitatively explain several pre-edge spétéatures in high T cuprates [22, 55].
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The approach developed here is based on the UWDAarmalism of Anisimovet al. [49], to-
gether with a many-pole model self-energy, that treats)alitations as plasmonic in nature. This
model is not expected to contribute appreciably to the tatiom effects on localized states, so
we simply add the two contributions to form an effective @#iergy correctiodzV (E). The im-
plementation of our Hubbard-corrected self-energy in®réal-space multiple scattering Green’s
function formalism is relatively straightforward, and lgie an efficient approach which is applica-
ble to both weakly and strongly-correlated materials. ORGRAZY approach is advantageous for
calculations of x-ray spectra over a broad spectrum, eslbpesince it does not rely on structural

symmetry or periodicity requirements.

Using this extension of our RSGF codes, we investigate fleetsfof correlation on the angular
momentum projected density of statéBQS), the x-ray absorption spectra (XAS), and the x-ray
emission spectra (XES) of several materials. Other codéshwdan incorporate Hubbard correc-
tions to excited state spectra include WIEN2K [56], SPRKKRR][ and Quantum ESPRESSO [58].
Our implementation of the Hubbard correction is similartattin SPRKKR, although in that code
U is taken as a parameter [57]. We also estinhatesing the constrained RPA method implemented
in our RSGF codes. Calculations of the Hubbdrdave also been carried out by others, using both
constrained LDA (cLDA [59-64]), and constrained RPA (cCRBA,[66]) approaches. Both of these

methods have been systematically compared by Aryasetiatan[48].

Our RSGFAZY method is tested on sevemelectron systems including MnO, NiO, and the
undoped high ¥ cuprate La ,SCuQ, (LSCO). In these materials, the electronic structure and
band gaps are strongly influenced by the Hubbard interactida find that our approach vyields
reasonable agreement with bulk-sensitive probes such &ax# XAS which are used to measure
band gaps between occupied and unoccupied states [67]. Nvpace our results with related
calculations for MnO and NiO using the GW@ LDRH+treatment of Jiangt al. [1]. Treatments of
Ti oxide compounds using LDAF within the multiple scattering formalism have also beeroregal
by Kriiger [68], although, in that work a gap in thestates was forced by splitting the occupied and

unoccupied states by an experimental gap correction.
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3.2 Hubbard model in Real-space Green'’s function Theory

3.2.1 LDA+U Formalism

As is well known, LDA in DFT is often not adequate to descrilgstems with localized electrons.
The main problem comes from the fact that the energy funatiand its derivative are both contin-
uous under the LDA approximation where the well known deiovaby Perdewet al. [69] showed
that in an exact DFT the derivative of total enerigywith respect to the number of electroNs
should have discontinuities at integer valuefof

Z—E —EM)—EM-1), M—1<N<M=EM+1)—EM), M<N<M+1 (3.1)
As a result,V () = 6E[n(F)] /dn(r) will also have discontinuities at integer values Nffor
exact DFT. The absence of this potential jump in LDA DFT isstmasponsible for the failure in
describing the band gap of Mott insulators such as tramsitie@tal and rare-earth compounds as

shown by Gunnarsson and Schonhammer [70].

In Anderson’s impurity model [32] electrons are separatetivio subsystems: localizatior f
electrons where thé—d interactions are added bjy..; ninj in a model Hamiltonian and delocalized
s and p electrons which is described by orbital independent oeeten LDA potential. In the
localized or Hubbard space the total d-d enerdy (N — 1) /2 and should be subtracted from the
total LDA energyE'PA(N) in order to avoid double counting. Thus Anisimet/al. [13] showed
that ignoring exchange interaction and non-sphericitgl ofd interaction, the energy functional,

1
E=Eioa~UN(N=1)/2+4 5 3 i (3.2)
2i7

Taking the derivative of E with respect tgr') one obtains the potentigl(r),
, 1
V.(F’) :VLDA(F)+U (E—ni) (33)

This clearly shows the discontinuous behavior of the pa@edepending om; = 0 or 1. A similar
equation is also obtained for the single-particle eigeneal

=

i 1
€ :6_ni:8I‘DA+U(§_ni) (3.4)

From the above equation, the highest occupied stpte 1) shifts by—U /2 and lowest unoccupied

state (; = 0) shifts by+U /2 creating a gap of sizg. This oversimplified argument shows how
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the potential jump causes the energy gap although it ignusassphericity of d-d interaction and
exchange interaction.

Following Anisimov we will now start with an exact expressifor the Hubbard model Energy
functional and eventually derive a simplified and suitalxdgression for real-space Green’s function
theory.

ECAn(F), {n®}] = EXPAIN(F)] + EV [{n}] — Eacl{n®}], (3.5)

wheren®(T) is the charge density ar{gh®} is the density matrixE" is the Hubbard term,

1 _
EU [{n"}] = E Z {Ummim/m//ngﬁm nm?m,, + (Ummm/m// — Jmmm//m/)n%m nﬁwm,,}, (3.6)
mmm’'m’” o

where the direct tertd iy =< m,m [Vee m’, m” > and exchange terdy iy =< m,m/ [Veem”, m’ >.

The double counting term in Eqn.5 for orbital independenflidtential is
Eac[{n°}] = %U N(N—1)— %J[NT(NT — 1)+ NN =1)] (3.7)

Here the total number of localized electrdds= NT + N!.
First approximation: If the localized electrons are of atomic type, the densityrinand Hubbard

parameters can be approximated [13] as,
N2 = N9 3mmUmm =< MM |Veelmm > Iy =< mnd|Vee/m'm > (3.8)

Here we are ignoring the off-diagonal terms of the densityrixag, ;. Using the above expressions

the simplified Hubbard term in the energy functional becomes
U 1 0 ~—O0 1 (oe)
mmao mmao

UsingEY andEgc in the total energy functiond [n(7), {n}] we can now obtail (') = 8E /8n(T).
Second Approximation: Following Anisimov and Sawatzky [13] we can do a further difigation
by ignoring the non-sphericity of d-d interacti€h,,y — U andJnn — J. With this approximation

the total energy functional becomes,
E=EPA 4+ S Ung—n%)(n, —n°)
mm,o

+ (U —=J)(nf,—n°)(ng, —n°) (3.10)

m,m'#m,o

Nl NI
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Here double counting terig. is included byn® wheren® = ng/10 andng = $ g . The spin
and orbital dependent potential thus becomes,

V2 (7) =VPA[T) +U ;(nl;nff— o)+ (U —J) 5 (7, —no) (3.11)
m=#m

3.2.2 Rotationally Invariant Implementation in Multipdeattering Theory

Our construction o/

(E) is adapted from the LDA4 approach of Anisimoet al. [49]. In their
approach one starts with the total energy functional of ylséesn and adds a Hubbard correction to
account for the Coulomb interaction between localize@rsily correlated electrons. Itis generally
assumed [71] that a similar mean-field term should exist ii\ldD other DFT approaches which

must be subtracted from the energy functional to avoid doablunting,

EY[n°(F),n°] = EPAIN°(P)] (3.12)

+ EY[n%] — Egc[n°],

wheren®(T) is the charge densityy® the density matrixEY the Hubbard interaction, andgg
the double counting term. The Hubbard term depends on thsitgenatrix nﬁ’rﬁ’{”m,, and on-site
Coulomb interactions between the localized electrons.

For systems where the localized electrons are atomiciliieedensity matrix can sometimes be

approximated [13] as

This spherical approximation is often not reasonable fonyrsystems including TMOs, and good
agreement for the band gap is found only when the non-sptyeoitd-d interaction as well as the
off-diagonal terms ohy,y are taken into account [13]. In order to implement basis pedeent

formalism of LDA+U, we diagonalize the density matm¥€ by a unitary transformation from the

|Im) to |la) basis for 8 states,

T {nd Tt ={n% ). (3.14)
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The total energy functional can then be written as

1
E = E*45 Y U(ng—n%)(n,®—n°)
20(70(/70
1
+ 5 > (U-=3)(ng—n°)(ng —n°). (3.15)
20(,0(';&0(,0

Here the double counting terByc is represented by wheren® = ng/10, andng = 5 45 Ng. Using

V(F) = 8E /dns(T), a simplified expression for the total LDAMpotential is finally obtained [13],

i.e.,
VEPATE(F) = VEPA(T) 4+ Vg, (3.16)
where
VY, =U Z(nl‘q‘?—no)jt(u —J) Y (nfe —n°). (3.17)
a o'

In a single-step spin-dependent calculation using the varhBHedin LSDA functional, we first
obtainn?,. In this prescription, a prior knowledge of spin polaripatiof i-th atomm, = n/ —n/ is
required. For Mn, Ni, and Cu we used= 5, 2, and 1 respectively using Hund’s multiplicity rule
[72, 73] for free atoms which is often a good approximationsiach systems.

The occupancy of the spin-up and -down states withindfwbitals are thus determined in
this single-step LSDA approach. Our calculations of spinital occupancies of Mn and Ni-
states using this scheme are listed in Tables | and II. Thusssentially start with a spin dependent
ground state calculation and introduce spin and orbitaéddpnce using Anisimov’s prescription of
Hubbard model. This LDAW prescription is found to provide good agreement betweethinary
and experiment for the XAS of the TM compounds investigater halthough the self-consistent
LDA+U treatment may be more desirable in other cases. The exclpamgmetel is typically
much smaller thaty and variations were found [12] to be small over the transiticetals; thus
we have used=0.9 eV for all cases. Using Eqg. (12), (17), (18), and (21),then correct our
self-consistent potential and obtain a new poteitial, E).

Then using the above Hubbard corrected Hamiltonian, theawctionsR 4 (r,E) andH(r,E)
are recalculated as solutions of the Schrodinger equat®de the muffin-tin spheres. The orbital
dependent phase shifi§, (E) are obtained by matching to the free solutions (sphericas&unc-

tions) at the muffin-tin, and the scatteribgnatrices are found,

t0, = &% sin(37,). (3.18)
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Finally the multiple-scattering equations are resolvethwheset-matrices yielding the the total
Green’s functiornG = G°+ G*¢, which now includes the Hubbatd-correction. With the addition

of the state dependent Hubbard correction, the potenti&gof(12) can correctly account for the
well known discontinuity [13, 69] in exact DFT exchange+edation potentials. However, such
a term is absent from the conventional LDA and GGA approactedering them incapable of

including such

3.3 abinitio Hubbard parameters using constrained RPA

A fully screened Coulomb interaction is given by,
W=[1-vP v (3.19)

WhereP is the noninteracting polarization function,

occunocc

P(r,r', w) ZZIM Wi (Wi (r)

1 1
(.m)—?.j—|—£i—|—i0+ (»\)—I-Sj—Si—iOJr

(3.20)

wherey;, & are the eigen states and eigen values of the system.
In a constrained RPA model one splits the polarization spaoea localized (d-d polarization)
Py and rest of the systefd P = Py+ P;. Py includes only d-d transition wherg, j} € {{q}. Now

from the above equation ,

v v
~1-vP  1-VvRy-VR
B v
- (1-vR)(1—(1-VR) vRy)
_U(w)
T 1-U(w)Py (3.21)
WhereU (w) is defined as
v
U(w) = [v=Ye) (3.22)

This frequency dependeblt(w) is the Coulomb interaction between d-d electrons screepdleb
rest of the system. One notices thhtw) is alsor,r’ dependent through the polarization function

P (r,r’',w) If we take the static limit@ = 0) the U term is calculated as,

U = [ re jgaa(n)2U (r.r") [gua(r)? (3.23)



28

A numerical implementation of this method is currently unpliegress.
In our cRPA formulation [48] of the Hubbard paramdtewe start with the standard expression

of the RPA screened Coulomb interaction given by
W =eRPATr 1 )y, (3.24)
where the RPA dielectric constant is
eRPAr ) = 1—vxO(r, 1, w). (3.25)

and the non-interacting response function is

occunocc

0 =3 T WO WO

1 1

—— — . 3.26
W—¢&j+&+i0"  w+teg;—¢g—i0" (3.26)

For correlated materials with narrowd r 4f bands, the response function can be divided into
X% = x§+x?. Herex§ contains only & — 3d interaction, and can be obtained by limiting the
summation td, j € g, andx? is the response due to the remainder of the states. Theiedfect
Coulomb interaction in the narrond®ands can thus be identified [66] with the Hubbard parameter
uU:

u(r,r’,w) =[1-w(r,r,w (3.27)

In the static limit (o = 0), we retain only the components of the effective intecactin the same

atomic site by
Rn 3,43,/ 2 / INY
U = [ 6 gsa(DPU (1) [osar) . (3.28)
0

whereqgq is the localized 8 orbital of the embeddeatth atom with muffin-tin radiug,. Following
Stott and Zaremba [74], we write ti8(r,r’,w = 0) in terms of the retarded single particle Green’s
function, i.e.,

0 / Er dw + / 4+l
X (r,r',w=0) :—2Im/ ?G (r,r'; )G (r',r,w). (3.29)

This allows us to use our RSGF framework to calculate theorespfunctions and thus the Hubbard
interaction. Since the interactions in question are lichite spacial extent around a single atomic

site, we make the approximation that the Coulomb interactimy be replaced by its spherical
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average about that site, i.&(r —r’) = 1/r-, wherer,r’ are relative to the center of the atomic
site. In addition we neglect the angular momentum off-die@lements of the Green'’s function.

This gives the following simple expression for the sphdijcaveraged non-interacting response

function,
E
X°(r,r',w=0)=—2Im Fd—:[o
x ZGIL(r7r’7w)GEL(r’,r,w). (3.30)

We then find the RPA response function by inverting in reatepaVithin these same approxima-
tions, we may calculate the response funci@refined above by omitting the angular momentum
states of interestdf or f-states) from the sum in the above equation within a cutofiusR.. For

example to findJ for thed-states, we use the response function

Erd
Xo(r,r' . w=0) = —2Im/ —T(:)

X ; G/ (r,r,w) G/ (r',r,w) +
L#d
ng(n r/70o)GaLd(r/7 r,(x))@(r - RC)@(rl - RC)] ) (331)

whereO(r) is a smooth cutoff function which goes to zera at R.. Finally,U is found according

to Eqg. (3.27) and (3.28). These RSGF calculations have bseth to find the RPA screened core-
hole potential in calculations of XAS, and give reasonabklts when compared to other theories
(i.e., final state rule or Bethe Salpeter) and experiment (k& find that a cutoff radiuR. = 1.5R,
gives reasonable values dfwhen compared to other calculations, and consistent bapsl\wghen
compared to experiment. Fig. 3.1 shows a comparison of oRAaRsults forJ with the cRPA

and cLDA results of Aryasetiwaat al. [48]. Overall, the values are in reasonable agreement, and
differences can be attributed to the choice of localizetkstand the approximations in the treatment

of screening in our method.
3.4 Electron self-energy

Quasi-particle effects are key to an accurate treatmentoitiee state spectra [76], and hence require

a good approximation for the electron self-energy for edtéehstates. Current approximations for
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Figure 3.1: (Color online) Results of our cRPA calculatiofi$) (red squares) for thedtransition
metals compared with the cRPA (blue circles) and cLDA (giteamgles) calculations of Aryaseti-
awan [48]

the self-energy typically begin with HedinGW approximation (GWA) [10], which is formally
given by
OV —iGw, (3.32)

whereG is the one electron Green’s functiot, = £ ~1v, is the screened-Coulomb interaction, and
v the bare-Coulomb interaction. The FEFF9 code uses sevgpabximations for the self-energy
with the aim of providing efficient calculations of the engmependent shift and broadening of
spectral features over a wide energy range. The defaulchatiappropriate at high energies, is the
Hedin-Lundqvist plasmon-pole model [10, 77], based on timadgeneous electron gas and a single-
pole approximation to the dielectric function, which wonkgll at energies above the plasmon
energywp. An extension which improves the self energy at lower eesrgs a many-pole model

(MPSE), where the the dielectric function is represented asighted sum of poles matched to
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calculations of the loss function in the long wavelengthitlim8]. Efficiency is retained by assuming
a simple plasmon dispersion relation for all poles in theesentation of the dielectric function,
and by using an electron gas Green’s function. Thus our MR&¢tilations are performed in a
two step process: (i) The first step is to obtain a suitableagmation to the energy loss function
L(w) = —Im[e(q = 0,w)~2]; and (i) The second is to extend tkye= 0 result to finite momentum

transfer by representing it as a weighted sum of poles, whigither conserve the overall oscillator

strength,
L(gw) " = —Im[e(g,w) ] =y giefdw’ — o (a)?). (3.33)

Using this representation, and the electron gas approxim#br the Green’s function, the self-
energy is a simple weighted sum of dynamic electron gas gagole self energies, and a Hartree-

Fock exchange term

SMP(K,E) = Z4(k, E) + Zne (K),

24K E) = giZa(k E;o). (3.34)

The above formula is used to calculate an average quastipacbrrectionASMP (k(E), E; pint),
where the density used in the model is averaged over thesiitiigr (outside the muffin tins). More
details of the MPSE model can be found in kasl. [78]

Although these models significantly improve quasi-pagtichlculations of unoccupied states
at intermediate energies, they do not necessarily yieldrate band-gap corrections, and they do
not have an appreciable effect on the localized states heaFérmi energy. Formally the two
effects can be added by assuming that the Hubbard corre@rerequivalent to the static Coulomb-
hole/screened exchange (COHSEX) approximation for thalilted states [1], and then treating

only the dynamic self-energy corrections to the localizmies with the model self-energy, i.e.,
% ~ Zcomsex+ [EMPSE- SMBSE 1. (3.35)

Here the first term is approximated using the Hubbard mod#éwhe second is calculated using our
many-pole model. Delocalized states are treated with theyrpale model alone. However, since
our many-pole model gives only small quasi-particle cdroes to the localized states, we have

neglected the last terBYE5EL, in our calculations. Thus in our implementation of the Hulba
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corrected self-energy, an effective spin and orbital ddpantotal correctiod>" (E) is constructed
as a simple addition of the plasmon-pole or many-pole sedfgncorrectiomA>(E) and a Hub-
bard correctiony;, with calculatedJ, in order to correct the localized states near the Fermi.leve
Although such a construction can be done using self-camgishethods [79], here we use only a

single-step calculation. Thus we define our total self-gneorrectionAsY as

V(r,E) = VPAIN)+2V(E), (3.36)

ASho(E) = Vige+ASMP(E), (3.37)

where each term has double counting subtracted. The odithkpin-dependent Hubbard contri-
bution to the potentiay|\  is calculated as described in the next section. We stresshtha@bove
prescription is an approximation; formally [52] one mighkipect some double-counting between
the Hubbard terms and the many-pole self-energy. Howdwegffect of=MP(E) is most important
at energies comparable to plasmon excitations while thaswiehnear the band-gaps is dominated

by the Hubbard terms.

3.5 Density of States

3.5.1 Transition metal oxides: NiO and MnO

Transition metal oxides (TMOs) such as MnO and NiO are cameidito be prototypes of strongly
correlated Mott type insulators, with localized and pdigtidilled d-electrons at the metal sites.
These TMOs have NaCl like crystal structures, (Cu@&symmetry, and {3m space group).

Below their respective Neel temperatures, they all extabhihombohedral distortion due to anti-
ferromagnetic (AF) ordering, which is also known as excleaagisotropy [80]. We also examined
the effects of such crystal distortions but they had negléginfluence on the spectral features of
interest here. In the following subsections we presentltefaor the total and angular momentum
projected DOS of MnO and NiO for a few valuesldf For both compounds, the O K-edge XAS

and XES are also calculated and compared with experimezgalts.
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Density of States (e'%o

Figure 3.2: (Color onlinelJ dependence on total DOS of MnO with spin up (solid red) and spi
down (dashed blue) for different values @t (a) LDA (U=0), (b)U =2.1 eV, (c)U =5.4 eV
(cRPA), and (dJ = 6.1 eV, the vertical dashed line is at the Fermi energy.

MnO

In order to compare with room temperature experiment [6&,used an undistorted MnO crystal
witha=b=c=4.4316A anda = B =90.624 [81]. In this paper, we do not consider periodic
magnetic effects; however, the single site moments areigitipltaken into account in ouEY (E)
implementation. Our calculated cRRAfor MnO was found to be 5.4 eV.

In our FMS RSGF calculations for MnO, we used a cluster of 26fhag, which was adequate to

converge the spectrum, and a smaller cluster of 60 atomidadlf-consistent muffin-tin potentials.

For this system we calculated the O K-edge XES and XAS anddineasd angular momentum
projected DOS about the Mn and O sites with and without Hubblsarrections. Fig. 3.2 shows a
comparison of our calculated total ground state spin-vesbDOS of MnO to that calculated with

different values ol including its cRPA value.
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Figure 3.3: (Color online) Angular momentum projectedOS for Mn and O in MnO wittJ = 0.0

eV (dashed lines) and cRRA= 5.4 eV (solid lines); Spin up and down DOS are above and below
the horizontal axis correspondingly: (a) MRDOS , and (b) Op-DOS; the vertical dashed line is
at the Fermi energy.

While a calculation with a MPSE underestimates an insudademp (dashed blue line in Fig. 3.2(a)),
a gap close to that observed in experiment is obtained usingadculated Hubbard correction with
U = 5.4 eV. When this Hubbard correction is applied to Mistates, the unoccupied spin down
states are shifted by +1.6 eV, as seen in Fig. 3.3(a). Thestates (Fig. 3.3(b)) neat-kare strongly
hybridized with Mnd-states (Fig. 3.3(a)); thus a gap is also seen in the@DS. However, the
O p-states around 6-8 eV only hybridize with Mrp-states (not shown) and are not affected by
the Hubbard correction. In Table (I) we present the spintalroccupancies of the localized Mn

d-states and the corresponding Hubbard correctiofer5.4 andJ = 0.9 eV.

In order to compare with room-temperature experiments {& have accounted for the rhom-
bohedral distortion of NiO crystal along the [111] directi83, 84]. Our methods for calculating

electronic structures of NiO are similar to those for MnOgept for the input NiO crystal struc-
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Table 3.1: Mnd-state parametert)(= 5.4 eV;J = 0.9 eV)

I a Nig nﬂa n,ia Vlg (eV) Vlé (eV)
2 o 094 085 0.09 -0.32 3.11
2 oo, 090 081 0.09 -0.29 3.11
2 a3 093 083 0.0 -0.30 3.12
2 o4 120 099 011 -1.00 3.12
2 05 1.09 098 0.11 -1.00 3.15

Table 3.2: Nid-state parameter§)(= 8.0 eV;J =0.9 eV)

Il a nme nyon, Vviev) Viev

2 a; 121 091 030 -0.72 3.95
2 a, 130 095 035  -1.40 4.02
2 a; 186 095 091  -1.40 -0.52
2 a; 186 095 091  -1.40 -0.52
2 as 1.88 096 092  -1.43 -0.53

ture, where we have used a slightly distorted crystal wita b = 4.168 A, c=4.166 A, and
o =B =90055,y=90.082. With the Hubbard correction, the best agreement with thmEéx
mental XAS was again obtained with our calculatéd 8.0 eV. Fig. 3.4 shows the gap opening in
the spin projected total DOS of NiO for other valuesbobeside cRPAJ.

The O p-states in NiO are also strongly hybridized with localizedd\states as in MnO. The
spin-orbital occupancies and corresponding Hubbard tiatdar the Nid-states are listed in Table
Il. The results are presented in Fig. 3.5.

We have also compared in Fig. 3.6 our total DOS for MnO catedlavith our cRPAU =5.4
andJ = 0.9 eV, with that of Ref. [1] calculated witd = 5.4 andJ = 0.0.
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Figure 3.4:U dependence on total DOS of NiO with spin up (solid red) and dpivn (dashed blue)
for different values ofJ: (a)U =0 eV, (b)U =4.5¢V, (c)U =8.0 eV (cCRPA), and (dY = 135
eV; the vertical dashed line is at the Fermi energy.

Despite differences in methodology and the fact that the/gean only be determined approxi-

mately with a finite cluster RSGF approach, both methodsrareasonable agreement.

3.5.2 High T Cuprate: LSCO

Understanding the doping dependence of higlcdprates has become an interesting challenge in
recent years. LSCO (LaxSrCuQy), which is a prototype of hole-doped cuprates, exhibitsafliet
and paramagnetic behavior at high doping [22], and becomes-ansulator when undoped. Be-
tween these limits, the system goes through a supercondygtiase at the doping concentration of
aboutx = 0.15. A good description of the electronic structure irn&ulating phase is important to
understand the exotic doping dependent phase transfamsati such systems.

In the over-doped region witk> 0.2, LSCO becomes paramagnetic, and is well described by

a self-energy approximation constructed from a single bdunlbard model [22]. A Fermi-liquid
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Figure 3.5: Angular momentum projectédDOS for Ni and O in NiO withU = 0.0 eV (dashed
line), andU = 8.0 eV (solid line); Spin up an down DOS are above and below thizdtal axis
correspondingly: (a) Nid-DOS (b) Op-DOS; the vertical dashed line is at the Fermi energy.

description thus becomes more appropriate for such systé&asdoping is reduced, correlation
effects due to localized states become more important,faniiiplementation of Hubbatd to the

d electrons on the Cu sites is seen to open a gap. A gap corrertiogz" (E) on the partiat-DOS
of Cu andp-DOS of O is shown in Fig. 3.7 and Fig. 3.8.

3.6 X-ray spectroscopy

3.6.1 MnO and NiO

Bulk sensitive XES and XAS for TM oxides often provide a go@dessment of the band gap in
insulators [67]. In Fig. 3.9 we compare atff calculation of the O K-edge XAS and XES in MnO
with experiment [67]. Fig. 3.9 shows the result of our spisoteed FMS calculation obtained with
both Hubbard and MPSE corrections (b), compared to resiitsne Hubbard correction (a), and

experiment (c). The XAS calculation was done in the presehaescreened core-hole at the absorb-
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Table 3.3: Calculated Hubbard paramefeand gapA of MnO, NiO, and LSCO.

Materials MnO NiO LSCO
U (this work) 5.4 8.0 10.0
U (Ref. [1]) 4.7 5.2

U (Ref. [12]) 6.9 8.0

A (this work) 3.9 4.4 1.4

A (Ref. [1]) 2.6 3.8

A (Expt. [67, 82]) 4.1 4.3 1.8

ing O atom in MnO while for XES no core-hole was included; thapproximations are consistent
with the final-state- and initial-state rules for XAS and XESpectively. Our Hubbard corrected
self-energy blue shifts the first excitation at around 534vehvle the rest of the unoccupied states,
including the main peak at 540 eV, are unchanged. In XES, itifeebt occupied state moves down
by 3 eV which is now on the other side of the second verticahéddine in Fig. 3.9. These distinct,
opposite shifts of the highest occupied and first unoccugiiaies are due to the strong hybridization
of O p-states with the localized Md states. This can also be identified in Fig. 3.3(b) as the lower

(LHB) and upper Hubbard bands (UHB) at around -2 and 2 eV.

For NiO our GW plasmon-pole calculation in Fig. 3.10(a) é&xisi considerable overlap between
the O K-edge XAS and XES spectra, due to the underestimasedaiimg gap. However, the intro-
duction of the Hubbard interactiotd (= 8.0 eV) increases the gap, causing the pre-peaks of both
the XAS and XES to split further apart, as shown in Fig. 3.L0For comparison, we also show a

WIENZ2K LDA+U calculation in Fig. 3.10(a) for the O K-edge EELS in NiO [85].

Aligning the first peak of this calculation with experimefid. 3.10(d)], we observe an under-
estimation of the high energy peaks at around 544 eV. Theslespman be attributed to @-states
which are strongly hybridized with N§- and p-states. Similar behavior has been found in NiO

[1, 86], and other TM compounds [85, 87]. We attempted to auprthese results by using a GW
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calculations [1] witHJ=5.4J = 0.0 (dashed blue line); the vertical dashed line is at tmmFenergy.

MPSE [78] for NiO, while applying the Hubbard correction teetNi d-states. This MPSE model
includes a more realistic treatment of inelastic losses tha plasmon pole model, and yields im-
proved agreement with experiment, as seen in Fig. 3.10({®s€f results demonstrate that an accu-
rate treatment of the delocalizeeb-states can also be important in such systems. Thus in arder t
achieve good agreement between theoretical and expeahsgectral features, a systematic con-

sideration of excited state properties including both lized- and delocalized states is important.

3.6.2 High T cuprate: LSCO

In Table Il we compare our cRPA calculatéd and estimated XAS-XES gap with gap values
reported by others. Our values dffor MNO and NiO are in reasonable accord with experiment
and roughly comparable to those of Ref. citePatrick2013%h Likewise our calculated values
of A are in good agreement with experiment for MnO and NiO, buenestimated by .6 eV for
LSCO.
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Figure 3.7: (a) Cu spin up(solid red) and down(solid bidd)OS of LSCO with cRPA calculated
valueU = 10.0; (b) Cu spin up and dowd-DOS forU = 0.0 (dashed red and blue). The vertical
dashed line is at the Fermi energy.

For LSCO our O K-edge XAS foEMP(E) andzV with U = 10.0 eV are compared with ex-
perimental results in Fig. 3.11. Our result with cRPA catedU agrees well with the undoped
LSCO experiment, while the over-doped LSCO system is reddgmeproduced by a GW MPSE
calculation alonel = 0). This result is not surprising, since in the absence@tbbard term, the
LDA does not predict a correlation gap. As a result the syssepnedicted to be metallic, mimick-
ing the over-dopedx(= 0.3) paramagnetic phase of LaSrCuQy. A complete description of the
doping dependence of spectral features from over-doped((3) to undopedxX = 0.0), requires a

dynamical self-energy correction that incorporates psegap, superconducting, and Fermi-liquid

physics [44].
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Figure 3.8: (a) O spin up (solid red) and down (solid blpd)OS of LSCO with cRPAJ = 10.0;
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is at the Fermi energy.

3.7 Conclusion

We have implemented Hubbard model corrections within an £DApproach, using a rotationally
invariant formalism and an extension of the RSGF method &tcutations of excited state elec-
tronic structure and x-ray spectra of correlated materialsr approach also builds in a model GW
self-energy. Both Hubbard-model and dynamic self-eneffgces are incorporated in an effective
self-energy correction>". The Hubbard parametef is estimated using the cRPA method, again
within the RSGF formalism. The additional GW self-energgpggproximated by a many-pole model
based on the electron gas Green'’s function and the lossduarintthe long-wavelength limit. These
considerations lead to a RS@BF approach which provides an efficient way to account for cor-
relation effects on x-ray spectra of complex materials. apgroach is advantageous for aperiodic

systems since it does not rely on symmetry or periodicitye Wethod was tested on several cor-
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Figure 3.9: O K-edge XAS (black) and XES (red) in MnO. (a) QPFFEcalculation using our
MPSE modeBEMP(E), (b) =Y (E) with U = 5.4, and (c) experiment [67]. The vertical dashed lines
are a guide to the eye.

related materials and found to yield reasonable agreemetitd observed experimental band gap
as well as the XAS and XES of MnO and NiO. However, the agre¢méh experiment is less

accurate for more complex systems such as LSCO. This ssgtpesneed in such systems for a
more comprehensive treatment of superconducting and psgaul physics that incorporates dop-
ing dependence in the under-doped regime [44, 53]. Ovéi@lever, our method explains the key
features of the excited state electronic structure andispetmany strongly correlated systems, and
in particular the correlation gap. Finally we note that oppr@ach is limited to the quasi-particle

approximation and Hubbard model corrections, while inaasany-body effects such as satellites

and charge-transfer excitations are currently neglected.
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Chapter 4

X-RAY ABSORPTION NEAR-EDGE SPECTRA OF OVERDOPED LSCO

In this chapter we present results for realistic modelinthefx-ray absorption near edge struc-
ture (XANES) of the overdoped high-superconductor La xSt CuQy in the hole doping range x =
0.20-0.30. Our computations are based on a real-space '&ferction approach in which strong-
correlation effects are taken into account in terms of amppiependent self-energy. The predicted
O K-edge XANES is found to be in good accord with the corresiimn experimental results in
this overdoped regime. We find that the low energy spectralanginated by the contribution of
O atoms in the cuprate planes, with little contribution frapical O atoms, and are well-described
by a fully screened core-hole. The work presented in thiptehdas published in Physical Review
B[22].

4.0.1 Outline of this chapter

Starting with a general introduction in section 4.2 we désgal the background theory in section 4.3.
In subsection 4.3.1 we briefly discussed the RSGF code FE&B@nmplementation of a doping
dependent self-energy. This self-energy was construgteégibsil et al. [19]. Some fundamental
aspects of this construction is discussed in subsectia2.4\®e discuss our results and compare

with experiment in section 4.4.

4.0.2 Key observation

Our RSGF calculation with the implemented doping depensdelfitenergy correction qualitatively
reproduces the trend of the pre-edge feature in overdop€@DL&s found experimentally by Peets

et al.[88].
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4.1 Introduction

In their undoped parent compounds, higheuprate superconductors are antiferromagnetic insula-
tors which are characterized by a gap driven by strong electorrelations. For this reason these
materials are commonly referred to as Mott insulators. rigtroorrelation effects weaken with in-
creased electron or hole doping, eventually yielding a hiestate. In La_xSrCuQy (LSCO),

for example, at a hole doping level ofx 0.16, a paramagnetic state emerges and the material
appears to recover Fermi liquid properties. However, despier two decades of intense experi-
mental and theoretical effort, the underlying principlesgrning how a Mott insulator transitions
into a Fermi-liquid with doping are still not well understb46]. The answer seems to be hidden
within the mechanisms through which the quasiparticle tspkeweight passes from the insulat-
ing Mott-Hubbard bands to the in-gap states near the Ferml.lén electron doped cuprates, the
Mott gap and the associated lower Hubbard band can be dingaibed by photoemission spec-
troscopy. In the hole doped cuprates, on the other handg#gdies above the Fermi energy, so
that techniques sensitive to empty states within a few eWealiwe Fermi energy must be deployed.
Accordingly, light scattering techniques have been useduding optical, resonant inelastic x-ray
scattering (RIXS), and x-ray absorption near edge spamipys(XANES) which probes the density

of states (DOS) of empty states above the Fermi energy vitaéros from core levels [46, 89, 90].

The purpose of this study is to model the XANES spectrum of OS€alistically, as an ex-
emplar hole-doped cuprate, and to compare and contrashearetical predictions with available
experimental data. The analysis is carried out using asate Green'’s function (RSGF) approach
as implemented in the FEFF9 code [76, 91]. Strong correlaftects on the electronic states near
the Fermi energyHg) are incorporated by adding additional self-energy coiwas to the one-
because the cuprates are in a paramagnetic state in thisgd@pige. Consequently the treatment
of correlations effects is simpler, due to the absence gbseeidogap in the electronic spectrum. In
LSCO, the pseudogap is found to vanish near0.20 [46]. We start with a generic plasmon-pole
self-energy and then dress our calculations with a dopinpgent paramagnetic self-energy
obtained within the self-consistent quasiparticle-GW {@QW) scheme [46, 54]. Here GW refers

to the Hedin approximation to the self enely= iGW, whereG is the one-particle Green'’s func-
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tion andwW the screened Coulomb interaction [10]. This self-energytfeen shown to capture key
features of strong electronic correlations in various atgspectroscopies including ARPES [55],
RIXS [92], optical [46] and neutron scattering [89], in goagreement with experiments in both

electron and hole doped systems.

Many key properties of cuprates, including the physics pescgonductivity, involve hybridized
Cud,._,» and Opyxy . orbitals near the Fermi enerdyt. Thus the natural choices for the probe
atoms in which the incoming x-ray excites a core-hole are @l@. Since dipole selection rules
do not allow K-edge excitations in Cu atoms to couplaltbands, we focus here mainly on the
O K-edge XANES. This edge may be expected to reflect doping@rismt changes in the near
Er spectrum through its sensitivity to the states. In O K-edge XANES experiments on LSCO
[93-95], two ‘pre-peaks’ have been observed to vary withdhicentration. Our analysis indicates
that the energy separation between these two peaks, whodhmparable to the optical gap in the
insulating phase [46], is associated with the Mott gap [3].particular, the upper XANES peak
corresponds to the empty states of the upper Hubbard baddharnower peak to empty states
in the lower Hubbard band resulting from hole doping. Withreasing doping, the lower peak,
which is absent for x = 0.00, starts to grow while the uppelkgeses intensity. In the overdoped
regime, the lower peak reaches a plateau [88], while thasitieof the upper peak is substantially

suppressed.

In order to assess effects of core-hole screening, we hagealculated the Cu K-edge XANES,
again using the same RSGF approach [76, 91]. In this commedtivo different core-hole models
were considered: (i) Full screening, i.e., without a cooéelas in the “initial state rule” (ISR) [96],
and (ii) RPA screening as is typically used in Bethe-Salpegeation (BSE) calculations [97]. Both
of these core-hole models reasonably reproduce the expaiainXANES of the O K-edge in the
pre-peak region in overdoped LSCO.

The remainder of this article is organized as follows. Idtrctory remarks in section | are
followed by a brief account of the methodological detailslid RSGF formalism in section lIA,
and of the QP-GW self-energy computations in section [IBNES results based on the plasmon-
pole self-energy are discussed in section IlIA, while ressblased on doping dependent QP-GW

self-energies are taken up in section IlIB. Finally sectidrcontains a summary and conclusion.
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4.2 Fermi-liquid description of Las_yxSrkCuO,

4.2.1 Real-space Green’s function formulation for Higicliprates

Here we briefly outline the real-space Green’s function iplgltscattering formalism underlying
the FEFF code. More detailed accounts are given elsewh6rQ[]. The quasi-particle Green’s

function for the excited electron at energyis defined as
GE)=[E-H-2(E)* (4.1)
HereH is the independent particle (i.e., Kohn-Sham) Hamiltopian

2
p
H="
2

+V, 4.2)
with V being the Hartree potential plus a ground state exchangetation density functional,
which in FEFF9 is taken to be the von Barth-Hedin functior®0][ Here Hartree atomic units
(e=h=m=1) are implicit. This Hamiltonian together with the Fernmieggy Er are calcu-
lated self-consistently using the RSGF approach outlireddvb In Eq. (1) the quantitg(E) is
the energy-dependent one-electron self-energy. In thik we use a GW self-energy designed to
incorporate the strong-coupling effects in cuprates, ssudised further in section IIB below.

In the RSGF approach it is useful to decompose the total GréamctionG(E) as
G(E) = G“(E) + G*YE), (4.3)

whereG¢(E) is the contribution from the central atom where the x-raybsceibed an&*“(E) is the
scattering part. For points within a sphere surroundingatisorbing atom the angular dependence
of the real space Green'’s function can be expressed usimgisphharmonics as

G(r,r',E) = 3 YL(F) GLu (r,r E)Yi(r). (4.4)

LT

Here,Y_ is a spherical harmonic with = (I, m) denotes both orbital and azimuthal quantum num-
bers. The physical quantity measured in XANES for x-ray phstof polarizatiore and energy
hw = E — E; is the x-ray absorption coefficiepfw), whereE, is the core electron energy, aid
is the energy of the excited electron. The absolute edgegmegiven byEr — E¢, whereEg is

the Fermi level. The FEFF code calculates baftv), the site- and-projected DOSJ,(”)(E) at site
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n and the Fermi energyef) self-consistently. These quantities can be expresseeriinst of the

Green’s function in Eq. (4) as
H(w) O —T—ZTIm (@olE.rG(r,r", w)é.r'|qo), (4.5)

and

Mgy _ 2 / R 2
o (E)= T[Im ; | GLo(r,r,E)redr, (4.6)
respectively. Heréq) is the initial state of the absorbing atom aRglis the Norman radius [29]
around the 1 atom, which is analogous to the Wigner-Seitz radius of méspheres, and the factor

2 accounts for spin degeneracy.

4.3 Doping dependent self-energy in single-band Hubbard natel

In the optimal or overdoped regime of present interest, ategrdo not exhibit any signature of
a symmetry-breaking order parameter, and thus the quéslpatispersion can be well-described
with a paramagnon-renormalized one band Hubbard model [46¢ details of the related self-
energy are given in Markiewicet al. [54] and are summarized here for completeness.

In our QP-GW approach, we start with a tight-binding singéad bare dispersio&, where
the parameters are obtained by fitting to the first-prinsif/BA dispersion [98]. The values of the
tight-binding parameters used in LSCO are from Baal. [46] The LDA dispersion is then self-
consistently dressed by the full spectrum of spin and chfingtuations treated at the RPA level.
The susceptibility can be written in terms of the bare susoifity xo(q,w) as

o XO(q7w)
X(d,w) = 1= Uxo(0,0)° (4.7)

HereU is the renormalized Hubbatd value. The imaginary part of the RPA susceptibility pro-
vides the dominant fluctuation interaction to the electaystem, which can be represented by
W(q,w) = (3/2)U%X"(q,w). The resulting self-energy correction to the LDA dispemsidthin the
GW approximation is

S(kow) = ZHW(q,w)r(k,g,w, o)
q

f@a) , 1-f(Ea)
W+W+Hid—& q W—W+id—E& q|

(4.8)



50

wheref (&) is the Fermi function and is the vertex correction defined below.

Different levels of self-consistency within the GW schemwoive different choices foxg and
dispersionE_k. Within our QP-GW scheme, the Green’s function entering ithie Xo bubble is
renormalized by an approximate renormalization faztevhich is evaluated self-consistently. The
corresponding vertex correction is taken within the Waehtdy ' = 1/Z, andE_k =Z(&—Wis
the renormalized dispersion whartés the chemical potential. The renormalized band is employe
to calculate the full spectrum of spin susceptibility:

f(&k) — (Eksq)
W+ 104 & — Ek+q'

Xo(d,w) = —Z (4.9)

The doping dependence bf is discussed in Dast al. [46] and Ankudinovet al. [89] A
single, universal functiohT(x) is found to reasonably describe a number of different spsctipies

including photoemission, optical spectra [46] and the gmeXANES. This doping
4.4  X-ray spectroscopy of overdoped LSCO

In subsection IIIA below, we discuss O and Cu K-edge XANE®S @ si generic GW plasmon-pole
self-energy and RPA core-hole screening, but without tHeesergy correction arising from strong
correlation effects. Subsection IlIB examines dopingesejent effects of self-energy corrections

on the O K-edge XANES.

4.4.1 XANES without self-energy corrections

Since K-edge XANES probes the site-dependprdensity of statesg-DOS), we consider first
the projectedp-DOS from O and Cu sites ne&r as obtained using the FEFF code. The low-
temperature orthorhombic crystal structure with spaceg®mab was used [100]. It is important
to note that the structure involves two inequivalent O-aamith different chemical environments,
namely, the O-atoms in the cuprate planes,JOand the apical O-atoms £g) which lie in the
La-O planes. The projected densities of states on the twmcliD-atoms and the Cu-atoms are
shown in Fig. 4.1. Also shown for reference is the projededOS from Cu-sites, even though
as already pointed out K-edge excitations do not couple tigd angular momentum channel.
The p-DOS from the O-atoms in the cuprate planes (middle curvegén to display the structure

marked by arrows, arising from the hybridization of locaizZCud and Op orbitals, which is related
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Figure 4.1: (color online) Site- ariegprojected DOS in doped LSC®~= 0.30. Cu4d (green dashed
line), Opi-p (blue solid line) and @;-p (red dashed-dotted line) DOS are shown. Note scaling of
the lower two curves by a factor of 3. Arrows mark the struetiglated to the van Hove singularity
in the hybridized Cu-O bands discussed in the text.

to the van Hove singularity (VHS) ne&¢ in the band structure of LSCO. The,Qontribution is

seen to be quite small and structureless withift@75 eV energy range df, although a weak

replica of the VHS peak suggests a small hybridization ofapieal and in-plane oxygens. This
implies that O K-edge XANES pre-peak is mainly associateth wnoccupied electronic states
from atoms lying in the Cu-O planes. Notably, the @IDOS (not shown) in the ned= energy

window of Fig. 4.1 is also quite small and structureless agecbines significant only several eV
aboveEr. The experimental evidence for the aforementioned featnifXANES spectra has been
discussed previously by several authors [93—-95]. Thertresat of core-hole screening in the O K-
edge spectrum is addressed in Fig. 4.2, where we compargpbgraental results from overdoped
LSCO with computations using two different core-hole someg models. The computed XANES

spectrum using a fully screened hole (blue solid curve)ém $e be in good accord with the results
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Figure 4.2: (color online) Theoretical and experiment8] [© K-edge XANES spectra in overdoped
LSCO (x=0.30). Computations where the core-hole is fully scregmned using the initial state
rule (ISR) (blue solid line) are compared with results basedRPA screened core-hole (green
dashed line) and experiments (dashed crossed line). Ttiealetashed line at 527.8 eV marks the
approximate edge energy (i.e., Fermi level) which is seesib doping. A vertical dashed line is
also drawn through the feature at 532 eV. This feature is duket apical O, as shown by the red
dashed-dotted line, calculated with the ISR.

of the RPA screened hole (green dashed curve), althoughmteesity of the feature at 532 eV
differs somewhat in the ISR and RPA results. All three cuimdsig. 4.2 show the presence of the
pre-edge peak around 528.5 eV, a weaker pre-edge featunedab30 eV, and the prominent peak
at 532 eV, which is due to the apical oxygen, as demonstratedebcalculated partial absorption,
red (dashed-dotted) curve. Fig. 4.3 presents results dlmgreceding lines for the Cu K-edge
XANES in undoped LSCO. Since the Cu K-edge propesates which are only weakly correlated,
it provides a useful check of our theoretical method for tasecof weak-correlation. The results
in Fig. 4.2 and Fig. 4.3 clearly indicate that the K-edge #jpeare not sensitive to the core-hole

screening model, as both the RPA and the ISR give resultagorable agreement with experiment.
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Figure 4.3: (color online) Theoretical and experimentdl [2u K-edge XANES spectra in undoped
LSCO (x=0.00). Curves have same meaning as in Fig. 4.2. Verticdledbkne at 8990 eV marks
the edge energy (i.e., Fermi level) as in Fig. 4.2.

4.4.2 Strong correlation effects and doping dependence

We emphasize that the conventional LDA-based formalisnunsi&mentally limited in its ability
to describe the full doping dependence of the electronicsire of the cuprates, because the LDA
yields a metallic instead of an insulating state in the urdogystem. Therefore, strong correlation
effects must be added to properly model the doping evoluifaiectronic states. Fi§.? compares
recent experimental results [88] with the theoretical Odge XANES spectra in overdoped LSCO,
where the self-energy correcti@halong the lines of section IIB is included in the computasion
Representative real and imaginary partoére shown in Dagt al. [46] Focusing first on the
overdoped regime for hole doping concentration between x28 @ x = 0.30, both theory and
experiment display a small, systematic shift of the edgewet energies with increasing doping.
The low energy peak at 528.5 eV in Fig. 4.4 shows the expetimhand theoretical edge regimes,
showing that both display a similar shift of the Fermi levethadoping. Otherwise, the XANES
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Figure 4.4: (color online) Doping-dependent theoretioglper curves) and experimental [88] (lower
curves) O K-edge XANES spectra in LSCO. Computations ireling effect of self-energy correc-
tions of Eq. (8) resulting from strong correlation effeciifferent doping with different concen-

trations of x are shown by lines of various colors (see lejjexdrtical line marks the edge energy
(i.e., Fermilevel) as in Fig. 4.2.

spectra undergo relatively little change in the overdopestiesn. As the doping is further reduced,
the intensity of the 528.5 eV peak decreases while a new pejadaas near 530 eV and rapidly
grows with underdoping until at x = 0.00, the 528.5 eV pealommpletely gone. The remaining 530
eV peak represents the upper Hubbard band, and its shifenggfrom the Fermi level is consistent
with optical measurements [46]. Turning to the x = 0.10 speictFig. 4.4, we see that, as expected,
now theory differs substantially from experimental resukilthough theory correctly reproduces the
reduced intensity of the 528.5 eV peak, it does not show tservd enhanced intensity of the upper
peak at 530 eV. Instead, the spectral weight is shifted lagifoetween the lower and upper peaks. In
Fig. 4.5, the experimental results indicate the openinggaffain the spectrum which is not captured
in our modeling. However, we were able to reproduce the éxygertal doping dependence [88] in a

simpler calculation in which the XANES spectrum is model&tdthie empty density-of-states, but in
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Figure 4.5: (color online) O K-edge XANES from experimen®]l (lower set of broken curves)
for x=0.00 and x = 0.10, compared with theoretical singlaebp-DOS (upper curves) for g for
x=0.00 and x = 0.10 [89]. The vertical line marks the edge@nére., Fermi level) as in Fig. 4.4.

which self-energy corrections including the magnetic gapiacorporated [89]. Fig. 4.5 compares
the experimental XANES spectrum with this DOS approxinmatad x = 0.10. The splitting of
the spectrum into two peaks with the appropriate gap is vegitaduced. It should be noted that
this same self energy reproduced the optical and RIXS gapsfasction of doping [46, 90, 92].
Interestingly, the good agreement between theory and iest in the overdoped case implies that
the upper peak at 530 eV possesses little weight in the opettsystem. In particular, we find a
saturation of the lower energy feature ( 528eV) in the O Keedpectra [Fig. 4.4] as the doping
value is increased beyond the optimal doping, except foFgreni edge shift. This saturation is in
good agreement with the experiment by Pegtsl. [88], but is inconsistent with model calculations
by Liebsch[102] and Wanagt al. [103]. This effect requires a transfer of spectral weigbtrirthe
upper to the lower peak, which is much larger than that ptedibyt-J models of the cuprates [89].

A similar conclusion was arrived at by Peetsal. [88]. Such anomalous spectral weight transfer
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has been discussed in several spectroscopies of cuprétes0d, 105]. The present intermediate

coupling calculations can provide a satisfactory explanatf these results.
4.5 Conclusion

We have carried out a realistic calculation of the XANES & tuprate superconductor LSCO. Our
focus in this first such attempt is on the O K-edge XANES in deped LSCO over the hole doping
range x = 0.20 to x = 0.30. For this purpose, we have incorpdrdbping dependent self-energy
corrections due to strong electron correlations into agpate Green’s function formalism, which
is implemented in the FEFF9 code. Good agreement is foundeleet theoretical and experimental
doping evolution of the XANES in overdoped LSCO. Although@@ has two chemically distinct
O-atoms, the O K-edge XANES is dominated by the contributib®-atoms in the cuprate planes.
Apical O-atoms only begin to make a significant contributtorthe spectrum at higher energies,
>531 eV. In examining effects of the core-hole screening, ne that the spectra are insensitive to
the core-hole screening model at least in the overdopetheedn the underdoped case, as expected,
our self-energy corrections, which are appropriate foraherdoped paramagnetic system, fail to
correctly describe salient features of the spectra. A srgplculation suggests that correcting this
will require a more comprehensive modeling of XANES inchgleffects of pseudogap physics on

the self-energies in the underdoped regime.
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Chapter 5
CHARGE TRANSFER SATELLITES IN STRONGLY CORRELATED SYSTEMS

Many strongly correlated systems such as transition aredearth compounds, chemisorption
systems, and highzIcompounds have charge transfer or ‘shake-down’ betweemdine localized
outer level () and less localized level (L). Following a three electrorelanodel prescribed by Lee
et al. [20] a perturbative construction of a spectral function ésatibed in this chapter. Our real-
space multiple scattering calculation for the Cu K-edge XNof Lg _,CuO, and Ng_,CuOy
was compared with the experimental result by Kosetcal. [21]. A convolution of our calculated
XANES with the Lee-Hedin spectral function took the missingny-body charge transfer effects

into account, and was found to be in good accord with expearime

5.0.1 Outline of this chapter

In this chapter we summarize the perturbative approachoseapby Leet al. [20] to get the charge
transfer satellites in Cu compounds. Section 5.2 discussé®rt introduction of the nature of this
problem, while section 5.3 is dedicated to our summary opmreurbative technique prescribed in
the PRB paper by Lee and Hedin [20]. In section 5.4 we discuspm@scription of constructing a
charge-transfer spectral function using the ‘main pealatelkte’ ratio from Leeal. We apply this

spectral function in our RSGF calculation for Cu K-edge ifdGand NCCO in section 5.5.

5.0.2 Key observation

Our RSGF calculated Cu K XANES convoluted with the chargadfer spectral function gives
good agreement with the experiment by reproducing thelgaseih LSCO and NCCO.

5.1 Introduction

For many strongly correlated systems the core-level spempy is effected by collective excita-

tions and show satellite like features such as ‘shake-dawrshake-up’. For example Cu com-
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pounds often show such features. In one of the early expatan&osugiet al. [21] measured
such satellites in the Cu K-edge XANES of NCCO and LSCO andtifled them as the ligand-
to-metal charge transfer satellites (LMCT). In the groutedes Cu has @& configuration while all
the ligand orbitals are filled. In the core-level x-ray expmmt a core-hole in Cu can be created
and it becomes energetically favorable for an electronatiostier from the ligand @} to the Cu site
ending with 3110 configuration. In the latter case the core-hole will be sitprscreened. Due to
hybridization between thd® andd° configurations, the final states will be a mixture of the two
configurations as indicated in Fig. 5.1. In the sudden appraton limit, when the photo-electron
kinetic energy is high and extrinsic and intrinsic lossesodple, this satellite feature caused by
the screening strength of the two configurations is usudiseoved in the photo-emission experi-
ments. Within the sudden approximation one can then carisérgpectral function by extracting
two parameters from the photo-emission spectrum whichharéhee ratio of the peak intensity(w)
and energy splidE between the main and the satellite peak. About 10 eV abovedbe energy,
such satellites were also observed in some of the Cu K-edgeB&\of the high-T cuprates. But
obtaining a spectral function for such spectrum is not ghthorward since this energy range falls
within the adiabatic limit where the extrinsic and intrimgbsses don't decouple. In this chapter we
closely follow the three electron model prescribed by Les ldadin [11] where we consideregy

(= ro(w)|w-w»), anddE as parameters.

5.2 Lee-Hedin charge transfer satellite model

The Lee-Hedin model as proposed by letal. [20] is a three electronic level model that starts with

a Hamiltonian,
Ho = €aNa+ &N + EcNe + UaNeNa + Upneny +t(chel + ¢ ca). (5.1)

The first two terms give the eigenvalues of the localizecedmig. 8l) and delocalized ligand state
L. The last term is the hybridization between them. The remgiterms give the energgy) and
occupationq;) of the core state. In x-ray absorption or photoemissiortspscopy, a core electron
is excited leaving behind an empty core stat&Son, =1 — 0. In Cu compounds, for example,
may represent the Cuskore level,a the localized Cu 8 valence level and. a ligand state (e.qg.,

hybridized state between Cis4nd O ). With x-ray excitation the total Hamiltonian can be
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Figure 5.1: Spectral function of the electron-doped higledprate Nd_,CeCuOy using the sepa-
rable potential approach of Lee-Hedin model

written as,

H=Ho+T+V+A. (5.2)

HereT is the sum of one-electron kinetic energies of continuurtesta
T= Zeknk (5.3)

with energiess, = k?/2, and wave functiongy, obtained from a one-electron potential in the pres-

ence of core-holen; = 0). The perturbation causing photoemission is
A= Z(Mkclcc+ h.c.), (5.4)
Cc

whereMy is the transition matrix element. Now the interaction beiwé¢he photo-electrons are

taken as,

b
V= g[”avlff/) + Vi) — Vi ot (5.5)
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HereViy is a matrix element of the Coulomb potentél) (r) from the charge density of the orbital

\Y

Wi = [ W) 24 e (5.6)

To obtain charge transfer satellites these matrix elemdptandVyy: can in principle be cal-
culated using the real-space multiple scattering code FB&HN this chapter we take a simplistic
approach to calculate the spectral function and closelgviothe prescription by Leet al. [20].

In their model with three electron levels the valence wavefions were calculated using muffin
tin potentials with radiu®, and then the calculated matrix elements were fitted to gahatytical

expression foMy andVi:.
= Sk/Ed
1+ Sk/Ed ’

wheregy = k?/2, Eq = 1/2R3, and for 5 core stateRy is a length scale taken &x = 0.5 a.u. And,

(5.7)

VR 1
R 1+R(k—k)2

HereRs is the length scale of the interactidy: andRs = 1.77 a.u., andR is the muffin tin radius.

Vik = (5.8)

More detail of these derivations can be found in [20].

5.2.1 Three Level System without interactions-\0:

Initially when n; = 1, the ground state dfg is given by

|Wo) = —SinB[Wc) |Wa) + cosO|We) (W), (5.9)
with eigen energy,
1 1
Eo= ot 5(eatU+e) —5\/(BatU —£1) + 42, (5.10)
2 2
where
an®- 2 (5.11)
"~ (eat+U—g))’ '

In the final state when; = 0, the two possible states (due to charge transfer betwgamdiand

3d states) are

|W1) =c0osp|Wa) —sing|y)
|W2) =sin@|Wa) +cosp|y ), (5.12)
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with eigenenergies

1 1
E21:§(€a+€L)3F§\/ma (5.13)

tan2p=

and

L (5.14)

HeredE can be defined as the energy separation between the maintahitespeaks,

OE = y/(€a—£L) +4t2. (5.15)

The photocurrents for main(s=1) and satellite(s=2) arerg[20] by
2

J(0) = (W58 |Wo) | 8(co— e+ Eo— Es), (5.16)

where‘lP?k> is a final state. In the sudden approximation the final statebeawritten as{lP?k> =

|Ws) |Wk). Now, summing ovek one obtains absorption specffw),

Js(w) = ZJE(Q)). (5.17)

In the sudden approximation, the kinetic energy of photaedes is large, and we can take

ki = ko. The ratiorgg of the satellite to the main peak intensity then is,

Foo = Iimww?f(—w) = cot?(p+9). (5.18)

1(w)
Taking the k dependence bfy we obtain,

Aw " 1+ (Aw+dE)/Eq
Aw+0E 1+Aw/Eqy

ro(w) = roo [ O(Aw). (5.19)

HereAw = w = w, andwy, = Ex — Eg. From EQs.5.13 to 5.19 we see thgs anddE equivalently
describes the two parametéssandt used by Lee-Hedin model. In this chapter, these are the two
parameters we used to construct the spectral function ier dodconvolute the absorption spectra

obtained from FEFF code for the case of Cu K-edge in LSCO an@QIC

5.2.2 Three Level System with interaction;A0

Now turning on the interaction between the photoelectrarthé continuum state the Hamiltonian
IS,

H=Ho TV, (5.20)
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The exact, final photoelectron state is

1
E—Ho—T—-V—i

W) = {1+ n"] W) ) (5.21)

where|Ws) (5=1,2) are the eigenstatestd§ with the core-hole, anet = g, + Es is the energy of the

final state. Now, the dipole transition matrix elemdhts, k) = <W?k A|Wp) can be written as

1
M(s,k) = (W] (ws| [1+v€k+ E TV +in} A|Wo) . (5.22)

At this point instead of exact treatments we will use the firster perturbation Wy to obtain
the transition matrix elements as prescribed by éeal. To the lowest order iv one ignores the
V term in the denominator of Eq .5.22. Inserting the completsrrelatioryy; |i) (i| in terms of the

eigenstatei) = |k) |s) we obtain
M(s k) = (s| (k| A|Wo) + ;Vksk'g[(E —Ho— T +in) ks s (] (K| A(Wo). (5.23)
&

Fors= 1,2 one obtains

: : : Vik My
M(1,k) = — sin(@+ 8)My — sir? @sin(¢+ 0) ; [E — E:K— et/ n iﬂ]
sin2pcog @+ 0) Vikk My
_ 5.24
2 ; E-Ey—g&+in]’ ( )
and
M(2,k) = cog@+8 53 VideMe
,K) = cog(@+ 6) Mk +co (pcos((p+e)g E B e i
sin 2psin(@+ 0) Vikk My
+ 2 Z E-Ei—&¢+in|’ (®-29)
In the above two equations we used
Vij = Vksk's = Vi VsVy (5.26)

wherevs = —sin@if s= 1, andvs = cospif s= 2.

Now consideringR = Rs= R, Leeet al. [20] defined a functiori by

Vieme  V
; e—eotin EMka(E/E)7 (5.27)
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using the simple analytical form & andMy from Eq .5.7 and Eq .5.8. Thus,

1/ x*dx
Fe(e) = - / 5 — (5.28)
TJo [1+x%2[1+ (Rk—X)]“[x2—¢€—in]
From Eq.5.24 and Eq.5.25 one obtains
\Vi sin 2psin(@+0) Vv 2
rlw 1—0052(P§Fk2(%))—w Fo, () (5.29)

"o(®) | 1-sirf oy Ry (2FF) - MBERCOVE, ()

wherer /ro depends only oW /E, 8E /E, andAw/E. Using the above equation along with Eqs.5.18

and 5.19 we get(w) and finally construct the charge transfer spectral function
5.3 Spectral function

In order to construct the spectral function to account faargh transfer effects we start with a

spectral function of the following form,
A(Aw) = C1(Aw)d(Aw) 4+ Co(Aw— OE). (5.30)

For notational simplicity and to avoid confusion, from heiewe will denoteAw = w. Now the

coefficients of the normalized spectral function
A(w) = Cy(w)d(w) +Cy(w— OE) (5.31)
has the following two conditions;

Cil(w)+C(w) =1
G (w)
Cz(CO)

Here we use®E andrgg as parameters which are equivalent and obtainable frandU used in

=r(w). (5.32)

the Lee-Hedin model. Such spectral functions can be usedreotute the calculated spectra to

account for the charge transfer effects.
M) = WFEFF (0,0 + A() (5.33)

For high-T. Nd,_xCuOy we use®dE ~ 8 eV from the satellite peak position in Cu K-edge XANES

experiments anthy = 2.3 is taken as the best fitted value.
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Figure 5.2: Spectral function of the electron doped higledprate Nd_,Cg,CuQ, using the sepa-
rable potential approach of Lee and Hedin model

5.4 X-ray spectroscopy of High T materials

Both in NCCO and LSCO, Cu K-edge XANES show the remarkablellgatfeature 7 or 8 eV apart
from the main peak. We see the presence of such peaks in tearagpt (dashed green) curve of

Figs. 5.4 and Fig?? at 22 eV, and again at around 38 eV.

We calculated the Cu K-edge XANES using the real-space pheilsicattering code FEFF (solid
red curve) and (see in Fig. 5.4 and FR). Being a single configuration code, FEFF fails to
account for any charge transfer effects and misses thditeagtfucture. Significant improvement
was achieved by convoluting the FEFF calculated spectiativé spectral function obtained from
the Lee and Hedin model. The post-convoluted XANES is pioittethe solid blue curve in Fig. 5.4
and Fig.??. For LSCO in Fig. 5.4 we see a shoulder like feature at 22 edrbahe convolution
which is caused by the structure of the system mainly duertbgepce of the apical oxygen atoms.

This feature is completely absent in the spectrum of NCCOign F? (solid red line) which does
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Cu K-edge XANES in LSCO
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Figure 5.3: Cu K-Edge XANES of La,SrCuQ, with and without charge transfer satellite correc-
tion

not have any apical oxygen. We have confirmed this by calagldlhe spectrum of structures with
longer distance between the apical oxygen atoms and Cu irOL8kich tends to wash this peak

out at 22eV. Spectral convolution enhances the satellakor both these materials.

5.5 Conclusion

Following Lee and Hedin’s three level model and using twapsaters extracted from experiment
we have constructed a spectral function which in princigle account for the charge transfer from
delocalized to localized orbitals in correlated systemEFIF calculated XANES convoluted with

this spectral function correctly reproduce the chargesfeansatellites observed in the Cu K-edge
XANES of high-T. cuprates NgCuQy and LaCuQy [21]. The construction of the spectral function
employed the analytical formulation of potential and dghnsition matrix elements as prescribed

by Leeet al. [20]. Although this simple formalism improves the specfedtures significantly, a
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Cu K-edge XANES in I\l(g_x)CeXCuO4
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Figure 5.4: Cu K-Edge XANES of Nd«CeCuQ, with and without our charge transfer satellite
correction

more robust calculation & andMy can be done within the real-space multiple-scattering é-am

work is in progress.
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Chapter 6
OTHER ELECTRONIC STRUCTURES: DNA-GRAPHENE HYBRIDS

We calculate the electronic local density of states (LDOI)NA nucleotide bases (A,C,G,T)
deposited on graphene. We observe significant base-degeedéures in the LDOS in an energy
range within a few eV of the Fermi level. These features cawesas electronic fingerprints for
the identification of individual bases in scanning tunrgelspectroscopy (STS) experiments that
perform image and site dependent spectroscopy on biometect hus fingerprinting of DNA-
graphene hybrid structures using STS may provide an atteen@ute to DNA sequencing.

Additionally we calculate the conductance current thro®@yaphene nano ribbon with DNA
nucleotide bases (A,C,G,T) inside a pore. We observe signifibase-dependent features in the
transmission and its first derivative in an energy rangeiwighfew eV of the Fermi level. These
features can serve as electronic fingerprints for the ifiemtiion of individual bases in nano-pore ex-
periments in vacuum. Thus the fingerprints of DNA in grapheaieo-pore may provide a guideline

and alternative route to DNA sequencing.

6.1 Electronic Fingerprints of DNA bases on Graphene

The determination of the precise sequences of the four otidés [adenine (A), cytosine (C), gua-
nine (G) and thymine(T)] in DNA molecules is an important lgfma both fundamental research
interests as well as a large number of applications in bidcakdesearch [106], bio-technology
[107, 108], drug delivery [109], and biomaterial growth (11 However, conventional approaches
are generally complex and expensive [111]. Numerous exgerial and theoretical [112—-114]
attempts have been made to improve such determinationsexeonple, efforts have been made
to develop efficient techniques based on high-resolutiazraacopic [115, 116] and spectroscopic
[117] probes that can yield direct fingerprints of these lbt@oules. However, these techniques
require the biomolecules to be deposited on a host subtrate ultra-high vacuum environment.

Difficulties in preparing high-quality samples and in obtag reproducible measurements have lim-
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ited the utility of these approaches [118]. For example dlieetronic fingerprints of a given DNA
base can vary dramatically even for subtle changes in thdvelangle of a base with respect the
substrate [119]. On the other hand, a recent scanning tagnalicroscopy/spectroscopy (STM/S)
study [117] by Tanakat al. has shown that the guanine base of DNA on a Cu(111) surfacgygalw
exhibits a strong tunneling peak around a fixed bias voltdgeld eV, thus providing a reliable
marker in tunneling measurements. This observation hawladsignificant advance in the field,
since it opens an opportunity for electronic identificatiaf all bases via tunneling conductance
from a local probe. However, the localizedstates and the dangling bonds near the surface of the
bulk Cu are among the many effects that can complicate theemgmtation of this approach, thus

suggesting the importance of finding a more suitable substra

a b - Figure 6.1: a Schematic
i ; illustration of STM experi-
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We show that an attractive substrate to consider is grapteperely two-dimensional sheet
of carbon atoms arranged in a honeycomb lattice [120]. Amitsgnique properties, graphene
possesses linearly dispersed Dirac quasiparticles widmansetal density of states near the Fermi
level [120, 121]. Additionally, graphene combines a cortitigcsurface with remarkable mechani-
cal strength. Also strong— Ttinteractions between DNA bases and conjugated carbongajingne
should favor mostly plane orientations of DNA bases witlpees to the surface [122] and, thus, re-

sults in relatively homogenous orientations of bases ifDiNA strands when it adsorbs on graphene
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and offers optimal conditions for STM measurements. Théseacteristics make this novel ma-
terial an excellent surface for studying adsorbates ofouariorganic macro-molecules. Several
successful implementations of graphene have already lepemted recently in electronic devices
and biomedical and bioassay applications [123—-125]. Weaitkevelop a detailed understanding of
the interaction and adsorption between graphene and bemmelk such as the DNA bases including
local electronic structure, using an approach that goesrkthe structural analysis of such hybrid
systems.

To achieve this goal, we have carried out extensive DFTehdsst-principles, numerical simu-
lations of the electronic local densities of states (LDO)Ibfour DNA bases on graphene. Con-
sidering only the short range interaction between the DN#eband graphene, the van der Waals
interaction was not included in our calculation. It was poegly demonstrated that on distances
of 2to 3A, the long range dispersion interaction correction bemegligible [119, 126, 127].
We find that the electronic LDOS of the nitrogen atom can sasvan electronic fingerprint of a
particular DNA base. That is, we find several distinguishamgl dominant features in the LDOS
that can identify each base. This finding can be used in cotipmwith STM/S measurements of
atomic resolution that image and probe the local densityatés(LDOS) of surfaces, as illustrated
in Fig. 6.1. In particular, i) we deduce that the local cheah&nvironment and the graphene base
leads to new electronic states and additional featureseiiatal density of state (LDOS) inside
the parent highest occupied molecular orbital (HOMO) andelst unoccupied molecular orbital
(LUMO) insulating gap. i) For each base the peak positiond peak heights exhibit a charac-
teristic evolution as a function of their orientation witlspect to the graphene sheet; iii) We also
investigate the similarities and differences of the LDO®OIA bases by placing the graphene on
the commonly used SiC substrate. The STM topography simokilso add important insights
into the characterization of charge distributions and tdybation of states between bases as well
between base and graphene. Taken together, we demoniséitzadi four bases of DNA adsorbed on
a graphene substrate can be differentiated quantitatiVéig suggests the possibility of an efficient
and cost-effective sequencing approach.

In an STS experiment, measurements are done in two stegs. thé tip scans over the surface
to search for the locations of the maximum transmissionecusr at a fixed voltage (6.1(a)) and

constructs the topographic image. In the next step, theagelis varied over an energy range
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Figure 6.2: (a) Molecu-
lar energy levels of each iso-
lated DNA base moleculgb)
Upper panel shows LDOS of
carbon atom in pure graphene
and lower panel shows nitro-
gen peak LDOS in isolated
DNA bases. (c) Integrated
( -3.0 eV to &= = 0) partial
charge density of DNA bases
on graphene plane. Base types
are organized in columns and
angles between base-ring and
graphene plane are varied
5 along rows as indicated. This
3nﬂ _____ @i ?&f 27{;; ® Cobase simu_lation of STM topogra-
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by keeping the tip position fixed, and the differential catrel/dV which determines the local
electronic structure (LDOS) of the sample is then measufeschematic illustration is presented
in 6.1(b) and (c).

We first considered the behavior of isolated DNA base moéscuking DFT calculations. In
6.2(a), the molecular energy levels of each base are repeddin agreement with previous calcu-
lations [119]. These results confirm that all nucleo-basegla large HOMO-LUMO gap (=
5 eV). Near the energy gap, all electronic features are tqtigkly similar for all four bases. Such
small variations in the electronic structure of DNA baseghhbring in to question whether STM
is able to resolve fingerprints features of DNA bases. On therchand, the presence of a sub-
strate and subsequent interactions significantly affestalignment of electronic levels of bases
compared to the isolated molecules as was theoreticalljiqgiesl for adsorbed DNA bases on the
Cu surface [119]. We have considered an experimental sethdreeze-dried conditions, that will
result in significantly diminished noise due to the changesalecular configuration and due to

low temperature.

To investigate the effect of graphene on the DNA bases, wecifsulate the LDOS of nitrogen
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Figure 6.3: a Solid lines
are nitrogen LDOS in ade-
nine adsorbed on graphene
with different angles, and the
shaded regions show the dom-
inant peak features neargE
on both positive and nega-
tive energy side, 0 eV cor-
responds to Fermi energ,
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atoms in the isolated DNA bases and the LDOS of carbon atorttseitbare graphene as shown
in 6.2(b). For the bare graphene, our calculation repraative well-known and distinct electronic

feature of graphene at-E- the presence of a Dirac cone [129] — as can be seen in 6.2(b).

STM topographical images also provide important geométfimrmation. This is particularly
important in systems where molecules of interest can iotexéth the surface at many different
orientations. Depending on the backbone configuration, idges in a single stranded (ssDNA)
can be adsorbed onto the graphene surface at differentaarmigntations and further complicate
the electronic identification. Thus, we constructed sugleravhere each DNA base lies on the
graphene surface with four possible angles (6.2(d)). lewotal simulate a STM topographic image
theoretically, we integrated our DFT based partial chaggesidy from -3.0 eV to E using HIVE-
STM [128] (6.2(c)). The average distance between the DNA&dasd graphene plane was fixed at
3.0A.

In the remainder of this study, we primarily focus on the Wlf@r LDOS) of DNA bases on
graphene. Since nitrogen is a common constituent of all hages with the most diffuse orbitals,

we analyze the dependence of the LDOS on both the DNA basdsagpdcial orientation when a
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featureless tip is placed directly above a nitrogen atone ddiculated LDOS is shown for isolated

DNA bases (6.2(b)) and adsorbed bases (6.3). For the adsbdses, we identify the behavior of

the dominant peak features within the range of -3.0 to 3.GaeW,their dependence on the angle
between the base-ring plane and graphene plane. These qreaksrked by the colored shaded
regions in the curves of 6.3(a)-(d). In 6.3(e), we summaitiese angle dependent results for the
positive and negative bias energies for all four bases.

By examining 6.3, one can recognize the dominant STS pedilrésa except for a few cases
where the experimental resolution can play a critical réler example, simulated LDOS (6.3(e))
shows distinctive features in the positive low energy regionoccupied states) for cytosine (the
lowest among all) and guanine (the highest among all), iedéent of the base orientation.

Consequently, if several LDOS peaks are compared (for ebaampth occupied and unoccupied
states close to the Fermi energy), the identification of theeb can be achieved. For the above
example the supercell consisted of a set-af30 atoms, and a full geometry optimization on such
systems is computationally expensive. To asses the iti@ndwetween the graphene and the bases,
we reduced the supercell and performed a full geometry dagdition using VASP [14, 130, 131]
software package.

Our calculations reveal the dependence of the binding e&sean the angular orientation for
a given base. For example, the @nfiguration of adenine is more bound than thé dbe. The
preference in plane alignments of bases with respect torighgne is expected, since parallel ori-
entation of bases along the graphene surface allows be#dap inttorbitals between the aromatic
rings of DNA bases and aromatic carbons in graphene incrgdisert— 1t stacking. This interac-
tion results in relatively homogeneous and planar oriériatof bases in the DNA strand adsorbed
on the graphene, which offers favorable conditions for STdegiment and better resolution of
dl/dV features. At small angles<(L5 degrees), the highest occupied states of cytosine amingua
(below Fermi energy) are well distinct from adenine and timgnas can be seen in 6.3(e). In addi-
tion, at plane configurations, the peaks correspondingetdidjhest occupied states of adenine and
thymine have closely lying satellite peaks, while guanind aytosine have well-separated sharp
peaks. Thus, comparing several peaks (occupied and unedguand their shapes will provide
necessary fingerprints to differentiate DNA bases.

In STM experiments, graphene is often supported by anotlestiate, such as silicon carbide.
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Figure 6.4: a Super-
cell that includes single lay-
ered SiC crystal under the
2D graphene plane. b ni-

a @ Hydrogen b trogen LDOS of four DNA
: z“f"g"“ I Graphene bases (adenine (black), cyto-
i ow sine (red), guanine (green),

and thymine (blue). Solid
lines are for the bases ad-
sorbed on graphene+SiC sub-
strate; the dashed lines are the
nitrogen LDOS for isolated
bases. The LDOS curve for
the nearest neighbor Si atom
is displayed in orange solid
curve, and the topmost curve
is for carbon LDOS in pure
graphene. The shaded colored
(blue) regions are the domi-
nant peak positions due to hy-
bridization between N and C
(graphene) atoms, and shaded
dark regions are due to hy-
bridization between N and un-
derlying nearest Si atom.

To better simulate real systems we added a single layeriedrsitarbide (SiC) crystal under the
graphene sheet. Fig. 6.4 presents our calculated nitrop€S.for each base, where the base-ring
plane and graphene plane are parallel to each other. The Ld@® Si atom nearest to the base
molecules is shown by the orange solid line in 6.4. Surpylginthe orbitals of the DNA bases
are spread over the SiC despite the separating layer of gmaphSuch a "see through effect” is
pronounced for Si states close tp Eesulting in the hybridized peaks of nitrogen LDOS indicate
by the black shaded regions.

We see this effect only in close proximity to-Eand the STS resolvable dominant features
around = 2.0 eV remain identifiable. These latter peaks originatenftbe hybridized states be-
tween the DNA bases and graphene and are shown by the bluedsteggions in 6.4. The dominate
peak features near 1.0-2.0 eV are well-pronounced for geagid adenine. The largest peak fea-

tures of adenine and guanine at 2.0-2.5 eV also have pdtastielectronic fingerprints for STS
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experiment.

6.2 Identifying DNA bases with Transport Current

A major goal in medical research is to develop a fast, acewrat low cost DNA sequencing tech-
nigue that can sequence a diploid mammalian genome for $4@6 24 hours. The nanopore-
based devices provide a highly confined space that can figénéi presence of a single DNA nu-
cleotide passing through the pore using a variety of waysaafting identifiable signals [132]. Some
of the recent table top experiments [133] show promising @otdntially useful results using pro-
tein nanopores. But none of these methods are error freenchight noise to signal ratio in the ion
channeling method through complex pores.

In this section we propose a simple nanopore device comsttueith a punctured graphene
mono-layer ribbon which is suspended between two gold relées. We use 2 eV bias voltage
between the electrodes. Using DFT and NEGF techniques ingplted in ‘TranSiesta’ version of
the code ‘SIESTA [134, 135], we calculate the transmissiarrent between the electrodes, while
placing Adenine (A), Guanine (G), Cytosine (C), and Thym{mg inside the pore. This simple

device geometry is schematically shown in Fig. 6.5

(a) Adenine | (b) Cytocine |

Figure 6.5:  Schematic
illustration  of nano-pore
experiment which can extract
dl/dV information of a sample
passing through the graphene
nano-pore; a Adenine, b
Cytosine ¢ Guanine, and
d Thymine; Based on the
positive () or negative
(c) bias voltage between
the electrodes, electrons
can transport through the
graphene nano-ribbon , and
map the conductance of the
sample lying inside the pore.

Our calculations are limited to identifying only the singlacleotides one at a time, and ignoring



75

the phosphate back-bone structure of sSDNA. Assuming th& baoe will only contribute to a
consistent shift in the transmission signal, we here focuthe detection of distinct features in the

transmission current due to different isolated DNA bass&lathe pore.

Figure 6.6: Difference

curve of the average conduc-
tance of isolated DNA bases
inside nanopore. Average is
taken over angular configura-
tion. (@) Adenine, (b) Cy-

tosine, (c) Guanine, andd)

Thymine. The fermi energy is
at 0 eV and difference curve
shows distinguishing features
for each of the DNA bases.
the solid curve on each dif-
ference curve shows the inte-
grated conductance or current.

Transmission, T(E)

Bias voltage, E-E_ (eV)

In our calculation we have taken random angular orientaifdghe isolated bases inside the pore,
and calculate the average transmission. The transmisiijaiV and its first derivatived?| /dV?2
show identifiable features near zero volt for each of thesedas shown in Fig. 6.6 and Fig. 6.7.

Fig. 6.6 shows the differential curves between A, C, G, and T.

Our calculations are carried out for the configuration ayedatransmission currents and their
derivatives with respect to the voltage. This is in contsaih the flat orientation of DNA nu-
cleotides inside the pore as reported by Netdcal. [136]. Here we take the diameter of the
punctured hole on graphene as Ab5and the carbon atoms inside the pore are not capped with
Hydrogen. Hydrogen capping and the size of the nanporesftant signal significantly, and thus
call for a more systematic study. As we see in Fig. 6.6, ounrétecal results are not completely
free from noise. The proposal for better noise reductiohrtigies along with a more convenient

device geometry is currently under progress and will be@duas a future direction of this project.
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S

(a) Adenine

(c) Guanine

(b) Cytosine

o di/dv ;
. :

(d) Thymine

Figure 6.7: Average conduc-
tancedl/dV (solid red) and
d?l/dVv? (solid green) ofa
Adenine,a Cytosine,a Gua-
nine, anda Thymine through
a graphene nanopore. \Ver-
tical dashed line is at the
Fermi energy at 0 eV. Dom-
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inant features near Fermi en-
ergy in d?/dVv? distinguishes
DNA bases passing through
the nano-pore.

Al

6.3 Conclusion

In conclusion, we propose the use of graphene as a depositlustrate for macromolecular se-
guencing. Both the Dirac linear dispersion of electronatest in graphene and its robust mechanical
properties serve to make it a superior substrate compam@tals. We have calculated the tunnel-
ing conductance and LDOS for the specific case of single DNgebat various orientations on
the surface, and shown that the different nucleotides higvéfisantly different LDOS peaks (fin-
gerprints), allowing differentiation via local tunneliripnductance. The calculated nitrogen atom
LDOS for A, T,C, and G bases show distinct peaks that vary iidgipg on configuration. We find
that Guanine provides the largest peak at a negative bidsaeV, i.e., a slightly higher energy than
guanine on copper [117]. Nonetheless, peaks for the otlsmsbat higher energies have features
at positive and negative STM bias, and provide fingerpring allow unique identification. The
calculated LDOS fingerprints can help guide STS as an approadentify DNA bases, and likely

other biomolecules on graphene surfaces.
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Chapter 7

CONCLUSION

Studying the x-ray spectroscopy of correlated systemsinvR8SGF framework and Hubbard
model has been the primary focus of this thesis. Three diffedevelopments in this direction are
discussed in chapters 3, 4, and 5. Many spectral featureshee&ermi energy call for theoretical
development beyond the single particle approximation.sT$iequally true for the conventional
DFT and Green’s function based approaches. To achieve autatigmally cheap and efficient
scheme, one often relies on some combination of model Hamidlh and first-principle approaches.
Chapter 3 is primarily dedicated to the implementation obttronally invariant LDAY in the
first-principles RSGF code FEFF. A combination of dopingeatetent single band Hubbard model
based self energy and RSGF approach is discussed in cha@tbkagter 5 discusses charge transfer
satellites present in the x-ray spectra of many stronglyetated systems. Such satellites can be
incorporated in a spectral function by the Lee-Hedin model@gous to the Hubbard model. Fi-
nally, an additional chapter on the electronic structufe®A-graphene hybrids stemmed out as
a side project and some very interesting results eventledly us to further investigate tunneling
spectroscopy and electronic transport through grapheme-pares from first principles. Our effort

in this direction is presented in chapter 6.

Chapter 3 focuses on our effort to incorporate strong caticgi in the real-space multiple scat-
tering code FEFF in order to study the x-ray spectroscopy oftiubbard insulators. For im-
plementation, we followed Anisimov’s prescription of LDA+and modified our code to adapt a
rotationally invariant formalism. Our approach also bsild a model GW many-pole self-energy.
The Hubbard parametél can be fitt with the gap from experiments or can be calculatéaimthe
existing capability of the RSGF code with the constrained Rfethod. Both the static limit of the
Hubbard model and the energy-dependent many-pole saifpeeéfects are incorporated in an ef-
fective self-energy correctiohz" . This effort leads to an RSGEZY approach for an efficient way

to study the x-ray spectra of complex correlated materBésng a real-space based approach, it is
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advantageous for aperiodic systems since it does not redyrometry or periodicity. We have tested
our method on several correlated systems and found redscemgteement for the observed experi-
mental band gap as well as the XAS and XES of MnO and NiO. Tisedeantitative agreement for
complex high-T cuprate LSCO suggests a more comprehensive treatmentafcsmolucting and
pseudo-gap physics that incorporates doping dependeribe strong-correlation regime. Overall
the presented work and results in chapter 3 explains thedatyries of the excited-state electronic
structure and spectra of many strongly correlated systewhéngparticular the correlation gap.

In chapter 4 we present our approach to explain the dopingrikgmt spectral features in the
over doped high-JLSCO. In this chapter we have carried out calculations ofii&edge XANES
of LSCO over the hole doping range x=0.20 to x=0.30. A dopiegehdent single-band Hubbard
model based self-energy was derived by Bansil Group at théhBlastern University. This self-
energy correction due to strong electron correlations Wwes incorporated into our RSGF code
FEFF. Good agreement is found between the theoretical gretiexental doping evolution of the
XANES in overdoped LSCO.

Chapter 5 is dedicated to the charge transfer excitatiodstanrelated 'shake down/up’ satel-
lites present in the x-ray spectroscopy of many stronglyetated systems including the high-T
cuprates. Such satellites were incorporated in our RSGiledion by convoluting with a spectral
function constructed from Lee-Hedin's charge transfer ehod his model, which is closely anal-
ogous to the Hubbard model, is parameter dependent in itsrduiorm. Incorporating this model
with first-principles calculation of Cu K-edge XANES of LSG@d NCCO was found to yield good
agreement with experiment.

The above three chapters thus discuss the developmenboétizal tools for x-ray spectroscopy
of complex systems. With the emergence of newer and morérexcnaterials, there is a growing
need for a better understanding of the long standing prolaestrong correlation. The primary
motivation of this thesis is to contribute to such effortsdxyending many-body techniques of the
excited state electronic structure code FEFF.

As a secondary goal and a subtopic of this thesis, we alscfoouthe electronic structure
calculations of DNA graphene hybrids. A first-principlesidyt of DNA bases and graphene is
presented in chapter 6. Based on our ground-state electstmicture calculation we propose the

use of graphene as a deposition substrate for macromalesedaencing. We have calculated the
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tunneling conductance and local density of states (LDOSh#® specific case of single DNA bases
at various orientations on the surface and shown that tlierelift nucleotides have significantly
different LDOS peaks, allowing differentiations via lodahneling conductance. The calculated
LDOS fingerprints can help guide STS as an approach to igeDiNA bases and likely other
biomolecules on graphene surfaces. Using Landauer-Butfdemalism as implemented in the
Trans-Siesta and ATK code, we have also calculated thentias®n current through a graphene
nano-ribbon as the DNA bases pass through a nano-pore. @utatad transmittance and its first
derivative shows distinctive features in the transverseeot around Fermi energy based on the
type of DNA base passing through the pore and thus providelye for similar experimental
set up for DNA sequencing. Despite the large noise-to-$igate in these calculations such first-
principles approaches are highly desirable for providifigient and cheaper guidelines in order to

design next generation nano-pore sequencing device.

7.0.1 Future Goals

For the immediate future our goals regarding the work prteseim this thesis are:

e Extension of LDA+U
Our implementation of LDAY in FEFF9 code is currently limited t electron systems and
K-edge x-ray spectroscopy. As more experimental dat& electron systems are becoming
available, there is an increasing demand on the calculabdity of excited state spectroscopy
in these systems. The extension fronto f systems is practical and straightforward within
the scope of our RSGF code FEFF9. Another natural extensiour @urrent implementation

will be from K to L2/L3 and higher edges.

e Implementation of charge-Transfer Satellites in FEFF
In our current effort we have constructed the charge trarsgfectral function taking the an-
alytical expression of the first-order perturbation frone ttee-Hedin model. A complete

construction is possible using the transition matrix eletrend potentials which are calcu-
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lated within the scope of FEFF9. An effort to do this is cutheanderway.

Transmission Current of graphene nano-pore for DNA fingerprinting Our calculation of

transmission current through graphene nano-ribbon igntlyrin an early stage with a simple
device geometry. We believe that a construction of a moiestieadevice with practical noise
reduction techniques, the calculation of transport curwefl provide a useful theoretical
tool in guiding the DNA sequencing nanopore experimentsaémmediate goal we want
to proceed with an updated device geometry and fine tune dculaion to enhance the

theoretical ‘signal to noise’ ratio.



81

BIBLIOGRAPHY

[1] H. Jiang, R. I. Gomez-Abal, P. Rinke, and M. Scheffler, RHyev. B82, 045108 (2010).
[2] J. de Boer and E. Verwey, Proc.Phys.S&49, 59 (1937).

[3] N. F. Mott, Proc. Phys. Sod7, 571 (1935).

[4] N. F. Mott, Proc. Phys. So&62, 416 (1949).

[5] L. H. Thomas, Mathematical Proceedings of the CambriBg@osophical Societ23, 542
(1926).

[6] J. C. Slater, Phys. Rex9, 537 (1936).
[7] J. C. Slater, Phys. Re82, 538 (1951).
[8] J. Hubbard, Proc. R. Soc. Lond227, 237 (1964).
[9] J. Hubbard, Proc. R. Soc. Long81, 401 (1964).
[10] L. Hedin and S. Lundqvist, Solid State Phg8, 1 (1969).
[11] L. Hedin, Journal of Physics: Condensed Matt&rR489 (1999).
[12] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Be%4, 943 (1991).

[13] V. 1. Anisimoy, I. V. Solovyev, M. A. Korotin, M. T. Czygk, and G. A. Sawatzky, Phys. Rev.
B 48, 16929 (1993).

[14] J. P. Perdew and A. Zunger, Phys. Re285048 (1981).

[15] B. G. Janesko, T. M. Henderson, and G. E. Scuseria, Relyam. Chem. Phydll, 443
(2009).

[16] E. Runge and E. K. U. Gross, Phys. Rev. LBf.997 (1984).



82

[17] C. D. Sherrill and H. F. Schaefer, Advances in Quanturer@istry34, 143 (1999).

[18] A. . Lichtenstein, M. I. Katsnelson, and G. Kotliar, Y& Rev. Lett87, 067205 (2001).
[19] T. Das, R. S. Markiewicz, and A. Bansil (2008).

[20] J.D. Lee, O. Gunnarsson, and L. Hedin, Phys. Re50B034 (1999).

[21] N. Kosugi, Y. Tokura, H. Takagi, and S. Uchida, Phys. R&41, 131 (1990).

[22] T. Ahmed, T. Das, J. J. Kas, H. Lin, B. Barbiellini, F. Dil&, R. S. Markiewicz, A. Bansil,
and J. J. Rehr, Phys. Rev.@3, 115117 (2011).

[23] T. Ahmed, J. J. Kas, and J. J. Rehr, Phys. Re85B165123 (2012).
[24] L. Campbell, L. Hedin, J. J. Rehr, and W. Bardyszewskiy$? Rev. B65, 064107 (2002).

[25] A. L. Fetter and J. D. Waleck&@uantum Theory of Many-Particle Syste(@over, 2003),
3rd ed.

[26] C. Friedrich and A. Schindimayr, many-Body Perturbatlheory: The GW Approximation,
published in Computational Nanoscience: Do It Yourself!Gdotendorst, S. Iéhgel, D.
Marx (Eds.), John von Neumann Institute for Computirfglich, NIC Series, Vol. 31, pp.
335-355 (2006).

[27] R. D. Mattuck,A Guide to Feynman Diagrams in the Many-Body Probl@over, 1974),
2nd ed.

[28] A. Gonis and W. H. ButlerMultiple Scattering in Solid¢Springer-Verlag New York, Inc.,
2000), 1st ed.

[29] A. Ankudinov and J. Rehr, Phys. Rev.@2, 2437 (2000).
[30] U.von Barth and L. Hedin, J. Phys. C: Solid State Ply4.629 (1972).
[31] J.J. Rehr and R. C. Albers, Rev. Mod. Ph¥3, 621 (2000).

[32] P. W. Anderson, Phys. Rel24, 41 (1961).



83

[33] W. Kohn and L. J. Sham, Phys. Ra&40, A1133 (1965).

[34] P. Hohenberg and W. Kohn, Phys. R&86 B864 (1964).

[35] N.D.Mermin and H. Wagner, Phys. Rev. Let#, 1133 (1966).

[36] N.F. Mott, Meta-Insulator Transitior{Taylor and Francis, 1990), 2nd ed.
[37] D. M. Ceperley and B. J. Alder, Phys. Rev. Léth, 566 (1980).

[38] A. Svane and O. Gunnarsson, Phys. Rev. 165t1148 (1990).

[39] M. Luders, A. Ernst, M. Dane, Z. Szotek, A. Svane, Doddléritzsch, W. Hergert, B. L.
Gyorffy, and W. M. Temmerman, Phys. Rev.7g, 205109 (2005).

[40] F. Aryasetiawan and O. Gunnarsson, Reports on Progrédsysics61, 237 (1998).
[41] A. Svane and O. Gunnarsson, Phys. Re@7B89919 (1988).

[42] P. Limelette, A. Georges, D. Jerome, P. Wzietek, P. kl&tand J. M. Honig, Sciencg02
89 (2003).

[43] A. Altland and B. SimonsCondensed Matter Field TheofCambridge University Press,
2010), 2nd ed.

[44] R. S. Markiewicz, T. Das, and A. Bansil, Phys. Re\8B 224501 (2010).
[45] T. Das, R. S. Markiewicz, and A.Bansil, Phys. Re\8B 184515 (2010).
[46] T. Das, R. S. Markiewicz, and A.Bansil, Phys. Re\8B 174504 (2010).
[47] A. L. Ankudinov, Y. Takimoto, and J. J. Rehr, Phys. RewB 165110 (2005).

[48] F. Aryasetiawan, K. Karlsson, O. Jepsen, and U. Sceiygds, Phys. Rev. B4, 125106
(2006).

[49] V. I. Anisimov, F. Aryasetiawan, and A. |. Lichtensteid. Phys.: Condens. Mattér 767
(2997).

[50] G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phyd, 601 (2002).



84

[51] A.I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phiggv. B52, R5467 (1995).

[52] H. Jiang, R. l. Gomez-Abal, P. Rinke, and M. ScheffleyRiRev. Lett102 126403 (2009).
[53] T. Das, R. S. Markiewicz, and A. Bansil, Phys. Re\8B 174504 (2010).

[54] R. S. Markiewicz, S. Sahrakorpi, and A. Bansil, Physv.R&76, 174514 (2007).

[55] S. Basak, T. Das, H. Lin, J. Nieminen, M. Lindroos, R. Sarklewicz, and A. Bansil, Phys.
Rev. B80, 214520 (2009).

[56] O. Bengone, M. Alouani, P. Blochl, and J. Hugel, PhysvAB 62, 16392 (2000).

[57] H. Ebert, A. Perlov, and S. Mankovsky, Solid State Cominations127, 443 (2003).
[58] A. Juhin, F. de Groot, G. Vank6, M. Calandra, and C. Blen) prb81, 115115 (2010).
[59] O. Gunnarsson, Phys. Rev4B, 514 (1990).

[60] A. K. McMahan, R. M. Matrtin, and S. Satpathy, Phys. Re& 6650 (1988).

[61] M. S. Hybertsen, M. Schluter, and N. E. ChristenserysPRev. B39, 9028 (1989).

[62] I. V. Solovyev and M. Imada, Phys. Rev.H, 045103 (2005).

[63] M. Cococcioni and S. de Gironcoli, Phys. Rev/B 035105 (2005).

[64] K. Nakamura, R. Arita, Y. Yoshimoto, and S. TsuneyukiyB. Rev. B74, 235113 (2006).
[65] M. Springer and F. Aryasetiawan, Phys. Rev6 B 4364 (1998).

[66] F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, Sefdiann, and A. I. Lichtenstein,
Phys. Rev. Br0, 195104 (2004).

[67] E.Z.Kurmaey, R. G. Wilks, A. Moewes, L. D. Finkelste®, N. Shamin, and J. Kunes, Phys.
Rev. B77, 165127 (2008).

[68] P. Kruger, Journal of Physics: Conference Setfég 012006 (2009).

[69] J. P. Perdew, R. G. Parr, M. Levy, and J. L. Balduz, Phys. Rett.49, 1691 (1982).



85

[70] K. Schénhammer, O. Gunnarsson, and R. M. Noack, Phga. R52, 2504 (1995).
[71] R. C. Albers, N. E. Christensen, and A. Svane, J. Physnidéns. Matte21, 343201 (2009).

[72] B. Fromme,Electronic Structure of MnO, CoO, and Ni®ol. 170 of Springer Tracts in
Modern PhysicgSpringer Berlin Heidelberg, 2001).

[73] S. Liu and W. Langenaeker, Theoretical Chemistry Actsu Theory, Computation, and
Modeling (Theoretica Chimica Actd)10, 338 (2003).

[74] M. J. Stott and E. Zaremba, Phys. Rev2A 12 (1980).
[75] A. L. Ankudinov, Y. Takimoto, and J. J. Rehr, pr, 165110 (2005).

[76] J.J. Rehr, J. J. Kas, F. D. Vila, M. P. Prange, and K. derisPhys. Chem. Chem. Ph{2,
5503 (2010).

[77] W.von der Linden and P. Horsch, Phys. Re\8B 8351 (1988).

[78] J.J.Kas, A. P. Sorini, M. P. Prange, L. W. Cambell, J. 8inhen, and J. J. Rehr, Phys. Rev.
B 76, 195116 (pages 10) (2007).

[79] A. Georges, AIP Conference Proceedifd$, 3 (2004).

[80] A. E. Berkowitz and K. Takano, Journal of Magnetism anddvletic Material200, 552
(1999).

[81] B. Morosin, Phys. Rev. B, 236 (1970).

[82] J. Orenstein, G. A. Thomas, D. H. Rapkine, C. G. Bethed;.Revine, R. J. Cava, E. A.
Rietman, and D. W. Johnson, Phys. Rex8@ 729 (1987).

[83] K. Nakahigashi, N. Fukuoka, and Y. Shimomura, J. Phgs. Spn.38, 1634 (1975).
[84] H. Kondoh and T. Takeda, J. Phys. Soc. Ji$.2041 (1964).
[85] L. V. Dobysheva, P. L. Potapov, and D. Schryvers, Phys. B 69, 184404 (2004).

[86] H. Kurata, E. Lefevre, C. Colliex, and R. Brydson, Phigev. B47, 13763 (1993).



86

[87] T. Kotani and M. van Schilfgaarde, J. Phys.: Condensttéi20, 295214 (2008).

[88] D. C. Peets, D. G. Hawthorn, K. M. Shen, Y.-J. Kim, D. Sli&lIH. Zhang, S. Komiya,
Y. Ando, G. A. Sawatzky, R. Liang, et al., Phys. Rev. L&@i3 087402 (2009).

[89] R. Markiewicz, T. Das, and A. Bansil, unpublished.
[90] R. S. Markiewicz and A. Bansil, Phys. Rev. Lé6, 107005 (2006).

[91] J. J. Rehr, J. J. Kas, M. P. Prange, A. P. Sorini, Y. Takimand F. Vila, Comptes Rendus
Physiquel0, 548 (2009).

[92] S.Basak, T. Das, H. Lin, R. S. Markiewicz, and A.Ban2010), march meeting (APS).

[93] N. Nucker, J. Fink, J. C. Fuggle, P. J. Durham, and W. Emmerman, Phys. Rev. 87,
5158 (1988).

[94] M. Klauda, J. Markl, C. Fink, P. Lunz, G. Saemann-IsdteerF. Rau, K.-J. Range, R. See-
mann, and R. L. Johnson, Phys. RevA® 1217 (1993).

[95] H. Romberg, M. Alexander, N. Nucker, P. Adelmann, andridk, Phys. Rev. B2, 8768
(1990).

[96] J. J. Rehr and A. L. Ankudinov, Radiation Physics andr@is&gy 70, 453 (2004), ISSN
0969-806X, photoeffect: Theory and Experiment.

[97] J. A. Soininen, J. J. Rehr, and E. L. Shirley, Physicagsair 115, 243 (2005).

[98] R. S. Markiewicz, S. Sahrakorpi, M. Lindroos, H. Lin,da@. Bansil, Phys. Rev. B2,
054519 (2005).

[99] E. Pellegrin, N. Nucker, J. Fink, S. L. Molodtsov, A. t&rrez, E. Navas, O. Strebel, Z. Hu,
M. Domke, G. Kaindl, et al., Phys. Rev.4, 3354 (1993).

[100] M. Braden, P. Schweiss, G. Heger, W. Reichardt, Z. Hi&kGamayunov, |. Tanaka, and
H. Kojima, Physica C: SuperconductiviB23 396 (1994), ISSN 0921-4534.



87

[101] C. T. Chen, F. Sette, Y. Ma, M. S. Hybertsen, E. B. Stede M. C. Foulkes, M. Schulter,
S.-W. Cheong, A. S. Cooper, L. W. Rupp, et al., Phys. Rev. bé{t104 (1991).

[102] A. Liebsch, Phys. Rev. B1, 235133 (2010).

[103] X. Wang, L. de’ Medici, and A. J. Millis, Phys. Rev.&l, 094522 (2010).

[104] H. Eskes, M. B. J. Meinders, and G. A. Sawatzky, Phys. Rett. 67, 1035 (1991).
[105] M. C. A. Comanac, L de Medici and A. J. Millis, Nature Rings4, 287 (2008).
[106] E. R. Mardis, Naturd70, 198 (2011).

[107] M. Tichoniuk, M. Ligaj, and M. Filipiak, Senso& 2118 (2008), ISSN 1424-8220.

[108] V. Savolainen, R. S. Cowan, A. P. Vogler, G. K. Roderighd R. Lane, Philosophical Trans-
actions of the Royal Society B: Biological Scien@5, 1805 (2005).

[109] Z. Liu, J. T. Robinson, X. Sun, and H. Dai, Journal of fkmerican Chemical Society30,
10876 (2008), pMID: 18661992.

[110] J. G. Lorenz, W. E. Jackson, J. C. Beck, and R. Hannelpseiphical Transactions of the
Royal Society B: Biological Scienc&60 1869 (2005).

[111] V. J. Cook, C. Y. Turenne, J. Wolfe, R. Pauls, and A. Kapa. Clin. Microbiol.41, 1010
(2003).

[112] M. Zwolak and M. Di Ventra, Nano Lettefg 421 (2005).
[113] J. Lagergvist, M. Zwolak, and M. Di Ventra, Nano Lettér 779 (2006).
[114] S. K. Min, W. Y. Kim, Y. Cho, and K. S. Kim, Nature NanoFo( 162 (2011).

[115] D. A. Yarotski, S. V. Kilina, A. A. Talin, S. Tretiak, OV. Prezhdo, A. V. Balatsky, and A. J.
Taylor, Nano Letter®, 12 (2009).

[116] G. H. Seong, T. Niimi, Y. Yanagida, E. Kobatake, and Mzawa, Analytical Chemistry2,
1288 (2000), pMID: 10740872.



88

[117] H. Tanaka and T. Kawai, Nat Nadp518 (2009).
[118] C. Clemmer and T. Beebe, Scierit®l, 640 (1991).

[119] S. Kilina, S. Tretiak, D. A. Yarotski, J.-X. Zhu, N. Mawe, A. Taylor, and A. V. Balatsky,
The Journal of Physical ChemistryX11, 14541 (2007).

[120] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Nolmseand A. K. Geim, Rev. Mod.
Phys.81, 109 (2009).

[121] A. Grineis, C. Attaccalite, A. Rubio, D. V. Vyalikh,. &. Molodtsov, J. Fink, R. Follath,
W. Eberhardt, B. Buchner, and T. Pichler, Phys. Re80B075431 (2009).

[122] S. Akca, A. Foroughi, D. Frochtzwajg, and H. W. C. PaatiAaLoS ONBb, 18442 (2011).
[123] A. K. Geim and K. S. Novoselov, Nat Matéy 183 (2007).

[124] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Yhang, S. V. Dubonos, I. V.
Grigorieva, and A. A. Firsov, Scien@96, 666 (2004).

[125] Q. Su, S. Pang, V. Alijani, C. Li, X. Feng, and K. Mlleng@anced Material&1, 3191 (2009),
ISSN 1521-4095.

[126] G. Henkelman and H. Jonsson, Phys. Rev. 18&t664 (2001).
[127] P. Jurecka, J. Sponer, J. Cerny, and P. Hobza, Phys1.Gteem. Phys3, 1985 (2006).

[128] D. E. Vanpoucke and G. Brocks, Physical Review B: Coiseéd matter and materials physics
77, 241308 (2008).

[129] D. A. Siegel, C.-H. Park, C. Hwang, J. Deslippe, A. VdBmv, S. G. Louie, and A. Lanzara,

Proceedings of the National Academy of Sciences (2011).
[130] G. Kresse and J. Furthmdller, Phys. Re\e4811169 (1996).
[131] D. Vanderbilt, Phys. Rev. B1, 7892 (1990).

[132] D. Branton, D. W. Deamer, A. Marziali, H. Bayley, S. AeBner, T. Butler, M. Di Ventra,
S. Garaj, A. Hibbs, X. Huang, et al., Nature Biotechnol@gy 1146 (2008).



89

[133] E. A. Manrao, |. M. Derrington, M. Pavlenok, M. Niedezis, and J. H. Gundlach, PLoS
ONE®6, e25723 (2011).

[134] D. Sanchez-Portal, P. Ordejin, E. Artacho, and J. MeStnternational Journal of Quantum
Chemistry65, 453 (1997), ISSN 1097-461X.

[135] P. Ordejon, E. Artacho, and J. M. Soler, Phys. ReG3BR10441 (1996).

[136] S. V.Kilina, C.F. Craig, D. S. Kilin, and O. V. Prezhdb,Phys. Chem, Gubmitted, October
2006 (2007).

[137] J. Tersoff and D. R. Hamann, Phys. Rev3B 805 (1985).



90

Appendix A
LDA+U EXTENSION OF FEFF: NEW AND MODIFIED CODE

In this appendix we describe the parts of the FEFF9 code whizmodified to incorporate
rotationally invariant Hubbard model. Here we list all theanroutines and briefly describe their
functions. We also describe the new input card HUBBARD inféikinp file as well as all the new
outputs files. A few simple flow charts are also added to hatteibenderstanding of how the logic
of the program flows. LDAW was implemented by modifying all routines in LDOS module and

hence renamed as LDOS-HUBB as an additional module in FEFF9.
A.1 Input: feff.inp

This implementation was performed following the 'minimalrd usage policy’. Which means in
'feff.inp’ file one only needs HUBBARD card along with LDOSrce HUBBARD card uses three
parameters namely U >, < J >, and< fermi—shift >. For parametric calculation these three
values are real numbers. If one specify the first paramet&Ri2A” then constrained RPA calcu-

lation is performed, anet U > is read from the output file called "crpa.dat”.

e <U > The value ofU can be a real value or string "CRPA”. In the latter case the £RP

program will run andJ will be read from 'crpa.dat’ file.

e < J> Atthe current implementation level, exchange param&temot calculated. For most

systems, this value doesn't vary a lot and stay within 0.600 1

e < fermi—shift> This option is just to add or subtract a small correction t&om the Fermi
energy. FEFF calculated Fermi energy is often not highlyieate while to correctly split the
upper and lower Hubbard band one needs to knpwétry precisely. Thus this parameter is

just to give a little more control to make any necessary otioe to the Fermi energy.
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A.2 Final output files

Once the Hubbard calculation is done the output files are:

e ImdosOx.dat- This file contains 33 columns. The first column is photoetetenergy in eV.
From 2nd to 17th columns are spin up density of states forspitaeep, five d and seven
f orbitals. From 18th to 33rd columns are density of statesifoilar orbitals but for down

spin. "X’ stands for the particular atom or potential typa}.ex = 0 for central atom

e hubbardOx.dat - This file contains diagonalizedx (basis) spin-orbital occupanay,s and

corresponding Hubbard correction potentigl; for all I, a, ando values.
A.3 Intermediate output files

There are a few other output files which are created and re#ttkatarious stages of Hubbard

program run. These are:

e hubbard.inp - After feff.inp is read by FEFF’s "rdinp” program, the file ubbard.inp’ is
created if it finds HUBBARD and LDOS cards simultaneously.isTiile only contains the

values for U” (parametric or CRPA generated)]”, and "fermishift”.

e transf.dat - This file contains the unitary matrix which is used to diaga® Njmng-

e Invtransf.dat - This file contains the inverse of the unitary matrix whichis&d to diagonalize

Nimnio-

e gtr _off.dat - This file contains the off-diagonal terms for gg matrix whis returned from

'fms’ routine insidefmspack.

e gtr_m.dat - This file contains then dependent terms of the gg matrix which is returned from

'fms’ routine insidefmspack.

e aphasedosOx.dat- 'x’ stands for atom/pontetial type. This file contains timedependent

phases which is written in rhdi.f90 and read in fmsdols.fo0.
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e aphaseup.dat - This file contains thd, m, and o = up dependent phase written in

"XSPH/phase.f90’ and read in 'FMS/fmstot.f90’.

e aphasedown.dat- Same as above but for= down

A.4 Modified routines in FEFF90 for LDA+U

A.4.1 RDINP

e rdinp.fo90
This routine is modified to read HUBBARD card (if ‘itoken’ igturned to be 98) and also
reads parametet$, J and fermishift. It assigns 2 to mldakubb when HUBBARD card is

present or else mldasubb = 1 and only regular LDOS is executed.

A.4.2 COMMON

e itoken.f90
This modified routine reads ‘feff.inp’ and assigns itoken&iPHUBBARD card is present.

‘itoken’ is later read by ‘rdinp.fo0’ routine.

e rdxsph.fo0

A.4.3 LDOSHUBB

e |dos_h.f90
This is a new routine written following the existing IdoS)fth FEFF90. This is run instead of
ldos.f90 if mldoshubb=2. The only other difference between these two rositisi&osh.fo0
reads spinph or the spin polarization specified in ‘feff.iapd calculates von Barth Hedin
potential for both spins (up and down). Then Idos$utoutine is called. Dimensions of some

of the variables are also extended accordingly to accomtadmtdah spin states.

e |dossuhh.f90
This routine is equivalent to original Idossub.f90 with fehanges. This routine calls rhbl

routine but for both spins. This also calls ‘fmsde$90’ and ‘ff2rha.h.fo0’.
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e reldos h.f90
This routine is equivalent to reldos.f90 but is modified tteex! the dimension of some vari-

ables to accommodate both spins.

e rhol _h.fo0
This routine calculates 'dvovrg.fo0’ (Dirac solver) to calate the components of dirac

spinors and also calculate their phases both in “Vanillaf ‘&hubbard” running stage.

e fmsdosh.f90
Now this is executed twice: without and with the Hubbard ection(“Vanilla-FEFF” and
“Hubbard-FEFF” as explained by the flow charts in the nextisel In the first stage this
routine calls 'fms’ routine from 'FMS/fmspack.f90’ but ihé second stage it calls ‘fis in

‘FMS/fmspackh.f90’ which returns ‘ggm.bin’.

e ff2rho _h.f90
A handful of important tasks are done in this routine. Thidiree is called from ldossub.fo90
at the end of the first stage (“Vanilla-FEFF”), and the masktaf this routine is not only to
print ‘ldosOx.dat’ (angular momentuhprojected DOS) and ‘ImdosOx.dat’ (orbital and angu-
lar momentum projected DOS), but also using diagonalizédaital occupatiom;qg, con-
struct the Hubbard correction potentiéif .. These results are then written in “habbardOx.dat”

files which are read at the second stage of running (“HubB&#&F")

A.4.4 FMS

e fmspack_h.fo90
This is a new additional routine which is primarily a modifioa of fmspack.f90 routine in

FMS module. fmspack.fo0 calculates t-matrix and free Gsefeinction, and returns 'gg’.

e gglu_h.f90
This program is an equivalent version of gglu.fo0 for “Hulib&EFF” run. The only differ-

ence is it keeps track of the unitary transformation madrice
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A45 MATH

e seigen.f90
This routine is adapted from BLAS package and is able to dialige any finite symmetric
matrix and provides the eigen values and eigen vectorsntagts the routine called SSYEV
which was called from ff2rhdn.f90 in order to diagonalizemmg. The eigen vectors are then

used to construct the unitary transformation matrix.

A.4.6 LDOS

e |dos.f90
This is a routine mostly used in “Vanilla-FEFF’ running stad here are two minor modifica-
tions in this routine. This s is executed only when mldhbb = 1 otherwise LDOS module

will turn off all the routines from LDOSHUBB module start to execute.

A.47 XSPH

e phase.fo0

In this routine the phases are calculated using the Hublmrdated total potential.
A.5 Example input file
Here we give an example of feff.inp file with HUBBARD card.
A.6 Program running flow chart

In order to have a better understanding of how this is impleatkin FEFF9, we present a few flow
diagrams. For simplicity the diagram doesn’t include a# ttetailed input, output or supporting
files. Only the major input/outputs and functionalities ahl®wn. As mentioned earlier the pro-
gram runs in two stages (two major loops). In the first stageRFEruns without Hubbard model
but still within LDOS HUBB module. We named this stage “Vanilla-FEFF"(see Fig)A-At the
end of this stage one obtains the density matrix, and by rateg this one obtains diagonal and
off-diagonal spin-orbital occupanci@g,ng. This matrix is then diagonalized and one obtains oc-

cupation numbenyg in a basis. This new basis is assumed to correctly representubesigen
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Figure A.1:

states of the localized orbitals instead of the sphericafiymetric/m) basis. The parametric or
cRPA calculated U values along witl,s are then used to construct Hubbard correction poten-
tial following Anisimov [12] prescription. This stage is stibed with the following flow chart in
Fig.A-2. Finally the program runs in its second stage whighname as “Hubbard-FEFF” stage
(see Fig.A-3). In each of these two stages the computatitooped over spin up and down. As a
result the computation time can be estimated to be littleentisan four times the spin independent

calculation of regular version of LDOS in FEFF9.
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Appendix B

SCANNING TUNNELING SPECTROSCOPY AND LOCAL DENSITY OF
STATES

In the scanning tunneling spectroscopy (STS) one takesdhantage of scanning tunneling
microscope (STM) in order to achieve tunneling current tlgio the sample lying between a tip
and a conducting substrate. By varying the bias voltage dmtvthe tip and substrate, one can
probe the local electronic density of states (LDOS) of nsetaémiconductors and thin insulators
on a scale which has much higher precision than other clyremhilable spectroscopies. Using
Tersoff-Hamann theory [137], the tip is approximated toenteatureless-wave and the tunneling

conductance is proportional to the LD@Q&Ry, e + V) at the tip positiorRy and energgr +V,

dl

N7 ~ 9 - ik F — ¢ik "

g (V) ~P(Ro,e+V) = [Wik(Ro)[*3(er +V — i) (B.1)
l

wherel is the currentiix andej are thei-th eigen state and eigen energy respectively,kaisdhe

block wave vector index.
B.1 Interaction of Graphene and DNA base

In order to have a better assessment of the local electrtmictgre (LDOS) of the base atoms near
the graphene plane, we performed a full geometry optintinaif a supercell with approximately 75
atoms using VASP [14, 130, 131]-5.2 package. The bindingggrgetween the bases and graphene

is calculated using,

Eb = Etotal - Eiswbase— Epur&graphy (B-Z)

whereE, is the binding energy between the base and the graphene Blaggs the fully geometry
optimized ground state energy of the graphene+base sy&igimyase and Epure—_grapheneare the
geometry optimized total ground state energy of base migleand graphene correspondingly. In
Table-1 we also present the dependence of binding enerdyeaainigular configuration of the base

molecules on graphene surface.
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Table B.1: Binding Energy (eV) between DNA bases and Graghen

Base o0 3 45 o0

Adenine -0.501 -0.202 -0.304 -0.292
Cytosine -0.910 -0.843 -1.120 -0.930
Guanine -0.678 -0.599 -0.510 -0.502
Thymine -0.630 -0.473 -0.488 -0.451

By keeping similar geometric configurations of the basesrmreasing the graphene size, we
only assumed the order in binding energies to remain ca@misind performed our self-consistent
DFT calculations which are shown in the main text. The shiftthe LDOS peak as a function

of angular orientation between the base and graphene paeethown in Figure 6-3(a)-(d) of the

main text.

B.2 3D Perspective

B.3 Calculation Method

Density functional theory (DFT) is well known for its accteadescription of the ground state
properties in the systems with mos#yand p electrons. In our calculations of the energy levels
for isolated DNA-bases (Figure 6-2a), we used SIESTA-3€kage [134, 135] which uses lo-
calized numerical basis sets and PW91 functional with LDAd®rrelation. In the presence of
the 2D graphene substrate, the plane-wave basis set becoonegpreferable and we used VASP
[14, 130, 131] code for the rest of our calculation. In all af €DA calculations in this paper, core
states are replaced by the standard ultrasoft Vanderlalidegpotentials. For the pure graphene case
in Figure 6-2b, we used»®4 x 1 k points in a supercell with dimension.BX 128 x 16 A3, where
gamma-point self-consistent calculations were perforfoethe rest of the results presented in this
paper. For the calculation presented in Figure 6-2b, we assapercell with 880 atoms and di-

mension 43 x 43.6 x 30.0 A3. For the results presented in Figure 6-3 for DNA bases onhgirag
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Figure B.1: Charge density and atomic structure for ade()ecytosine (B), guanine (C), and
thymine (D) on graphene. The graphene carbons are in grélg mirtleobase carbons are in green.

only surface, the supercell(#x 18.6 x 24.0 ,&3) includes 128 atoms, and for the results with SiC

substrate in Figure 6-4, the supercell A4 15.4 x 30.0 A3) contains 210 atoms.
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[Atomic structure of each nucleobase on graphene]

Figure B.2: Atomic structure of each nucleobase on graph€ne angle denotes the orientation of
each nucleobase.
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