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Abstract

Topological Electronic Properties and Optical Properties of Graphene Nanoribbons
and Carbon Conjugated Systems

by
Fangzhou Zhao
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Steven G. Louie, Chair

In condensed matter physics, first-principles methodologies play a significant role in
understanding various interesting phenomena and physical laws, such as electronic and
optoelectronic properties of crystals. And low dimensional materials exhibit many
extraordinary physical properties due to quantum confinement, enhanced interaction,
and special screening effects, and so on. Quasi-one-dimensional graphene nanoribbons
(GNRs) are a promising new platform for future nanoelectronics applications, and
the recent booming development of bottom-up synthesis techniques enables atomically
precise synthesis of GNRs, so that GNRs of different widths, edge shapes and dopants
could be well-studied.

This dissertation mainly focuses on the theoretical and computational study of the
topological electronic properties of GNRs, the substrate interaction of doped GNRs,
the design of a double-quantum-well GNR transistor, and the optical properties of
conjugated polymers. This dissertation is organized as follows:

e In Chapter 1, we review the theoretical and computational methodologies that we
used to calculate the electronic and optical properties of relevant low-dimensional
materials in the dissertation, including density functional theory (DFT) for ground-
state properties as well as the GW and the GW plus Bethe-Salpeter equation
(GW-BSE) methods for excited-state properties.

e In Chapter 2, we present our study on the topological phases of armchair, cove-
edged, and chevron GNRs, as well as GNRs with dopants by first-principles
calculations and model-related methods. We further present a novel design of a
periodically doped GNR structures with electric field tunable topological prop-
erties, which may have potential application in nanoelectronics.



e In Chapter 3, we show our detailed investigation of the bulk-edge correspon-
dence in Z, classification of quasi 1D systems by using model and first-principles
calculations.

e In Chapter 4, we present a first-principles study of electronic properties of GNRs
collaborated with the experimental groups. We investigate the strong interac-
tion between the metallic substrate and the dopant states of the boron-doped
armchair GNR for different doping concentrations. Strong substrate interactions
have been observed both by first-principles calculations and scanning tunneling
spectroscopy (STS) measurements.

e Chapter 5 focuses on an application study of the GNRs. We design a double-
quantum-well GNR transistor and analyze the possibility of using such a device
to break the thermal limit in the swing voltage in order to build energy efficient
transistors. We test the validity of a double-quantum-well GNR transistor, and
obtain the analytical form of spectral lineshapes of a quantum dot state coupled
to a metallic wire with finite band width. The findings shown in this chapter
reveal the theoretical principles in designing nanoelectronic transistors with low
swing voltages.

e In Chapter 6, we present our first-principles study on the optical and excitonic
properties of conjugated polymers using the GW-BSE methodology. We present
detailed investigations on different approximations used in density functional
theory and GW-BSE calculations and their effects to the calculated results. The
new calculated absorption spectrum with improved methodologies agrees much
better with the experiments than previous reported first-principles results. We
also present a new development on the interface code bridging the BerkeleyGW
code with an ab initio DFT code to enable GW-BSE calculations starting from
DFT using metaGGA and hybrid exchange-correlation functionals.
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The calculated absorption spectra for silicon by the interband transition
method with the GW band structure (black dashed) and the GW-BSE (red
solid) method which includes electron-hole interactions using the Berke-
leyGW package [31]. The dotted line is experimental data from [54]. The
figure is taken from Ref. [31]. . . . . . . ... ..o

Schematic structure of AGNRs with N rows of carbon atoms. The carbon-
carbon bonds and carbon-hydrogen bonds are colored black and gray, re-
spectively. The black numbers on the left label the row number of carbon
atoms of the AGNR. The red numbers labels the carbon atom in a unit cell.
The red dashed line denotes a unit cell of the AGNR. The red arrows are
lattice vectors of graphene. . . . . . .. .. ...
Brillouin zone and high symmetry points of graphene. The dashed lines
show the specific k path of which the wavefunctions of graphene constitute
the n-th band of an N-AGNR. . . . . .. .. .. ... ... ... ...,
Heterojunctions formed with N = 9 and N = 7 armchair graphene nanorib-
bons (9AGNR/7AGNR) between two (a) topologically equivalent segments
and (b) topologically inequivalent segments. The red dashed line denotes
the interface between the two nanoribbons. The carbon-carbon and carbon-
hydrogen bonds are colored black and gray, respectively. The color scale
shows the charge density of the localized midgap junction state. The charge

density is integrated along the out-of-plane direction [in units of 1/(a.u.)? ].

Boron-doped graphene nanoribbons. (a) Structure of an N = 7 AGNR peri-
odically doped with boron pairs (B2-TAGNR). The carbon-carbon, carbon-
boron, and carbon-hydrogen bonds are colored black, red, and gray, respec-
tively. The dashed black rectangle indicates a unit cell. (b) Band structure
of the B2-7TAGNR calculated with the ab initio GW method. The top of
the valence band is set at 0 V. (c) Wave function of dopant orbitals with
s and p symmetries, plotted at 1 Angstrom above the nanoribbon plane.

The red and blue color shows positive and negative amplitudes [in units of
(aw)B )0 o
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Doped-pristine AGNR superlattice. (a) Structure of a TAGNR/B2-7TAGNR
superlattice. The carbon-carbon, carbon-boron, and carbon-hydrogen bonds
are colored black, red, and gray, respectively. The color scale shows the
charge density distribution of the lower junction-state band integrated over
states in the superlattice BZ and integrated over the direction perpendic-
ular to the ribbon plane [in units of 1/(a.u.)? ]. (b) Schematics of the 1D
antiferromagnetic Heisenberg spin 1=2 chain corresponding to the system
shown in (a). The arrows denote relative directions of electron spins. (c) Ab
initio calculated exchange parameters in the Heisenberg model as a function
of the separation distance, in log scale and linear scale (inset). . . . . ..
Schematic structures (top panels) and band structures calculated using
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and (c) N = 6 (even) with asymmetric edges (misaligned facing vacancies)
across the ribbon. The cove-edged GNRs are periodic along the x direction,
and the side view in (a) illustrates the structural deformation along the di-
rection perpendicular to the GNR plane. The unit cell of each GNR studied
is shown by the black bracket. The gray and silver balls denote carbon and
hydrogen atoms, respectively. The pink and blue areas denote edge carbon
rings tilting upward and downward from the ribbon plane, respectively. (d)
DFT-LSDA band gap of the three types of cove-edged GNRs in (a)-(c). For
N = asymmetric-even cove-edged GNRs, the DFT-LSDA band gap is close
to 0. (e) Wannier centers of the m-electron Wannier functions of an N = 5
cove-edged GNR are denoted by red dots in the unit cell. . . . . . . . ..
Schematic structures (top) and DFT-LDA band structures (bottom) of (a)
regular chevron, (b) extended-chevron, and (c) binaphthylchevron GNRs.
Gray and silver balls denote carbon and hydrogen atoms, respectively. The
structures of extended- and binaphthyl-chevron GNRs are laterally exten-
sions of a regular chevron GNR with additional hexagonal carbon rings
(blue) and additional two rows of carbon (orange) in the elbow positions,
respectively. They all have the narrowest width portions in the unit cell
formed from N = 6 armchair GNR. The green and purple brackets show the
unit cell shapes corresponding to topologically trivial and nontrivial phases (
Zs =0and 1), respectively. The DFT-LDA band structures show a semicon-
ducting gap of 1.59, 1.37, and 1.18 eV in regular chevron, extended-chevron,
and binaphthyl-chevron GNRs, respectively. . . . . . . . .. .. ... ...
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GNR heterojunctions formed with (a) an N = 7 AGNR and an N = 5
cove-edged GNR (finite length of 7.94 nm), and (b) an N = 7 AGNR and a
regular chevron GNR (superlattice with lattice constant a = 10.23 nm). The
upper panel and lower panel in (a) and (b) show heterojunctions between
two topologically equivalent segments (zigzag/zigzag interface) and inequiv-
alent segments (zigzag’/zigzag interface), respectively. These are zoom-in
schematic structures near the junctions. The gray and silver balls represent
the carbon and hydrogen atoms, and the green (purple) brackets show the
unit cell with Zy = 0 (1). The color scale shows the square of wave function
of the topological junction states integrated over the direction perpendicu-
lar to the ribbon plane [in units of 1/(a.u.)? ]. The density of states of (c)
the N = 7 AGNR/N = 5 cove-edged GNR heterojunctions and (d) the N
= 7 AGNR/chevron GNR heterojunctions, with zigzag/zigzag (red curves)
and zigzag’/zigzag (blue curves) interfaces, where a broadening of 0.03 eV
is used. Topologically induced junction states emerge at the zigzag’/zigzag
interfaces. . . . .. L
Finite GNR segments with different end terminations for (a) an N = 5
cove-edged GNR (a finite length of 6.21 nm) and (b) a regular chevron
GNR (a finite length of 6.67 nm). Both isolated GNR segments consist of
one end with Z; = 1 and the other end with Zs = 0. The gray and silver
balls represent the carbon and hydrogen atoms, respectively, and the green
(purple) bracket shows the unit cell with Zy = 0 (1) at a particular end. The
color scale shows the charge density of the topologically induced end state at
the end with Z5 = 1. The charge density of the end state is integrated over
the out-of-plane direction [in units of 1/(a.u.)? |. The density of states from
DFT-LDA calculation of (¢) cove-edged GNR segment and (d) chevron GNR
segment with structures shown in (a) and (b) respectively are plotted, where
an energy broadening of 0.03 eV is used. A 2-fold degenerate topologically
induced end level appears at midgap (or at the Fermi level since it is half
occupied) for both GNR segments. . . . . ... ... ... ... ... ...
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(a) A unit cell of the B&N-11AGNR (commensurate with a zigzag end
termination). The blue arrow shows the direction of a positive TEF. The
red dashed line shows a mirror plane of the system, and the blue dashed
line defines a normal plane about which the positions of the boron- and
nitrogen-dimers are switched upon reflection. (b, ¢) The BCB wavefunction
(b) and TVB wavefunction (c) at the I' point on a plane at 1 Angstrom above
the GNR basal plane. (d) The B&N-11AGNR band structure without any
applied field. The blue, red and green colors in the band structure denote
the module squared weights of the wavefunction that are projected onto
the boron, nitrogen and carbon atomic orbitals, respectively. The scale
bar defines the mapping between the color scale and the percentage weight.
The projection is normalized according to the total number of atoms of each
species per unit cell. The parity eigenvalues (¢,r, M |tnr,) of the 8 bands
near the Fermi level Er at I' and X are marked as “4” (“-”) for value of
+1(F1). o
The band inversion process under changing TEFs from DFT-LDA calcula-
tions. As the TEF goes below a critical field strength of E, ~ —0.2 V/nm,
the characters (and parities) of the states of the BCB and TVB at the X
point are inverted, and both the Z and Z5 invariants of this system change
from 1 to 0. The bands are zoomed in a region near the X point in reciprocal
space spanning over 1/10 of the I' — X length. . . . . . ... ... .. ..
Bulk-edge correspondence. (a-c) The red curves show the calculated end-
cell LDOS (integrated in the red rectangular region in (d)) of the 24-unit-
cell finite-length GNR with TEF of E = 1.09 (a), 0 (b), and -1.09 (c)
V/nm, while the blue curves show the bulk DOS per unit cell at the same
TEFs. Both the LDOS and DOS are in units of number of states per energy
per length without considering spin degeneracy. The Gaussian broadening
factor is 1 meV for both the LDOS and bulk DOS. The insets zoom in the
green dashed rectangular regions. (d) The iso-surface charge density plot at
1.4x107% A3 (1% of the maximum value) of the topological end state in the
24-unit-cell finite segment (only the left 1/3 of the segment is shown). The
TEF is 1.09 V/nm (Z = 1). (e) DFT-LDA bandgap versus TEF calculated
using the SIESTA package (E. ~ —0.8 V/nm). The calculated Z invariant
is 1 (0) for F > E. (E < E.). The colors on different parts of the curve
denote the number of end states per end for the system. . . .. ... ...
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2.15

2.16

(a) The TEF profile in one repeating period as a function of coordinate x
which is along the axis of the ribbon. (b) The iso-surface charge density plot
at 2.7 x 107 A3 ( 2% of the maximum value) of the topological junction
state (evaluated at I'-point of the superlattice) of a B&N-11AGNR with the
superlattice electric field in (a) applied. One repeating period of the TEF
(the supercell shown in (b)) contains 24 B&N-11AGNR unit cells. The field
strengths in the center of the left (right) region are -1.58 V/nm (0 V/nm)
resulting in the system with Z being 0 (1). (c) DOS of the GNR in a
superlattice electric field. The red solid curve shows the LDOS computed
in the junction region (the red rectangle in (b)). The green (blue) dashed
curves show the bulk DOS per unit cell with a uniform TEF of E = -1.58
V/nm (0 V/nm). . . ...
A and B sublattice in pristine and co-doped AGNR systems. In both (a)
and (b), the atoms (carbon, boron or nitrogen) circled by blue and orange
circles belong to A and B sublattices, respectively. (a) A pristine 11AGNR.
(b) A B&N-11AGNR. The blue dashed line defines a normal plane about
which the positions of the boron- and nitrogen-dimers are switched upon
reflection. . . . . . .. L
Calculation of Z index or winding number using the simplified tight-binding
model. The parity eigenvalues (¢h,r,| M |th,r,) of the high symmetry points
are marked as “4” and “” for value +1 and -1, respectively. (a) The
band structure within the tight-binding model (g = —ey = 7.2 eV t=-
2.7 €V). The blue, red and green colors in the band structure denote the
module squared weight of the wavefunction that is projected onto boron,
nitrogen, and carbon atomic orbitals, respectively. The projection has been
normalized according to the total number of atoms of each species per unit
cell. The scale bar defines the mapping between the color scale and the
percentage weight. (b-d) The band inversion process in the simplified tight-
binding model. The bands are plotted near the X point in a reciprocal
space spanning over 1/10 of the I' — X length. (e-f) The real and imaginary
part of det(h(k)) as k moves across the 1D BZ. The red (green) curve shows
the trajectory of det(h(k)) in the complex plane corresponding to k going
from I' to X (from X back to I'), with the arrow showing the direction.
The windings of det(h(k)) in the complex plane around the origin with the
TEF above (e) and below (f, g) E. are 1 and 0, respectively, corresponding
toZ=1and Z=0. . . ... . ...
The positions of center of the MLWFs of B&N-11AGNR obtained from
DFT calculations using the SIESTA package. The radius of the blue dots is
proportional to the spread of the WFs. The numbers on each dot denote the
onsite energy in the WF basis, while (a) is for the Kohn-Sham Hamiltonian
and (b) is for the mapped chiral Hamiltonian. The blue dashed line in
(b) is the normal plane about which the atomic sites switch positions upon
reflection although the species of the atoms may not be the same.
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2.17

2.18

2.19

(Continued from Fig. 2.16) (c-f). The band structure of the mapped chiral
system (colored line) and the Kohn-Sham system (grey line). The blue,
red and green colors denote the module squared weight of the wavefunction
that is projected onto WFs on boron, nitrogen and carbon atoms. The
projection has been normalized according to the total number of WFs of
each atom species per unit cell. The scale bar defines the mapping between
the color scale and the percentage weight. (c) shows the band structure in
the absence of applied field. (d-f) is the zoom-in band structure near the X
point (spanning over 1/5 of the I' — X length) where the field-induced band
inversion happens. Depicted are the band structures for E = 1.09 V/nm
(d), -1.09 V/nm (e) and - 3.27 V/nm (f), which correspond to E > E, (d),
Es < E < E. (e) and E < E; (f), respectively. (g-i) The winding of the
value of det(h(k)) of the mapped chiral Hamiltonian around the origin in the
complex plane, corresponding to the case where E = 1.09 V/nm (g), -1.09
V/nm (h) and -3.27 V/nm (i). The red (green) curve shows the trajectory
of det(h(k)) in the complex plane corresponding to k going from I' to X
(from X back to I'), with the arrow showing the direction. . . . . . .. ..
Electronic structure of 7/9-AGNR superlattice. (a) Inset, STM topography
of 7/9-AGNR superlattice (Vs = —0.10 V, I; = 80 pA). The red (blue) curve
shows dI/dV point spectroscopy data collected on the 7-AGNR (9-AGNR)
segment (tip position marked by plus sign). The dotted black curve shows
a spectrum collected on bare Au(111). The spectroscopy parameters are
Vae = 10 mV and f = 581 Hz. (b) Constantcurrent dI/dV maps obtained
at voltages corresponding to peaks A, B, C and D marked by arrows in
a (I; = 100 pA, V. = 10 mV, f = 581 Hz). (c¢) LDOS maps calculated
via DFT at the energies of the 7/9-AGNR superlattice VB, OTB, UTB
and CB marked by arrows in (d) (obtained 4 Aabove the GNR plane). (d)
Calculated DOS obtained via DFT for the 7/9AGNR superlattice (0.05 eV
Gaussian broadening used). All STM data shown here were obtained at T
= 4K on a 7/9-AGNR consisting of 12 fused monomer units (the total GNR
length was 15.6 nm). . . . . . . . . ...
Topological bands in 7/9-AGNR superlattice. (a) Wireframe sketch of the
7/9-AGNR superlattice with superimposed charge density for only a single,
isolated interface state. Arrows represent hopping amplitudes that couple
interface states through different AGNR segments. (b) DFT-LDA wave-
functions for the OTB maximum and UTB minimum are composed of bond-
ing and antibonding linear combinations of adjacent interface-state wave-
functions. The wavefunctions are plotted in the plane 1 A above the GNR
atomic plane to demonstrate bonding symmetry. (c) Solid black curves
show the DFT-LDA band structure of a freestanding 7/9-AGNR superlat-
tice. The dashed red curve shows a tight-binding fit to DF'T OTB and UTB
using equation 2.39. . . . .. Lo
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3.1

3.2

3.3

Bulk-edge correspondence violation in a practical GNR system. (a) A unit
cell of the B&N-11AGNR (commensurate with a zigzag end termination).
The red dashed line shows a mirror plane of the system. (b) The iso-surface
charge density plot at 1.4 x 107% A3 (1% of the maximum value) of the
topological end state in the 24-unit-cell finite segment (only the left 1/3
of the segment is shown). (c) The red curves show the calculated end-
cell LDOS (integrated in the red rectangular region in (b)) of the 24-unit-
cell finite-length GNR, while the blue curves show the bulk DOS per unit
cell. Both the LDOS and DOS are in units of number of states per energy
per length without considering spin degeneracy. The Gaussian broadening
factor is 1 meV for both the LDOS and bulk DOS. The insets zoom in the
green dashed rectangular regions. (d) The B&N-11AGNR band structure
without any applied field. The parity eigenvalues (¢,r, M |tnr,) of the 8
bands near the Fermi level Ep at I' and X are marked as “+7 (“”) for
value of +1 (-1). . . . . L
Bulk-edge correspondence violation in a 4-band system. (a) A tight binding
model showing the tendency of a 4-band system towards being separated
into two subsystems. (b) The band structure of the 4-band system with c.
The the bands with blue and green shades are trivial and nontrivial bands,
respectively. (c¢) The band edge that defines gap 3 and the end state in gap
3 in a semi-infinite chain as a function of the interchain coupling |s;|. As
|s1] goes below the critical value s. ~ 1.703 eV, the end state merges into
the bulk continuum and thus the bulk-edge correspondence is violated.

Bulk-edge correspondence (BEC) violation in a modified SSH model. (a) A
SSH model with second- and third-nearest-neighbor hopping. (b) The phase

[t2]  |s2]

diagram in the (W S ) parameter plane, showing the bulk edge corre-

spondence holds when only nearest-neighbor and second-nearest-neighbor

hopping are present. (c, d) The phase diagram in the ( %, ﬁ’—f' ) parameter
plane. The red, blue, and grey region in the phase diagram denotes the
regime where the bulk edge correspondence is violated, the regime where
the bulk edge correspondence holds, and the regime where the system is
gapless, respectively. (c) The phase diagram with Ii—fl = 0.9 fixed. The
Zs invariant of the system in the nonzero gap regime is 0. (d) The phase
diagram with % = 1.1 fixed. The Z, invariant of the system in the nonzero

gapregime is 1. . . . . . . Lo
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4.1

4.2

4.3

4.4

4.5

Band structure evolution of freestanding boron-dimer-doped N = 7 armchair
graphene nanoribbons (AGNRs) at different dopant densities. Unit cells of
(a) undoped, (b) dilute-doped, and (c) densely doped N = 7 GNRs. (d-f)
Corresponding band structures calculated by DFT within LDA. The relative
Brillouin zone sizes in panels d, e, f are 9 : 1 : 3, and when this is taken
into account, the dispersion of the VB top and CB bottom does not change
significantly after doping. . . . . . . . . ... L
(a) The unit cell for a freestanding dilute boron-dimer-doped 7TAGNR. Red,
black, and purple spheres represent boron, carbon, and hydrogen atoms,
respectively. (b, c¢) Calculated wavefunctions of the two dopant states at
the I' point for a freestanding GNR. The wavefunctions are plotted along

xi

the axial line of the unit cell in (a) (black dashed line) 1 A above the GNR. 64

Band structures of freestanding boron-dimer-doped N=7 AGNR at two in-
termediate dopant concentrations. (a, b) Unit cells of freestanding N=7
AGNRs at two intermediate dopant concentrations 1 and 2, respectively.
(¢, d) Corresponding band structures calculated by DFT. The band gap for
Intermediate 1 is 40 meV, and for Intermediate 2 is 230 meV. . . . . . ..
Electronic structure of a dilute boron-dimer-doped N = 7 AGNR on Au(111).
(a) Wireframe sketch of a dilute-doped GNR. (b) STM topographic image
of dilute-doped GNR (V; = —0.4 V, I, = 60 pA). (¢) STM dI/dV spec-
troscopy measurement taken at the edge of an undoped segment of the
GNR (green). Top inset shows dI/dV spectroscopy taken at the center of
a boron dimer segment (blue) compared to the center of an undoped GNR
segment (black). Bottom inset shows dI/dV spectroscopy taken at the edge
of a boron-dimer-doped segment (red) compared to the edge of an undoped
GNR segment (green). Two new states, dopant States 1 and 2, are ob-
served at -0.52 and 0.8 eV, respectively. dI/dV maps of the GNR are shown
at energies corresponding to (d) the CB edge (Vs = 1.68 V), (e) State 2
(Vs =0.8YV), (f) State 1 (V; = —0.52 V), and (g) the VB edge (the fact
that the VB feature on the left side is darker is due to the asymmetrical
defect placement, which likely increases quantum confinement effects on the
left side) (Vs = —0.8 V). T = 7 K for all measurements. Panels d-g have
the same scale as panel b. . . . . . . ... ... oL
Electronic structure of densely boron-dimer-doped N =7 AGNR on Au(111).
(a) Wireframe sketch of a densely doped GNR. (b) STM topograph param-
eters: V; = 1.60 V, I, = 20 pA. (¢) STM dI/dV spectroscopy measured at
the edge and center of a densely doped GNR as shown in panel b. (d) dI/dV
map taken at V; = 1.60 V visualizes state at the CB edge. (e) dI/dV map
taken at Vy = 1.0 V visualizes unoccupied dopant-induced state (State B).
(f) dI/dV map taken at V; = —0.23 V visualizes occupied dopant-induced
state (State A). T = 4.5 K for all measurements. Panels d-f have the same
scale as panel b. . . . ...



4.6

4.7

4.8

5.1

DFT-LDA calculation of dilute-doped N = 7 GNR on Au(111) substrate.
(a) Calculated LDOS 4 Aabove the boron-dimer-doped segment shows dopant
States 1 and 2 (theoretical LDOS is broadened by a Gaussian function with
standard deviation o = 125 meV). Calculated LDOS map is shown for (b)
E = 0.38 eV (integrated over a 0.05 eV energy window) and (c) E = -0.21
eV (integrated over a 0.05 eV energy window). (d) Side-view and top-view
of the supercell and the relaxed structure used to calculate the dilute-doped
GNR. The supercell includes four layers of Au atoms. Red dashed line shows
the surface upon which the LDOS maps are calculated. (e) Calculated wave
function along the dashed line in panel b for E = 0.38 eV. (f) Calculated
wave function along the dashed line in panel ¢ for E = -0.21 eV. Panels b
and c have the same scale. . . . . .. .. ... .. 0L
DFT-LDA calculation of densely doped N = 7 GNR on Au(111) substrate.
(a) Calculated LDOS 4 Aabove boron-dimer-doped segment shows dopant
States A and B (theoretical LDOS is broadened by a Gaussian function with
standard deviation o = 125 meV). (b) Wireframe sketch shows location of
boron dimers. Calculated LDOS maps (each including four boron dimers)
are shown for (¢) E = 0.35 eV (integrated over a 0.05 eV energy window) and
(d) E =-0.22 eV (integrated over a 0.05 eV energy window). (e) Side view
and top view of the supercell and the relaxed structure (includes four layers
of Au atoms) used to calculate the relaxed densely doped GNR. The red
dashed line shows the surface upon which the LDOS maps are calculated.
Panels ¢ and d have the same scale. . . . ... ... ... ... .. ... ..
Calculated wavefunctions of densely-doped AGNRs. Wavefunctions of States
A and B of the densely-doped GNR, (a, b) Calculated LDOS maps of States
A and B for the densely-doped AGNR. (c) Calculated wavefunction along
the dashed line in (a) at E = 0.35 eV shows the s-like symmetry nature of
State B. (d) Calculated wavefunction along the dashed line in (b) at E =
- 0.22 eV exhibits a node (i.e., the wavefunction crosses the x-axis) which
indicates the p-like symmetry of State A. (a) and (b) have the same scale.

The schematic configuration of a double-quantum-well transistor. The leads
part are made of metallic zigzag GNRs, the barrier parts are made of N=7
AGNRs with ~ 3.8 eV quasiparticle gap, and the quantum dot part are
made of deformed N=11 AGNRs with smaller band gap than the barrier
part. The dangling bands at the edge the GNR structure should be capped
by hydrogen atoms. (b) The band diagram of the double-quantum-well
transistor. The orange curve shows the Fermi-Dirac filling in the metallic
GNR leads and the density of states of the isolated quantum energy levels in
the quantum dots. (c) The band diagram of a typical field effect transistor.
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5.2

9.3

5.4

6.1

6.2

6.3

6.4

(a) The structure of a quantum well made by N=11 armchair GNR coupled
to metallic leads made by nitrogen doped armchair GNR. The barrier is
made of N=7 armchair GNR. (b) The calculated quantum conductance
T'(E) of the system as a function of bias voltage, plotted in logarithm scale.
The orange curve is a Lorentzian profile fitted to the peak marked by ”1”.
The model system of a quantum dot (Q-dot) coupled to a metallic leads with
a finite band width. The interaction between the metallic chain and the Q-
dot is described by the hopping between the end atom in the metallic chain
and the Q-dot, s. The hoppings between adjacent atoms in the metallic
chainist. . . . . . . . e
(a) The local density of states of the quantum well coupled to a narrow band
metal. (b) The logarithm of the local density in (a). (c) The configuration
of double-quantum-well with quantum dots (Q-dots) coupled to metallic
wires with finite band widths. The blue curve and the gray curve are the
logarithm of the local density of states on the left Q-dot and right Q-dot,
respectively. The horizontal axis is logarithm of density of states while
the vertical axis is the dimensionless energy x. It shows the case where
the energy level of the two Q-dots are not aligned (off-state). The peak
positions of the LDOS of the Q-dots could be tuned by the gate voltage to
be aligned (on-state). . . . .. .. ... L

The measured absorption spectrum of crystalline PPV. The data is taken
from Ref. [42]. . . . .. ..
Calculated optical absorption spectrum of PPV in arbitrary units. The
solid (dashed) lines denote spectra including (neglecting) electron-hole in-
teraction. The polarization vector of the electric field is along the polymer
chain. The figure includes an artificial broadening of 0.05 eV. The figure is
taken from Ref. [92]. . . . . ...
Structural optimization of the crystalline PPV. (a) The orthorhombic unit
cell of the crystalline PPV determined by experiments. The lattice constants
in the three directions a, b, and ¢ are 6.05, 7.90, 6.58 A, respectively. The
angle between the two non-perpendicular axis, a and ¢, is 57 degrees. (b)
The definition of the setting angle: the angle between the molecular plane of
one PPV chain and the plane defined by axis a and c. (¢) The definition of
the layer shift between the two PPV chains inside one unit cell: the length
of the shift vector divided by the lattice constant in the direction defined
by c. (d) The relative total energy per unit cell as a function of the layer
shift. The global (local) minimum is located at layer shift = 0.18 (0.5).

The quasiparticle band gap as a function of iteration number n in G, W
calculations for structure with layer shift being 0.5. We stop at the G3W)
level at which the self-consistency is reached. The GW, gap is 2.2 eV, which
is about 10 % larger than the GoWy gap. . . . . . . . . . ... ... ...
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6.5

6.6

6.7

6.8

6.9

6.10

6.11

Quasiparticle band structure of a crystalline PPV with layer shift = 0.5.
The red solid line and black dashed line show the GW, band structure
and the DFT-LDA band structure, respectively. The first and second set
of valence bands (conduction bands) are marked VB1 and VB2 (CB1 and
CB2), respectively. One set contains two bands due to two PPV chains
inside one unit cell. The first (second) set of conduction bands and valence
bands are mostly contributed from the extended state located at the carbon-
carbon double bounds (narrow-band states localized at the benzene rings).
The contour map plot of the absolute value of the wavefunction at Y point.
The wavefunction is plotted at a plane 1 A above the PPV chain molecular
plane. . . . . . L
Quasiparticle band structure of crystalline PPV with layer shift = 0.18.
(a) The red solid line and black dashed line show the GW0 band structure
and the DFT-LDA band structure, respectively. The first and second set
of valence bands (conduction bands) are marked VB1 and VB2 (CB1 and
CB2), respectively. One set contains two bands due to two PPV chains
inside one unit cell. The first (second) set of conduction bands and valence
bands are mostly contributed from the extended state located at the carbon-
carbon double bounds (narrow-band states localized at the benzene rings).
Blue line: calculated absorption spectrum for the crystalline PPV with
layer shift parameter = 0.5 by GW-BSE starting from DFT-LDA. Black
line: the measured absorption spectra on the crystalline PPV sample with
chain length of ~ 90 A(data taken from Ref. [42] ). The three major peaks
are indicated by red, green and black arrows. The measured spectra are in
arbitrary unit (not to the same scale marked on the vertical axis). A 0.2
eV Gaussian broadening is used in the calculated absorption spectrum.

The GW, quasiparticle band structure showing the transitions contributing
to the three major peaks in Fig. 6.8. . . . . . .. .. ... .. ... ....
The measured absorption spectra on the crystalline sample with a chain
length of ~ 50 A(red line), ~ 70 A(green line), and ~ 90 A(black line)
(data taken from Ref. [42] ). The absorbance curve for different samples
are not plotted to the same scale. . . . . . .. .. ... ... ... ...,
Blue line: The calculated absorption spectrum of crystalline PPV with layer
shift parameter being 0.5. Black line: the measured absorption spectra on
the crystalline PPV sample with chain length of ~ 90 A(data taken from
Ref. [42] ). The calculation solves the full BSE without the TDA. The
measured spectra are plotted using an arbitrary unit (not to the same scale
marked on the vertical axis). A 0.2 eV Gaussian broadening is used in the
calculated absorption spectrum. . . . . .. ... ... L.
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6.12 GW-BSE calculation starting from DF T using different exchange-correlation
functionals. The GW-BSE absorption spectra calculated starting from
SCAN and LDA exchange-correlation functionals (compared with the mea-
sured absorption spectra). The measured spectra are plotted using an ar-
bitrary unit (not to the same scale marked on the vertical axis). A 0.2 eV
Gaussian broadening is used in the calculated absorption spectra. . . . . .
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width. Schematics of AGNR structure with different termination types is
defined and plotted in the second row. The bracket denotes a specific termi-
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Chapter 1

Introduction

Here, we briefly review the theoretical and computational methods in condensed matter
physics used in this thesis to obtain the electronics and optical properties of materials.
Density functional theory (DFT) [56] is used for calculation of ground states properties
of materials, and many-body perturbation theory from first principles, namely the GW
approximation [50] and the GW plus Bethe-Salpeter equations (GW-BSE) method [91],
are used to compute the excited states properties of materials involving injection of
electron or holes, or both of them into the system, respectively.

1.1 Density functional theory

A solid contains periodically-arranged nuclei plus electrons that are either extended
through the crystal or bounded to nuclei. The challenges to understand and describe
the physical properties of solids arise in the large number of identical particles and
complex interactions between the particles. The number of particles is in the order
of Avogadro’s number (O(10%%)) | so it would be highly impossible to obtain an exact
solution from microscopic theory describing the motion of each particles to understand
the system. Moreover, the long-range Coulomb interaction, as the dominant interaction
for particles in solids, induces complicated correlation effects between electrons.

The many-body Hamiltonian of all the electron and nuclei (in the non-relativistic
limit and neglecting spin-orbit interaction) is as follows:

Htot:Te—i_T;—l_V;i_’_‘/ie_’_‘/ee, (11)

where the kinetic energy of electron and nuclei are

T.=Y pi (1.2)

om’

P2
_ J

(1.3)
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The interaction between pairs of electrons V., pairs of nuclei V;; and between an
electron and a nucleus V,; are

€
‘/ee - va (14>

Z‘Z'/€2
Vi = S bt M 1.5
2R - Rl ()
1<7
—Zj62
el — : L.
Vs L ima o

Here p; and r; denote the momentum and position of the i'" electron, and P;, R;, M,
and Z; denote the momentum, position, mass and charge of the j* nucleus.

1.1.1 Born-Oppenheimer Approximation

The first approximation we use to tackle the many-body problem is to assume that
the position of the nuclei are fixed given the fact that the mass of the nuclei is roughly
10* times larger than the electron mass. As a result, we decouple the Hamiltonian to
write down an electronic Hamiltonian only in the subspace for electrons

2 2 2

p; —Zje e
Ho=>"201% ) , 1.7
- 2m+ - \Rj—ﬁ\—i_Ki, |ri — 7y (17)

so we have a time independent eigenvalue equation for eigenstates of the electrons
H V. (r1,79,....,7N) = EV. (11,79, ...,TN). (1.8)

We still have a many-body problem for electrons which involves O(10%3) variables and
are almost impossible to solve exactly.

1.1.2 Kohn-Sham equations

Thanks to the Hohenberg-Kohn theorem [48], we have a rigorous formalism that any
ground state properties of a system of many interacting electrons can be written as a
functional of the ground state charge density n(r). And the Kohn-Sham formalism [62]
formulates the problem into a mean field equation that can be solved self-consistently
to obtain the charge density.

The Kohn-Sham equation reads

HPPT () — (—’i Vi) + V()] + vm[nw) bulr) = etin(r), (1)

2m
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which is the eigen equation for the wavefunction v, (r) and energy eigenvalue €, of
n!" non-interacting single electron orbit of an ficticious non-interacting electron system
that would give the same density as the true interacting physical system.

After all the non-interacting electron wavefunctions are solved, one could calculate
the ground state charge density

n(r) =Y [al(r)’, (1.10)

neocc

where occ denotes all the occupied orbitals.
In the Kohn-Sham potential, Vj,,(r) denotes the potential generated by the peri-
odically arranged ion cores in a solid, and the Hartree term is

Vir[n(r)] = eQ/dr'M (1.11)

]

The exchange-correlation potential v,.[n(r)] describes the effect from exchange in-
teraction and correlation effect in the many-body electron system. The exchange-
correlation potential is derived from the functional derivative of the total exchange-
correlation energy F..

Vge|n(r)] = ————=. (1.12)

In general, if we know the exact form of this potential, the Kohn-Sham formalism
is exact for ground state properties. However, the exact form of v,.[n(r)] is extremely
hard to find, and the the earliest and still very popular approximation for it is the
so-called local-density approximation (LDA) [82] , where v,.[n(r)] is taken to be only
as a function of the local ground state charge density n(r). The exchange-correlation
functional is approximated as

Ey[n(r)] = EﬁCDA[n('r)] = /drn(r)exc(n(r)), (1.13)

where €,.(n(r)) is the exchange-correlation energy per electron of a uniform electron
gas with density n(r) which may be obtained from quantum Monte Carlo simulations
of uniform electron gas. This LDA works well when the charge density of the system
is slow varying. For system with rapidly varying change density, an improvement over
LDA is the generalized gradient approximation (GGA) [83].

EfCGA[n(r)] = ExGCGA[n(r)] = /d'rn('r)em(n(r), Vn(r)). (1.14)
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The Kohn-Sham eigenvalues only describe the energy of the particles in the fictitious
non-interacting system, which do not represent the quasiparticle excitation energies of
the physical system. Hence, for example, the energy band gap of solids calculated by
DFT is often underestimated.

Researchers further developed other approximations to imporve the exchange-correlation
functional, for example, those involving higher order derivatives in the charge density
n(r), or those involving the kinetic energy density of the system 7(7) The latter one
is called meta-GGA, and a type of meta-GGA, namely the strongly constrained and
appropriately normed (SCAN) functional [104], has been producing good result for
system with weak interactions such as hydrogen bonding.

ESCAN[p, )] = /d’rn(’r)em(m,m,VnT,Vni,TT,Ti). (1.15)

We will explore the usage of DFT calculations with SCAN functional and GW-BSE
calculations in our study of optical properties of polymers in Chapter 6 .

1.2 Many-body theory of Green’s functions

The Green’s function formalism is a very powerful tool in describing many-body sys-
tems. It describes the behaviors of one particle, two particles, or several particles in
a many-body interacting system, for which it is in general impossible to track each
particle’s behavior.

In a many-body systems of N identical particles, we can write the ground-state
wavefunction as |N). If the system is in state with different number of particles, their
wavefunctions are orthogonal to each other. We introduce the Fock’s space, which use
number of particles as a quantum number to separate the system into subspaces: |NV),
IN —1), [N —2) ... . Different subspaces are connected by the particle creation and
annihilation operators denoted by a and af, respectively.

The interacting single-particle Green’s function is defined as

G(r t;r' t') = —i (N| Ty(r, )0 (v ') |N), (1.16)

where T is the time-ordering operator, which keeps the field operator i (r,t) and
PT(r', ') in a time order, from left to right, which means

r T,r,/ / /
o vt ) = LRI G20 1.17)

For t > t' the Green’s function describes the propagation of an additional electron
injected at time ¢, whereas for ¢t < ¢’ it describes the propagation of a hole (extraction
of an electron at time t') .
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We can write the Green’s function in the Lehmann representation

G(r v/ t) = =iy (N|§(r,t) [N+ 1,8) (N +1,s[ ¢ (r',¢) [N) Ot — t/) (1.18)

S

+i SN ) [N = Ls) (N = Ls| (r,t) [N) Ot — ) (1.19)

= — Z fs(P) f2(r)exp(—ie,T)(O(T)O(€s — p) — O(—7)O (1 — €5).  (1.20)

Here we introduce the complete set of eigenstates of the many-body Hamiltonian
for the (N + 1) or (IV — 1) particles. The quantum labels of these states are denoted
by s. fs(r) are overlap amplitudes for particle removal, that is, an occupied state
(when €, < p) or for particle injection, that is, an unoccupied state (when €, > p).
Here ¢, are the energy of the exact eigenstates of either the (N + 1) or (N — 1) particle
system in reference to the N particle ground state energy, and it is not rigorously equal
to the quasiparticle energy which describes the effective energy of an excited state of
a N particle system. Transforming it into the frequency space, we get the spectral
representation:

fs(r) f3(r)
Glr, ' w) =S L2000 1.21
ror) = 3 S (1.21)
where 4+ takes the + for an unoccupied state and — for an occupied state. The
imaginary part of G(7,r',w) is defined as the spectral function A(r,r’,w) .

1
A(r, v\ w) = =|[ImG(r,r" | w)|. (1.22)
T
The position of the poles of the spectral function gives the quasiparticle energies,

and the equal position (r = r’) spectral function is related to the single-particle local
density of states.

1.3 GW approximation

The electron-electron interaction could be considered as a perturbation on the non-
interacting Hamiltonian for many materials. Solving the equation of motion for the
single-particle Green’s function with electron-electron interaction as a perturbation, we
can get a Dyson’s equation for the interacting single particle Green’s function.

G(r,r,w) = Go(r,r,w) + /drldeo(r,rl,w)E(rl,rg,w)G(rg,’r',w), (1.23)
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where GGy and GG denote the non-interacting and interacting Green’s function, respec-
tively, and ¥ denotes a non-local and energy-dependent self-energy operator. The
self-energy is the correction from a non-interacting particle energy to the interacting
quasiparticle energy.

To solve for the self-energy of the many-body electron system, Hedin arrived at a
set of self-consistent equations. [44, 45] The self-energy operator is expanded in terms
of the interacting Green’s function and the screened Coulomb interaction. The set
of coupled integral equation is shown below, with the numbers denote the combined
real-space position and time, e.g. 1:= (rq,t1), 2% := (ra, {5 + 0) where § is a positive
infinitely small number.

N(12) = i / W (1+3)G(14)T(42; 3)d(34), (1.24)
W(12) = v(12) +/W(13)P(34)v(42)d(34), (1.25)
P(12) = —i/G(QB)G(42)F(34; 1)d(34), (1.26)
P(12:3) = 5(12)5(13) + / EEEQG(%)G(%)F(W; 3)d(4567),  (1.27)

where W is the screened Coulomb interaction, P is the irreducible polarizability, and
I is the vertex function.

Within the GW approximation, an important approximation on the vertex function
I" is taken by letting I"(12; 3) = 6(12)d(13). This approximation omits the higher order
terms of W in the expansion of the self-energy Y. This simplifies the equation and
made the first-principles calculation of the self-energy feasible. The Hedin equation
then reads

%(12) = W (172)G(12), (1.28)
W(12) = v(12) +/W(13)P(34)v(42)d(34), (1.29)
P(12) = —iG(12)G(42)d(21). (1.30)

As a result, the self-energy X could be approximated by

Y(r, v w) = QL/ dw'G(r, 7w — YW (r, v w)e™ (1.31)

T J -0

The screened Coulomb interaction is

W(r,r' w) = /dr”e_l(r,r”)v(r",r’), (1.32)
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where e~ is the inverse of the dielectric function, and v is the bare Coulomb interaction.
The inverse of the dielectric function can be further evaluated from the irreducible
polarizability

e e w)=6(r,r) + /dr"v(r,r”)P(r”,r’,w). (1.33)

The polarizability can be approximated to be a function of the non-interacting Green’s
function

P(r ') =~ [ dGalr, ', )Golt" 7', = ). (1.34)

1.3.1  First-principles GW calculations

The approximations above made the calculation of the self-energy and thus the quasi-
particle band structures possible from first-principles calculations [51, 50]. The self-
energy could be calculated from a starting mean field Hamiltonian given by the DFT
Kohn-Sham equations. The energy levels and wavefunctions obtained by the DF'T cal-
culations are used as the energy eigenvalues and wavefunctions for the non-interacting
Green’s function. With the GW approximation to the self-energy, the Dyson equation
leads to the quasiparticle equation below

h2
(= g Vi) 4 Vi) ) )+ [ o', G (0 = 5270 ),
(1.35)

Here we have made use of Bloch’s theorem for crystals, where . (7) = e* 7 u,(7)
is the Bloch wavefunction for the solids, and k is the crystal momentum, a quantum
number associated with the crystalline translational invariance.

In solving the quasiparticle equation, we first use the mean-field DFT results for
the Green’s function

wnk /)
G(r,r’ ¢ Z E—Enk—25nk (1.36)

where 0, = 07 for €, below the Fermi level, and 6, = 0~ for €,, > ep above the
Fermi level. The irreducible polarizability is calculated from the DFT eigenfunctions
and eigen energies [45, 31]:
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occ emp

Pee(g;w ZZZ U k| € TTEOT g (kg €D ) (1.37)

( 1
W= (En,k+q -

where occ denotes the occupied states, and emp denotes the empty states. The dielec-
tric function is given by

1
- , 1.38
Evg)+i0 w+ (Bokiq— Evk) — z’é) (1.38)

6GG’(Q§W> =dea — v(q + G)PGG/(QQW)> (1-39)

47re?
lg+G2"

where the bare Coulomb interaction v(q + G) = The screened Coulomb inter-

action is evaluated by

Wee (q;w) = e&lc,(q; wiv(q+ G'). (1.40)

The self-energy for a quasiparticle state |, x) could be calculated using the Green’s
function and the screened Coulomb interaction by the equation

<wnk‘2(lr r’; ) € ’wnk Z Z wn ‘e (a+6) T!%/k q> ank q|€% (a+G)r’ ’wn >

n' q,G,G'
(1.41)
2 € — En’,k—q + Z‘(Sn’k—q . '

We note that the argument in the self-energy operator in Eqn. (1.35) is the quasiparticle
energy level, so we need to solve a self-consistent equation to get the self-consistent
value for the quasiparticle energy level eV

SIZV - EDFT <¢nk| E( ) — Ve W)nk) . (1'43)

This could be solved by Newton’s method iteratively [31].

The wavefunctions calculated by DFT could often be a very good approximation to
the wavefunctions of quasiparticles, so in most of the system we do not need to update
the wavefunctions to get better approximations to the quasiparticle wavefunctions, but
one would do that for calculation of systems with significant wavefunction character
change near small energy gaps of materials such as topological insulators.
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1.4 Bethe-Salpeter equation

The optical absorption spectra provides extremely useful ways to investigate condensed
matter systems. The theory of optical excitations will provide solid foundations in
designing devices such as the light-emitting devices, laser technology and photovoltaics.
Previously we have reviewed the GW approximation to calculate the quasiparticle
properties in materials, and to investigate the optical excitations, we need to solve for
the interacting two-particle Green’s function which includes information regarding the
interactions between two elementary excitations, the quasi electron states and quasi
hole states. The quasi electron and quasi hole state will form correlated bound or
resonant excitonic states through electron-hole interactions, and the excitonic states
may be obtained through the Bethe-Salpeter equation [91]

L(1,2;1,2) = Lo(1,2; 1’,2’)+/d(3456)L0(1,4; 1',3)K(3,5:4,6)L(6,2:5,2'), (1.44)

where L is the electron-hole correlation function defined by the interacting two-particle
Green’s function GGy and the interacting one-particle Green’s function GG

L(1,2:1,2) = —G(1,2: 1, 2) + G(1,1)G(2,2), (1.45)

Ly is the free electron-hole state propagator

Y

o Ye(r)y (D)o (ra) s (ry) — Pu(r)di(r)ve(ra) iy (1)
Lo(1, 21,2 _ZZ[ w— (B, —E,) N w+ (E.— B,

(1.46)
where the first term is the free electron-hole state excitation, and the second term

is the free anti-electron-hole state excitation. On the other hand, the electron-hole
correlation function L is given by

: Xs(r, T)Xs(r2,m3)  Xs(ra, 75)x5(r, 1)
> (1.47)
w — QS w —I— QS

L(1,2;1,2" w) =1 ,
S

where yg(71,7]) denotes the electron-hole amplitude of a specific exciton state with
index S , and Qg is the corresponding excitation energy of the exciton state. The
wavefunction of the exciton state is given by

occ emp

s(ri,m) Z Z AS e (r )W (r}) + Biaby (r) 9 (r)) (1.48)
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where A5 are the coefficients that correlate the free electron-hole pair excitations, and
B3 are the coefficients that correlate the free anti- electron-hole pair excitations.

The exciton eigenstates |.S) and eigenenergies Qg could be obtained by solving a
BSE for A, where the wavefunction of states ¢.(r;) and 1, (r1) are obtained from DFT,
and F.— F, uses the quasiparticle energy levels obtained from GW calculations. With
the help of Eqn. (1.46 1.47 1.48), the BSE turns into a generalized eigenvalue problem
for the coefficients AS. and B2, [91]

(B, — B)AS + Z A (Qs)AS, +ZKMC (Qg)BS., = QgAS, (1.49)

Z B (Qs AS,,+(E E,)BS + Z = —QgB3, (1.50)

where the matrix elements of the electron-hole interaction kernel K are given by

chvc (Qg) = z/d(3456)1/1v(r4)@/) (r3) K (35,46; Q) (15) e (16), (1.51)
chvc (Qg) = z/d(3456)wv(r4)w (r3) K (35,46; Q) (16) e (15), (1.52)

and similiar expressions for K4 and K55,
For some systems, the off-diagonal blocks K4# and K?4 are found to be small so
that one can make the approximation to set K48 = KB4 = 0, and this is known as

the Tamm-Dancoff approximation [8, 33]. Therefore the BSE for the exciton amplitute
AS under the Tamm-Dancoff approximation is

(B, — B)AS + Z e (Qs)AS . = Qs AL, (1.53)

We could further calculate the imaginary part of the transverse dielectric function
€o by |S) and Q.

167re

ea(w) =

Z|A (0] v ]S) |26(w — Qg), (1.54)

where A is the polarization vector of the light and v = i/h[H, 7| is the single-particle
velocity operator (which corresponds to the current operator).

The optical absorption spectrum of bulk silicon was calculated using i) the GW band
structure within the interband transition approximation and ii) the GW-BSE method
from first-principles using the BerkeleyGW package [31]. The GW-BSE method in-
cludes the electron-hole interactions (excitonic effects), so it agrees very well with the
experimentally measured absorption spectra [54].
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Figure 1.1: The calculated absorption spectra for silicon by the interband transition
method with the GW band structure (black dashed) and the GW-BSE (red solid)
method which includes electron-hole interactions using the BerkeleyGW package [31].
The dotted line is experimental data from [54]. The figure is taken from Ref. [31].
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Chapter 2

Topological phases in graphene
nanoribbons

In this chapter, we present a systematic study of topological electronic properties
of a class of quasi-one-dimensional carbon-based material, the graphene nanoribbons
(GNRs). We first present our development of topological classification schemes for
theses systems, and present our results of topological classification in armchair GNRs
and GNRs of other edge shapes. We then present a possible application of topolog-
ical phases in GNRs in electronic devises, which utilize the electric field to explore
tunable properties in topological phases. Finally, we present a theory and experiment
collaborated work on topological band engineering in GNRs. This chapter is based on
published papers [21, 65, 90] and preprint [116].

2.1 Introduction

GNR is a quasi-one-dimensional material that could be cut from two-dimensional
graphene sheets. Depending on how one cuts the ribbon, the GNR can have dif-
ferent edge shapes, and the most common edge shapes are the armchair- and zigzag-
like edges. The armchair GNR (AGNR) has sizable energy gaps depending on its width
arising from quantum confinement effect [101, 113] and has been used in building ex-
tremely narrow transistors [70, 10] because of its high mobility and narrow size. The
zigzag GNRs (ZGNRs) have anti-ferromagnetically aligned spin ordered states which
makes it a promising material in spintronics. In addition, ZGNRs also have field- or
strain-driven half-metallicity behaviors [36, 102].

Moreover, the recent rapid development of bottom-up synthesis techniques of GNRs
from precursor molecules enables atomically precise design of a large variety of GNRs,
including the control of widths [18, 27, 10], dopant atoms [79, 81, 95], and diverse edge
shapes [19, 26, 77, 106].

In this chapter, we show that semiconducting GNRs possess topological phases,
and GNRs of different widths, edge and termination (synthesizable from molecular
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precursors with atomic precision) belong to different electronic topological classes. The
topological phase of GNRs is protected by spatial symmetries and dictated by the
terminating unit cell. We derive explicit formulas for their topological invariants and
show that localized junction states developed between two GNRs of distinct topology
may be tuned by lateral junction geometry, according to the bulk edge correspondence.
The topology of a GNR can be further modified by dopants, such as a periodic array of
boron atoms. In a superlattice consisting of segments of doped and pristine GNRs, the
junction states are stable spin centers, forming a Heisenberg antiferromagnetic spin 1/2
chain with tunable exchange interaction. The discoveries here not only are of scientific
interest for studies of quasi-one-dimensional systems, but also open a new path for
design principles of future GNR-based devices through their topological characters.

2.2 Topological classification in quasi-1D systems

The topology of a crystal’s electronic structure, in par with its band structure and
electron filling, plays an essential role in its electronic properties [107, 43, 87]. The
discovery of topology in the electronic structure of crystalline materials has led to deep
insights to novel electronic phenomena such as the integer quantum Hall effect [60,
107] and fermion number fractionalization [53, 103, 46], and other properties [63, 112].
Joining two insulators of different topological classes produces fascinating localized
boundary states in the band gap [107, 43, 87]. This section is primarily adapted from
Ref. [21].

In mathematics, the topology of a compact object is characterized by global in-
variants that may be obtained through an integral of local quantities. In a quasi-one-
dimensional (1D) crystal, the electronic bands are defined in the 1D Brillouin zone
(BZ). The 1D BZ has the shape of a circle and is therefore a closed compact manifold
which may host topological quantities.

The band topological invariant of a 1D insulating crystal with multiple atoms per
unit cell such as GNRs depends on the assignment of its unit cell, which in turn is
dictated by the atomic structure at the end termination of the 1D system (i.e., the
unit cell should be commensurate with the boundary geometry) [21]. These topologi-
cal phases can be characterized by a Z, invariant that is protected by the spinless time
reversal symmetry (TRS) and a spatial mirror and/or inversion symmetry commensu-
rate with the GNR terminating unit cell [21, 35], as well as a Z bulk winding number
protected by an approximate chiral symmetry (if exists) at the charge neutral gap [55].
We introduce both these two classification schemes below for the GNRs.

2.2.1 Z, classification

A Z, topological classification can be exactly applied to an 1D insulating crystal with
spinless time reversal symmetry (TRS) and spatial inversion/mirror symmetry [21].
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In an 1D crystal, the Zak phase [31] for the nth band is defined as the integral of
the Berry’s connection across the 1D Brillouin zone (BZ)

(27 /d 0
%:@<€)/ /ddk@nk@mnk), (2.1)

where wu,,, is the lattice-periodic part of the Bloch state, d is the unit cell size, and &
is the wavevector. The Zak phase of an isolated band of a general 1D insulator can
take on any value, depending on the choice of the shape and origin of the unit cell.
Nevertheless, if the unit cell of the crystal has inversion/mirror symmetry, the intercell
(origin independent) part of the Zak phase is uniquely determined for a given unit cell
shape and is quantized to 0 or 7 (mod 27) [21, 65]. The Z; invariant of a 1D insulator
with such symmetries is then given by

(—1)Z2 fry eiZnEocc’}I”7 (22)

where the sum is over the occupied bands. When the total intercell Zak phase is 7 (0)
(mod 27 ), the Z, invariant is 1 (0). As shown in previous work [35, 21], for a unit cell
with inversion I or mirror M symmetry ( O = I or M), the Z, invariant of a GNR
may be determined by the product of the eigenvalues of O of the states at all the time
reversal invariant momentum (TRIM) k-points in the occupied band manifold:

(—1% = I T] wr,
ne€oce I';
where the TRIM I'; =TI', X in the 1D BZ.

For experimentally bottom-up synthesized GNR systems, the dangling o orbitals
of the edge carbon atoms are capped by hydrogen, and are removed in energy from the
band gap region, so these o states are not involved in the formation of the end/junction
in-gap states. Also, because the GNRs considered in this work have a mirror symmetry
with respect to the carbon basal plane, the o (mirror even) and 7 (mirror odd) bands do
not hybridize. Only the 7 bands account for the in-gap physics of interest. Thus, both
the Z (which we will talk about in the section below) and Z, invariants of the GNRs
of interest are calculated from the occupied band manifold of 7 electrons (denoted by
"m&occ”) only. For example, Z5 is given by

O [Yur,) (2.3)

<_1)Z2 = H (%r’ O |1/Jn1“> <¢nX’ O WJnX> . (24)

nen&oce

2.2.2 7 classification

On the other hand, for GNRs with no spatial symmetry, using the approximate chiral
symmetry (the A/B sublattice symmetry) of the GNRs, the band topology of this
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multi-band system can be characterized by a winding number Z, which may be obtained
using the difference between the intercell part of the Zak phase contributed by the A
sublattice and that contributed by the B sublattice, summed over all bands up to the
charge neutrality gap as shown in Ref. [55]. For such a system with a winding number
7, there will be Z topologically protected localized in-gap state at its end termination
with vacuum, according to the bulk-edge correspondence [86].

A system has chiral symmetry if there exists a unitary operator, [, such that

THT! = H, (2.5)
It =1. (2.6)

In the basis of the eigenvectors of the chiral operator f, the Hamiltonian can be
written in a block off-diagonal form

H= (h(z)T hg”) . (2.7)

The chiral symmetry constrains some degrees of freedom of the Hamiltonian matrix,
making it block off-diagonal in certain basis, so a winding number of the determinant
of h(k) around the origin in the complex plane may be defined. The Z index defined
by this winding number is given as [5]

1 [ d
Z =507 | dkgp Indet(h(k). (2.8)

2.3 Topological phases in armchair graphene
nanoribbons

2.3.1 Calculation of the 7, invariant of armchair graphene
nanoribbons within the tight-binding model

We shall use the construction that the Z, invariant of a 1D crystal with inversion
and /or mirror symmetries is given by Eqn. (2.4). We start from the wavefunction of
graphene to construct the wavefunctions of the AGNRs by imposing proper boundary
conditions, and then analyze the wavefunction parities of the AGNR. Considering only
nearest neighbor hopping between the carbon 7 orbitals, the Hamiltonian of graphene
is

N

1+eia(§kz+%kzy) _I_eia(?k;m_

(k) = (

(2.9)
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where ¢ is the nearest neighbor hopping parameter, a the lattice constant, k, and £k,
the components of Bloch wavevector k in the x and y directions, respectively (Fig. 2.1
and 2.2). The wavevector k is measured from the center of the 2D BZ. The off-diagonal
matrix element can be written as

k k k k
HY,(k) = —t |1+ 2cos(ﬁ) cos(\/ga 2) —2i COS(%) sin(\/ia =

2 2

)W, (@210

Using the pseudospin notation, the Hamiltonian of graphene can be rewritten as

H9(k) = —th(k) - 0, (2.11)

where o; are the Pauli matrices. The x and y components of the pseudo-magnetic field
h(k) are

V3ak,

h*(k) =1+ 2005(%1%) cos( 5 ), (2.12)
and
hY(k) = QCOS(%I%) sin(\/iakm). (2.13)

By solving the Hamiltonian in Eqn. (2.11) , the energies F and eigenstates uf of
the conduction band and valence band from the carbon 7 orbitals at each k point are

Ei(k) = +t\/h2(k) + h(k) (2.14)

ul (k) = % (e_fl(k)) , (2.15)

where
’ h.(k) — h,(k
h2(k) + hi (k)
The “-“ and “4” signs in the equations above denote the valence and conduction

bands, respectively. To obtain the symmetry properties of wavefunctions, we now
construct the wavefunctions of the AGNRs using the graphene wavefunctions with
proper boundary conditions. With only nearest neighbor hopping between carbon
atoms considered, the wavefunction of the AGNR must vanish beyond the carbon
atoms at the armchair edge. Therefore, the boundary conditions for the AGNR with
N rows of carbon atoms (see Fig. 2.1) are
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Figure 2.1: Schematic structure of AGNRs with N rows of carbon atoms. The carbon-
carbon bonds and carbon-hydrogen bonds are colored black and gray, respectively. The
black numbers on the left label the row number of carbon atoms of the AGNR. The
red numbers labels the carbon atom in a unit cell. The red dashed line denotes a unit
cell of the AGNR. The red arrows are lattice vectors of graphene.

(1 tn(ks)) = (2tn(ks)) = 2N + 3|un(ks)) = (2N + 4jun(ky)) = 0. (2.17)

Here the orbitals “(1]”, “(2|”, “(2N + 3|”, and “(2N +4|” are the 7 orbitals of
the virtual carbon atoms located next to the outmost edge carbon atoms “37, “4”,
“2N+17, and “2N+27, respectively (Fig. 2.1). u,(k,) denotes the wavefunction of the
n-th band of an AGNR at the wavevector k,.

Using the boundary conditions in Eqn. (2.17), we construct the wavefunctions of
the occupied states in the nth band of the AGNR,

1 g g —k(n
U (ky) = E [ (ky, ky(n)) — u? (ky, —ky(n))]. (2.18)

As shown in Fig. 2.2, the state in band n of wavevector k, is composed of states of
graphene with momentum (k,, k,) and (k,, —k,) with k, given by the quantized value,

N +1
#ky(n) = nm, (2.19)
or

n 27w
)= 1

The wavefunctions of the AGNR are then obtained from the wavefunctions of
graphene. Using the unit cell of the AGNR shown in Fig. 2.1, the tight-binding
wavefunction of the valence band of graphene is

(n=1,2,..,N). (2.20)
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Figure 2.2: Brillouin zone and high symmetry points of graphene. The dashed lines
show the specific k path of which the wavefunctions of graphene constitute the n-th
band of an N-AGNR.

eik'(Ll
e—i¢(k) eik'az
u? (ky, ky(n)) = — | e7@®eihva [ (2.21)
vV 2N eikya

where the first component is the amplitude on site #3, the second component is the
amplitude on site #4, etc. (Fig. 2.1) (Here for notational simplicity, we have just used
“k,” for “k,(n)” on the right hand side of Eqn. (2.21) and in subsequent equations
below.) Using Eqn. (2.18) and (2.21), the explicit form of the n-th valence band
wavefunctions of the AGNR is
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e~ikeFa; sin(k, %)
e—id(k) gika P a; sin(k,§)
un(ka, ky(n)) = \/_N e~ ®®)jsin(k,a) : (2.22)

isin(kya)

We define a function f(k) = e=**). The wavefunction of the band n at the I' point is

isin( <)
1 fu(T )Zsm(éfﬁ)
un(T) = Wi fn(D)i sn;i]v—) : (2.23)
isin({25)

We obtain that for N = 3m and 3m + 1 (m is a positive integer),

I @urlOfar) = (=)™ (2.24)

nen&oce

For N = 3m+2. The system does not have a gap in this simple tight-binding model,
as one of the bands passes through the K point of graphene. However, a sizeable band
gap does exist in these graphene nanoribbons from ab initio DFT calculations. The
presence of the band gap in most part is due to the contraction of carbon-carbon
bond on the armchair edges, leading to a stronger electron hopping between these
edge carbon atoms. Using bigger hopping parameters on the edge carbon atoms, the
tight-binding band gap approaches the ab initio results. We thus calculate the I" point
wavefunctions in these cases (N = 3m+2) using this method, and find that the relation
Eqn. (2.24) still holds.

The wavefunction of the band n at the X point is

sin(§77)
1 _fn< )Sln(%#)
up(X) = i fn(Z S)ILS(IJ%IZ(:r JIV)H) : (2.25)

For the parity eigenvalues at X point, we obtain that for N = 4r and 4r + 3 (r is
a positive integer),

I @uxlOlnx) =1. (2.26)

nen&occ
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For N =4r + 1 and 4r + 2,

H (%x\ O an> = —1. (2.27)

nen&oce

As a result, the products of the parity eigenvalues of states at I' and X,

[T Wl O lr) (ux| Olthux) = (~)LE) (=)L), (2.28)

nen&oce

where the floor function |z] takes the largest integer less than or equal to a real number
x. Therefore, we obtain the value of Zs of AGNR with zigzag’ (N = odd) and zigzag
(N = even) terminations, which is shown in the table in Table 2.1.

We have also derived the value of Z, for the bearded (N = even) and zigzag (N
= odd) terminations (shown in Fig. 2.1) that have inversion symmetry using similar

methods. The products of the parity eigenvalues of states at I and X are (—1) [5] and
—(—1)L%J (—1) [*2*] for the bearded (N = even) and zigzag (N = odd) terminations,
respectively. These results together give the formulae presented in Table 2.1.

2.3.2 the 7, invariant of armchair graphene nanoribbons

Since the band topological classification of a 1D insulating crystal requires the unit cell
to be commensurate with the boundary geometry, there are 4 kinds of terminations
of the AGNRs that possess the unit cell with inversion symmetry. As shown in Table
2.1, for N = odd AGNRs, both the zigzag and zigzag’ terminations have inversion and
mirror symmetry, while for N = even AGNRs, the zigzag and bearded terminations
have only one type of symmetry, mirror and inversion symmetry, respectively. Other
types of terminations, e.g., ones that cut nonperpendicular to the AGNR axis, should
also support symmetry phases, as long as its bulk unit cell has spatial symmetries.

2.3.3 Junction states in armchair graphene nanoribbon
heterojunctions

A topological classification of the GNRs (e.g., the one given in Table 2.1 for the AGNRs)
provides a useful, systematic way to understand and design the electronic and transport
properties of GNR junctions. Since the topology of the ground state of a GNR segment
depends on the shape of its termination, the electronic structure at a junction can vary,
depending on how the two segments are joined laterally (without making any other
changes). We demonstrate this novel effect by constructing GNR junctions with two
AGNRs of different widths. In this pristine AGNR system, there is also an approximate
chiral symmetry, which implies approximate electron-hole symmetry. In the charge
neutral energy gap, the bulk-edge correspondence in the Z5 classification still holds,
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N Zigzag Zigzag' Zigzag Bearded
Terminationtype | ('~ '0dg) (N = Even) (N = Even)
1 =1 r— 1 r—=1
T vae L] |
- SRR (| | R
Unit cell shape | : OnVa®, 0 ‘
RO aaailntatg!
Bulk Symmetry | Inversion/mirror | Inversion/mirror Mirror Inversion
[51+% |51+ |51
Z, 1+ (=DEIT2 1-(=DiEINT2 1-(=DI3
2 2 2

Table 2.1: Categorization of electronic topology of AGNRs. The nanoribbons are
identified according to the type of termination (labeled in the first row) and width.
Schematics of AGNR structure with different termination types is defined and plotted
in the second row. The bracket denotes a specific termination of an infinitely long
AGNR. The row number for the carbon atoms along the lateral direction are labeled
from “1”7 to “N”. The bulk unit cell of each structure that is commensurate with the
termination is indicated by the dashed red rectangle. The bulk symmetry is indicated
in the third row. The value of the Z, invariant is given in the fourth row. The floor
function |x| takes the largest integer less than or equal to a real number x.

and we will discuss the bulk-edge correspondence in the Z; classification in detail in
Chapter 3.

Figure 2.3 shows two possible types of junctions formed by an N = 7 and an N
= 9 AGNR. For the non-symmetric junction [Fig. 2.3 (a)], both the N = 7 and N =
9 segments have Z = 1 (Table 2.1). From the bulk-edge correspondence, zero or an
even number of localized junction states is expected in the charge neutral gap. For
the symmetric junction [Fig. 2.3 (b)], though the N = 7 and N = 9 AGNRs only shift
laterally with each other, the Z; of the N = 7 segment changes from 1 to 0 owing
to a different termination (Table 2.1), while the Z of the N = 9 segment remains
unchanged. As a result, one or an odd number of localized junction states should
emerge in the charge neutral gap.

We verified these rather counterintuitive results by performing explicit DF'T calcu-
lations on these two types of junctions. Our DFT calculations show that no junction
state exists at the non-symmetric junction, whereas one localized junction state with
midgap energy appears at the symmetric junction even though the structure is now
more symmetrical. The calculated charge density distribution of the junction state is
shown in Fig. 2.3(b). For both the non-symmetric and the symmetric junctions, only
the carbon 7 orbitals are involved with the formation of states near or in the band gap,
and the number of carbon atoms is exactly the same.
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Figure 2.3: Heterojunctions formed with N = 9 and N = 7 armchair graphene nanorib-
bons (9AGNR/7AGNR) between two (a) topologically equivalent segments and (b)
topologically inequivalent segments. The red dashed line denotes the interface between
the two nanoribbons. The carbon-carbon and carbon-hydrogen bonds are colored black
and gray, respectively. The color scale shows the charge density of the localized midgap
junction state. The charge density is integrated along the out-of-plane direction [in
units of 1/(a.u.)? ].

2.3.4 Topological invariant modified by dopant atoms

The symmetry protected topological phase may be modified by periodically doping in
GNRs. The physics for this phenomenon is that, upon doping, a GNR may acquire
a different Zak phase from the dopant bands and can therefore change its topological
class. An N =7 AGNR with periodically substitutional boron doped atoms at its back-
bone has been successfully synthesized recently with bottom-up molecular precursor
techniques [81]. We investigate the topological phase in this doped GNR systems.
Figure 2.4(a) shows the experimentally synthesized structure of a periodically sub-
stitutionally doped N = 7 AGNR by boron pairs (B2-TAGNR). Because of the change
in ground-state topology, as we shall show, contrary to TAGNR, there is no midgap
end state at the vacuum/B2-7TAGNR interface for the neutral system, but there is a
midgap junction state at the TAGNR/B2-TAGNR interface. Figure 2.4(b) depicts the
quasiparticle band structure of B2-TAGNR calculated using the ab initio GW approach
with the BerkeleyGW package [31]. The lowest conduction (at ~2 eV) and the highest
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valence (at ~0 eV) band of the doped system have wave functions derived from the
dopant orbitals of an isolated boron pair in TAGNR and are therefore named as the
upper and lower dopant bands, respectively. The calculated quasiparticle band gap, 2.0
eV from the ab initio GW energies, is significantly larger than the Kohn-Sham band
gap (0.6 eV) from the DFT within the local density approximation, although the basic
character of the wave functions does not change. This large change in the band gap
between the two methods reflects the strong many-electron effects in the band energy
of a quasi-1D material; the GW approach more accurately computes the electron self-
energy than the DFT [50]. The calculated Zak phases of the lower and upper dopant
bands in Fig. 2.4(b) are —m and 7, respectively. As the B2-TAGNR has two less elec-
trons per unit cell than pristine AGNR, the total Zak phase of B2-TAGNR must differ
from that of a pristine TAGNR by 7, owing to the emptying out of the upper dopant
band and that the Hamiltonian of the doped system may be obtained adiabatically
from the pristine system without closing the band gap. We verified this reasoning with
an explicit calculation of the Z, invariant for B2-TAGNR. Therefore, substitutionally
periodic doping by boron pairs changes the topological class of TAGNR.

@ R | R —
3} .
' | So2F
! ®
5
s 1f .
=
Ll
0
-1 \
-0.18 0 0.18 I X

Figure 2.4: Boron-doped graphene nanoribbons. (a) Structure of an N = 7 AGNR
periodically doped with boron pairs (B2-7TAGNR). The carbon-carbon, carbon-boron,
and carbon-hydrogen bonds are colored black, red, and gray, respectively. The dashed
black rectangle indicates a unit cell. (b) Band structure of the B2-TAGNR calculated
with the ab initio GW method. The top of the valence band is set at 0 eV. (c) Wave
function of dopant orbitals with s and p symmetries, plotted at 1 Angstrom above the
nanoribbon plane. The red and blue color shows positive and negative amplitudes [in
units of 1/(a.u.)®/? ].
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2.3.5 Quantum spin chains

A superlattice formed with alternate segments of doped (B2-TAGNR) and pristine
7TAGNR ribbons hosts a periodic array of junction states, with one electron occupying
each localized junction state for the neutral system [Fig. 2.5(a)]. The midgap junction
state in this system has a large calculated onsite Coulomb U of nearly 500 meV within
the local spin density approximation (LSDA) and therefore is a localized spin center

at each junction.
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Figure 2.5: Doped-pristine AGNR superlattice. (a) Structure of a TAGNR/B2-7TAGNR
superlattice. The carbon-carbon, carbon-boron, and carbon-hydrogen bonds are col-
ored black, red, and gray, respectively. The color scale shows the charge density dis-
tribution of the lower junction-state band integrated over states in the superlattice
BZ and integrated over the direction perpendicular to the ribbon plane [in units of
1/(a.w.)® ]. (b) Schematics of the 1D antiferromagnetic Heisenberg spin 1=2 chain
corresponding to the system shown in (a). The arrows denote relative directions of
electron spins. (c¢) Ab initio calculated exchange parameters in the Heisenberg model
as a function of the separation distance, in log scale and linear scale (inset).

The interactions between these spin centers give rise to a 1D Heisenberg-type anti-
ferromagnetic (AFM) spin 1/2 chain [Fig. 2.5(b)]. The effective exchange interactions
between the spin centers are mediated both through the boron-doped segment and the
pristine segment. The spin-dependent part of the Hamiltonian may be cast as
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where labels the unit cell index of the superlattice. There are two spin centers
(labeled 1 and 2) in each supercell. We calculate by the DFT in the LSDA (from
total-energy differences among different constrained spin configurations) the exchange
parameters Jp (through the B2-TAGNR segment) and Jp (through the pristine TAGNR
segment) as a function of the distance between the spin centers, i.e., dg and dp, respec-
tively. Figure 2.5(c) shows the dependence of the exchange parameters on the distance.
All the calculated exchange interactions are positive, indicative of an AFM coupling
between the spins. Remarkably, the exchange interaction energies can be as large as
~ 5 meV, even if the two spin centers are ~ 2 nm apart. These highly stable spin
centers and their exchange interactions offer a useful and tunable material platform to
study novel quantum spin effects in 1D systems [11].

2.4 Topological phases in graphene nanoribbons of
other edge geometries: chevron and
cove-edged graphene nanoribbons

This section is primarily adapted from Ref. [65].

In addition to the AGNRs, we also study the topological phases in GNRs of other
edge shape and terminations. In this section, we focus on the topological phases in cove-
edged and chevron GNRs. Cove-edged and chevron GNRs moreover are chemically
and structurally diverse, quasi-one-dimensional (1D) nanostructures whose structure
and electronic properties can be rationally controlled by bottom-up synthesis from
precursor molecules. We derive the value of the topological invariant of the different
types of cove-edged and chevron GNRs, and we investigate the electronic properties of
various junctions formed by these GNRs, as well as such GNRs with the more common
armchair or zigzag GNRs.

We use both tight-binding models and first-principles calculations to calculate the
topological invariants Z5 in cove-edged and chevron GNRs. In this section, we first
summarize the two methods we use to calculate the topological invariants, and we
show the calculated Z, for cove-edged GNR of different widths and chevron GNRs.
We study the topological junction states at the interface of two topologically distinct
segments. For an isolated GNR having two ends of different terminations, topological
end states are shown to develop only at the topologically nontrivial end.



CHAPTER 2. TOPOLOGICAL PHASES IN GRAPHENE NANORIBBONS 26

2.4.1 The tight-binding formalism in calculating Z,:
degenerate band case

For the cove-edge and chevron GNRs, most of the ribbons has a screw rotation sym-
metry (a 180 degree rotation plus a half-unit-cell-length translation) which preserves
the degeneracy at X point. We generalize our formalism (Eqn. (2.4)) to deal with the
degeneracy

()% = det  (Wur|O|thmr) det (x| O [Wmx), (2.30)

n,men&occ n,men&occ

because degenerate bands allows arbitrary mixing between bands within the degenerate
subspace, which makes the off-diagonal element (i,r| O |thmr) nonzero. We replace
the calculation of a product over all the diagonal elements to the calculation of the
determinant.

2.4.2 Calculation of Z5: the Wannier function method

We present in this subsection another method for calculating Z2 of GNRs. Wannier
functions (WF's) are an orthonormal set of the spatially localized functions in a crystal
that spans the same space as a specified set of Bloch bands. The Zak phase of the nth
isolated band in a 1D crystal is directly given by the center of the WF associated with
the nth band, which is defined to be the expectation value of the position operator r
of the WF. The position of the Wannier center of an isolated band is defined as

7 = (0,n|71]0,n), (2.31)

where |0,n) is the nth WF associated with the unit cell labeled by the Oth lattice
vector.

The position of the Wannier center of an isolated band is proportional to the intercell
Zak phase of that band [12, 73, 99, 100] . It is uniquely determined for a system once
the unit cell is defined. Thus, the summation of all the 7 electron Wannier centers gives
the total intercell Zak phase associated with the occupied manifold of the 7 electrons
when the unit cell of the crystal has inversion/mirror symmetry. We have

(_1)Z2 — e'L Zneﬂ&occ’yn — ei(%)z'neﬂ'&occ $7"7 (232)

where d is the length of the unit cell in the periodic direction x.

For example, we can arrive at the value of the topological invariant of the N = 5
cove-edged GNR system from the centers of the WFs shown in Figure 2.6e. The red
dots represent the positions of the m-electron Wannier function centers (WCs). The
sum of the positions of all the occupied m-WCs is located at the center of the unit cell
as shown in Figure 2.6e, which indicates that the total intercell Zak phase is 0 and Zs
= 0. If we shift the defining boundary of the unit cell by 1/4 of a primitive translation
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vector, inversion symmetry still holds, but the sum of the positions of the m-electron
WCs is now located at the boundary of the new unit cell. As a result, the topological
invariant Zs becomes 1 for the new, shifted unit cell.

2.4.3 7, invariants for cove-edged and cheveron GNRs

The structures of cove-edged GNRs are essentially zigzag GNRs with periodic carbon
atom vacancies on both edges (see Fig. 2.6). Depending on the vacancy positions and
density, the cove-edged GNRs can be semiconducting or nearly metallic (with a tiny
gap) within the local spin-density functional approximation (DFT-LSDA). We consider
here a prototypical family of cove-edged GNRs where one carbon vacancy and one
hexagonal carbon ring alternatively occur along each edge. Among all possible cove-
edged GNRs, this family gives the smallest unit cell size along the 1D periodic direction
and has been recently synthesized by the bottom-up process [68]. This family of short-
period cove-edged GNRs can be further categorized into three types—determined by
its width specified by N (the number of zigzag chains forming the width of the parent
zigzag ribbon) and the relative positions of the vacancies placed across the opposite
edges (Fig. 2.6). For N = odd, there is only one type of structure [68] (see Fig. 2.6a)
In contrast, when N = even, there are two distinct types of structures: the carbon
vacancies on the opposite edges can either be directly facing each other (named N =
symmetric-even) or be staggered (named N = asymmetric-even) as depicted in panels
b and c, respectively, of Fig. 2.6.

The fully relaxed atomic structures of free-standing cove-edged GNRs show that
the hexagonal carbon rings on the edges (Fig. 2.6a) are either tilted upward (pink)
or downward (blue) from the GNR plane. This is because the edge carbon atoms are
passivated by hydrogen atoms, as in the experimental bottom-up samples, and the
steric hindrance between neighboring hydrogen atoms leads to an out-of-plane bending
of the edge carbon rings. For the N = 5 cove-edged GNR in Fig. 2.6a, the edge carbon
atoms have a maximum height of +1.2 Angstrom from the center plane in our DFT
calculations. We did not find any spin polarization at the DFT-LSDA level for the
cove-edged GNRs studied, even though the parent zigzag GNRs have spin-polarized
edge states.

The short-period cove-edged GNRs of types N = odd and N = symmetric-even
have sizable DFT-LSDA energy gaps that increase as the GNR gets narrower. By
contrast, the cove-edged GNRs of type N = asymmetric-even show almost zero band
gap regardless of its width. Comparing between the two types of N = even cove-edged
GNRs, shifting of the vacancy positions on one edge relative to those on the other edge
gives rise to dramatically different electronic structures. As shown in the DFT-LSDA
band structure of the N = 6-asymmetric cove-edged GNR (lower panel of Fig. 2.6¢),
the linear band dispersion near the Fermi energy that originates from the Dirac-like
band dispersion at the K point of graphene folds to the zone center of the 1D BZ. This
feature of the band structure for N = asymmetric-even survives in our LSDA and fully
relativistic calculations including spin-orbit interaction.
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Figure 2.6: Schematic structures (top panels) and band structures calculated using
DFT-LSDA (bottom panels) of short period cove-edged GNRs of (a) N = 5 (odd),
(b) N = 6 (even) with symmetric edges (aligned facing vacancies), and (¢) N = 6
(even) with asymmetric edges (misaligned facing vacancies) across the ribbon. The
cove-edged GNRs are periodic along the x direction, and the side view in (a) illustrates
the structural deformation along the direction perpendicular to the GNR plane. The
unit cell of each GNR studied is shown by the black bracket. The gray and silver
balls denote carbon and hydrogen atoms, respectively. The pink and blue areas denote
edge carbon rings tilting upward and downward from the ribbon plane, respectively.
(d) DFT-LSDA band gap of the three types of cove-edged GNRs in (a)-(c). For N
= asymmetric-even cove-edged GNRs, the DFT-LSDA band gap is close to 0. (e)
Wannier centers of the m-electron Wannier functions of an N = 5 cove-edged GNR are
denoted by red dots in the unit cell.

We calculate the values of the Z, invariant for various short-period cove-edged
GNRs using the tight-binding model for the p, 7 orbitals in the GNR systems. The
Z invariants (Table 2.2) depend on their widths and the choice of unit cells. We use
the nomenclatures established above to present and categorize the topological phases
of these cove-edged GNRs. For cove-edged GNR with N = odd and N = symmetric-
even, we select six representative unit cells (commensurate to different structural ter-
minations of the ribbon) that have inversion and/or mirror symmetry. For N = odd
cove-edged GNRs, unit cells with armchair and armchair’ cell boundary shapes have
trivial and nontrivial topological phases, respectively, regardless of the GNR widths. In
comparison, for the other four types of cell boundary shapes (zigzag, zigzag’, bearded,
and bearded’) considered, the Z invariant for the N = odd cover-edged GNRs changes
cyclically with a periodic of 8 on N (see Table 2.2). For example, for N = 8p + 5
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(p is an integer), such a cove-edged GNR can have all the six cell boundary shapes.
The armchair and armchair’ shapes lead to Z5 = 0 and 1, respectively. For the other
unit cell boundary shapes, a zigzag (zigzag’) 60°-tilted unit cell has Zy = 1 (0), and
a bearded (bearded’) 120°-tilted unit cell has Z; = 1 (0). The Z, for all other N =
odd cove-edged GNRs are similarly presented in the Table. For N = symmetric-even,
spatial symmetry only exists in zigzag- (zigzag’-) shaped unit cells for N = 8p + 2 and
8p + 6, and in bearded- (bearded’-) shaped unit cells for N = 8p and 8p + 4. The
zigzag- (zigzag'-) shaped boundaries result in Z, = 0 (1) for N = 8p + 2, and Zy, = 1
(0) for N = 8p + 6. The bearded- (bearded’-) shaped boundaries have Z; = 1 (0) for
N =8p, and Z; = 0 (1) for N = 8p + 4. For N = asymmetric-even, the cove-edged
GNRs are virtually gapless within DFT-LSDA; so, we do not consider their topological
invariants in this study.

Termination type | Armchair | Armchair’
Unit cell
h
shape A G 2
N=width
(p integer)
8p+ 1 0 1
8p+3 0 1
odd o
8p+5 0 1
8p+7 0 1
8p + 2
8p+ 6
even i N/A
8p 1 0
N/A
8p+ 4 0 1

Table 2.2: Calculated values of Z, invariants of short-period cove-edged GNRs for
different widths N (mod 8) and shape of the unit cells. Unit cell shapes studied are
armchair, armchair’, zigzag, zigzag’, bearded, and bearded’. The atomic structure in
the second row of the table is illustrated with an N = 5 cove-edged GNR, with gray
and silver balls denoting carbon and hydrogen atoms, respectively. For N = odd, the
unit cell boundary with a zigzag(’) and bearded(’) shapes forms a 60° and 120° angle
with respect to the ribbon axis, respectively. For N = even, only the symmetric carbon
vacancy structures which have sizable DFT-LSDA band gap are considered here. For
unit cells with atomic structure that does not have spatial symmetry, the Zak phase is

not quantized, so that a meaningful Z5 invariant does not exist and this is denoted by
“not applicable” (N/A).

Next, we investigate the electronic structure and Z, of the chevron GNRs [18, 17,
85]. The geometric structures of chevron GNRs are related to those of armchair GNRs.
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Three specific kinds of chevron GNRs with different unit cell shapes are considered in
this work: regular chevron GNR [18], extendedchevron GNR [85], and binaphthyl-
chevron GNR [17] (Figure 2.7). They all have the narrowest width portions in the unit
cell formed from N = 6 armchair GNR. These chevron GNRs have been recently syn-
thesized through bottom-up self-assembly of molecular building blocks [18, 17, 85]. The
extended-chevron GNR and binaphthyl-chevron GNR are laterally extended structures
that can be viewed as a regular chevron GNR with additional hexagonal carbon rings
and additional two rows of carbon in the elbow positions, respectively (see Fig. 2.7).
The band structures of the three types of chevron GNRs are shown in Fig. 2.7. Their
band gaps, evaluated by DFT-LDA, are 1.18 (binaphthyl), 1.37 (extended), and 1.59
(regular) eV. The band gaps of extended- and binaphthyl- chevron GNRs are smaller
than their parent regular chevron GNR because increasing effectively the ribbon widths
by the additional carbon atoms leads to weaker quantum confinement.

We have calculated the Z, invariants of these chevron GNRs for the two different
unit cell shapes indicated in Fig. 2.7. For regular chevron and binaphthyl-chevron
GNRs, Z; = 0 for the 60° or 120° unit cells with armchair shape at the unit cell
boundary, and Z, = 1 for the 90° unit cells with zigzag shape at the unit cell boundary.
However, extended-chevron GNRs with 60°, 90°, and 120° unit cells all belong to the
topological trivial class (i.e. Zy = 0).

We next explore various GNR heterojunctions or finite segments that show junction
states or end states, resulting from the topological nature of the electronic structure
of their components. Guided by the values of Z; of GNRs with various widths and
terminations, we construct a number of different GNR heterojunctions-consisting of
combination of an N = 7 AGNR, an N = 5 cove-edged GNR, or a regular chevron
GNR, at which two topologically equivalent or inequivalent segments are connected
together. The emergence of topologically induced junction states for the latter class of
junctions has been confirmed for all these structures.

Figure 2.8a shows two heterojunctions made from an N = 7 AGNR and an N
= 5 cove-edged GNR with tilting angle of 30°. The two junctions are structurally
different, corresponding to either (1) a zigzag (Z2 = 1) termination or (2) a zigzag’
(Zy = 0) termination of an N = 7 AGNR joining with a zigzag (Z2 = 1) termina-
tion of an N = 5 cove-edged GNR. For case (2), as expected, a topologically induced
junction state emerges and is localized at the interface between the two topologically
inequivalent segments (the zigzag’-terminated N = 7 AGNR and zigzag-terminated N
= 5 cove-edged GNR junction). In comparison, there is no in-gap state in case (1),
the heterojunction formed between the zigzag-terminated N = 7 AGNR and zigzag-
terminated N = 5 cove-edged GNR. Figure 2.8b depicts that an N = 7 AGNR /regular
chevron GNR heterojunction can also be formed in two different configurations. Again,
by bulk-edge correspondence (in presence of an approximate chiral symmetry in the
charge neutral gap), a topological junction state arises at the zigzag’-terminated N = 7
AGNR/zigzagterminated chevron GNR junction; however, in the other case of zigzag-
terminated N = 7 AGNR /zigzag-terminated chevron GNR junction, there is no in-gap
state. The square of wave function of the junction states from DFT-LDA, integrated
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Figure 2.7: Schematic structures (top) and DFT-LDA band structures (bottom) of (a)
regular chevron, (b) extended-chevron, and (c) binaphthylchevron GNRs. Gray and sil-
ver balls denote carbon and hydrogen atoms, respectively. The structures of extended-
and binaphthyl-chevron GNRs are laterally extensions of a regular chevron GNR with
additional hexagonal carbon rings (blue) and additional two rows of carbon (orange)
in the elbow positions, respectively. They all have the narrowest width portions in the
unit cell formed from N = 6 armchair GNR. The green and purple brackets show the
unit cell shapes corresponding to topologically trivial and nontrivial phases ( Zy = 0
and 1), respectively. The DFT-LDA band structures show a semiconducting gap of
1.59, 1.37, and 1.18 eV in regular chevron, extended-chevron, and binaphthyl-chevron
GNRs, respectively.

over the direction perpendicular to the ribbon plane [in units of 1/(a.u.)? ], are shown
in the bottom panel of Fig. 2.8a,b. Figure 2.8c,d show the DFT-LDA density of states
(DOS) of the two systems, where a broadening of 0.03 €V is used. Because we have
a finite length for each of the GNR segments in the calculation, the DOS from the
bulk regions away from the junction does not dominate so that the junction states are
visible in the DOS plot.

Our calculations show that the bulk bands of the N = 7 AGNR/N = 5 cove-edged
GNR heterojunctions (for both cases in Fig. 2.8a) are aligned in the form of a type-
I heterojunction. The energy band gaps within DFT-LDA of the individual N = 7
AGNR and the N = 5 cove-edged GNR are 1.6 and 0.93 eV, respectively. The type-
I band alignment gives the wave functions of the low-energy conduction and valence
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Figure 2.8: GNR heterojunctions formed with (a) an N = 7 AGNR and an N = 5
cove-edged GNR (finite length of 7.94 nm), and (b) an N = 7 AGNR and a regular
chevron GNR (superlattice with lattice constant a = 10.23 nm). The upper panel and
lower panel in (a) and (b) show heterojunctions between two topologically equivalent
segments (zigzag/zigzag interface) and inequivalent segments (zigzag’/zigzag interface),
respectively. These are zoom-in schematic structures near the junctions. The gray and
silver balls represent the carbon and hydrogen atoms, and the green (purple) brackets
show the unit cell with Z3 = 0 (1). The color scale shows the square of wave function of
the topological junction states integrated over the direction perpendicular to the ribbon
plane [in units of 1/(a.u.)? ]. The density of states of (c) the N =7 AGNR/N = 5 cove-
edged GNR heterojunctions and (d) the N = 7 AGNR/chevron GNR heterojunctions,
with zigzag/zigzag (red curves) and zigzag’/zigzag (blue curves) interfaces, where a
broadening of 0.03 eV is used. Topologically induced junction states emerge at the
zigzag’/zigzag interfaces.

band states away from the band gap of the combined systems (not counting the in-gap
state) residing in the cove-edged GNR region, and the ones of the higher-energy states
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are extended throughout the whole system. On the other hand, a regular chevron GNR
has a DFT-LDA band gap of 1.59 eV, which is almost the same as that of the N =
7 AGNR. Our results show that the bulk band states of the N = 7 AGNR/regular
chevron GNR heterojunction systems (for both cases in Fig. 2.8b) are all extended
throughout the system (i.e., it is a type-I alignment between two semiconductors with
nearly identical band gaps).
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Figure 2.9: Finite GNR segments with different end terminations for (a) an N = 5 cove-
edged GNR (a finite length of 6.21 nm) and (b) a regular chevron GNR (a finite length
of 6.67 nm). Both isolated GNR segments consist of one end with Z; = 1 and the other
end with Z; = 0. The gray and silver balls represent the carbon and hydrogen atoms,
respectively, and the green (purple) bracket shows the unit cell with Zo = 0 (1) at a
particular end. The color scale shows the charge density of the topologically induced
end state at the end with Zs = 1. The charge density of the end state is integrated
over the out-of-plane direction [in units of 1/(a.u.)? ]. The density of states from DFT-
LDA calculation of (c) cove-edged GNR segment and (d) chevron GNR segment with
structures shown in (a) and (b) respectively are plotted, where an energy broadening of
0.03 eV is used. A 2-fold degenerate topologically induced end level appears at midgap
(or at the Fermi level since it is half occupied) for both GNR segments.

As mentioned before, the value of the Z, invariant of a 1D system is related to
how the end of the system terminates. Thus, we can design a finite GNR segment
with different Z, at the two ends. We now consider the topologically induced end
states of individual finite segments of N = 5 cove-edged GNRs and of regular chevron
GNRs, for which one end has a terminating unit cell of Z5 = 0 and the other end has
a terminating unit cell of Z, = 1 (Fig. 2.9a,b). From bulk-edge correspondence in the
charge neutral gap, an end state would arise at the end with Z; = 1 since vacuum is
topologically trivial, and there would not be an end state at the other end with Z,
= 0. Of course, at the end of a ribbon, it is also possible that localized states occur
not from a difference in topological phases, but from a modification of the potential
seen by the electron, such as broken chemical bonds, imperfection/distortion of the
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carbon rings, etc. Even so, if the commensurate unit cell to a specific end structure
is inversion/mirror symmetric, the total number of end states at the GNR-vacuum
interface should follow the Z, invariant rule - an even or odd number of localized states
at the end with Z; = 0 or Z; = 1, respectively. In Fig. 2.9, we illustrate the character
of the topological end states for several such finite segments with plots of their wave
functions from explicit DFT-LDA calculations.

We have also tested that the topologically induced junction and end states are
robust against perturbations such as small displacements in atomic positions and/or
changes in the atomic potentials (e.g., within tight-binding formalism, changes in the
hopping integrals and onsite energies); these have been explicitly confirmed in our
calculations for the systems studied. Since only the 7 electrons are relevant to the
topological phase of the GNRs, perturbations to the edge structure that retain the
integrity of the band structure of the m-electron system should not change the junction
or end states. However, since the topological invariants are determined by the spatial
symmetry of the unit cell that is commensurate to the termination structure, a change
in termination geometry for the 7 electrons will change a segment’s topological phase
or making it ill-defined.

2.5 Topological phases in graphene nanoribbons
tuned by electric fields

Having investigated the topological invariants of GNRs of various kinds of edge shapes,
end terminations, widths and dopants, a natural direction to work on is to investigate
the tunability of the topological invariants in GNRs by external applied fields or other
tuning knobs. In this section, we show, through first-principles calculations, that by
applying an experimentally accessible transverse electric field (TEF), certain boron
and nitrogen periodically co-doped GNRs have tunable topological phases. The tun-
ability arises from a field-induced band inversion due to an opposite response of the
conduction- and valence-band states to the electric field. With a spatially-varying ap-
plied field, segments of GNRs of distinct topological phases are created, resulting in
a field-programmable array of topological junction states, each may be occupied with
charge or spin. Our findings not only show that electric field may be used as an easy
tuning knob for topological phases in quasi-one-dimensional systems, but also provide
new design principles for future GNR-based quantum electronic devices through their
topological characters. This section is primarily adapted from Ref. [116].

Having the ability to controllably tune the topological invariants of materials is an
actively pursued topic since it opens new opportunities for scientific studies and ap-
plications. Despite proposals on switching between normal and topological insulators
(TIs) in 2D and 3D based on first-principles calculations, using external electric fields
[69], tensile strains [28, 114], temperature and alloying [3, 75, 67, 1], and so on, strate-
gies for tuning topological phases in 1D systems remain relatively underexplored. In
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this work, by first-principles calculations, we discover that topological phases of certain
quasi-1D systems may be practically tuned by a new strategy that exploits external
TEF. We demonstrate this strategy using a designed GNR periodically co-doped with
nitrogen and boron. [Fig. 2.10(a).]

In general, a transition from one topological phase to another one for an insulator
requires its bandgap to close and reopen by external tuning parameters while preserving
the symmetries desired. In our case, a TEF along the width of the GNR (the y-axis)
[Fig. 2.10(a)] is used because it preserves both the approximate chiral symmetry in
the GNR and the mirror symmetry of the GNR unit cell. (See section 2.5.1 below.)

As indicated by Eqn. (2.4), changing the Z, invariant by band reordering at the
fundamental band gap requires the wavefunctions at the minimum of the bottom con-
duction band (BCB) and the maximum of the top valence band (TVB) to have opposite
parities at one of the Fz pOiDtS, i.e., <¢BC’B,I‘Z- M |¢BCB,F¢> <¢TVB,F1- M |¢TVB,FZ-> =—1.
This ensures zero wavefunction mixing between the two states at this I'; point of the
BCB and TVB as a function of the TEF strength; so, a band gap closing is ensured
during the induced band inversion process.

We satisfy this requirement by designing an armchair GNR (AGNR) with periodic
arrays of substitutional boron-dimer and nitrogen-dimer dopants [Fig. 2.10(a)]. From
our density functional theory (DFT) calculations, comparing results for an isolated
boron-dimer to a nitrogen-dimer substitutionally doped onto the backbone of an AGNR
shows that these two dimer defects introduce dopant states of opposite parity in the
fundamental bandgap of the pristine AGNR. We therefore incorporate both boron-
and nitrogen-dimer arrays into the same AGNR, and achieve having a boron-dimer
(nitrogen-dimer) dopant band as its new BCB (TVB) with -1 (41) parity eigenvalue
at both I' and X.

Secondly, to make possible a field-induced band inversion, the BCB and TVB should
have opposite energy shift in response to the applied TEF, requiring the wavefunction
amplitude of BCB and TVB (and thus the GNR structure) to be asymmetric along the
transverse (width-wise) direction of the GNR. Thus, we put the boron- and nitrogen-
dimer dopants near the opposite edges of the AGNR [Fig. 2.10(a)].

The boron- and nitrogen-dimer dopants are symmetric to a mirror plane (red dashed
vertical line in Fig. 2.10(a)) which retains the mirror symmetry of the system. In ad-
dition, in AGNRs with odd number of rows of atom forming the width, the boron- and
nitrogen-dimer exchange positions upon a reflection with respect to the perpendicular
plane at the central backbone, defined by the blue dashed line in Fig. 2.10(a). This
ensures the system to have chiral symmetry within the nearest-neighbor tight-binding
model, with and without the presence of the TEF. (See sections 2.5.2 and 2.5.3 below)
Thus, the topology of the system can be classified by either a Zy index (using spatial
symmetry) or a Z index (using the approximate chiral symmetry).

Among a series of GNR structures designed, guided by the above design princi-
ples, an AGNR having 11 rows of carbon atoms with one boron-dimer dopant and one
nitrogen-dimer dopant in every 3 pentacene units (abbreviated as B&N-11AGNR) [Fig.
2.10(a)] is found to have the desired properties for field-tunable topological phases. The
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Figure 2.10: (a) A unit cell of the B&N-11AGNR (commensurate with a zigzag end
termination). The blue arrow shows the direction of a positive TEF. The red dashed
line shows a mirror plane of the system, and the blue dashed line defines a normal
plane about which the positions of the boron- and nitrogen-dimers are switched upon
reflection. (b, ¢) The BCB wavefunction (b) and TVB wavefunction (c) at the T
point on a plane at 1 Angstrom above the GNR basal plane. (d) The B&N-11AGNR
band structure without any applied field. The blue, red and green colors in the band
structure denote the module squared weights of the wavefunction that are projected
onto the boron, nitrogen and carbon atomic orbitals, respectively. The scale bar defines
the mapping between the color scale and the percentage weight. The projection is
normalized according to the total number of atoms of each species per unit cell. The
parity eigenvalues (¢p,p,| M |ib,r,) of the 8 bands near the Fermi level Ep at T' and X
are marked as “+” (“-”) for value of +1 (-1).

pristine B&N-11AGNR without any applied field has a direct band gap of ~ 2.9 meV,
calculated using DFT within LDA as implemented in the QUANTUM ESPRESSO
(QE) package [37]. This small gap (dictated by the ribbon width [101], density and ex-
act positions of dopants) makes an electric-field-induced band inversion experimentally
feasible.

The evolution of the DFT-LDA band structure with different applied TEFs [Fig.
2.11] is calculated using a supercell method that has a saw-tooth potential changing
along the y direction and that accounts for dipole correction and depolarization field
appropriately [9]. We find that band inversion at the X point happens at a critical
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TEF (with positive direction defined in Fig. 2.10(a)) strength of E. ~ —0.2 V/nm.
For TEF with E < E., the orbital characters and parity eigenvalues of the bottom of
the BCB and the top of the TVB at the X point switch with each other, giving rise
to inverted bands. A wavefunction projection analysis shows that, for £ < FE., the
orbital character of the band states, as a function of wavevector k, does recover to its
original character at some distance away from the X point [Fig. 2.11(c, d)]. From Eqn.
(2.4), we obtain that the value of Z, changes from 1 to 0 as E goes below E.. We also
evaluate the Z; invariant and obtained the same result by calculating the center of the
Wannier functions [12, 73, 99, 100] using the WANNIER90 package [76]. Moreover,
we show that the DFT Hamiltonian for our system may be mapped approximately
to a chiral Hamiltonian in a maximally localized Wannier function basis (see section
2.5.3), and that its Z index changes from 1 to 0 as the E goes below FE., consistent
with the above Z, classification. Thus, the B&N-11AGNR satisfies all our designing
principles and has a topological Z5 invariant and a Z invariant that are tunable with
an experimental realizable TEF in the order of 0.1 V/nm.
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Figure 2.11: The band inversion process under changing TEFs from DFT-LDA cal-
culations. As the TEF goes below a critical field strength of E. ~ —0.2 V/nm, the
characters (and parities) of the states of the BCB and TVB at the X point are inverted,
and both the Z and Z, invariants of this system change from 1 to 0. The bands are
zoomed in a region near the X point in reciprocal space spanning over 1/10 of the
I' — X length.

We next investigate the topological end states of a B&N-11AGNR finite-length
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segment and the relation between the number of the end states and the value of Z,
namely, the bulk-edge correspondence [86, 5]. We perform DFT calculation of the
electronic structure of a finite-length B&N-11AGNR including 24 repeating unit cells
of the form shown in Fig. 2.10(a), with the SIESTA package [98] using a limited
single zeta atomic basis. All the dangling o bonds at the end of the ribbon (which
is a zigzag termination) are capped by hydrogen atoms. The number of in-gap end
states at one end in the charge neutrality gap as a function of the TEF strength and
direction have three regions of distinct behavior [Fig. 2.12(e)]. For £ > E,, (with the
critical field E. ~ —0.8 V/nm for band inversion from the SIESTA calculation) one
topological in-gap end state appears at each end, while for £y, < E < FE,., no in-gap
end state emerges (Es; ~ —1.8 V/nm). For E < E, two localized states emerge in
the band gap at each end. However, these two end states, unlike the topologically
protected one in the case of £ > E., can be eliminated by small perturbations on the
end atoms (see section 2.5.4), so they are trivial end states. Thus, as expected, the
bulk-edge correspondence holds in this system. The planewave basis set used in the
QE calculation of the periodic system [Fig. 2.11] is well converged. However, for the
finite segment SIESTA calculations [Fig. 2.12], a limited basis set was used (because
of the large number of atoms), leading to less converged band gap values. This results
in different values of E. and F, obtained by the two software packages. Nevertheless,
the topological character of the bands of the two calculations remains the same.

From our theory, the TEF strength not only changes the number of end states, it
also controls how localized the end states are. The local density of states (LDOS) at the
end unit cell of the finite segment for 3 different TEFs [Fig. 2.12(a-c)] are compared
with the bulk density of states (DOS) per unit cell. For E = 1.09 V/nm (Z = 1),
the end-cell LDOS shows a sharp and big peak at £ — Fr = 0, arising from a very
localized in-gap state at each end [Fig. 2.12(a)]. A smaller bulk gap at E = 0 V/nm
makes the end states less localized, resulting in a lower peak height at £ — Ep = 0
[Fig. 2.12(b)]. For E = -1.09 V/nm (Z = 0), no in-gap peak emerges in the end-cell
LDOS [Fig. 2.12(c)], showing absence of in-gap end state.

A field switchable topological phase enables the use of a spatially varying TEF
to create and confine topological junction states between two insulating regions of
different Z invariants. To illustrate this effect, we apply a superlattice electric field
(i.e., a periodically repeated pattern of TEF with a repeating unit profile shown in Fig.
2.13(a)) on a B&N-11AGNR as shown in Fig. 2.13(b). The TEF is negative (zero) in
the left (right) half of the supercell, and has a form

E, = %[arctan(x) —arctan(x — ds/2) — arctan(z + ds./2) — 7/2], (2.33)
where the length of the supercell along the x direction is dy. = 305.2 A. A TEF of
such pattern may be created by a periodic array of parallel gates with alternating bias
voltages. For example, a topological junction state is confined at the junction between
the left part with E = -1.58 V/nm and the right part with E = 0 V/nm (E, = 1.58
V/nm) [Fig. 2.13(b)] because the Z invariant changes by 1 across the junction under
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Figure 2.12: Bulk-edge correspondence. (a-c) The red curves show the calculated
end-cell LDOS (integrated in the red rectangular region in (d)) of the 24-unit-cell
finite-length GNR with TEF of E = 1.09 (a), 0 (b), and -1.09 (¢) V/nm, while the
blue curves show the bulk DOS per unit cell at the same TEFs. Both the LDOS and
DOS are in units of number of states per energy per length without considering spin
degeneracy. The Gaussian broadening factor is 1 meV for both the LDOS and bulk
DOS. The insets zoom in the green dashed rectangular regions. (d) The iso-surface
charge density plot at 1.4 x 107> A=3 (1% of the maximum value) of the topological end
state in the 24-unit-cell finite segment (only the left 1/3 of the segment is shown). The
TEF is 1.09 V/nm (Z = 1). (e) DFT-LDA bandgap versus TEF calculated using the
SIESTA package (E. ~ —0.8 V/nm). The calculated Z invariant is 1 (0) for £ > E.
(E < E.). The colors on different parts of the curve denote the number of end states
per end for the system.
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this field profile. The two junctions in one supercell each hosts a protected junction
state, which form 2 bands with small dispersions (~ 5 meV) inside the common gap
of the left and right “bulk” region. Hence the LDOS of the unit cell at the junction
(the red rectangle in Fig. 2.13(b)) shows two ~ 5 meV wide peaks inside the common
bulk gap [Fig. 2.13(c)]. In contrast to heterostructures made of geometrically different
GNRs of distinct topological phases in which junction states appear at the junction
[21, 65, 55, 90, 40], the topological junction states of the B&N-11AGNR are created by
the profile of the TEF and can be moved freely to different locations in the material by
varying the field profile. This gives us another degree of freedom in the rational control
of topological junction states in 1D systems [21]. Furthermore, the coupling between
two nearby localized states of the junction array, given by the junction separation, is
programmable by the spatial profile of the field.
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Figure 2.13: (a) The TEF profile in one repeating period as a function of coordinate
x which is along the axis of the ribbon. (b) The iso-surface charge density plot at
2.7x 1070 A=3 (2% of the maximum value) of the topological junction state (evaluated
at I-point of the superlattice) of a B&N-11AGNR with the superlattice electric field
in (a) applied. One repeating period of the TEF (the supercell shown in (b)) contains
24 B&N-11AGNR unit cells. The field strengths in the center of the left (right) region
are -1.58 V/nm (0 V/nm) resulting in the system with Z being 0 (1). (c¢) DOS of the
GNR in a superlattice electric field. The red solid curve shows the LDOS computed
in the junction region (the red rectangle in (b)). The green (blue) dashed curves show
the bulk DOS per unit cell with a uniform TEF of E = -1.58 V/nm (0 V/nm).

In conclusion, we have proposed a scheme for designing GNRs with tunable topo-
logical phase by an applied TEF and demonstrated its feasibility through ab initio
studies of GNRs. Our analyses and first-principles calculations show that topologi-
cal end states can be created /annihilated by a uniform applied TEF on a GNR finite
segment, and topological junction states can be generated in a homogeneous GNR by
applying specific profile of piecewise uniform TEFs. Our study provides a new way
of controlling topological junction/end states in 1D systems and is a promising new
approach for designing future GNR-based quantum electronic devices.
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2.5.1 Approximate chiral symmetry in boron-dimer and
nitrogen-dimer periodically co-doped armchair

graphene nanoribbon with 11 rows of carbon atoms
(11AGNR)

We show here that chiral symmetry is satisfied to a very high degree even in the
presence of the boron-dimer and nitrogen-dimer dopants in the AGNR as shown in
Fig. 2.10. The 7 electron bands in GNRs are formed by the p, orbitals of the carbon
atoms, which are oriented perpendicular to the GNR basal plane. Given the overlap
between the p, orbitals from adjacent carbon atoms is much larger than the overlap of
that from next-nearest-neighbor carbon atoms; it is well-known and a common practice
to use a nearest-neighbor tight-binding model to describe pristine graphene and GNR
systems. As a result, the atomic orbitals of a GNR system can be divided in to A and B
sublattices (Fig. 2.14(a)), such that no hopping is considered between any two orbitals
belonging to the same sublattice. In this basis, grouping indices of all the atoms in A
sublattice together to the upper left block of the Hamiltonian and taking the onsite
energy of the carbon p, orbital as zero, the Hamiltonian of a pristine GNR reads:

0 Hap
H = . 2.34
(H;B o) (2:34)

Defining a unitary operator:

= (é _0[) . (2.35)

H and I satisfies Eqn. (2.5) and thus the Hamiltonian has chiral symmetry. A
system with chiral symmetry has an energy spectrum symmetric to the charge neu-
trality point (defined as 0 energy) [5]. For any state with energy E, there is a chiral
symmetric partner with energy —E. Any interactions beyond nearest neighbor would
break the chiral symmetry in graphene; and previous density functional theory (DFT)
calculations of general pristine GNRs show that the second-nearest-neighbor interac-
tion and beyond are quite small. Thus, a pristine GNR has chiral symmetry to a high
degree.

Now we argue that the boron-dimer and nitrogen-dimer periodically co-doped AG-
NRs of interest also have chiral symmetry, within a nearest-neighbor tight-binding
model. In a tight-binding model, the orbital of the electron used in the basis is assumed
to closely resemble the atomic orbital, and the onsite energy of the orbital (i| H |i),
with |7) denoting the ith atomic orbital, is close to the ionization energy of the elec-
tron in a free atom. The ionization energy difference between nitrogen and carbon:
Ei — Bl = 3.27 eV is quite close to that between carbon and boron: Ef, — El = 2.96
eV. As a result, to a very good approximation, with the onsite energy of carbon taken
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to be e¢ = 0 eV, we may approximate the onsite energy of nitrogen and boron to be
the same with opposite signs, i.e., eg = —ey. In the same spirit, the p, orbital from
the carbon, nitrogen and boron atoms are assumed to be similar, leading to the same
hopping integral for any two nearest-neighbor atoms: t = -2.7 eV. We note that any
small deviations from the above model can be treated perturbatively as in previous
analyses of chiral systems, since rigorously chiral symmetry in general is never strictly
satisfied in physical systems.

For the boron-dimer and nitrogen-dimer co-doped 11AGNR (abbreviated as B&
N-11AGNR) of interest here (see Fig. 2.10(a)), grouping the atomic orbitals into A
and B sublattices as shown in Fig. 2.14 (b), the simplified tight-binding Hamiltonian
reads (after rearranging the rows and columns so that the boron (nitrogen) atom in
sublattice A has row/column index i = 1(2), and correspondingly, the boron (nitrogen)
atom in sublattice B has row/column index ¢ = N/2 4+ 1(N/2 + 2), where N is the
number of rows/columns which is equal to the total number of the carbon, nitrogen
and boron atoms in the unit cell)

€EB 0
0 —epB Hap
H 0 —ep

In B&N-11AGNR, the boron and nitrogen dimers exchange positions upon a reflec-
tion with respect to the perpendicular plane at the central backbone, defined by the
blue dashed line in Fig. 2.14 (b). We now define another unitary operator U which is
an index-exchanging operator for the indices of a pair of two atoms (which need not be
identical) upon this reflection. For atoms on the central line, the U operator leaves the
atom indices unchanged. The Hamiltonian H' = UHU' describes a mirrored system
with boron-dimer and nitrogen-dimer dopants interchanged with each other.

Applying M = UT to H, we have:

—€Rp 0
0 € —Hap
MHM'" = . 0 | =—-H (2.37)
—H' 0 B

With MMT = MM = I. Hence, M = UT is a chiral operator for the B&N-11AGNR
system (or for any such B&N-AGNR with the dopant dimers similarly placed).
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The boron- and nitrogen-dimer dopants also generate an electric polarization along
the transverse direction (y direction). A self-consistent tight-binding model [66] could
include this effect. If atom 1 and 2 (corresponding to the boron and nitrogen atom
in the A sublattice, respectively, or two carbon atoms in the A sublattice) are located
symmetrically with respect to the central line, combining the polarization field and the
transverse electric field (TEF) add an extra term ¢ and —e to the on-site energy of atom
1 and 2, respectively. Thus, they still have opposite values for their on-site energies.
Within these considerations, Eqn. (2.37) always hold. As a result, we have shown that
the B&N-11AGNR (or other such co-doped AGNR with odd number of rows) has chiral
symmetry no matter whether a TEF is applied or not, by neglecting hopping beyond
nearest neighbors and assuming the on-site energy of boron and nitrogen being of
opposite values referenced to that of carbon. Our first-principles calculations show that
the hopping terms beyond nearest neighbors, and other higher-order effects that might
break the chiral symmetry, are negligible, indicating approximate chiral symmetry in
real systems. This will further be demonstrated by mapping the first-principles Kohn-
Sham Hamiltonian of this system in the 7 electron manifold into a maximally localized
Wannier function (MLWF) basis (Section 2.5.3).

2.5.2 7 index invariant or winding number of B&N-11AGNR
with zigzag termination: A simplified tight-binding
model

We shall use the above tight-binding model to investigate the band inversion process
and the change of the topological index Z for B&N-11AGNR. The Z index is a winding
number whose value depends on the specific unit cell that is determined by the GNR/’s
end termination of interest. This tight-binding model only has nonzero on-site energy
for the p, orbitals on the boron and nitrogen atoms, and has the same nearest-neighbor
hopping between any adjacent atoms. Its band structure with eg = —ey = 7.2 eV and
t = —2.7 eV is shown in Fig. 2.15 (a). The band dispersion and the shape of the 4
bands near the charge neutrality gap are very similar to the DFT results (Fig. 2.10
(d)), and a wavefunction projection to various atomic orbitals shows that the lowest
conduction band (highest valence band) is predominantly boron (nitrogen) dopant-
state band. More importantly, the wavefunction symmetry of these 4 bands at the
I and X points are the same as those calculated by DFT. Hence, this tight-binding
model captures the important topological physics of the system.

Within the tight-binding formalism, the effects of TEF are mimicked by changing
the on-site energy of boron and nitrogen, which are expected to be charged. A negative
TEF as defined before will lower (elevate) the potential seen by an electron at the boron
(nitrogen) sites.

As shown in Fig. 2.15 (b-d), using eg = 7.15 eV, eg = 7.1 eV, and e = 7.05 eV
would give rise to results corresponding to the case in which ¥ > E., E ~ E. ,and
E < E., respectively. Here E,. is the critical field at which the system changes its
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Figure 2.14: A and B sublattice in pristine and co-doped AGNR systems. In both (a)
and (b), the atoms (carbon, boron or nitrogen) circled by blue and orange circles belong
to A and B sublattices, respectively. (a) A pristine 11AGNR. (b) A B&N-11AGNR.
The blue dashed line defines a normal plane about which the positions of the boron-
and nitrogen-dimers are switched upon reflection.

topological phase. As discussed before, within a Z, classication (which is rigorously
valid since our system possesses TRS and spatial symmetry), the calculated Z5 invariant
for the unit cell in Fig. 2.14(b), which corresponds to a zigzag end termination of the
AGNR, is 1 (0) when E > E. (E < E.). In the case eg = 7.1 eV, the E field is just
below E.. As a result, the tight-binding model captures the band inversion process.

To calculate the Z index within this tight-binding model, we transform the Hamil-
tonian H in Eqn. (2.36) into the basis of eigenstates of the chiral operator M, and it
becomes block off-diagonal.

0 H

H k) = VHk)VWV = ( ; ’f) : (2.38)
H, 0

where V' is the eigenvector matrix of M, and k is the crystal wavevector (dimensionless).

The chiral symmetry reduces some degrees of freedom of the Hamiltonian matrix,

making it block off-diagonalizable in certain basis, so we could calculate the winding
number using Eqn. ( 2.8).
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As shown in Fig. 2.15 (e-g), Z is equal to 1 (0) when eg = 7.15 €V (ep = 7.05
eV), which stands for the case where £ > E. (E < E.). eg = 7.10 eV is the case
where E is slightly below FE.. FE. is the critical field value below which the trajectory
of det(h(k)) does not enclose the origin and thus Z changes from 1 to 0; so, eg = 7.10
eV has Z = 0. From the simplified tight-binding model, which completely captures
the band inversion process, we could deduce that the winding number Z changed from
1 to 0 as the TEF goes below E, in B&N-11AGNR. The phase-transition-point for Z
and Z5 occur both at the gap closing point.
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Figure 2.15: Calculation of Z index or winding number using the simplified tight-
binding model. The parity eigenvalues (1, | M |[t,r,) of the high symmetry points are
marked as “+” and “-” for value +1 and -1, respectively. (a) The band structure within
the tight-binding model (eg = —ey = 7.2 eV t=-2.7 €V). The blue, red and green
colors in the band structure denote the module squared weight of the wavefunction
that is projected onto boron, nitrogen, and carbon atomic orbitals, respectively. The
projection has been normalized according to the total number of atoms of each species
per unit cell. The scale bar defines the mapping between the color scale and the
percentage weight. (b-d) The band inversion process in the simplified tight-binding
model. The bands are plotted near the X point in a reciprocal space spanning over
1/10 of the I' — X length. (e-f) The real and imaginary part of det(h(k)) as k moves
across the 1D BZ. The red (green) curve shows the trajectory of det(h(k)) in the
complex plane corresponding to k going from I' to X (from X back to I'), with the
arrow showing the direction. The windings of det(h(k)) in the complex plane around
the origin with the TEF above (e) and below (f, g) E. are 1 and 0, respectively,
corresponding to Z =1 and Z = 0.
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2.5.3 7 index invariant or winding number of B&N-11AGNR
with zigzag termination: Hamiltonian in the
maximally localized Wannier function basis

We now calculate the winding number from first-principles for the same unit cell as
above, which corresponds to a zigzag end termination for B&N-11AGNR. Despite the
absence of exact chiral symmetry, the self-consistent first-principles Hamiltonian at a
specific TEF in the MLWF basis could be mapped to a system with exact chiral sym-
metry (chiral system) that closely resemble it, from which a winding number could be
calculated. The values of the onsite energies and nearest-neighbor hopping terms of the
chiral system should have least differences to those of the first-principles Hamiltonian
in the MLWF basis.

We construct WFs from the manifold spanned by the p, orbital of carbon, boron and
nitrogen atoms from first-principles calculations using the SIESTA software package
with double zeta basis plus polarization orbitals [98]. The center of the nth WF is
defined as 7, = (0,n|7|0,n), where |0,n) is the nth WF associated with the unit
cell labeled by the Oth lattice vector. The centers of all of the MLWFs are shown
in Fig. 2.16, with the radius of the circle proportional to the spread of the WEs
Q, = (0,n|72|0,n) — | (0,n|#]0,n)|?. Q, are all less than 1.5 A2, indicating close
resemblance to atomic orbitals in terms of localization. The WFs localized at the
boron (nitrogen) atom positions have slightly larger (smaller) spread than that of the
WEF at the carbon atoms.
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Figure 2.16: The positions of center of the MLWFs of B&N-11AGNR obtained from
DFT calculations using the SIESTA package. The radius of the blue dots is propor-
tional to the spread of the WFs. The numbers on each dot denote the onsite energy in
the WF basis, while (a) is for the Kohn-Sham Hamiltonian and (b) is for the mapped
chiral Hamiltonian. The blue dashed line in (b) is the normal plane about which the
atomic sites switch positions upon reflection although the species of the atoms may
not be the same.
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Figure 2.17: (Continued from Fig. 2.16) (c-f). The band structure of the mapped
chiral system (colored line) and the Kohn-Sham system (grey line). The blue, red and
green colors denote the module squared weight of the wavefunction that is projected
onto WF's on boron, nitrogen and carbon atoms. The projection has been normalized
according to the total number of WFs of each atom species per unit cell. The scale
bar defines the mapping between the color scale and the percentage weight. (c) shows
the band structure in the absence of applied field. (d-f) is the zoom-in band structure
near the X point (spanning over 1/5 of the I' — X length) where the field-induced band
inversion happens. Depicted are the band structures for E = 1.09 V/nm (d), -1.09
V/nm (e) and - 3.27 V/nm (f), which correspond to £ > E, (d), Es < E < E, (e) and
E < E (f), respectively. (g-1) The winding of the value of det(h(k)) of the mapped
chiral Hamiltonian around the origin in the complex plane, corresponding to the case
where E = 1.09 V/nm (g), -1.09 V/nm (h) and -3.27 V/nm (i). The red (green) curve
shows the trajectory of det(h(k)) in the complex plane corresponding to k going from
I to X (from X back to I'), with the arrow showing the direction.

The MLWF basis are divided in to A and B sublattice entities in the manner as
indicated in Fig. 2.14(b), according to their center positions. To map the system into
a chiral system in the WF basis, we first eliminate all hopping terms that are beyond
nearest-neighbor hopping. As a result, (0,m|H |0,n) is set to be 0 if the distance
between centers of |0, n) and |0, m) is greater than the bond length (~ 1.5 A). Secondly,
WF centers are on the carbon, boron and nitrogen atom sites which exchange positions
upon a reflection about a perpendicular plane at the central backbone shown in Fig.
2.16(b). The onsite energies for the WFs (0, n| H|0,n) that exchange positions upon
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the reflection about this perpendicular plane are set to opposite numbers (Fig. 2.16(b)),
while keeping the bandgap of the mapped chiral system the same as the original Kohn-
Sham system. The onsite energies for the Kohn-Sham Hamiltonian (0,n| H%S |0,n)
(Fig. 2.16(a)) and those of the constructed Wannier chiral system (0, n| HC"ral |0, n)
(Fig. 2.16(b)) agree to within ~ 0.3 eV (~ 1.3 eV) for the WFs on the carbon atoms
(boron and nitrogen atoms).

The band structure of the original Kohn-Sham system of the B&N-11AGNR and
that of our mapped chiral system, at different TEF's, agrees within ~ 0.2 eV for the 4
bands closest to the Fermi level Er (Fig. 2.17(c)), and the wavefunction characters of
those bands for the Kohn-Sham system and the mapped chiral system are qualitatively
the same. This indicates the changing of onsite energies and hopping terms beyond
nearest neighbors qualitatively keeps the band properties of the Kohn-Sham system,
which keeps its topological character. The winding number of the mapped chiral system
with a unit cell commensurate to a zigzag end-termination for different TEFs are
calculated to be: Z =1for F > E,., and Z = 0 for £ < E.. Representatives of each of
the cases where F > E., Es < E < E,, and F < E, are shown in Fig. 2.17 (d-i). Here
FE is another critical field below which two localized end states emerge per end at the
zigzag end termination of B&N-11AGNR. (See Fig. 2.12(e).)

2.5.4 'Trivial end states when F < E, and the robustness of
the topological end state when E > F.

For the case £ < E; (Z = 0), two end states inside the band gap are found for
a B&N-11TAGNR finite segment at each of the zigzag terminated end. However, we
show that these end states are not protected and they can be pushed into the bulk
continuum (and becomes delocalized) by applying some relatively weak perturbations
on the onsite energies of the 5 outer-most carbon atoms at the end. For example, such
perturbations are in the order of ~ 0.5 eV in the case of a TEF of E = -4.36 V/nm
which has an energy gap of ~ 0.2 eV. As a result, the end states in this range of TEF
are trivial end states.

For E > E. (Z = 1), the topologically protected end states on the other hand are
extremely robust against perturbation on the end atoms. We find that the topological
end state remains for perturbations up to at least ~ 2.0 eV in the case of TEF with E
= 1.09 V/nm, which has an energy gap of ~ 0.4 eV.

The energy of the end states in the cases discussed above are calculated using a
transfer matrix formalism [97]. Within this formalism, the local density of states of
the end unit cell of a semi-infinite system of a B&N-11AGNR with zigzag terminations
is calculated, and the Kohn-Sham Hamiltonian in the MLWFs basis is used.

For E < E, the energy of one of the 2 trivial end states in a semi-infinite system
E! . is close to the energy of the conduction band minimum (CBM), E“BM  of the bulk,
while the energy of the other E? , is close to that of the valence band maximum (VBM),

end

EVBM of the bulk. For TEF E = -4.36 V/nm, |[E¢PM — El | ~ |E? , — EVBM| ~ 10

end
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meV, while the gap |E9PM — EVBM| ~ (0.4 eV. Thus, the end states could be pushed
into bulk continuum under small perturbations. On the other hand, for TEF E > FE.,
the one topological end state is in the middle of the energy gap, and it is extremely
robust against perturbation on the end atoms.

2.6 Topological band engineering in graphene
nanoribbon superlattices

In this section, we present an experimental and theoretical collaborative work. Thanks
to the bottom-up synthesis technique, a 1D GNR superlattice formed by alternating
segments of topologically distinct GNRs have been synthesized by our experimental
collaborators. According to our theoretical prediction, an N = 7 ANR with zigzag’
termination has Zy = 0, while an N = 9 AGNR with zigzag termination has Z, = 1.
In the atomically precise sythesized GNR superlattice, alternating N=7 AGNR zigzag'
segments and N = 9 AGNR zigzag segments forms interfaces through which the Z,
invariant change by 1. As a result, a periodic array of topological interface states was
formed in the 1D superlattice (Fig. 2.19(a) ). This section is primarily adapted from
Ref. [90].

The 1D array of the topological interface states can further form two bands origi-
nated from electron topology inside the common gap of the two GNRs. If the coupling
between these interface states is expressed as hopping amplitudes ¢; (for hopping across
a 9-AGNR segment) and ¢, (for hopping across a 7-AGNR segment), then the band
dispersion arising from the coupled topological interface states can be expressed in the
standard two-band tight-binding form:

Eo(k) = £/ |t1]2 + |ta|? + 2|t1|[t2]cos (k). (2.39)

This leads to a tunable energy gap (E, = 2||t1| — |t2]| ) and bandwidth (W = |t;| +
|ta] — E,;/2 ) for the new bands that arise from purely topological considerations.

The GNR superlattice shown in Fig. 2.19 was synthesized by the bottom-up tech-
niques. It contains alternating segments of topologically distinct GNRs. The electronic
structure of the GNR superlattice was measured by the scanning tunneling microscopy
(STM). The dI/dV curve was measured at the edge of the ribbon (blue and red cross
in Fig. 2.18a ), which is proportional to the LDOS at such positions. The dI/dV
map measured at the peaks marked by A, B, C, D are shown in Fig. 2.18b. We have
performed first-principles DF'T calculations within the LDA. Figure 2.18d shows the
theoretical bulk DOS for a freestanding 7/9-AGNR superlattice. A series of peaks
arise from the superlattice band structure (Fig. 2.19¢); these peaks are labelled the
valence band (VB), the occupied topologically induced band (OTB), the unoccupied
topologically induced band (UTB) and the conduction band (CB). The OTB and UTB
are so named because they arise from the topologically induced interface states located
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at each internal 7/9-AGNR heterojunction. The OTB and UTB features both have
a double-peak structure in the DOS plot owing to the presence of two 1D Van Hove
singularities in each band. The relative positions of these four bands correlate with
peaks A-D, observed experimentally in the bulk region of a 7/9-AGNR superlattice
as shown in Fig. 2.18a. Notably, the anomalously small band gap observed experi-
mentally is nicely reproduced by the DFT calculations, which predict a gap of 0.52
eV (see band structure in Fig. 2.19c). It is not surprising that the theoretical value
is smaller than the gap observed experimentally (0.74 eV) given that DFT tends to
underestimate quasiparticle band gap, even accounting for the screening effects of the
underlying Au substrate. Figure 2.18c shows that the theoretical LDOS maps at 4 A
above the plane of the 7/9-AGNR superlattice at energies corresponding to the VB,
the OTB, the UTB and the CB. These LDOS maps are in excellent agreement with the
experimental LDOS patterns shown in Fig. 2.18b. This agreement between ab initio

theory and experiment confirms that peaks A—D observed in STS do indeed originate
from the intrinsic VB, OTB, UTB and CB of the GNR superlattice.

- Au(111)
— 9-AGNR segment
— 7-AGNR segment

«—CB

o
¢ o
Sample bias (V)

«— VB
-1.04
Experiment ‘a0 Theory
20 15 10 05 00 0 10 20 30
dl/dV (arbitrary units) Experimental di/dV map Theoretical LDOS DOS (state per electronvolt per cell)

Figure 2.18: Electronic structure of 7/9-AGNR superlattice. (a) Inset, STM topog-
raphy of 7/9-AGNR superlattice (Vs = -0.10 V, I; = 80 pA). The red (blue) curve
shows dI/dV point spectroscopy data collected on the 7-AGNR (9-AGNR) segment
(tip position marked by plus sign). The dotted black curve shows a spectrum collected
on bare Au(111). The spectroscopy parameters are V,. = 10 mV and f = 581 Hz. (b)
Constantcurrent dI/dV maps obtained at voltages corresponding to peaks A, B, C and
D marked by arrows in a (I; = 100 pA, V.. = 10 mV, f = 581 Hz). (¢) LDOS maps
calculated via DFT at the energies of the 7/9-AGNR superlattice VB, OTB, UTB and
CB marked by arrows in (d) (obtained 4 Aabove the GNR plane). (d) Calculated DOS
obtained via DFT for the 7/9AGNR superlattice (0.05 eV Gaussian broadening used).
All STM data shown here were obtained at T = 4K on a 7/9-AGNR consisting of 12
fused monomer units (the total GNR length was 15.6 nm).
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Figure 2.19: Topological bands in 7/9-AGNR superlattice. (a) Wireframe sketch of the
7/9-AGNR superlattice with superimposed charge density for only a single, isolated in-
terface state. Arrows represent hopping amplitudes that couple interface states through
different AGNR segments. (b) DFT-LDA wavefunctions for the OTB maximum and
UTB minimum are composed of bonding and antibonding linear combinations of ad-
jacent interface-state wavefunctions. The wavefunctions are plotted in the plane 1
A above the GNR atomic plane to demonstrate bonding symmetry. (c) Solid black
curves show the DFT-LDA band structure of a freestanding 7/9-AGNR superlattice.
The dashed red curve shows a tight-binding fit to DF'T OTB and UTB using equation
2.39.

2.7 Conclusion

In summary, we have discovered topological phases in GNRs, and calculated the topo-
logical invariants in GNRs of different edge shapes, end terminations, widths and dif-
ferent doping conditions. We have demonstrated from first-principles calculations that
certain designed GNRs could have topological phases tunable by applied electric fields,
and we have collaborated with experimentalists to confirm our theoretical prediction
of novel topological bands from one-dimensional array of topological junction states
formed by alternating segments of topologically distinct GNRs.
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Chapter 3

Bulk-edge correspondence in %5
classification in quasi-1D systems

3.1 Introduction

In our investigation of the bulk-edge correspondence of the B&N-11AGNR (see pre-
vious chapter), we have found that the bulk-edge correspondence is violated in some
energy gaps where the Z, invariant are well defined. For this system, because of its
approximate chiral symmetry, bulk-edge correspondence still holds in the charge neu-
tral gap, but it is violated in some other gaps since one cannot invoke chiral symmetry
in analysis of other energy gaps in the band structure. In this chapter, we investigate
in some detail about the bulk-edge correspondence of the Z, classification in quasi-1D
systems. We find that the bulk-edge correspondence in the Z, classification is only ab-
solutely guaranteed for the charge neutrality gap of systems with chiral symmetry. We
use two simple model systems to illustrate violation of the bulk-edge correspondence
in the Z, classification in quasi-1D systems.

3.2 Bulk-edge correspondence and 7, classification
in a real GNR system

In the investigation of the topological end states of a B&N-11AGNR (see Chapter 2.5)
finite-length segment and the relation between the number of end states and the value
of Z5 (the bulk-edge correspondence), we found that in some cases, there is no definite
relation between the number of end states and the Z, invariant.

The bulk-edge correspondence for the Z; classification means that the number of
end states per end of a finite-length segment formed by a system with Zy = 1 (0) at
the energy gap of interest would be a odd (even) number. This was proved in Ref. [88],
which shows that when the inter-cell part of the Zak phase is equal to 7 (0) (mod 27),
the number of end states per end of the finite segment formed by repeating such unit
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cells is odd (even). The proof in Ref. [88] however relies on an argument that may not
be valid in all possible cases.

In the analysis of Ref. [88], Wannier functions were constructed for a system with
isolated band to calculate the accumulated charge in the end area of a finite-length
segment which they use to determine the number of end states (Eqn. (19-24) in Ref.
[88]). A specific gauge for the Wannier functions was used. For a Wannier function in a
general gauge, Eqn. (19-24) in Ref. [88] does not hold since these equations are gauge
dependent. In calculating the accumulated charge which is argued to be proportional
to the number of end states, it is assumed exponential decay of the Wannier functions.
But this is not guaranteed in the specific gauge of Wannier function chosen. As a
result, the proof is not general and the bulk-edge correspondence of Z; classification
in quasi-one-dimensional-system with spatial inversion/mirror symmetry and spinless
time reversal symmetries is not proven. [96, 30, 57, 41, 6, 23|

In our study of B&N-11AGNR, we see a counter example to the bulk-edge cor-
respondence of Z, classification at some gaps that are not the charge-neutrality gap.
The calculated LDOS of the end unit cell (red box in Fig. 3.1 (b)) of a 24-unit-cell
finite-length B&N-11AGNR is shown in Fig. 3.1 (c¢). The Z; invariants for gap 1 and
gap 2 below the charge neutral gap (shown in Fig. 3.1) using the wavefunction symme-
try at TRIM points (Eqn. 2.4) are 1 and 0, respectively. However, from the end unit
cell LDOS, we see that the number of end states at one end inside gap 1 and 2 are 0
and 1, respectively. The number of end states in both gap 1 and 2 clearly violate the
bulk-edge correspondence for the Z, classification. For the charge neutral gap, because
of the approximate chiral symmetry, the bulk-edge correspondence holds.

We demonstrate in Section 3.3.1 that for a system with spatial inversion symmetry
as well as the spinless TRS, if its Hamiltonian could be separated into two or more
subspaces that do not or barely interact with each other, there exists energy gaps in
which the bulk-edge correspondence is violated.

3.3 Violation of bulk-edge correspondence in some
gaps in 7, classification of (quasi-) 1D systems

In this section, we give two simple model systems as counter-examples to bulk-edge
correspondence of the Z, classification in the electronic band gaps of non-interacting
quasi-1D systems with spatial inversion/mirror symmetry and TRS.

3.3.1 A 4-band model with nearest-neighbor interactions

We investigate a 4-band tight-binding model which is a system with 4 atomic orbitals
per unit cell (shown in Fig. 3.2 (a) ). This system, with properly chosen hopping
parameters, contains two barely interacting subsystems. We can make analogy be-
tween this constructed system to two polyacetylene chains parallel to each other. Each
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Figure 3.1: Bulk-edge correspondence violation in a practical GNR system. (a) A unit
cell of the B&N-11AGNR (commensurate with a zigzag end termination). The red
dashed line shows a mirror plane of the system. (b) The iso-surface charge density
plot at 1.4 x 1079 A3 (1% of the maximum value) of the topological end state in the
24-unit-cell finite segment (only the left 1/3 of the segment is shown). (c) The red
curves show the calculated end-cell LDOS (integrated in the red rectangular region in
(b)) of the 24-unit-cell finite-length GNR, while the blue curves show the bulk DOS
per unit cell. Both the LDOS and DOS are in units of number of states per energy per
length without considering spin degeneracy. The Gaussian broadening factor is 1 meV
for both the LDOS and bulk DOS. The insets zoom in the green dashed rectangular
regions. (d) The B&N-11AGNR band structure without any applied field. The parity
cigenvalues (nr, | M |tfur,) of the 8 bands near the Fermi level Ep at I' and X are
marked as “4+7 (“-7) for value of +1 (-1).
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polyacetylene chain contains alternating weak and strong bonds (represented by sin-
gle and double bonds in Fig. 3.2 (a) respectively), and we assume the interchain
coupling exists for atomic orbitals that are nearest neighbors in different chains (i.e.
(i,1| H |9,3) = s1,(i,2| H |i,4) = s1 where |i,1),]7,2),]i,3),|i,4) are atomic orbitals
in the i-th unit cell).

We assume the nearest-neighbor hoppings inside the upper polyacetylene chain are
s (i, 1| H|i,2) = tq,(i,2| H |i + 1,1) = t9, while the neighbor hoppings inside the lower
polyacetylene chain are : (i,3| H |i,4) = t3,(i,4] H|i+ 1,3) = t4 (See Fig. 3.2(a).).
In order to construct a system with two subspace with bands separated in energy
when the interchain coupling is absent, we choose the magnitude of hoppings in the
upper chain is at least an order of magnitude larger than that of the lower chain, i.e.
[t1], |t2] >> |ts],|ts]. We also assume the upper chain terminates at its strong bond,
while the lower chain terminates at its weak bond, so |t1| < |t2|, [ts| > [t4]. The unit
cell of both the upper and lower chain (and the combination of them) have a mirror
symmetry with the mirror plane bisecting the unit cell in the periodic direction. With
obvious TRS present in the system, band gaps of both the upper and lower chain (and
the combination of them) could be characterized by Zs invariants. Both chains (and
the combination of them) also exhibit chiral symmetry and electron-hole symmetry (in
absence or in present of the interchain coupling) as the lattice are bipartite and no
hoppings beyond the nearest neighbor (See Section 2.5.1). In absence of the interchain
coupling, for the one and only gap of each chain, the upper chain is topologically
nontrivial (Z; = 1) while the lower chain is topologically trivial (Zs = 0), as calculated
by Eqn. 2.4. The parity eigenvalues of the wavefunctions at the TRIM points are
shown in Fig. 3.2(b). The band structure of the system with the interchain coupling
s1 = 0 and the hopping parameters t; = 8, to = 12, t3 = 1.2, t; = 0.8 €V are shown
in Fig. 3.2(b). The two bands for the lower chain are both within the energy range of
the gap formed by the two bands for the upper chain.

The topological nontrivial upper chain has one end state per end, and the end state
appears in the center of the gap for the upper chain due to the presence of electron-
hole symmetry. Thus, this end state appears in the center of gap 2 marked in Fig.
3.2(b) which is the common gap region for both chains. The topological trivial lower
chain has no end state (according to our finite-length segment calculations, as well as a
calculation of the LDOS in the end unit cell of a semi-infinite chain using the transfer
matrix formalism [97]). As a result, there is no end state for the combination of the
two non-interacting chains in gap 1 and 3 marked in Fig. 3.2(b), while there is one end
state in gap 2.

However, the Z5 invariants calculated for gap 1, 2, and 3 using Eqn. (2.4) (with
and without interchain interactions) are all equal to 1, so there is a clearly violation
of bulk-edge correspondence in gap 1 and 3, in which no end state presents with
Z5 = 1. Thus, we have shown a counter-example for the bulk-edge correspondence
for the Zs classification in quasi-1D systems. For the noninteracting case, we have a
simple explanation for this violation: Gap 1 and 3 (Fig. 3.2(b)) where the bulk-edge
correspondence break are not real; they are formed by two subsystems that do not
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talk to each other and the energy gaps happen to be located in the common energy
forbidden region for both systems. The real energy gap for the upper chain is the
combination of the three gaps plus the energy allowed region for the lower chain, and
in this energy gap the bulk-edge correspondence holds: there is one end state. The
energy gap for the lower chain is gap 2 (Fig. 3.2(b)), and the bulk-edge correspondence
holds in absence of upper chain: there cannot be any end states in gap 2 in absence of
the upper chain.

The case with interchain interaction is however physically important. To demon-
strate this, we gradually increase the interchain coupling s; and see if there is a thresh-
old s, such that when |s;| > |s.|, the bulk-edge correspondence restores in all the gaps
of the combined system. We calculate the LDOS of the end unit cell (the dashed box
in Fig. 3.2(a)) of a semi-infinite system with both polyacetylene chains interacting
using the transfer matrix formalism [97]. The transfer matrix formalism includes the
effects from the semi-infinite system exactly so it obtains the energy levels of the end
states accurately, while a finite-length segment tight-binding calculation cannot elimi-
nate finite size effect which may result in inaccurately calculated end states near band
edges.

Figure 3.2 (c) shows the evolution of the band edges that define gap 3 and the
energy levels of the end states if existing in gap 3 as a function of the magnitude of
the interchain coupling |s;|, with the parameters t; = 8, to = 12, t3 = 1.2, t; = 0.8
eV fixed. We see clearly that there is a threshold for |s;|, above which an end state
occurs in gap 3. When |s1] < |s.| = 1.703 eV, there is no end state in gap 3 and the
bulk-edge correspondence is violated. When |s;| > |s.|, one end state appears in gap
3, thus the bulk-edge correspondence restores. From electron-hole symmetry of this
system, we could infer that the bulk-edge correspondence also restores in gap 1 when
|s1] > |sc|, which is confirmed by our explicit calculation as well.

For 0 < |s1] < |s.|, the system is not two subsystems that do not interact to each
other, but the bulk-edge correspondence still violates. In conclusion, we have shown
the non-existence of bulk-edge correspondence in the Z5 classification for arbitrary gaps
in quasi 1D systems by this counter-example.

3.3.2 A 2-band model with 2nd and 3rd nearest neighbor
interactions

We show another simple but interesting 2-band tight-binding model with hoppings be-
yond nearest neighbor in which the bulk-edge correspondence may be violated. This
model is like a single polyacetylene chain with hoppings up to the third nearest neigh-
bor. As shown by Fig. 3.3 (a) , there are 2 atomic sites with one orbital per site per
unit cell, and the chain contains alternating weak and strong bonds. We assume that
the hopping through the intercell (intracell) bond is ¢5 (¢;). The magnitudes of the
nearest-neighbor hoppings are further assumed to be proportional to the exponent of
the bond length
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Figure 3.2: Bulk-edge correspondence violation in a 4-band system. (a) A tight binding
model showing the tendency of a 4-band system towards being separated into two
subsystems. (b) The band structure of the 4-band system with c. The the bands with
blue and green shades are trivial and nontrivial bands, respectively. (c¢) The band edge
that defines gap 3 and the end state in gap 3 in a semi-infinite chain as a function of
the interchain coupling |s1|. As |s1]| goes below the critical value s, ~ 1.703 eV, the
end state merges into the bulk continuum and thus the bulk-edge correspondence is
violated.

— = elrmm/a (3.1)

where r and 75 are the bond lengths for the weak and strong bond, respectively, and
a is the characteristic length for the exponentially decaying nearest neighbor hopping.

The second nearest-neighbor hopping through atomic orbitals |i,1) and |i + 1, 1)
and that through |é,2) and |i 4+ 1,2) are assumed to be the same number, s,, because
the distance between |i,1) and |i + 1,1) and the distance between |i,2) and |i + 1, 2)
are same and all atomic orbitals in the system are assumed to be the same.

However, the third-nearest-neighbor hopping can be hoppings through |i, 1) and
li+1,2) or that through [i,2) and |i 4+ 2,1), and the distance between |[i,1) and
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li + 1,2) and the distance between |i,2) and |i + 2, 1) are different. We denote

(i, 1 H |i +1,2) = s3,
(i, 2] H |i +2,1) = s,

and take that the magnitude of hopping parameters is proportional to the exponent of
the bond length

1 —(2
s e—(2r2tr1)/a t

e T _h (3.4)

3 6—(r2+2r1)/a t2

We first investigate the bulk-edge correspondence in the one and only gap of the
system when there is only nearest-neighbor and second-nearest-neighbor hopping. Fig-
ure 3.3(b) shows a phase diagram for the Z, invariant where the horizontal axis is the
ratio between the magnitude of the two nearest-neighbor-hoppings I f{ and the vertical
axis in the ratio between the magnitude of the second-nearest-neighbor hopping and
the nearest-neighbor hopping of the strong bond ||§2“ For % <1 (I?: > 1) and the
system has a nonzero gap (Fig. 3.3(b)), the system has Z, = 0 (Z5 = 1), and there is no
end state (one end state per end) according to the calculated LDOS of the end unit cell
of the semi-infinite chain by the transfer matrix formalism [97]. As a result, the bulk-
edge correspondence holds for all cases in the absence of any third-nearest-neighbor
hoppings in this model.

When we introduce the third-nearest-neighbor hopping, things are different. We

plot a phase diagram for conditions over which bulk edge correspondence (BEC) holds

[t2]
It

axis are the third-nearest-neighbor hopping si and second-nearest-neighbor hopping s,,
made dimensionless by dividing the magnitude of the nearest-neighbor hopping |t1].
We note that the ratio between s3 and s3 is always taken to satisfy Eqn. (3.4).

In Fig. 3.3(c,d), the gray regions are the parts of parameter space in which the
system is gapless. In the parameter space where there is a finite gap, we calculate the
LDOS of the end unit cell of the semi-infinite chain by the transfer matrix formalism
and find that the bulk-edge correspondence is violated in the region marked red (Fig.
3.3(c,d)), and the bulk—edge correspondence holds in the region marked blue (Fig.
3.3(c,d)). In Fig. 3.3(c), 2l is 0.9, and the calculated Z, invariant is 0 in the regime
with nonzero gap. We ﬁnc{ t&le system has no end state in the gap in the region marked
blue, but the system has one end state in the gap in the region marked red and thus
bulk-edge correspondence is violated. In Fig. 3.3(d), % is 1.1, and our computed
Zy invariant is 1 in the regime with nonzero gap. The system has one end state in
the gap in the region marked blue, but there in no end state in the gap in the region
marked red where the bulk-edge correspondence is violated. We note that the region
where the bulk-edge correspondence is violated has either sy or si (s3) with similar

magnitude as the nearest-neighbor hoppings. This hardly exists in a practical system,

in the ( | tl‘ T ‘ ) parameter plane, while fixing the ratio The horizontal and vertical
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Figure 3.3: Bulk-edge correspondence (BEC) violation in a modified SSH model. (a) A
SSH model with second- and third-nearest-neighbor hopping. (b) The phase diagram
in the (% , % ) parameter plane, showing the bulk edge correspondence holds when
only nearest-neighbor and second-nearest-neighbor hopping are present. (c, d) The
phase diagram in the ( %, ﬁ—ﬁ ) parameter plane. The red, blue, and grey region in
the phase diagram denotes the regime where the bulk edge correspondence is violated,
the regime where the bulk edge correspondence holds, and the regime where the system

is gapless, respectively. (c¢) The phase diagram with % = 0.9 fixed. The Z5 invariant

of the system in the nonzero gap regime is 0. (d) The phase diagram with % =1.1
fixed. The Z, invariant of the system in the nonzero gap regime is 1.
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but it still provides a model system which violates the bulk-edge correspondence for
Zy classification in quasi-1D systems. We note that in these regions chiral symmetry
is also significantly broken.

In conclusion, we have provide two model systems as counter-examples of bulk-edge
correspondence using Zs classification in quasi-1D systems. Thus, bulk-edge correspon-
dence may not hold for some quasi-1D systems with spatial inversion/mirror symmetry
and spinless TRS which can be characterized by a Z; invariant.
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Chapter 4

Substrate interaction in
boron-doped graphene nanoribbons

4.1 Introduction

In this chapter, we present a first-principles study of electronic properties of GNRs
collaborated with the experimental groups. We present a study of the interaction
between the gold substrate and the boron dopant states in a boron-doped AGNR
sitting on top of the gold. This section is primarily adapted from Ref. [81].

4.2 Strong substrate interaction in
boron-dimer-doped armchair graphene
nanoribbons

Bottom-up fabrication techniques enable atomically precise integration of dopant atoms
into the structure of GNRs. Such dopants exhibit perfect alignment within GNRs and
behave differently from bulk semiconductor dopants. The effect of dopant concentra-
tion on the electronic structure of GNRs, however, remains unclear despite its impor-
tance in future electronics applications. In this section, we show our first-principles cal-
culations study of the strong interaction between gold substrates and the dopant states
in boron-dimer-doped AGNRs. First-principles calculations of freestanding GNRs pre-
dict that the inclusion of boron atoms in the form of dimers into a GNR backbone
induces two sharp dopant states whose energy splitting varies with dopant concentra-
tion. Scanning tunneling spectroscopy experiments, however, reveal two broad dopant
states with an energy splitting greater than expected. This anomalous behavior results
from an unusual hybridization between the dimer dopant states and the Au(111) sur-
face, with the dopant-surface interaction strength dictated by the dimer dopant orbital
symmetry. First-principles calculations including the gold substrate atoms further ex-
plained the observed phenomena in the scanning tunneling spectroscopy experiments.
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Here, we report the characterization of boron-dimer-doped N = 7 armchair GNRs
(AGNRs) at two extreme doping regimes: the dilute and highly dense limits. Scanning
tunneling spectroscopy (STS) measurements and density functional theory (DFT) cal-
culations were performed to study the local electronic properties of boron-dimer-doped
GNRs in both concentration regimes. Our calculations show that there exist two
boron-dimer-induced dopant states in the gap, one with s-like (even parity) and the
other with p-like (odd parity) orbital character that persist in both concentration lim-
its. In the dilute limit our freestanding calculations (i.e., no substrate coupling) show
that the boron-dimer-induced dopant states are nearly degenerate. As the density
of dopant dimers increases in the freestanding regime, the energy separation between
the boron dimer induced states increases, and the dimer dopant states form impurity
bands since the dimer dopants are arranged periodically. The experimentally mea-
sured results, however, are not consistent with the freestanding GNR predictions. In
the dilute limit, the experimental results show two dopant states with different sym-
metries that are strongly split in energy and broadened into asymmetric peaks(i.e.,
one is broader than the other). In the dense limit, the experimental upper dopant
energy band is shifted in energy with respect to the freestanding theoretical prediction
and is significantly broader than expected. This anomalous behavior is explained by
hybridization between the boron-dimer-induced dopant states and the surface states of
the gold substrate. First-principles calculations taking substrate coupling into account
confirm that there is a strong and symmetry-dependent hybridization between GNR
dopant states and Au(111). Consequently, as seen experimentally, this induces strong
energy splitting and asymmetrical broadening whose magnitude depends on the dopant
state symmetry.

Figure 4.1 shows a DFT calculation (using the LDA) of the electronic structure of
a freestanding N = 7 AGNR (i.e., no substrate included in the calculation) for three
boron dimer dopant concentrations: (i) the undoped case (Fig. 4.1d), (ii) the dilute
doping limit (Fig. 4.1e), and (iii) the dense doping limit (Fig. 4.1f) (Fig. 4.1a-c show
the unit cells used for the three calculations). The ground state of the freestanding
boron-dimer-doped N = 7 AGNR in the dilute doping limit (Fig. 4.1le) is actually
ferromagnetic [34] with a total magnetization of 2.00 pp per unit cell according to DET
calculation with a local spin density approximation (LSDA), but the magnetization
would be suppressed due to a combined effect of p-doping and surface electric fields
induced by the underlying Au(111) substrate [89], so the ferromagnetic ground state
may not be seen experimentally for the boron-dimer-doped AGNR sitting on the gold
substrate.

In the freestanding GNRs, GW calculations [26, 21, 50] were seen to give similar
results but with larger band gap values due to self-energy effects. We focus here
on the DFT results since substrate screening typically reduces the GW band gaps
to values close to the DFT level when the system is put on a metallic surface (as
done in the experiments here). The undoped GNR band structure shows the familiar
conduction (CB) and valence (VB) bands that have been calculated within DFT before,
[94] while the dilute-doped GNR exhibits bulk band edges at similar energies. The
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Figure 4.1: Band structure evolution of freestanding boron-dimer-doped N = 7 arm-
chair graphene nanoribbons (AGNRs) at different dopant densities. Unit cells of (a)
undoped, (b) dilute-doped, and (c) densely doped N = 7 GNRs. (d-f) Corresponding
band structures calculated by DFT within LDA. The relative Brillouin zone sizes in
panels d, e, fare 9 : 1 : 3, and when this is taken into account, the dispersion of the
VB top and CB bottom does not change significantly after doping.

most significant difference between the undoped and dilute-doped band structure is the
presence of two new defect levels at ~ 0.5 eV above the VB edge for the dilute-doped
case (the appearance of multiple bands above (below) the conduction (valence) band
edge for the dilute doped limit is due to band-folding from the supercell geometry used
in the calculation). The new impurity states are nearly degenerate (AE < 20 meV ) and
exhibit a large contribution from the 7-orbitals of the boron dopant dimers. Analysis
of the wave function for the lower defect state shows that it has p-like symmetry (odd
parity) along the GNR axial direction (Fig. 4.2 (b, ¢) ), while the upper defect state
has s-like symmetry (even parity) (Fig. 4.2¢) (a similar theoretical result for the dilute,
freestanding limit was reported in Ref. [22]). As the dopant concentration increases,
the energy splitting between the two impurity states correspondingly increases, and the
defect states evolve into impurity bands with an energy gap of 0.5 eV, as shown in the
band structure for the densely doped GNR in Fig. 4.1f (Fig. 4.3 shows the calculated
band structures for other intermediate dopant densities) (the band labeling convention
used here is different compared to a previous publication, Ref. [29], in order to make
the role of the dopants more clear).
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Figure 4.2: (a) The unit cell for a freestanding dilute boron-dimer-doped 7TAGNR. Red,
black, and purple spheres represent boron, carbon, and hydrogen atoms, respectively.
(b, ¢) Calculated wavefunctions of the two dopant states at the I" point for a freestand-

ing GNR. The wavefunctions are plotted along the axial line of the unit cell in (a)
(black dashed line) 1 A above the GNR.

Figure 4.4b shows an STM topographic image of a resulting dilute-doped N = 7
GNR on Au(111) with vertical dashed lines indicating the location of a boron defect
(a sketch of the wireframe structure is shown in Fig. 4.4a). The region surrounding
the dopant dimers has a reduced apparent height in the STM image, suggesting that
the boron dimers sit closer to the Au(111) surface than the GNR carbon atoms.

The experimental electronic structure of dilute-doped GNRs was investigated by
measuring STM differential conductance (dI/dV) spectra at the position of boron dimer
dopants and then comparing that to spectra acquired on undoped GNR segments at
the positions marked in Fig. 4.4b (the respective positions are color-coded with the
dI/dV curves). Figure 4.4c shows a characteristic dI/dV point spectrum (green curve)
recorded at the edge of an undoped segment of the GNR. This spectrum exhibits a
peak at V, = 1.68 4+ 0.02 V, which is identified as the CB edge, as well as a peak at
Vs = —0.80 £ 0.02 V, which is identified as the VB edge (V; is sample voltage). This
leads to an overall GNR bandgap of 2.48 +0.02 eV, similar to band gap measurements
on undoped N = 7 AGNRs performed previously [26, 94, 61]. The identity of these
familiar spectroscopic peaks was confirmed via energy-resolved dI/dV mapping, which
allows visualization of the surface LDOS as depicted in Fig. 4.4d-g. Two new states
attributed to the dopant dimers are observed in the STM spectroscopy measured at
the center (top inset of Fig. 4.4c, blue curve) and edge (bottom inset of Fig. 4.4c,
red curve) of the boron defect shown in Fig. 4.4b. The dI/dV spectrum measured
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Figure 4.3: Band structures of freestanding boron-dimer-doped N=7 AGNR at two
intermediate dopant concentrations. (a, b) Unit cells of freestanding N=7 AGNRs at
two intermediate dopant concentrations 1 and 2, respectively. (¢, d) Corresponding
band structures calculated by DFT. The band gap for Intermediate 1 is 40 meV, and
for Intermediate 2 is 230 meV.

at the impurity edge (red curve) shows the presence of a new peak (labeled State 1)
that is centered at V; = —0.52 £ 0.02 V and that has a full width at half-maximum
(fwhm) of 0.23 V. The dI/dV spectrum measured at the center of the dopant site (blue
curve) exhibits a pronounced upward slope starting at Vs &~ 0.3 V and extending to
Vs &~ 1.2 V that is not observed in the reference spectrum taken at the center of the
undoped segment with the same tip (black curve). This second dopant-induced feature
is labeled as State 2. These spectroscopic features (States 1 and 2) persist even as
adjacent dopant dimers in the dilute regime have interimpurity distances as small as
2.5 nm center-to-center.

The spatial distributions of dopant-induced States 1 and 2 were determined using
dI/dV mapping. Figure 4.4f shows a dI/dV map measured at the energy of State 1 that
exhibits bright lines along the edges of the dopant segment as well as two small high
intensity spots near the boron dimers (the two central bright spots are located at the
sites of the two horizontal boron-carbon bonds). Figure 4.4e shows a representative
dI/dV map of State 2 recorded at 0.8 V that exhibits bright, diffuse LDOS that is
elliptically symmetric and centered at the position of the dopant dimers (dI/dV maps
recorded for State 2 at different energies in the range 0.3V < V, < 1.35V show similar
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Figure 4.4: Electronic structure of a dilute boron-dimer-doped N = 7 AGNR on
Au(111). (a) Wireframe sketch of a dilute-doped GNR. (b) STM topographic im-
age of dilute-doped GNR (V; = —0.4 V, I, = 60 pA). (¢) STM dI/dV spectroscopy
measurement taken at the edge of an undoped segment of the GNR (green). Top inset
shows dI/dV spectroscopy taken at the center of a boron dimer segment (blue) com-
pared to the center of an undoped GNR segment (black). Bottom inset shows dI/dV
spectroscopy taken at the edge of a boron-dimer-doped segment (red) compared to the
edge of an undoped GNR segment (green). Two new states, dopant States 1 and 2,
are observed at -0.52 and 0.8 eV, respectively. dI/dV maps of the GNR are shown
at energies corresponding to (d) the CB edge (Vs = 1.68 V), (e) State 2 (V; = 0.8
V), (f) State 1 (Vs = —0.52 V), and (g) the VB edge (the fact that the VB feature
on the left side is darker is due to the asymmetrical defect placement, which likely
increases quantum confinement effects on the left side) (V; = —0.8 V). T = 7 K for all
measurements. Panels d-g have the same scale as panel b.
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Figure 4.5: Electronic structure of densely boron-dimer-doped N = 7 AGNR on
Au(111). (a) Wireframe sketch of a densely doped GNR. (b) STM topograph pa-
rameters: V; = 1.60 V, I, = 20 pA. (¢) STM dI/dV spectroscopy measured at the edge
and center of a densely doped GNR as shown in panel b. (d) dI/dV map taken at
Vs = 1.60 V visualizes state at the CB edge. (e) dI/dV map taken at V; = 1.0 V visu-
alizes unoccupied dopant-induced state (State B). (f) dI/dV map taken at V; = —0.23
V visualizes occupied dopant-induced state (State A). T = 4.5 K for all measurements.
Panels d-f have the same scale as panel b.

GNRs doped with boron dimers in the dense limit was also explored. A wireframe
sketch of the resulting boron-dimer-doped GNR structure is depicted in Fig. 4.5a, and
an STM topograph is shown in Fig. 4.5b. As seen previously [29, 58], the boron-dimer-
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doped segments of this GNR sit slightly closer to the substrate than the unsubstituted
regions and lead to a 1.30 & 0.05 A amplitude periodic height modulation along the
GNR long axis in topography. The electronic structure of densely doped GNRs is first
characterized via dI/dV point spectroscopy. Figure 4.5¢ shows typical dI/dV spectra
measured at a position along the backbone (blue curve) and at the edge (red curve) of a
densely doped GNR with the same tip (spectroscopy positions are marked in Fig. 4.5b;
the spectroscopic features had no significant dependence on how the tip was axially
aligned with respect to dopants. The dI/dV spectrum recorded at the GNR edge shows
a well-defined peak at 1.63 £ 0.04 eV above the Fermi level, Er [58]. The spectrum
recorded along the densely doped GNR backbone is quite different and reveals a new,
broad spectroscopic feature at 1.0 £ 0.2 eV above Ep (this peak is absent in STS of
undoped GNRs [94, 61, 52] ). Reproducible spectroscopic features below Er in the
dI/dV point spectra was not observed for densely doped GNRs on Au(111).

Figure 4.5d shows a dI/dV map recorded at 1.60 eV, the energy of the upper
spectroscopic peak. Here, the intensity of the LDOS is highest along the GNR edges,
similar to what has previously been observed for energies near the CB edge in undoped
N = 7 AGNRs [58, 26, 94, 61]. The dI/dV map obtained at an energy near the broad
spectroscopic peak at 1.0 eV shows a pronounced shift in LDOS away from the GNR
edges to the GNR backbone (Fig. 4.5e). Figure 4.5f shows a dI/dV map obtained
in the filled states at a voltage of V; = —0.23 V. Although no peak at this energy is
observed in the dI/dV point spectroscopy, a clear transition is observed in the spatial
LDOS distribution compared to dI/dV maps obtained at higher voltages. At this filled
state energy, the LDOS is pushed outward toward the GNR edges, and a longitudinal
nodal structure is seen that does not appear in the map at V;, = 1.0 V. The new
densely doped spectroscopic features observed at V; = —0.23 and 1.0 V do not occur
for undoped N = 7 GNRs and so must arise from the influence of boron dopant dimers.
We label them here as State A (V; = —0.23 V) and State B (V; =1.0 V).

The experimental results for dilute and densely doped GNRs exhibit some quali-
tative agreement with our theoretical calculations for freestanding boron-dimer-doped
GNRs, but there are significant discrepancies. For example, in the dilute-doping limit,
the experiments faithfully reproduce the two expected defect states in the gap with one
exhibiting s-like symmetry (State 2, which has no node) and the other exhibiting p-like
symmetry (State 1, which has a node). However, the experimental measurements show
a significant splitting between the two states (~ 1 eV), whereas the theoretical defect
states are essentially degenerate. Furthermore, it is not clear why the experimental
peak seen for State 1 is so much narrower than the broad, sloping spectroscopic feature
that defines State 2.

In the densely doped regime, the experimental peak observed at V; = 1.6 eV (Fig.
4.5¢, red curve) is consistent with the theoretically predicted CB (Fig. 4.1f). The new
spectroscopic peak at Vi ~ 1.0 V (Fig. 4.5¢, blue curve) also roughly corresponds to
spectroscopic features expected to arise from a new dopant-induced band [22] (e.g.,
the upper dopant band in Fig. 4.1f). However, there are major discrepancies between
experiment and theory here as well. Most significant is the energy alignment of the
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observed spectroscopic features. The energy difference between the two experimental
spectroscopic peaks shown in Fig. 4.5c¢ is only ~ 0.5 eV, whereas the theoretically
predicted energy difference between the CB and the upper dopant band in Fig. 4.1f is
~ 1.5 eV. Also, if the state imaged at V = -0.23 eV (Fig. 3f) is assigned to the lower
dopant band, then the energy difference between the two dopant-induced bands in the
experiment (~ 1.2 eV) is significantly larger than the calculated energy difference (0.5
eV). Moreover, the anomalously broad spectroscopic peak at V; = 1.0 V is inconsistent
with the calculation since the upper dopant bandwidth is predicted to be quite narrow
(Fig. 4.1f).

We conclude that the freestanding GNR model used in the calculations is insuffi-
cient to describe our experimental data, most likely because it neglects the substrate.
Therefore, in order to better understand the experimental results, we performed addi-
tional calculations that fully take into account coupling from the underlying Au(111)
substrate upon which the boron doped GNRs rest. The electronic structures of both
dilute-doped and densely-doped GNRs on Au(111) were calculated via DFT using the
supercells shown in Fig. 4.6d and 4.7e, respectively. Similar to the experimental data,
the boron dimers in a fully relaxed simulated GNR sit closer to the Au(111) surface
than the carbon atoms in undoped segments of the ribbon. This reduction of the
boron-gold distance indicates significant interaction between the boron dimer dopants
and the gold substrate atoms.

In order to simulate the dilute-doped dI/dV spectroscopy of Fig. 4.4c, we calculated
the energy-resolved LDOS (including gold substrate effects) averaged over a 7.5 Ax 75
A area at 4 A above the boron-dimer-doped segment following the topography of the
GNR. The results are plotted in Fig. 4.6a . Substantial features are seen to appear in
previously gapped regions due to hybridization between the GNR and the underlying
Au(111) substrate (the CB (1.6 eV) and VB (-0.9 eV) edges are obtained from the
undoped segment). In particular, two features are observed that arise from the boron
defect: a broad resonance in the unoccupied states and a narrower resonance in the
occupied states. The occupied resonance appears in the range -0.4 eV < E < -0.1
eV and exhibits the LDOS pattern shown in Fig. 4.6¢ (obtained at E = -0.21 eV).
This LDOS map has bright features at the outer edges and two interior peaks of high
intensity located on the C-B bonds that lie along the GNR axis. As seen in Fig. 4.6f,
the wave function at this energy has odd parity (p-like) under mirror symmetry.

The unoccupied LDOS is quite different from what is seen in the occupied states.
Here a much broader feature arises over the range 0.3 eV < E < 0.9 eV (a slight dip can
be seen at F ~ 0.5 eV). Figure 4.6b shows a representative LDOS map of this defect
state (obtained at E = 0.38 eV). As seen in Fig. 4.6e, this dopant state has a more
delocalized wave function than the occupied state feature and exhibits approximate
even parity (s-like).

The calculated behavior of the dilute-doped GNR on Au(111) supports our hypoth-
esis that differences observed between the experiment and the “freestanding” theory
arise from the interaction between boron-dimer-doped GNRs and the gold substrate.
The reasonably good agreement between theory and experiment for the defect state
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energies and broadening allows us to identify the occupied and unoccupied features in
the theoretical LDOS of Fig. 4.6a with experimentally observed State 1 and State 2 of
Fig. 4.2c. Further evidence for this assignment is found in the striking resemblance of
the theoretical occupied state LDOS pattern (Fig. 4.6¢) to State 1 (Fig. 4.4f), as well
as the resemblance of the theoretical unoccupied LDOS pattern (Fig. 4.6b) to State 2
(Fig. 4.4e). The energy splitting between the central energy of the two simulated defect
state peaks (~ 1 V) is also similar to what is observed experimentally, indicating that
the boron-dimer-induced defect states (which are nearly degenerate for a freestanding
GNR) are strongly split by interaction with the Au(111) substrate. This interaction
also explains the different broadening of the two defect states, which is faithfully re-
produced by the calculation and which arises due to the different symmetries of the
dopant states. Because State 1 has p-like character, it hybridizes more weakly with the
s-like surface states of gold (leading to a narrower peak), whereas State 2 has s-like
character and so hybridizes more strongly with gold (leading to a broader peak). The
s- and p-like symmetries of the boron defect states are thus primary factors in deter-
mining the dopant electronic structure for the strongly hybridized boron-dimer-doped
GNR/Au(111) complex.

Motivated by the agreement between experiment and theory for the dilute-doped
GNRs in the presence of Au(111), we examined the electronic structure of densely
doped GNRs supported by Au(111). The energy-resolved LDOS 4 A above the boron-
dimer-doped segment was calculated using the same method as in the dilute case and
is shown in Fig. 4.7a. The energy-dependent LDOS of Fig. 4.7a is very similar to
what is seen in the dilute-doped case (Fig. 4.6a). For example, a broad unoccupied
resonance and a narrower occupied resonance arise due to substrate interactions, and
the resonances have almost identical energy and width as the State 1 and 2 features
of the dilute regime. A representative LDOS map of the theoretical unoccupied states
obtained at EE = 0.35 eV (Fig. 4.7c) is dominated by nearly uniform bright intensity
along the longitudinal axis of the densely doped GNR (i.e., bright intensity occurs
at the boron dimer sites as well as at the carbon dimer sites between them). This
theoretical LDOS map is qualitatively very similar to the experimental unoccupied
state dI/dV map of Fig. 4.5e, and so we identify the broad, unoccupied state feature of
Fig. 4.7a as State B. A representative map of the theoretical occupied states obtained
at E = -0.22 eV (Fig. 4.7d) shows a shifting of LDOS intensity to the GNR edges
and a new lateral periodicity whose wavelength matches the distance between boron
dimers (due to reduction in LDOS at the carbon dimer sites between boron dimers).
This theoretical LDOS map is qualitatively similar to the experimental occupied state
dI/dV map of Fig. 4.5f, and so we identify the narrow, occupied state feature of Fig.
4.7a as State A. The lack of a clear peak due to State A in the experimental dI/dV
point spectroscopy (Fig. 4.5¢) is likely due to increased hybridization between densely
doped lower dopant band states and the Au(111) surface compared to dopant states
in the dilute-doped regime.

Our calculations allow us to confirm that the underlying physics determining the
behavior of densely doped GNRs is similar to the symmetry-dependent mechanism at
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Figure 4.6: DFT-LDA calculation of dilute-doped N = 7 GNR on Au(111) substrate.
(a) Calculated LDOS 4 Aabove the boron-dimer-doped segment shows dopant States 1
and 2 (theoretical LDOS is broadened by a Gaussian function with standard deviation o
= 125 meV). Calculated LDOS map is shown for (b) E = 0.38 eV (integrated over a 0.05
eV energy window) and (c¢) E = -0.21 eV (integrated over a 0.05 eV energy window).
(d) Side-view and top-view of the supercell and the relaxed structure used to calculate
the dilute-doped GNR. The supercell includes four layers of Au atoms. Red dashed
line shows the surface upon which the LDOS maps are calculated. (e) Calculated wave
function along the dashed line in panel b for E = 0.38 eV. (f) Calculated wave function
along the dashed line in panel ¢ for E = -0.21 eV. Panels b and ¢ have the same scale.
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Figure 4.7: DFT-LDA calculation of densely doped N = 7 GNR on Au(111) substrate.

(a) Calculated LDOS 4 Aabove boron-dimer-doped segment shows dopant States A

and B (theoretical LDOS is broadened by a Gaussian function with standard deviation
o =125 meV). (b) Wireframe sketch shows location of boron dimers. Calculated LDOS
maps (each including four boron dimers) are shown for (¢) E = 0.35 eV (integrated
over a 0.05 eV energy window) and (d) E = -0.22 eV (integrated over a 0.05 ¢V energy
window). (e) Side view and top view of the supercell and the relaxed structure (includes
four layers of Au atoms) used to calculate the relaxed densely doped GNR. The red
dashed line shows the surface upon which the LDOS maps are calculated. Panels c

and d have the same scale.
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work in the dilute-doped regime, despite the significant difference in dopant concen-
trations. This can be seen by examining the wave functions of occupied and empty
states for densely doped GNRs (Fig. 4.8). The wave function for State B is seen to
be symmetric around a line bisecting a boron dimer and thus exhibits s-like symmetry
similar to State 2 of the dilute regime (Fig. 4.6e). This explains why the densely doped
GNR couples so strongly to the s-like conduction band of Au(111) at this energy, thus
leading to the broad, unoccupied resonance observed both theoretically (Fig. 4.7a)
and experimentally (Fig. 4.5¢), which looks so similar to State 2 of the dilute regime.
The wave function for State A, however, has p-like symmetry around the boron dimer
which explains why it couples less strongly to the gold conduction band and exhibits
a narrower resonance, similar to State 1 of the dilute regime. Due to the dominant
effects of substrate hybridization, States A and B of the dense regime can be heuristi-
cally thought of as simple 1D arrays of States 1 and 2 of the dilute regime, respectively.
Despite this strong substrate interaction, however, states A and B can still be associ-
ated with the lower and upper dopant bands of the freestanding GNR shown in Fig.
4.1f. The experimental energies of these states can thus be used to extract an apparent
band gap of E, ~ 1.2 eV for densely doped GNRs on Au(111).

In conclusion, our experimental and theoretical studies show that introduction of
boron dimer dopants into AGNRs induces the formation of two new in-gap dopant
states that have different symmetries. These dopant-induced states continuously evolve
as the boron dopant concentration increases. Moreover, we see that hybridization
between dopant dimers and the underlying Au(111) substrate has an unusually strong
impact on the electronic structure of boron-dimer-doped GNRs, much greater than for
other doped GNR systems studied to date [16, 19, 78]. Both the dilute and densely
doped electronic behavior depends strongly on the impurity state symmetry, with s-like
(p-like) states hybridizing more strongly (weakly) with the gold substrate, thus leading
to strong, symmetry-dependent energy splitting. This strong substrate coupling masks
the effects of impurity-impurity interactions that are predicted for freestanding boron-
dimer-doped GNRs. We thus expect very different electronic behavior (including a
clearer, more well-defined bandgap) for boron-dimer-doped GNRs placed on substrates
that interact less strongly with boron impurity atoms than gold.
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Figure 4.8: Calculated wavefunctions of densely-doped AGNRs. Wavefunctions of
States A and B of the densely-doped GNR, (a, b) Calculated LDOS maps of States
A and B for the densely-doped AGNR. (c) Calculated wavefunction along the dashed
line in (a) at E = 0.35 ¢V shows the s-like symmetry nature of State B. (d) Calculated
wavefunction along the dashed line in (b) at E = - 0.22 eV exhibits a node (i.e., the
wavefunction crosses the x-axis) which indicates the p-like symmetry of State A. (a)
and (b) have the same scale.



75

Chapter 5

Designing of graphene nanoribbon
double-quantum-well transistor

5.1 Introduction

A typical tunneling field effect transistor (TFET) contains a source and drain made of
semiconductors with a finite gap. Between the source and drain part, there is a gapped
barrier region whose energy levels can be tuned by external electric field generated by
the gate voltage. By tuning the relative energy level of the barrier part using an applied
gate voltage, the energy allowed region (energy range with finite density of states) of
the source, drain and barrier will align or misalign so that current could go through
the transistor or be forbidden, which leads to the on or off state of the TFET.

Because of widely present defects, finite temperature effect, and other effects, the
density of states near a band edge of the source, drain or barrier materials never decays
sharply into nominally the energy gap. The change of gate voltage that is required to
magnify the tunneling current by ten times is defined as the swing voltage V;. Since
a typical TFET works at room temperature, there is a thermal limit on the swing
voltage,

1 kgT
Ve > Gioal Tln(lO) ~ 60mV/decade, (5.1)
dv,

where [ is the tunneling current, V, denotes the gate voltage, ¢ is the elementary
charge of an electron, kg is the Boltzmann’s constant, and 7" is the room temperature.
Because of the slow decaying density of states at the band edges, one needs at least
a 60 meV change in the gate voltage to magnify or reduce the tunneling current by
10 times [2]. To make a logic gate using the TFET, a typical on/off ratio ( the ratio
between the current in the on and off state) greater than 10° is needed, thus the gate
voltage applied on the barrier would be in the order of 1 V to make the logic gate
working.
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If one could decrease the limit on the swing voltage so that a logic gate could be
manipulated by a gate voltage ~ 0.1 V or even lower, this will save a lot of energy
in operating electronic devices and solve the heating problem in electronic devices.
This would be very important in improving the power of scientific computing. In this
chapter, we introduce a new scheme in designing a double-quantum-well TFET to try
to break this thermal limit in the swing voltage.

5.2 Double-quantum-well transistor

The quantum wells (or often called dots) will contain discrete quantum energy levels
because of quantum confinement. The density of states of an isolated quantum energy
level is often sharp and not affected by the thermal broadening. Thus, we can put two
quantum dots next to each other, and connect them to two different metallic leads.
The two quantum dots and two metallic leads are arranged in the way shown in Fig.
5.1 (a) and the adjacent elements are separated by a barrier with a wide energy gap
that is also formed by GNRs (See Fig. 5.1(a) ). By tuning the energy level of the
two isolated quantum well states in the two quantum dots, one could align or misalign
the energy levels. In this way, we can turn on or turn off the double-quantum-well
transistor. [109]

The swing voltage of the system only depends on the lineshape of the two isolated
quantum well energy levels without the thermal effects from the broadened band edges.
If the lineshape of the quantum dot decays fast in energy(e.g. exponentially), it is
possible to break the 60 mV / decade thermal limit on the swing voltage. Therefore,
we study the lineshape of a quantum dot coupled to the metallic wire in the following
section.

We design the double-quantum-well transistor using GNRs exploiting its versatile
electronic properties determined by its edge shape and widths. Figure 5.1 (a) shows a
schematic design of the double-quantum-well transistor using GNRs. The lead parts
are formed with zigzag GNRs which has very small energy gap. The barrier parts are
formed using the N=7 armchair GNR which has a ~ 3.8 eV quasiparticle gap [113], and
its gap will be further increased due to its finite length because of quantum confinement
effects. The quantum dots are made of N = 11 armchair GNRs which has a ~ 1.0 eV
quasiparticle gap [113]. The quantum well states could be confined in the quantum
dot region according to tight-binding calculations. The wavefunction of the quantum
well states closest to the Fermi level are localized at the zigzag edges at the corner of
the quantum dots.
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Figure 5.1: The schematic configuration of a double-quantum-well transistor. The leads
part are made of metallic zigzag GNRs, the barrier parts are made of N=7 AGNRs
with ~ 3.8 eV quasiparticle gap, and the quantum dot part are made of deformed
N=11 AGNRs with smaller band gap than the barrier part. The dangling bands at the
edge the GNR structure should be capped by hydrogen atoms. (b) The band diagram
of the double-quantum-well transistor. The orange curve shows the Fermi-Dirac filling
in the metallic GNR leads and the density of states of the isolated quantum energy
levels in the quantum dots. (¢) The band diagram of a typical field effect transistor.

5.3 Lineshape of a quantum well state coupled to
metallic leads

The energy level broadening of an isolated quantum energy level coupled to metallic
wire is a hybridization broadening, and its lineshape could be calculated by the Kubo’s
formalism [64]. The Kubo’s formalism calculates the spectral function of a system in
response to a time-dependent perturbation applied on the system.

The leads that the quantum well state coupled to can be treat as a perturbation
to the isolated energy level, and the lineshape of the quantum level is related to its
response functions under perturbations. Assuming the perturbation is a plane wave
electric field

Es(x’,t) = Eg(w)eiq'xl_m, (5.2)
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where 3 denotes the spatial component of the field, w is the frequency, and ¢ is the
wavevector.
The resulting current can by calculated by the Kubo’s formalism.

Uit = Gl o+ [0 [ @Bt 70 (o [t ). 5w, 0)]
(5.3)

where T'r {po [j;(ac, t), js(2, t’)] } = 048(x—a’, t—t') is the current-current correlation
function. We note that the response could only react to the perturbation in previous

times. The time integration limit from —oo to a time t is restricted by causality. With
a change of variable,

(u(m, 1)) = % / P! B (w)eir it [ /0 " dreerry {po [jal@, 7). 5ol 0)] }1
(5.4)

1
- / B! Ey(a! )o@ — ). (5.5)

The response function o,4(x — x’,w) is calculated from a time integration starting
from the zero time

+oo
lim o.g(x — ' w) = / dre™™ lim Tr {po [ja(w,T),jg(.’D,, 0)} } . (5.6)
0

x—x’'—0 x—x’'—0

limg 0 0up(x — @', w) is the Fourier transform of a discontinuous function since

lim lim e“"Tr {pg [j;(iL‘,T),jAg(a‘:,,O)]} =1 (5.7)
70t z—x’—=0

because the correlation between two current operators at the same position and nearly
the same time should be 1. As a result, lim,_o_,0 0os(x — 2’,w) is the Fourier trans-
form of a discontinuous function (See Eqn.(5.6)). The Fourier transform of a discon-
tinuous function always has algebraic decay as ~ é + z% for high frequencies, thus
limg g0 0ap(x — @', w) will decay as ~ é —i—i% for large w . The real part of o,4(t) is
proportional to the spectral function of the energy level, which is the lineshape. Thus,
we have shown that the decay of the density of states of a quantum energy level coupled
to a metallic lead has the slow algebraic under the assumption that Eq. (5.6) is valid.
If the lineshape is a Lorentzian then we may not use the double-quantum-well scheme
shown in Fig. 5.1 to beat the thermal limit in the swing voltage.

We also perform a first-principles transport calculation to investigate the lineshape
of a quantum dot state coupled to metalic leads. As shown by Fig. 5.2 (a), a quan-
tum dot made of N=11 armchair GNR is connected to metallic leads made of nitrogen
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doped N=7 armchair GNR through barriers made by N=7 armchair GNR. The nitro-
gen doped N=7 armchair GNR shown in the "leads” part in Fig. 5.2 (a) is metallic
according to first-principles DFT calculations with LDA. The leads extend infinitely
to the left and to the right, and only four unit cells of this nitrogen doped N=7 arm-
chair GNR is shown on each side. The quantum conductance of the system shown
in Fig. 5.2 (a) from the left to the right is calculated by the Quantum ESPRESSO
package [37] and the Wannier90 [76] package, using a ”Left-conductor-right” formal-
ism [20] implemented in Wannier90. The numbers 717, 72", 73" 74" denote the peaks
corresponding to the isolated quantum well energy levels confined in the quantum dot
region. By the Landauer formula, the quantum conductance G is proportional to the
number of transverse mode 7.

G(p) = GoT () (5.8)

where Gy is the conductance quantum, and p is the chemical potential. The number of
transverse mode is proportional to the density of states of the quantum well state, thus
the quantum conductance spectrum is the lineshape of the quantum well state. By
fitting the peak ”1” with a Lorentzian profile (the orange curve in Fig. 5.2(b)), we can
see that the lineshape of the quantum well states has a Lorentzian decay, consistent
with our theoretical calculation via the Kubo’s formalism.

5.4 Lineshape of a quantum well state coupled to
metallic leads with finite band width

The previous section calculates the lineshape of a quantum well state coupled to metal-
lic leads with infinite band widths. If the metallic leads has finite band width, the
density of states of the quantum well state must decay to zero in the energy forbidden
region of the metallic leads. Thus, we investigate the lineshape of a quantum well state
coupled to metallic leads with finite band width and see if the finite band width in the
metallic leads helps to build quantum well state with faster decaying density of states.

We use a simple tight-binding model system to calculate the analytic form of the
density of states (DOS) of a quantum dot coupled to the metallic leads with finite
band width. We assume the metallic leads with finite band width is formed by a semi-
infinite chain of unit cells (Fig. 5.3) with one atomic orbitals per unit cell, and the
hopping parameter between two adjacent atomic orbitals is assumed to be t. Thus
the semi-infinite chain of atomic orbitals with one electron per orbital form a metallic
wire with bandwidth equal to 2|t|. We assume the hopping parameter between the end
atomic orbital on the metallic wire and the quantum dot is s. We also assume there is
only one atomic orbital in the quantum dot, and the onsite energy for all the atomic
orbitals in the leads and the quantum dot are 0, and we ignore all hoppings beyond
nearest neighbor.
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Figure 5.2: (a) The structure of a quantum well made by N=11 armchair GNR coupled
to metallic leads made by nitrogen doped armchair GNR. The barrier is made of N=7
armchair GNR. (b) The calculated quantum conductance T(E) of the system as a
function of bias voltage, plotted in logarithm scale. The orange curve is a Lorentzian
profile fitted to the peak marked by 71”.
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We divide all the quantities by the magnitude of the hopping parameter |¢| to make
them dimensionless. Assume the energy is denoted by w, so the dimensionless energy
x is defined by

v=2 (5.9)

The dimensionless hopping between the metallic leads and the quantum dot state is:

o=—. (5.10)
I
Using the transfer matrix formalism, we could calculate the analytic form of the
local density of states of the quantum dot, expressed by the dimensionless energy x,
and the dimensionless hopping o

1 1
DOS(x) = %|%(x_02 : )| (5.11)
2 4iy/1-(2)2
o? 1 T
= 1—(=)2. 5.12
7T<1_0-2) I2+ 10’22 (2) ( )
: s

'
:>

Figure 5.3: The model system of a quantum dot (Q-dot) coupled to a metallic leads
with a finite band width. The interaction between the metallic chain and the Q-dot is
described by the hopping between the end atom in the metallic chain and the Q-dot,
s. The hoppings between adjacent atoms in the metallic chain is ¢.

The DOS and the logarithm of the DOS) is plotted in Fig. 5.4 (a) and (b), re-
spectively. Near the peak of the density of states, the lineshape is still Lorentzian.
However, the density of states decays rapidly at the band edge of the metallic leads.
This decays faster than an exponential decay.

We could align and misalign the peak of the DOS of the quantum dot coupled to
metallic leads to try to made a transistor with sharp turning on and off (Fig. 5.4
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Figure 5.4: (a) The local density of states of the quantum well coupled to a narrow
band metal. (b) The logarithm of the local density in (a). (c¢) The configuration
of double-quantum-well with quantum dots (Q-dots) coupled to metallic wires with
finite band widths. The blue curve and the gray curve are the logarithm of the local
density of states on the left Q-dot and right Q-dot, respectively. The horizontal axis
is logarithm of density of states while the vertical axis is the dimensionless energy x.
It shows the case where the energy level of the two Q-dots are not aligned (off-state).
The peak positions of the LDOS of the Q-dots could be tuned by the gate voltage to
be aligned (on-state).
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(c)). However, the band edge of the metallic leads will be further broadened as it
would be eventually connected to other metallic leads further away, and the presence
of unavoidable defects in the leads would also broaden the lineshape at the band edges.
It remains a challenge if a double-quantum-well designing scheme of the TFET for
breaking the 60 meV / decade limit on the swing voltage. To further explore this
possibility, detailed calculations including other effects, such as phonons, defects and
so on, need to be further performed.
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Chapter 6

Optical properties of crystalline
conjugated polymers

6.1 Introduction

Conjugated polymers such as poly(p-phenylene vinylene) (PPV) polymers are promis-
ing candidates for optoelectronic applications, for example, light emitting diodes (LED)
due to its fascinating electronic and optoelectronic properties [105, 74, 80, 4]. In this
chapter, we present our first-principles study of the optical properties of crystalline
PPV polymer using the GW-BSE formalism. Our calculated optical spectra show a
level of agreement with experiments significantly superior to previous studies [92, 110,
111]. This chapter is based on a manuscript in preparation [117].

6.2 Optical excitations in poly(p-phenylene
vinylene) polymer crystals

6.2.1 Background and motivation

The optical spectrum of the crystalline PPV has been measured since two decades ago
[42, 72, 15, 59, 93, 84, 13] due to its potential application in building organic LEDs.
The measured absorption at the room temperature [42, 15, 59, 93, 84, 13] or at 77
K [72] show that the first absorption peak is at energy about 2.3 - 2.7 eV. However,
first-principles calculations using the GW-BSE formalism by Van der Horst et al. [110,
111] on a crystalline PPV shows an optical gap at around 1.75 eV, and the calculation
performed by Rohlfing and Louie [92] on an isolated single chain PPV only shows a
prominent peak at around 2.1 eV, while the peaks at higher energies ~ 4.8 eV and
~ 6.0 eV has very small peak heights (see Fig. 6.2) comparing to the measured optical
absorption spectra. The former theoretical result is far from experiment, and the latter
also appears not quantitative since environment screening in a crystal would reduce
the optical excitation energies.
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To explain the discrepancy between the previously calculated optical absorption
spectra and the measured results, we perform a more detailed calculation using the
GW-BSE formalism to obtain the absorption spectra of crystalline PPV, and to see
if the measured absorption spectra can be explained by the GW-BSE formalism in-
corporating electron-electron and electron-hole interaction in the optical excitation
processes.

12

10

(a.u.)
()]

0 1 2 3 4 5 6 7
incident light energy E(eV)

Figure 6.1: The measured absorption spectrum of crystalline PPV. The data is taken
from Ref. [42].

6.2.2 Structural optimization

To calculate the optical excitation properties of the crystalline PPV, we first determine
the structure of the crystalline PPV by first-principles DFT calculations. Crystalline
PPV has an orthorhombic unit cell (Fig. 6.3 (a)), in which each contains two PPV
chains. Each chain inside the unit cell has its molecular plane tilted with respect to
the plane defined by the lattice vector a and ¢, and the tilted angle is defined as the
setting angle (Fig. 6.3(b)). The layer shift between the two PPV chains inside one
unit cell is defined as the length of the shift vector divided by the lattice constant in
the direction defined by ¢ (See Fig. 6.3 (c)) . Many experimental studies on measuring
the structure of the crystalline PPV had been conducted decades ago [14, 108, 38, 25],
including an accurate measurement of the lattice constants [38], and measurements on
structural parameters such as setting angles and so on [14, 108, 25, 38]. Thus we use
the experimental values for the lattice constants (See Fig. 6.3 (a)) from Ref. [38].
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Figure 6.2: Calculated optical absorption spectrum of PPV in arbitrary units. The
solid (dashed) lines denote spectra including (neglecting) electron-hole interaction. The
polarization vector of the electric field is along the polymer chain. The figure includes
an artificial broadening of 0.05 eV. The figure is taken from Ref. [92].

We determine the structure parameters such as the setting angle (Fig. 6.3 (b)) and
the layer shift (Fig. 6.3 (¢, d)) by finding the lowest energy structure configurations
using first-principles DFT calculations. The relative total energy per unit cell was
calculated using DFT-LDA with ”grimme-d2” Van der Waals correction [39] to better
incorporate the Van der Waals interaction between different polymer chains. For a
setting angle of 52 degrees (Fig. 6.3(b)), the system has the lowest energy, and this
matches well with experimental measurement showing a setting angle being 50 + 2
degrees [25]. For the layer shift, Fig. 6.3 (d) shows the energy diagram per unit
cell as a function of the layer shift parameter, and the global minimum is located
at 0.18 while a local minimum exists at 0.5. The energy difference between systems
at the local minimum and the global minimum is only ~ 2.72 meV per unit cell,
which corresponds to the average kinetic energy per atom at ~ 20 K, so the system
may have large probability sitting in both configurations at 300K at which the optical
absorption experiments is performed. As a result, we perform the GW-BSE calculations
on structures corresponding to both the local and global minimum to analyze the
optical absorption properties.
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Figure 6.3: Structural optimization of the crystalline PPV. (a) The orthorhombic unit
cell of the crystalline PPV determined by experiments. The lattice constants in the
three directions a, b, and ¢ are 6.05, 7.90, 6.58 A, respectively. The angle between the
two non-perpendicular axis, a and ¢, is 57 degrees. (b) The definition of the setting
angle: the angle between the molecular plane of one PPV chain and the plane defined
by axis a and c¢. (c) The definition of the layer shift between the two PPV chains
inside one unit cell: the length of the shift vector divided by the lattice constant in the
direction defined by c. (d) The relative total energy per unit cell as a function of the
layer shift. The global (local) minimum is located at layer shift = 0.18 (0.5).
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6.2.3 Quasiparticle band structures

We perform GW calculations on the crystalline PPV with the layer shift parameter
being 0.18 and 0.5. The GW calculation is performed with a starting mean field
wavefunctions calculated from DFT with LDA. A 2 x 2 x 24 k grid was used, and the
dielectric function €g ¢/ (g, w = 0) is calculated on a 2 x 2 x 24 q grid. The frequency
dependent screening is incorporated by the Hybertson-Louie GPP model [50]. The
cutoff energy for the (quasiparticle) wavefunctions is 60 Ry, and the cutoff energy
for the dielectric function is 10 Ry as the screened coulomb interaction distribution
function is in general smoother than the charge density distribution which is related
to the wavefunctions. The calculation parameters have been tested to converge the
quasiparticle band structure to within ~ 0.1 eV.

We also self-consistently update the quasiparticle energy eigenvalues in the Green’s
function, G, when building the self-energy operator . The Green’s function as a
function of energy w has the quasiparticle energy eigenvalues in its denominator

Gw) =Y % 6.1)
nk n

In the one-shot GyW, calculation, the energy eigenvalues €, are taken to be the DFT
energy eigenvalues. We plug in energy eigenvalues calculated by GoW as €, and do the
iteration to get converged quasiparticle energy eigenvalues. The result of n-th iteration
is denoted as G, W, and the converged value for the quasiparticle energy eigenvalues
is denoted as GW, energy eigenvalues. As shown by Fig. 6.4, the quasiparticle gap for
the structure with layer shift parameter being 0.5 has a GyW, band gap of ~ 2.03 eV
and a GWj gap of ~ 2.20 eV. The quasiparticle energy eigenvalues are converged after
three iterations, and the GWj gap is about 10 % larger than the GoW, gap.

We have also tested that there is no need to update the wavefunction in the GW
calculation by the fact that the magnitude of the off-diagonal matrix element for the
self-energy operator (k| 2 [tmk) are all less than 5% of the energy difference between
the diagonal matrix elements, | (nk| X |¥nk) — (Vmk| 2 [¥mk) | , which means the wave-
function calculated by DFT is already a very good approximation to the quasiparticle
wavefunctions within the GW approximation.

The GW, quasiparticle band structure for the crystalline PPV with layer shift
parameter being 0.5 and 0.18 are shown in Fig. 6.5 and Fig. 6.7, respectively. The
GW, band gap of the system with layer shift of 0.5 is 2.20 eV, while the GW}; band
gap of the system with layer shift of 0.18 is 2.09 eV. In most part of the BZ, the 2p+1
and 2p + 2 th bands (p is an integer) counting from the Fermi level are close in energy,
and their wavefunction characters are similar, and this is due to the two chains inside
one unit cell of the crystalline PPV. If we group the 2p + 1 and 2p 4+ 2 th conduction
or valence bands in pairs, the first (second) set of conduction bands and valence bands
are mostly contributed from the extended states located at the carbon-carbon double
bounds (narrow-band states localized mostly at the benzene rings) (Fig. 6.5, 6.6 and
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Figure 6.4: The quasiparticle band gap as a function of iteration number n in G, W,
calculations for structure with layer shift being 0.5. We stop at the G3Wj level at
which the self-consistency is reached. The GWj gap is 2.2 eV, which is about 10 %
larger than the GoW, gap.

6.7). The gap for the structure with 0.18 layer shift is only slightly (~ 0.1eV') smaller
than that of the structure with 0.5 layer shift, but the energy splitting between the
bands within a pair (Fig. 6.5 and 6.7) at the Y point is larger than that of the structure
with 0.5 layer shift.

6.2.4 Optical absorption spectra

Figure. 6.8 shows the calculated absorption spectrum by GW-BSE formalism for the
crystalline PPV with layer shift parameter being 0.5, comparing with the measured
absorption spectrum on the crystalline PPV sample with chain length of ~ 90 A at the
room temperature (taken from Ref. [42] ). We used the Tamm-Dancoff approxima-
tion (TDA) [8, 33] which ignores anti-electron-hole excitation in the BSE calculation.
Transitions from the top 22 valence bands to the bottom 22 conduction bands has been
included in the diagonalization of the BSE, and the number of bands have been tested
to converge the optical absorption spectrum in the energy range from 0 eV at least up
to 7 eV. We can clearly see three major peaks in the calculated absorption spectrum
(Fig. 6.8). The first two major peaks agree well with the measured first two peaks: the
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Figure 6.5: Quasiparticle band structure of a crystalline PPV with layer shift = 0.5.
The red solid line and black dashed line show the GW, band structure and the DFT-
LDA band structure, respectively. The first and second set of valence bands (conduc-
tion bands) are marked VB1 and VB2 (CB1 and CB2), respectively. One set contains
two bands due to two PPV chains inside one unit cell. The first (second) set of conduc-
tion bands and valence bands are mostly contributed from the extended state located at
the carbon-carbon double bounds (narrow-band states localized at the benzene rings).

calculated first major peak is ~ 0.3 eV lower than the measured first peak while the
calculated second major peak agrees with the measured second peak within ~ 0.2 eV.
The calculated third major peak is about 1 eV higher than the measured third peak,
so the third major peak is not well explained in the BSE calculation with TDA.

The three major peaks are mainly contributed from exciton states associated with
different interband transitions. The first peak is mainly contributed from exciton states
associated with transitions from the first set of valence bands to the first set of conduc-
tion bands (Fig. 6.5 and Fig. 6.8 ). The second and third peak are mainly contributed
from exciton states associated with transitions from the second set of valence bands
to the first set of conduction bands and the transitions from the second set of valence
bands to the second set of conduction bands, respectively (Fig. 6.5 and Fig. 6.8 ). The
exciton states in the three peaks have the largest contribution from the electron-hole
transitions for states along the Y-D line of the BZ, and the transition energies of the
transitions contributing most for the three major peaks are listed in Fig. 6.9. We could
estimate that the exciton binding energy for exciton states in the three major peaks
are ~ 0.1 eV.
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Figure 6.6: The contour map plot of the absolute value of the wavefunction at Y point.
The wavefunction is plotted at a plane 1 A above the PPV chain molecular plane.

The GW-BSE calculation performed for crystalline PPV includes the screening
effect of other chains in the bulk PPV samples which is absent in a single chain calcu-
lation. Table 6.1 shows the calculated LDA gap, GoW, gap, GW, gap, optical gap and
exciton binding energy calculated for single chain and for crystalline PPV with layer
shift parameter being 0.18 and 0.5. The LDA gap of a single chain PPV is ~ 20 %
larger than that of the crystalline PPV, and the GoW, gap of a single chain is almost 2
times that of the crystalline PPV, showing much less screening effect in the single chain
calculation comparing to the crystalline PPV calculation. The exciton binding energy
for the dominant bright excitons in the first peak in the single chain calculation (1.68
eV) is much larger than the binding energy in the crystalline calculation. Combining
the two effects (larger quasiparticle gap and larger binding energy), the optical gap of
single chain PPV calculation is similar to the optical gap for crystalline PPV (Table
6.1).
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Figure 6.7: Quasiparticle band structure of crystalline PPV with layer shift = 0.18.
(a) The red solid line and black dashed line show the GWO0 band structure and the
DFT-LDA band structure, respectively. The first and second set of valence bands
(conduction bands) are marked VB1 and VB2 (CB1 and CB2), respectively. One set
contains two bands due to two PPV chains inside one unit cell. The first (second)
set of conduction bands and valence bands are mostly contributed from the extended
state located at the carbon-carbon double bounds (narrow-band states localized at the
benzene rings).

Single chain 1.23 3.68 2.00! 1.68
Crystalline (shift 0.18) 0.96 1.94 2.09 2.01 0.08
Crystalline (shift 0.5) 1.07 2.04 2.20 2.09 0.11

Table 6.1: The LDA gap, GoW, gap, GW, gap, optical gap and exciton binding energy
calculated for single chain and crystalline PPV with layer shift parameter being 0.18
and 0.5. ! The 2.00 eV optical gap for single chain PPV is calculated from the GoW
quasiparticle band structure. The binding energy Ej, for a single chain is defined as the
GoWy gap minus the optical gap because we did not calculate GW, gap for a single
chain. The bindin energy Ej, for crystalline PPV is defined as the GW, gap minus the
optical gap.



CHAPTER 6. OPTICAL PROPERTIES OF CRYSTALLINE CONJUGATED
POLYMERS 93

x108 Absorption(eh)

Blue: Calculation
. st [~
175 % (-2.1eV) Black: experiment
1.50 1 ‘L

1.25 1
1.00 1
0.75
0.50 2nd

Absorbption coefficient (cm™!)

0.251 l

0.00

Figure 6.8: Blue line: calculated absorption spectrum for the crystalline PPV with
layer shift parameter = 0.5 by GW-BSE starting from DFT-LDA. Black line: the
measured absorption spectra on the crystalline PPV sample with chain length of ~ 90
A(data taken from Ref. [42] ). The three major peaks are indicated by red, green
and black arrows. The measured spectra are in arbitrary unit (not to the same scale
marked on the vertical axis). A 0.2 eV Gaussian broadening is used in the calculated
absorption spectrum.
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Figure 6.9: The GW, quasiparticle band structure showing the transitions contributing

to the three major peaks in Fig. 6.8.
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6.2.4.1 Peak height

We also note that the relative height of the third major peak in the calculated optical
absorption spectrum is much lower than that in the measured spectrum. This can be
explained by the finite chain length of the PPV chains in the samples [42]. Figure 6.10
shows the measured absorption spectra using crystalline PPV samples with different
qualities (chain length). The sample with longer chains shows relative higher first major
peak and lower third peak. This is due to the fact that the transitions contributing
to the first major peak are from electronic states more uniformly extended along the
PPV chain, and if the sample chain length is not long enough and varying, those
electronic states would differ in energy. The exciton states contributing the first peak
are suppressed because the different segments of different length have different energies
and the cannot easily form a coherent exciton state. Thus, the longer the chain is, the
lower relative peak height the third peak will have. In the calculation, the chain length
is infinite, so the calculated third peak would be relatively lower in height comparing
to the experimental results.

Absorption(eh)

—— chain length:~50 Ang
0.4 —— chain length:~70 Ang
—— chain length:~90 Ang

E(eV)

Figure 6.10: The measured absorption spectra on the crystalline sample with a chain
length of ~ 50 A(red line), ~ 70 A(green line), and ~ 90 A(black line) (data taken
from Ref. [42] ). The absorbance curve for different samples are not plotted to the
same scale.
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6.2.4.2 Tam-Dancoff approximation

We have also investigated in effect of the TDA on the calculated absorption spectrum.
Figure 6.11 shows the calculated spectrum of crystalline PPV with layer shift parameter
being 0.5. Comparing with the calculation with TDA, the full calculation gives all the
three major peak a red shift by an amount of ~ 0.3 eV. The energy positions for the
three peaks are ~ 1.8 eV, ~ 4.2 eV, and ~ 6.5 eV, respectively. The energy position
of the third peak matches the experimental results better, but the energy of the first
peak is underestimated by about 0.6 eV. Comparing with the calculation with TDA,
the absorption percentage is also decreased by about 20 percent. The TDA ignores the
anti-excitation (anti-electron-hole pairs) in the BSE, and this calculation shows that
the effects from anti-electron-hole pairs in the optical excitation of crystalline PPV are
important. The energy mismatch of the peak positions between the calculations and
the experiments still need further investigations.

%108 Absorption(eh)

150 — %4, (w) average

—— expt_conjugation_length_i(a.u.)
1.25 1

1.00 1

0.751

Absorbption coefficient (cm™1)

E(eV)

Figure 6.11: Blue line: The calculated absorption spectrum of crystalline PPV with
layer shift parameter being 0.5. Black line: the measured absorption spectra on the
crystalline PPV sample with chain length of ~ 90 A(data taken from Ref. [42] ). The
calculation solves the full BSE without the TDA. The measured spectra are plotted
using an arbitrary unit (not to the same scale marked on the vertical axis). A 0.2 eV
Gaussian broadening is used in the calculated absorption spectrum.
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6.2.5 GW-BSE calculations starting from DFT with
different exchange-correlation functionals

We further investigate the dependence of the GW-BSE calculation of the crystalline
PPV optical absorption on the exchange-correlation functionals used in its DFT start-
ing point. Table 6.2 shows the DFT gap calculated using LDA, PBE [83], and the
strongly constrained and appropriately normed (SCAN) [104] functionals. The GWj
gap, gap increase E"0 — EPFT and the "head” element of dielectric function eg(q)
calculated using those exchange-correlation functionals as the starting point are also
shown in Table 6.2. The subscript in € (g) means G = G’ = 0 [51, 50, 49, 115]. q is
the wavevector commensurate with the size of the envelope wavefunctions of the exci-
ton state with the highest oscillator strength in the first peak of the optical absorption
spectrum, so €g(q) shows the strength of screening effect on the exciton states in the
first major peak.

The SCAN functional gives the largest DFT gap, and SCAN functional ground state
would have weaker screening. This is demonstrated in the "head” element of dielectric
function €y o(q). However, the GW, gaps calculated for different functionals as starting
point agrees within 0.04 eV, so this shows that the quasiparticle gap produced by
the GW, calculation are quite independent of mean field DFT starting points for this
system. We note that the gap increase EgGW° — E;) FT' comparing the GW, gap with the
DFT gap are proportional to the screening effect indicated by €y o(g), and this needs
to be further investigated.

Figure. 6.12 (b) shows the optical absorption spectra calculated by GW-BSE using
LDA and SCAN functional DFT starting points, with all the other calculation param-
eters set to be the same. We see that the two calculated absorption spectra sit almost
on top of each other, thus we conclude that the GW-BSE calculation of the absorption
spectrum of crystalline PPV depends weakly on its mean field DF'T starting point.

In conclusion, we have explained the mismatch of the relative peak height of the
three major optical absorption spectrum peaks between the calculations and the ex-
periments, given that the third peak measured in the experiment is coming from the
exciton states associated with transitions from narrow bands formed by less extended
benzene states. The peak energy of the third peak is still overestimated, and it requires
further investigation including the effect of TDA used in the calculation and so on.

6.3 Development for the interface code between
Quantum ESPRESSO and BerkeleyGW

The GW-BSE calculation in the previous section involves the GW-BSE calculation
starting from the SCAN functional which is a meta-GGA functional. The DFT cal-
culations are performed by the Quantum ESPRESSO (QE) [37] package, while the
GW-BSE calcaulations are performed by the BerkeleyGW [31] package. Feeding the
DFT calculation data from QE to BerkeleyGW is done by the interface code, pw2bgw.z.
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_ DFT gap | _GW, gap €00(@) (a=(0,0,0,1667))

DA 1.07 2.20 1.13 13.52
PBE 1.13 223 1.10 12.87
SCAN 1.20 2.19 0.99 12.10

Table 6.2: GW-BSE calculation starting from DFT using different exchange-correlation
functionals. (a) The calculated DFT gap, GW, gap and the "head” element of dielec-
tric function €yo(g) using LDA, PBE and SCAN functionals. ¢q is the wavevector
commensurate with the size of the envelope wavefunction of the exciton state with the
highest oscillator strength in the first peak.

However, the interface code did not support feeding data from meta-GGA DFT cal-
culation previously. Therefore, we have developed an interface code to make it com-
patible with DFT calculations with all kinds of meta-GGA functionals, as well as all
kinds of hybrid functionals. This development has enabled GW-BSE calculation by the
BerkeleyGW package starting from the mean field DFT calculation with all kinds of
meta-GGA and hybrid functionals by the QE package. The development also supports
spinless, collinear spin, and noncollinear spin calculations. Below we show the detailed
developed new features in the interface code, pw2bgw.z.

In the DFT mean field calculation performed by a typical DFT code, the band
energy is separated into four parts

E'Z}cf — ETIL(I;:inetic + ETILZ:n 4 qucartree + T:ka?, (62)

where EEmetic i the kinetic energy, E¢" is the ionic potential energy containing the
electron-ion interaction energy represented by the local and non-local part of the pseu-
dopotential [24, 71], Elartree i the Hartree energy, and V% is the exchange-correlation
energy.

The BerkeleyGW package calculates the self energy matrix element (nk| 3 |nk), so
that the quasiparticle band energy could be calculate by the formula below

Ef = ER"C+ B+ BRI+ (nk| S nk) . (6.3)
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Figure 6.12: GW-BSE calculation starting from DFT using different exchange-
correlation functionals. The GW-BSE absorption spectra calculated starting from
SCAN and LDA exchange-correlation functionals (compared with the measured ab-
sorption spectra). The measured spectra are plotted using an arbitrary unit (not to
the same scale marked on the vertical axis). A 0.2 eV Gaussian broadening is used in
the calculated absorption spectra.

Previously, the pw2bgw.z interface code calculates the V¢ part and feeds V75 into
the BerkeleyGW code. The BerkeleyGW package does the subtraction of V¢ from
E™ and adds back the (nk|X |nk) term to construct the quasiparticle band energy
E™ . The calculation process is shown in the formula below

E® = E" Ve 4 (nk| Y nk) . (6.4)

The exchange-correlation energy V¢ depends on the charge density n(r), the gra-
dient of charge density Vn(r), the kinetic energy density 7(r) (for meta-GGA func-
tionals), as well as some empirical parameter used in hybrid functionals [7, 47, 32]. As
a result, the calculation of V¢ would not only need merely the ground state charge
density and ground state wavefunctions, and making a general interface code able to
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LDA, GGA, spinless, collinear spin, noncollinear spin
MetaGGA spinless, colinear spin, (noncollinear spin incompatible
with metaGGA in Quantum ESPRESSO)
Hybrid functionals spinless, colinear spin, noncollinear spin

Table 6.3: The DFT functionals and type of spin schemes supported by the pw2bgw.x
interface code. Black: Supported type of DFT functionals and type of spin schemes
before the development. Red: Newly supported type of DFT functionals and type of
spin schemes after the development.

handling all kinds of meta-GGA and hybrid functionals would need a large number of
additional input parameters from the QE package other than the ground state wave-
functions (charge densities). This would take multiple subroutines for different cases
and is error-prone.

Thus, we choose another way to calculate £’ which circumvents the direct cal-
culation of the exchange-correlation energy V7. We directly calculate the first three
terms in the band energy, namely the kinetic energy, ionic energy and Hartree energy,
which only depends on the ground state wavefunctions. We define the sum of these
three part as "KIH” energy:

KIH __ Kinetic Ton Hartree
Epge ™ = B + B+ B (6.5)

n

Thus the quasiparticle band energy is evaluated in the way below:

E® = BRI 4 (nk| % |nk). (6.6)

The calculation of the "KIH” energy EX has been implemented in the new version
of the interface code, pw2bgw.x, and this new version of pw2bgw.x will be released for
public use in BerkeleyGW version 3.0 in 2021.

Before the development, the interface code pw2bgw.z only supports the GW-BSE
calculation by the BerkeleyGW package using mean field DFT results with LDA and
GGA exchange-correlation functionals calculated from the QE package, and it only
supports spinless calculation, nonlinear spin calculation and noncollinear spin calcu-
lation in limited ways. (The pw2bgw.z could feed the BerkeleyGW package with the
matrix elements of exchange-correlation potential V¢ or the special dependent poten-
tial itself V*¢(r), the previous pw2bgw.z could support the latter way in the spinor
calculation. The former way is now supported in the new version of pw2bgw.z. )
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The new version of the interface code pw2bgw.z supports GW-BSE calculation by
the BerkeleyGW package using the ground state calculated by DFT using all kinds
of meta-GGA and hybrid functionals, for spinless, collinear spin and noncollinear spin
calculations (except for the noncollinear calculation for the meta-GGA functionals
which is not implemented in the QE package).

This development is useful for first-principles calculations of the excited properties
using the GW-BSE formalism starting from ground states calculated by different DF'T
exchange-correlation functionals.
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