View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of Central Florida (UCF): STARS (Showcase of Text, Archives, Research &...

S —'-— RS University of Central Florida
/ k STARS

Electronic Theses and Dissertations, 2004-2019

2017

Charge and Spin Transport in Low-Dimensional Materials

Amin Ahmadi
University of Central Florida

b‘ Part of the Physics Commons
Find similar works at: https://stars.library.ucf.edu/etd
University of Central Florida Libraries http://library.ucf.edu

This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more

information, please contact STARS@ucf.edu.

STARS Citation

Ahmadi, Amin, "Charge and Spin Transport in Low-Dimensional Materials" (2017). Electronic Theses and
Dissertations, 2004-2019. 5406.

https://stars.library.ucf.edu/etd/5406

+ . + +
R P . -
: N .+
AR SN + M + +
G.... .o ¥ cTaRs
Central o + . . + .
Florida . . + . + Showcase of Text, Archives, Research & Scholarship *


https://core.ac.uk/display/236256642?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd
http://network.bepress.com/hgg/discipline/193?utm_source=stars.library.ucf.edu%2Fetd%2F5406&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/etd
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd/5406?utm_source=stars.library.ucf.edu%2Fetd%2F5406&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/

CHARGE AND SPIN TRANSPORT IN LOW-DIMENSIONAL MATERIALS

AMIN AHMADI
M.S. University of Central Florida, 2013

A dissertation submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy
in the Department of Physics
in the College of Sciences
at the University of Central Florida
Orlando, Florida

Spring Term
2017

Major Professor: Eduardo Mucciolo



(© 2017 Amin Ahmadi

i



ABSTRACT

My research has been focused on two main areas. First, electronic transports in chiral carbon
nanotubes in the presence of charged adatoms. To study such systems we employed recursive
Greens function technique to evaluate the conductance using the Landauer formula. Comparing
with the experimental data, we determined the effective amplitude and the range of scattering
potentials. In addition, using a similar approach we explained qualitatively an unusual conductance
feature in a metallic carbon nanotube. The second part of my study was concerned to the dynamical
spin injection and spin currents in low-dimensional materials. We have developed an atomistic
model to express the injected spin current in terms of the systems Greens function. The new
formulation provides a framework to study the spin injection and relaxation of a system with an

arbitrary structure.
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CHAPTER 1: INTRODUCTION

Among the greatest discoveries of twentieth century two stand out: the theory of relativity and
quantum mechanics. Even though both give us better understanding of the world, the theory of
relativity barely touches our day-to-day life, except for the precision that is needed for GPS navi-
gation systems. On the other hand, applications of quantum mechanics are more ubiquiotous and
are powering the advance of the modern way-of-life further. The CPU of a smartphone that fits in
our pocket can beat the speed, price, and size of vacuum-tube-era computer, thanks to exploitation

of quantum phenomena in materials used in the computing elements.

Since the invention of the transistor at Bell Laboratories, the search for new materials for faster
and cheaper computing units, and increasing memory reliability and capacity, has never stopped.
Among the different elements of periodic table, carbon, the building block of life on Earth, shows
fascinating electronic properties. Different forms and structures of carbon such as diamond, graphite,
fullerene, and, most recently, carbon nanotubes and graphene, always captured scientists’ attention
in their quest to advance our understanding of solid-state physics. Although the quantum mechan-
ical features are already manifest in confined electronic system fabricated with a thin layer of Si
on SiOs [2], the first truly two-dimensional (2D) and one-dimensional (1D) systems were realized

after the discovery of graphene [3] and carbon nanotubes [4].

This dissertation focuses on electronic and spin transport in low-dimensional materials. Although
carbon nanotubes (CNTs) have been around and well studied for more than two decades [5], there
is still more to understand due to their fascinating atomic and electronic structure. Besides their
unique chemical, mechanical, and optical properties, they can behave as a metal or a semiconductor
with different band gaps, depending on their chirality and diameter. One interesting aspect of CNTs

is that their conductance changes in the presence of different adatoms [6]. This discovery provides



a new application of CNTs as a high-precision sensor device for detecting chemical elements.

The first part of my dissertation is devoted to the electronic properties of semiconductor and metal-
lic CNTs in the presence of charged adatoms. The main idea behind these studies was to measure
and quantify the scattering strength of positive and negative carriers of a single-wall CNT in the
presence of charged adatoms [1]. In Chapter 2, I start with a brief description of the measurements
and experimental results, then present the model that I chose for studying the problem. For a full
quantum mechanical calculation I use the Landauer-Biittiker formula to evaluate the conductance.
The relation between the conductance and the system’s Green’s function is presented in Sec. 2.
To be able to compute the Green’s function of a large system efficiently, I introduce the recursive
Green’s function (RGF) technique in Sec. (2). To explore a wide range of impurities’ amplitude
and range, I performed many calculations for short segments of a CNT with a single impurity.
Long segments were simulated as well and the results of these simulations compared to experi-
mental data obtained by the Ishigami group at UCFE. Based on these calculations we were able to

determine the effective amplitude and range of the impurities present in the experimental device.

In Chapter 3, an novel study of metallic CNT is presented. An unusual conductance behavior
has been observed experimentally in quasi-metallic CNTs (22,4) by the Ishigami group. I believe
that this feature is related to the Dirac nature of the charge carriers around the neutrality point of a
metallic CNT. For this studies, I employed the same numerical approach that was used in Chapter 2.
I examined the effect of long- and short-range impurities on the conductivity of a metallic CNT.
Short- and long-range impurities affect the first and higher conduction bands differently due to
the linear dispersion of the first band. 1 show that the unusual shape of the conductance versus
gate voltage curve in metallic CNT is related to the presence of impurities and defects. I end this
Chapter by presenting a toy model for the scattering of a massless carrier through a barrier to better

understanding the underlying physics.



The second part of my dissertation is a formulation of dynamical spin injection in a low dimen-
sional system. By shrinking the size of Si MOSFET transistors we are approaching Moore’s law
limit. Yet, the energy consumption of today CPUs is still much higher than the minimum energy
that was proposed by Landauer [7]. Thus, there is plenty of space for developing more efficient

and faster technologies. Spintronics seems to be the next stages of evolution in computing.

A reliable source of spin current is the most important building block of spintronics. Among
different techniques such as nonlocal spin injection, spin Hall effect, and ferromagnet filtering,
dynamical spin pumping by means of magnetization precession has attracted a lot of attention [8,
9,10, 11, 12, 13]. A series of measurements and experimental realizations have proved the plausi-
bility and efficiency of this technique. In ferromagnet/nonmagnet (FM/NM) materials, the injected
current can be detected indirectly via the broadening of ferromagnetic resonance (FMR) or directly

via the conversion of spin currents into lateral electric potentials by the inverse spin Hall effect.

In 2012, the dynamical spin injection in a hybrid 2D system of combining a ferromagnet and
graphene was proposed and observed experimentally [14]. The unique electronic properties of a
graphene sheet, such as high mobility, tunable carrier density with applied gate voltage, and local
the enhancement of spin-orbit coupling by defects and adatoms, encouraged extending dynamical

spin injection to such a 2D system.

The standard theory developed to describe the spin injection in metals by a resonant ferromagnet
was developed by Tserkovnyak and Brataas [15, 16, 8]. In this theory, the amount of spin cur-
rents injected into the NM metal is quantified in terms of a parameter called mixing conductance.
The mixing conductance is a sum of the opposite-spin reflection coefficients between different

conducting channels.

As reported in Ref. [17], the mixing conductance extracted from the Py/graphene experiments was

comparable to the value that found for Py/Pt and Py/Pd samples (here Py stands for permalloy).



However, following the theory of Tserkovnyak and Brataas, the mixing conductance is roughly
proportional to the number of conducting channels at the interface; since the interface between the
FM and the graphene protuding away from the FM is one-dimensional, the mixing conductance
found in the experiments is orders of magnitude higher than expected. The spin-scattering rate
in a graphene layer is expected to be rather low, lower than the spin injection rate. Based on an
argument presented in Ref. [15], this should causes a spin density to build up near the NM layer;
the difference of chemical potentials for spin up and down then generates a backflow spin current
that decrease the effective mixing conductance. The backflow that was estimated theoretically for
a graphene layer was large enough to make the effective mixing conductance negative! Thus, it

was difficult to reconcile an analysis based on the scattering theory with the experimental data.

To address these problems I developed an atomistic formulation of the injected current in terms
of the Green’s function of the NM region. The atomic structure of the NM region, its geometry,
as well as the presence of adatoms or any other mechanism that can induce spin-orbit interaction
can be readily taken into account in this formalism. The spin current relaxation and injection can
be evaluated at the same time. Another advantage of this Green’s function-based approach is the

possiblity to use recursive methods to achieve fast and efficient computations of large systems.

In Chapter 4, I present this novel formulation of dynamical spin injection due to the proximity of a
2D system to a FM with precessing magnetization. In Sec. 4, I introduce a 1D chain of sites with
a time-dependent boundary condition to model the spin injection. The equations of motion for this
system are presented in Sec. 4. Then I discuss an appropriate definition of spin current in Sec. 4
and develop an expression for the spin current in terms of the system Green’s function. The simple
example of a zero-length chain is presented to provide some insight into the formalism. In Sec. 4
the spin current for a finite-length chain in the presence of spin scattering processes is given in
Sec. 4. Some simulation are presented in Sec. 4 to illustrate the analytical results. Finally, in Sec. 4

we extend the formalism to 2D systems. Some long derivations of Chapter 4 are presented in the

4



appendices. In Appendix A, the decoupled reservoir Green’s function is given. Appendix A is de-
voted to the derivation of the correlation between particle operators of the reservoir. Appendices A,

and A contain the details of the derivation of the spin current in 1D chain and 2D systems.



CHAPTER 2: AD-ATOM SCATTERING STRENGTH

Motivation

A better understanding of electronic transport properties of CNTs in the the presence of charged
adatoms can pave the way toward CNT-based sensing technology. While previous studies have
mainly focused on the effect of charged impurities on the width of Schottky barrier on and screen-
ing effects [18, 19], the interaction of carriers with the adatoms has been usually neglected. The
initial motivation for our study came after a series of measurements performed on single-wall car-

bon nanotube (SWCNT) [1].
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Figure 2.1: The experimental conductance as a function of gate voltage for a 6 ym (7,6) carbon
nanotube segment in ultra high vacuum. (left) Hole conductance at 9 K and (right) electron con-
ductance at 16 K before and after dosing with potassium. Data first presented in Ref. [1].

In these experiments, a few charged potassium adatoms were placed on a CNT of known chirality.
The type and density of carriers were controlled by an applied gate voltage; see Fig. 2.1 for a plot of

their conductance versus gate voltage before and after dosing with potassium. Then, by evaluating



the resistivity from the experimental data, the scattering strength per adatom was estimated. The
known chirality of the CNT, which was determined using Rayleigh scattering spectroscopy [20]
allowed one to determine the actual band structure and conducting channels, thus guiding the
theoretical calculations. The scattering strength that was obtained from the measurements was 37

times stronger for holes than for electron carriers [1].
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Figure 2.2: The experimental length dependence of the resistance for multiple devices (left) at
Vg — Vonset = —60V and (right) at V;, — Vineet = 60V before and after dosing with potassium.
Data first presented in Ref. [1].

In this Chapter, we start by briefly introducing the Landauer formulation used to evaluate the dc
conductance. Next, the relation between system’s full Green’s function and its transmission matrix
is provided. A decimation technique is employed to emulate the metallic lead and a recursive algo-
rithm is implemented to calculate the full Green’s function. The code is tested and benchmarched
against analytical results before being used to the problem in hand. At the end of the Chapter, we
compare the results from simulations to those from the measurements. From this comparison, we

determine the amplitude and range of the scattering potential in semiconductor (7,6) CNT.



Approach and Formulation

A single-band tight-binding model is chosen to describe the electronic transport in SWCNTs, with

the Hamiltonian defined as

==Y [tili)(j| + H.c] +ZV| (2.1)

(ig)

where t;; is the hopping amplitude between the nearest neighbor sites ¢ and j, and V; is the on-site
energy modulated by the presence of impurities or an applied gate voltage. The CNT is placed
between two metallic leads which can be modeled using two semi-infinite lattices with the same
structure of the CNT to eliminate any extra scattering at the lead interface due to channel mismatch

[21].

To evaluate the electronic transport across the system in the presence of a small applied bias (i.e,
in the linear regime), we use the Landauer-Biitiker formulation [22, 23] which describes the con-

ductance in terms of the transmission probability of the device,

2e?
G = TTrC [t1¢] (2.2)

where the subscript ¢ indicates a sum over conducting channels and ¢(t) is the transmission matrix
across the system from left to right (right to left). Combining with the reflection matrices r ('), a

S-matrix can be constructed,

S = . (2.3)

The elements of the S matrix in the tight-binding basis are given in terms of the system’s full



retarded Green’s function [24],

Sl B) = ~0 +ihC T ST DTG0 Coylin ) i), 2.4)

1€p JEq

where v, is the longitudinal propagation velocity and x.(7) is the transverse wavefunction of the
leads in channel c. Here, the sums run over all sites at the contacts p and ¢ where the propagating
channels a and b are defined, respectively. For, such a systems, the conductance can also be
expressed as

Tr. [t't] = Try [[LGRTrGS,) (2.5)

where the level width matrices [' are given by
Ton =i [S7a(E) - iie(B) (2.6)

which involves retarded surface self-energies,
Lr(E) = ur g (E) up,. 2.7)

Here, uy, is the connection matrix between the left lead and the device region, and ¢ (E) is the

retarded Green’s function of the decoupled lead.

Based on this formulation, the calculation of the dc conductance of the system is reduced to deter-

mining the system’s full Green’s function across the conducting channel, G .

The Lead Green’s Function and Decimation Technique

The system under study is connected to metallic leads. A metallic lead provides conducting chan-

nels with a high density of states. To simulate the contact, the lead can be viewed as an infinite,

9



translational invariant extension of the actual lattice to eliminate any mismatch between conduct-
ing channel of the lead and the device. In few simple structures such as square lattice or a zigzag
graphene strip, it is possible to derive analytical expressions for the semi-infinite chain’s Green’s
function [25, 21]. However, in the case of a general chiral CNT, we have chosen a decimation
algorithm to derive the lead’s Green’s function. This technique is discussed in details in Ref. [26].

In this approach, four recursive matrices are initialized as

Gy = U, (28)
Bo = u, (2.9)
e = h, (2.10)
and
€ = h, (2.11)

where u is the connection matrix between two neighboring unit cells and / is the Hamiltonian of
a single unit cell. Then, a recursion is used to determine new matrices; the kth recursive step is

given in terms of the previous k£ — 1 step by the relations

& = & 1 +a 1 (F—e 1) B, (2.12)
e = 1t ap 1 (F—e1) Bt + Be1(E —ex1) Ty, (2.13)
ar = o 1 (E— e 1) o, (2.14)
and
B = Br1(E— e 1) 'Br1 (2.15)

10



When ||ay|| and || Bk || are sufficiently small, the solution converges with exponential accuracy and

the lead Green’s function can be approximated by

Gead (E) ~ (B — €))7 (2.16)

Recursive Algorithm

In theory, one can evaluate the full Green’s function simply by calculating

G=(E—-Hp—X,—%r) ", (2.17)

where H p is the Hamiltonian of the device under study, X,  are the self-energies of the left and
right leads that can be calculated via 7197, and 7 is the connection matrix between the left lead and
the device. However, since the number of operations for a matrix inversion problem is proportional
to N3, where N is the size of matrix (i.e., proportional to the number of sites inside the device), for
the calculation of a realistic mesoscopic system, the time of calculation would be huge, as welll as
the amount of RAM memory required, and thus impossible to implement in practice. An efficient

way to evaluate the system’s Green’s function can be achieved via a recursive implementation.

Reservoir Reservoir

N TR N+1

Figure 2.3: By slicing the device region between two leads, the full Green’s function can be calcu-
lated efficiently. The computation cost scales linearly with the length of device.



This technique is presented in details in Ref. [27]. In this technique the device is broken up into the
smallest possible transverse slices. In the most general cases, the slices can have different number
of sites or shape; see Fig. 2.3. The basic idea is to transfer the Green’s function of the previous
slice, starting from the left lead, to the next one as a self energy, and continue this procedure from
left to right, sweeping the conducting region until a desired location is reached. This results in
the left-to-right Green’s function. Following the same procedure, one can start from the right lead
and continue to sweep from right to left until the desired location, resulting in a second Green’s
function, from right to left. With the combination of left Green’s function G* and right Green’s
function G, one can derived the full Green’s function at any lattice point. To transfer the Green’s

function from one slice to the next, the Dyson’s formulas [28]

G=G9+qOyq (2.18)

G=G" +qvagO (2.19)

can be used, where G(?) is the unperturbed Green’s function (corresponding to a decoupled segment
in the absence of the rest of the system), G is the full Green’s function, and V' is the perturbative
potential (i.e., the coupling between previous slice and the next). Let assume that we want to
calculate the left Green’s function at site j, that means the site 7 — 1’s left Green’s function is
already calculated. The unperturbed Green’s function is

G(O) — GL 17j—1 + g] (2.20)

j—

where g; is the Green’s function of the jth slice in isolation g; = (E — h;)~!, and G* is the left
Green’s function evaluated up to slice j — 1. The perturbation is the connection between slice j — 1
and j,

V=i — 7]+ )7 G — 1. 2.21)
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Therefore, we can write

Gl = g;+ 97 GY 1, (2.22)
Gy ;=G mGY, (2.23)

. L
and solve the equations for Gj; to get

Gh =1 —gr/GE 7]y, (2.24)

GL

]_17]

=G, mGL (2.25)

This procedure starts from the first slice on the left and sweeps over the whole system up to the last
slice on the right incorporating the self-energy due to the right lead. Combining that with the right
Green’s function, the whole Green’s function can be calculated. By doing that, the computational
cost scales with O(M x (N/M)?) instead of O(N?) for direct calculation, where M is the number
of slices. It is clear that a smart choice of the slicing can speed up the calculation tremendously.

The algorithm is pictured in Fig. 2.4.
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Figure 2.4: The flowchart of the recursive Green’s function algorithm.

Implementation

Based on the recursive Green’s function algorithm, I developed a generic computational code to
evaluate the whole Green’s function by providing the unit cell structure of the lead and the system.
In the case of SWCNT, the coordinates of all carbon atoms in a translational unit cell for a given
chirality vector C = ma; + nay (m, n are integers and a;, a, are lattice vectors) are generated
using the recipe provided in Ref. [29]. To determine the hopping parameter ¢;; of the unit cell,
the following procedure was adopted. The distance between carbon-carbon sites on the lattice is

computed and if it matches the bond length, the hoping between two sites in the Hamiltonian is

14



permitted. The big advantage of this approach is that it makes the rest of the code generic and ap-
plicable to other types of lattices when the atomic structure is provided. In addition, following the
same procedure, one can go beyond the nearest-neighbor approximation. To build the connection
matrix between two sequential unit cells, a translational vector is applied to a unit cell to generate
the second unit cell; comparing these two unit cells gives us the connection matrix. To simulate the
curvature effect, the angle of a carbon-carbon bond is calculated with respect to the principal axis
of the CNT. A bond parallel to the principal axis is not affected but one with a component along

the circumference undergoes maximum alteration.

The next step is to calculate the Green’s function of an isolated lead using the decimation technique
that was outlined in Sec. 2. Since the size of the unit cell can be quite large for chiral CNTs (e.g.,
the translational unit cell of a (7,6) CNT has 508 sites per cell), it is often efficient to save the
lead’s Green’s function for a large set of energy values once and read it from disk memory upon

demand.

To introduce impurities and adatoms to the device, sites are randomly chosen according to a uni-
form distribution of a given density. The electrostatic potential that is felt on the other sites due
to the adatoms is calculated by knowing the real-space coordinates of the sites. Different electro-
static potential profiles such as Gaussian, Lorentzian, and Coulomb have been considered in the
simulations that we discuss later. The reason for considering profiles other than resulting from a
bare Coulomb’s interaction is the screening effect. A local accumulation of carrier density around

the charged adatoms changes the potential profiles and their effect on carriers around them.

Finally, the constructed Hamiltonian in the presence of adatoms and an applied gate voltage is

inserted into the recursive Green’s function algorithm calculation the dc conductance.

We note that an applied magnetic or electric field can also be implemented very easily in this

approach, although they were not required for the simulation of the experiments.
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Testing the Code

To test the code, we compare the quantum conductance and the density of states evaluated numer-
ically with analytical expressions derived from the band structure. One can derive the bands of a
chiral CNT by applying the chiral vector C = ma; + na, as a periodic boundary condition to the

dispersion relation of an infinite graphene sheet to get [30]

297 m —n ka ka ka
E;(k) = j:t\/l + 4 cos (m n + ey n?) Cos (7) + 4 cos? (7), (2.26)

where j is the band index and —5 < k < 7 is the longitudinal Bloch momentum. The band

structure for a (7,6) carbon CNT is presented in Fig. 2.5.

Figure 2.5: The band structure of a semiconductor (7,6) CNT. The minimum main band gap

ka _ m
appears at 5 = 3.

According to the Landauer formula, Eq. (2.2), for a ballistic system without any scattering pro-
cesses, one expects the addition of a quantum of conductance for each opening of a new conducting

channel. In Fig. 2.5 the band structure of the (7,6) CNT is plotted based on the analytical expres-
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sion (2.26). We can obtain the position of the steps in energy where new conducting channels open

by sweeping over the energy axis with a straight line parallel to the momentum axis.

14 1.2 . . . . . . .
12} 1.0t
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0.8}
. 8t 0
sl Q 0.6
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‘| L J
5l 0.2}
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—20—15—10—05 00 . 2.0 —20—15—10—05 0.0 05 10 15 20

E

Figure 2.6: (a) The quantum conductance of a pristine (7, 6) CNT as a function of energy evaluated
by the recursive Green’s function technique. One quantum of conductance is added at every open-
ing of a nw channel. (b) The DOS of the same CNT. The positions of the van Hove singularities
exactly coincide with the opening of conducting channels in Fig 2.5.

The density of state can be derived from the band structure using the relation

-1

) (2.27)

ole) = A, ok

where Ak is the volume of the Brilouin zone. Alternatively, by evaluating the full Green’s function

for all sites, one can find the local density of state (LDOS) at each site through the expression
Lo
pile) = ——S[GL(e). (228)

By summing over all sites Tr [G" (¢€)], the total density of states (DOS) at energy e can be calculated.

The plotted DOS is shown in Fig. 2.6. The peaks at the opening of the channels are van Hove
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1
and are characteristic of such a system [20]. The positions

. o OE;
singularities due to the zeros of ‘ -

of the van Hove singularities match the band structure and the DOS.

Where is the Fermi Level?

The experimental results are in terms of applied gate voltage. However, it is the Fermi energy that
determines the number of carriers and conducting channels in the system. Therefore, a convertion
between the gate voltage to Fermi level is needed for the a comparison between simulations and
experiments. In three-dimensional, extende metal, the conduction bands are close together, result-
ing in a high density of state that makes them a continuous reservoir of electrons. Extra charge
on a metal increases the electrostatic potential due to the geometrical capacitance. However, for
a low-dimensional system such as a carbon nanotube, an extra effect must be considered due to
the finite DOS and the gap between the filled band and the next one. To find the chemical poten-
tial for a given gate voltage, these two contributions have to be taken into account, one from the

geometrical capacitance and the other from a shift in the chemical potential, namely,

=

v, — CQ . (2.29)

Y
P
where () is the geometrical capacitance of an infinite metallic cylinder in the vinicity of an infinite
metal plate,
2mel

L is the length of tube, h is the distance between the center of tube and plate, and d is the diameter

of the tube. On the other hand, the total charge on the CNT can be written as

o0

Q =n(p)lLe = Le/ p(e) de[fr(e) — fro(e)], (2.31)

— 00
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where n(u) is the charge density at chemical potential 1, fr,,(€) is the Fermi-Dirac distribution

function, and p(e) is the density of state.

A numerical integration of the DOS over energy at a given temperature must be performed to

establish a conversion function, as shown in Fig. 2.7.
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Figure 2.7: By integrating over the DOS from the neutrality point to the Fermi level, one can find
the number of carriers for a given gate voltage.

We found that the experimental measurements at gate voltages of 60 V are equivalent to +=1.5eV

in energy, and thus adopted the latter in the simulations.
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Impurity Potential

The strength of the scattering potential imposed by potassium was determined by a direct compar-
ison of the numerical calculation with the experimental data. We started from a pristine CNT and

added Gaussian potential scatterers of the form

Vi(R) = Voexp (=R — Ry|/€?) (2.32)

uniformly distributed along the nanotube. Here, R; denotes the lattice location of the scatterer,
Vp its (positive) strength, and £ represents the scattering potential range. As expected, we found
that the resistance of the nanotube varies considerably with 1 and £&. We adopted the following

procedure in order to find values for these parameters.

First, we evaluated the change in the average resistance when a single scatterer was added to a

short nanotube segment at random locations.

When the length of nanotube was just three translation unit cells, a single adatom was added ran-
domly in the central unit cell and the extra left and right cells kept the adatom far from contacts.
For every simulation we kept the effective range of impurity fixed and varied the impurity’s am-
plitude. The result was averaged over 200 samples with random locations of the impurity. The
effective range was varied from 8.0 A to 30.0 A for both positive and negative carriers. We fit an
parabolic curve to the resistance versus effective amplitude of the impurity and the intersection
with experimental data was recorded. The analysis from single impurity simulations is presented
in Figs. 2.8, and 2.9. We notice that even after averaging over 200 random locations of the adatom,
the data are oscillating around the parabolic curve for negative carriers. The fluctuations are at-
tributed to the strong quantum interference due to weak scattering and the short length of CNT

segments. The fluctuation is damped in the case of positive carriers due to strong scattering rate
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(see Fig. 2.9. Such simplified model enables a rapid exploration of a wide range of values for V}

and &.

Second, for a fixed value of &, we varied V{ until the change in average resistance at /' = £1.5eV
matched the corresponding experimental value within its numerical uncertainty. The result is
shown in Fig. 2.10. The data points for electrons and holes differ substantially for short scat-
tering ranges, indicating an inconsistency with the experimental data. The data points eventually
begin to converge at increasing values of the scattering range before starting to separate again. As
such, our analysis indicates that £ = 18 ~ 28A and V;, = 1.0 ~ 1.1eV are the choice of pa-
rameter values producing the most consistent results with the experimental data at &/ = +1.5eV.
Using the ranges of values identified for £ and V|, by this method, we performed more in-depth

calculations that yielded results that closely matched the experiments.

Results

We evaluated the linear conductance for a wide range of nanotube lengths and scatterer concen-
trations, averaging each case over 600 random samples to wash away fluctuations due to phase-
coherent interference. The scatterer concentration was varied within a range that kept transport
diffusive (ohmic) and avoided Anderson localization of carriers. For this reason, the variation
ranges for electrons and holes were different. The nanotube resistivity was obtained numerically
following a procedure similar to that adopted in the experiments, namely, by varying the nanotube

length, see Fig. 2.11.

The scatterer resistance was then determined by considering the change of the average resistiv-
ity with scatterer density. We find that the values of ¢ = 20A and Vj = 1.1eV for the spa-

tial extent and the amplitude parameters of the impurity potential produce the closest results to
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the experimental values at the reference energies &/ = £1.5¢eV, yielding a scattering strength of
6.71 =+ 0.13 k2 /scatterer for holes and 0.357 = 0.003 k€2 /scatterer for electrons, close to the ex-
perimentally observed values. A finer match might be possible by employing numerical techniques
that systematically avoid Anderson localization. However, we circumvent the localization problem
by keeping the simulations away from high density of adatoms. The values of £ and 1/, identified
by our theoretical analysis are significantly larger than those calculated for doped graphene where
screening is expected to be stronger. Such weak screening even in the second subband, attested by
the long scattering potential range, defies expectations from previous calculations [18, 19] of the
electron-electron screening. In Ref. [19], the screening effect was calculated for a metallic CNT
in the first-band approximation. The long-range Coulomb interaction was applied to the electrons
due to the fixed-position external charge and the distribution of electrons was calculated. The
result was a screening length about the diameter of a CNT. Two assumptions in that study may
be the origin of discrepancy between their results and ours: (i) The limitation to low excitation
energy in a metallic CNT, which constrains the current along the tube axis because the higher de-
grees of freedom are frozen by a wide energy gap. In contrast, the CNT that we simulated is a
semiconductor and in the second band. (ii) A cutoff energy is proposed to evade the divergence
of the Coulomb energy when two charges are at zero distance, and this cutoff energy is set to the
diameter of the tube, which seems a plausible assumption for a low-energy system. However, in a
chiral semiconductor the contribution of the circumference degree of freedom to the current is not

negligible, therefore carriers can interact with the potential of adatoms at very close distance.

Summary

We simulated the electronic transport of a semiconductor (7, 6) chiral carbon nanotube. The simu-

lation was done using the recursive Green’s function algorithm. To study the system, a general For-
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tran code was developed to calculate the conductivity and density of state for an arbitrary atomic
structure within the tight-binding approximation. The effect of charged adatoms on a CNT was
studied by modeling the charged impurity as a Gaussian potential that is randomly placed on the
CNT’s lattice. Using a single impurity in a short segment, we explored a wide range of effective
potential range and amplitude of charged impurity to find parameters that can fit both negative and
positive carrier transport and match the experimental data. Using the single impurity analysis, we
simulated large CNTs of up to length 1.5 m. We found a charged impurity range of ¢ = 20 A and
an amplitude of 1.1 eV that matched the experimental data for different scattering rates for positive

and negative carrier in presence of charged impurities.
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Figure 2.8: The single impurity analysis for negative carriers.
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Figure 2.9: The single impurity analysis for positive carriers.
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Figure 2.10: To explore possible ranges and amplitudes for the simulation of adatoms, we per-
formed a series of calculations for a single impurity placed on a CNT segment. The data points
are the comparison of the calculation with the experimental data at energy 2 = £1.5eV. At
short range, the data point for electrons and holes are inconsistent, but starting around ¢ = 18 A
convergence indicates possible range and amplitude, which are then used to for further simulations.
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Figure 2.11: The resistance of electrons and holes in a (7, 6) chiral CNT in the presence of charged
impurities. The scattering strength of positively charged adatoms is 7.32 % 0.42 kS for holes and
0.31 £ 0.01 k€2 for electrons.
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CHAPTER 3: UNUSUAL CONDUCTANCE OF METALLIC CNT

Motiviation

Metallic CNTs are formed when the chiral indices (m, n) satisfy the relation m — n = 31, where
[ is an integer number. The dispersion relation of a chiral CNT has a zero gap at % = %, Where
k is the Bloch momentum along the CNT symmetry axis and a is the carbon-carbon bond length.
However, in reality, all non-armchair metallic CNTs are quasi-metallic due to a curvature-induced
gap [31]. The gap in quasi-metallic CNTs comes from the fact that the carbon-carbon bond along
the tube circumference has a different length and hybridization than along the CNT’s principal
axis. In experimental measurements, a conductance suppression is expected around the Dirac
point due to the curvature-induced gap. However, measurements on metallic (22,4) CNT show
another suppression away from the Dirac point. The conductance increases from the minimum
conductance point but begins to decrease as the gate voltage increases, as shown in Fig. 3.1.
Notice that the minimum conductance associated with the Dirac point is located around V, = 13V
for all segment lengths. The conductance starts to decrease around V, = 2V, forming a hump-
like feature. This shape is present regardless of the segment length, indicating that this anomalous
suppression is not arising from the contact resistance. To produce Fig. 3.1(right), the conductance
of different segments in Fig. 3.1(left) are shifted by V/,,,;, to align the minima, then the conductivity
was calculated at every points of gate voltage V; using liner fit. The unusual shape still remains,

implying the intrinsic nature of this feature.
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Figure 3.1: The experimental data for a quasi-metallic CNT (22, 4) show an unusual conductance
versus gate voltage behavior. (left) A suppression around the Dirac point is expected due to the
curvature-induced gap. However, by increasing the gate voltage, another suppression appears.
(right) The unusual form of conductivity confirms that the feature is intrinsic, indepedent of length
and contacts.

To understand the nature of this unusual behavior in the conductance, we have performed a series of
simulations on quasi-metallic (22,4) SWCNTs. The theoretical approach to the problem is based
on single particle tight-binding Hamiltonian, as described in Chapter 2. The electronic transport
was calculated using the Ladauer-Biittiker formula. The transmission amplitude was calculated
in terms of the system’s Green’s function which was implemented using the recursive Green’s
function (RGF) algorithm. The technical details of this approach are similar to those presented in

Chapter 2. The effect of short-range and long-range impurities are examined.

At the end of this Chapter, we present a toy model for the scattering of a massless carrier through
a potential barrier. The scattering amplitudes for positive and negative carriers and the difference
of scattering for a carrier on the first band of metallic CNT and on the higher conduction bands are

discussed.
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Metallic CNT, Test and Simulations

The band structure of the quasi-metallic (22,4) CNT is shown in Fig. 3.2. The Dirac point is
located at ’“2—“ = % where the bands cross the zero-energy Fermi level. By introducing curvature
into the calculation of the bands, a small gap opens at the Dirac point and transforms the CNT into
a quasi-metallic system. The translational unit cell of (22,4) CNT contains 392 carbon atoms and
its length is 3.44 nm. The radius of the (22,4) CNT is 9.49 A.
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Figure 3.2: The band structure of a metallic (22,4) CNT.

The main difference in electronic transport between metallic and semiconductor CNTs comes from
the shape of the first conduction and valence bands. We notice that the minimum of the first band in
a semiconductor CNT can be approximated by a parabola with a non-zero effective mass, with the
carrier Hamiltonian taking the form %. In contrast, the band around the Fermi level in a metallic
carbon nanotube is linear, with a zero effective mass (i.e., it describes “massless fermions™). In the
latter case, electronic transport is governed by a Dirac equation, which will be employed later in

this Chapter.
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The same computational code developed for Chapter 2 can be applied to this problem. Using
the xyz coordinates of the carbon atoms in one translational unit cell, the Hamiltonian / and the
connection matrices 7 are constructed and fed into the RGF code. First, we performed a few tests
on pristine (22,4) CNT and compared the results to known features that can be derived analytically
to make sure that the code performed correctly. As we did in Chapter 2, we compared the energies
where a new quantum of conductance is added to the opening of the channels that we obtain from
the analytical band structure. The conductance and the density of state of a pristine (22,4) CNT
are presented in Fig. 3.3. As we can see, an additional quantum of conductance is added exactly
at the opening of a new conducting band. The van Hove singularities that are characteristic of
low-dimension systems can be seen at the opening of each band due to the zero derivative of % at

the minima of the bands.
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Figure 3.3: The quantized conductance and the density of state of a pristine quasi-metallic (22, 4)
CNT.

In this series of simulations the role of the CNT curvature on the conductance was also investigated.

The hopping amplitude an C—C bonds was determined by

teff = t[) + 0 sin 9, (31)
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where 6 is the angle of the bond with respect to the CNT’s principal axis. The next crucial infor-
mation that was needed to study this problem was a good estimate of the chemical energy due to
applied gate voltage. As we will explain later, the scattering amplitude shows different behavior in
the first channel compare to the higher channels. To determine the chemical potential, we follow
the same recipe that was developed in the Chapter 2. The density of state can be evaluated using

the imaginary part of the total Green’s function
Lot
pi(E) = _;\5 [GL(E)] (3.2)

where p; is the LDOS at site ¢ and G, is the retarded total Green’s function at site <. By summing
over all sites in one unit cell, the total DOS as a function of energy is determined. The conversion
between applied gate voltage and chemical potential can be performed by integrating over the
DOS to the point that the contribution due to the geometrical capacitance and the shift in the band

is equivalent to the applied gate voltage.
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Figure 3.4: The conductance of a metallic (22,4) CNT in the presence of adatoms with scattering
range £ = 9 A (left) and ¢ = 18 A (right). The results were produced by averaging over 400
samples.
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First, we performed a number of simulations in the presence of Gaussian impurities with different
amplitudes and ranges. In Fig. 3.4, the results for impurities with the effective ranges of £ = 9 A

and £ = 18 A are presented. A few features deserve attention:

e The asymmetry between positive and negative energies (i.e., electrons and holes carriers)

due to the sign of charged impurities.

e The robustness of the first channel compare to the higher channels in the presence of impu-

rities.

e The dramatic decrease in conductance with increasing effective range of impurities, which
can be seen by comparing left and right panels, showing that the positive region of the first

band is more affected.

e Finally, the shift toward negative energies of the conductance minimum for positive impuri-

ties.

The resistivity that was extracted from the experimental measurements shows the same hump
shape, implying that the feature is intrinsic to the device, independent of the quality of the contacts.
To test this observation, we calculated the conductance for different length of the nanotube in the
presence of same impurity profile and density. As one can see in Fig. 3.5(left), the minima of the

conductance are located at the two ends of the first band, independently of the CNT length.

We note that the experimental measurement shows the same hump shape even below 10 K, when
phonons are virtually suppressed. The scattering due to defects or extrinsic charged impurities is
still effective at low temperature. We thus believe that the hump is caused by elastic scattering
of carriers along the nanotube. The measured carbon nanotube device shows relatively higher
resistance than defect-free, ultra-clean nanotubes. It implies that the nanotube has some atomic

defects or extrinsic charged impurities that cause the anomalous suppression.
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Figure 3.5: (left) The conductance for different length of a metallic (22,4) CNT in the presence
of positive impurities. Here the amplitude and the range of impurities are Vy = 0.4¢ and § =
8 A. (right) The conductance of a metallic (22,4) CNT in the presence of adatoms with different
scattering range.

Results for fixed length and impurity density for several impurity ranges are presented in Fig. 3.5(right).
The interesting feature in this plot is that the negative edge of the first band is very robust to the

impurities; and the sharp edge of the conductance does not shift, only the amplitude decreases.

Finally to understand the effect of defects, we performed some calculations in the presence of very
short range impurities with high amplitudes. In contrast to a long range impurity, the first band
is affected by short range impurities dramatically. The effect is symmetric between electrons and
holes. The result of simulations are shown in Fig. 3.6. The right panel shows the conductance in
presence of both short and long range impurities. The short range impurities suppress the conduc-
tance at the Dirac point, while the long range impurities affect the transport in the higher bands.
In Fig. 3.6(right) the conductivity versus applied gate voltage in the presence of mixture of short
range and long range impurities is plotted. The result is qualitatively close to the experimental

observations.
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Figure 3.6: (left)The effect of defects on the conductance of a metallic (22,4) CNT. In contrast to
long-range impurities, defects affect the electronic transport in the first band and it is symmetric
between electrons and holes. (right)The resistivity of a metallic CNT in the presence of both long
range impurities and defects.

Physical Interpretation: Robustness of the First Band

To gain some insight about the scattering behavior in the first band, it is worth looking at the
electronic transport around the Dirac point. The conductance of the first conducting channel in
the presence of charged impurities remains almost intact. We believe that this characteristic comes
from the massless nature of carriers around the Dirac points. Let us start with the band structure

of pristine graphene layer,

B a3 a 5 (@
e(k) = £t, |1+ 4cos (Tk‘x> cos <§k‘y> + 4 cos (Eky> (3.3)

Using a Taylor expansion around the Dirac point, the Hamiltonian can be approximately written

as

H=vpo -k, (3.4)
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where o contains Pauli matrices describing the pseudo-spin and vy is the Fermi velocity of the

carriers in graphene. By solving the Dirac equation

0 0y — 10 x, X,
o v| (o)) ilwy) | (3.5)
Op +19y 0 G2, y) $2(z,y)
the eigenstates are found to be
dj _ 1 1 62‘(kggx-i-kyy)7 (36)

V2 +ei?

k2 + k. Now, let us find the transmission probability of

ky VR

where ¢ = tan™! <k—y> and < =k
a massless carrier through a rectangular barrier around the Dirac points, as shown in Fig. 3.7. The

wave function can be written in the form

i = —= eilhorthyy) 4 gilkmtkyy) 3.7)
\/5 se'? \/§ —se
on the left of the barrier; inside the barrier region we have
Yy = & 1 eilaamthyy) 4 i 1 ei(‘hx“rkyy), (3.8)

“ V2 | e V2 | it

where s = sign(E), s’ = sgn(F — V), 0 = tan™! (%) and ¢, = \/(VO — €)%/vp — k2. Notice

that during the scattering process k, is conserved. Finally, in the third region we have

t 1 .
Vi = —= e!(bethun), (3.9)
V2 | g0
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Figure 3.7: (left) A massless particle encounters a rectangular barrier or well in analogy of the
scattering of positive and negative carriers in presence of a positive charged adatom. (right) The
transmission probability for positive and negative carriers are presented as a function of the effec-
tive range £ of impurities.

The transmission and reflection coefficients are determined by imposing continuity of the wave

function at boundaries,

Yi(r =0,y) = Yu(x =0,y) (3.10)

¢zz($ = &y) = ¢zzz($ = 5;1/) (3.11)

where £ is the width of barrier which can be considered as the range of the impurities. The four

following equations give us the transmission coefficient:

1+r=a+b, (3.12)
60 rei® — e _ i (3.13)
ae'®** 4 be~ 1 = teihet, (3.14)
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and,
ae'?eii=s — pe e — peidpihal (3.15)

The easiest way to find 7" = ¢t* is to find a and b from the first two and the last two equations
separately. Then, the reflection coefficient can be derived in terms of the transmission coefficient

from both equations as

r(e + e %) = (e — ') [tei(kﬁqz)f —1], (3.16)

7“(671’0 _ i) = (e—ie + ') [tei(quz)ﬁ _ 1} ) (3.17)

By canceling r between these two equations we get

2 cos 0 cos e~ et

t= . — 3.18
[1 4 cos @ + cos ¢p)|e~=¢ — [1 — cos(f — ¢)]eis=t (3.18)
Finally, the transmission probability is found to be
2 2] 2
T =t = o5 005”0 (3.19)

(cos 6 cos ¢ cos q,£)2 + [1 — ss'sin §sin ¢]2 sin? ¢, &

In the case of a CNT, we consider the = direction as the direction along the CNT’s symmetry axis

and y as the direction of the circumference, yielding

C = ma; + na,. (3.20)

Close to the Dirac points, / = 0 implies k, = 0. As a result, both phase angles ¢ and ¢ are zero.
It is easy to see that the transmission probability approaches 7' = 1 and it is independent of the

energy as far as the dispersion relation can be considered linear.
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This picture explains the asymmetry between scattering strength of electrons and holes in the
presence of charged adatoms at the first band. Also it confirms that the carriers in the first band

can experience a transparent scattering with 7" = 1.

Summary

In this Chapter we presented a study of the unusual behavior in the electronic transports of a
metallic CNT. The importance of this study comes from the fact that it reveals the manisfestation
of the nature of charge carriers around the neutrality point. We have shown that a conductance
suppression far away from the neutrality point is due to the fact that carriers obey a massless Dirac
equation. The applied gate voltage determines the conducting band where carriers come from.
The transport of carriers from higher bands is affected heavily by the presence of impurities and
defects. On the contrary, the carriers from the first conducting band experience less scattering. As
a result we see an extra suppression at the opening of the second channel. Our results are backed

by experimental observations on the quasi-metallic CNT (22, 4).
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CHAPTER 4: DYNAMICAL SPIN INJECTION IN LOW-DIMENSIONAL
MATERIALS

Introduction

One of the key elements in any implementation of spintronics is an efficient source of spin cur-
rent [32]. Among the different methods available, dynamical spin injection from a ferromagnet
metal (FM) into an adjacent nonmagnetic metal (NM) has been theoretically proposed [8] and
experimentally observed [9, 10, 11, 12, 13]. In this method, in addition to a longitudinal static
magnetic field, an oscillating transverse magnetic field is applied, inducing a magnetization pre-
cession in the FM. Most of the angular momentum transferred to the FM by the oscillating field
is dissipated through by spin-relaxation processes in the bulk, but a small part survives as a spin

current injected into the NM.

The exotic electronic properties of graphene have captured the attentions of the physics com-
munity since the first experiments with this material [33, 34]. High mobility and a long spin-
relaxation length are features that make graphene a promising passive element for spintronics [35].
In addition, the enhancement of spin-scattering processes in graphene by adatoms or defects [36],
which also yield the spin Hall effect [37] and the inverse spin Hall effect, have led to proposals of

graphene-based spin-pumping transistors [38, 39].

Recent experimental studies [17, 14] show an increase in the ferromagnetic resonance (FMR)
damping when a graphene sheet is placed in contact with a FM subject to an oscillating magnetic
field, see Fig. 4.1. One interpretation of the phenomenon is that part of the precessing magnetiza-
tion leaks into the graphene sheet as a spin current, effectively leading to an additional channel of

magnetization damping.
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Figure 4.1: (left)A schematic structure of dynamical spin injection in FM/Gr setup. A part of
graphene sheet is covered by a FM. A time-dependent magnetic field compensates the damping
of the precession of the magnetization in FM. (right) The FMR measurements on three setups Py,
Py/Gr, and Py/Gr(extended) confirms that an extra damping of magnetization precession in FM is
induced by pumped spin current into the graphene layer.

While time-dependent scattering theory [15, 8] based on the general theory of adiabatic quantum
pumping [40] relates the increase in the FMR damping to the interface mixing conductance, further
effort is necessary to describe microscopically spin pumping into two-dimensional (2D) materials.
A recent study [41] applied the time-dependent scattering theory to spin pumping in a insulating
ferromagnet laid on top of a 2D metal. While insightful, this approach is not suitable for includ-
ing disorder and spatial inhomogeneities such as adatoms; and when applied to graphene, it was

confined to the vicinity of the neutrality point.

Another aspect that can be addressed with this formulation is the distinction between the angular
momentum that relaxes at the interface and the part that flows into the NM. As it was shown in the
first experiment by Singh et. al,[14] even without graphene protruding away from the FM (when no
spin current injection is possible), the enhancement of damping is significant. This enhancement

has been associated to two-magnnon scattering at the interface [42]. However, in systems where
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graphene protrudes away from the FM, an extra damping has been measured due to the flow of
spin current into graphene. An atomistic study of such phenomenon is needed to discriminate the

contribution of spin current and the surface relaxation in enhancement of damping.

Here, we develop a microscopical formulation of spin pumping from a FM into a NM material.
Both the atomic structure of the materials and the particular geometry of the system can be taken
into account exactly in this formulation. The spin current expression is written in terms of the
Green’s function of the NM portion, allowing one to apply efficient recursive numerical methods
for the computation of spin currents [27]. Another advantage of the formulation we present is the
possibility to include accurate, microscopic models of spin-orbit coupling in the NM portion, as it

relies on a spatial tight-binding representation of the system.

This chapter is organized as follows. We start this chapter with a brief review of the FM/Gr
dynamical spin injection experiment, then we discussion the standard theory that was developed by
Brataas and Tserkovnyak [16] which is widely accepted in the spintronics community to describe
the dynamical spin current. Then the failure of the theory when it is applied to a FM/Gr device
is discussed. In Sec. 4, we use a one-dimensional, tight-binding chain coupled to a magnetic site
to introduce the time-dependent boundary condition problem and to derive an expression for the
spin current based on an equation-of-motion formulation. The definition of charge and spin current
appropriate to the problem in hand are discussed in Sec. 4. We apply the formulation to a zero-
length system in Sec. 4 and a finite-length chain in Sec. 4. In Sec. 4 the general expression for the
spin current in 2D system, including spin-orbit mechanisms is derived. In Sec. 4 we summarize
the results and point to future some work. Details of the formulation and some derivations are

presented in the Appendices.
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FM/Gr FMR Measurements and Standard Theory of Dynamical Spin Injection

A dynamical spin injection setup consists of two materials, a ferromagnet and a non-magnetic
medium. A time-dependent magnetic field is applied to the FM to induce magnetization precession
and to compensate the damping of the precession. Electrons from the NM region come to the
FM/NM interface and their spin states are scattered by FM layer depends on the magnetization
direction to return to the NM region with altered spin states. The result would be a spin current
with zero net charge current. There are two indirect mechanisms to detect the spin current in such
devices, one is FMR measurement to determine the enhancement of the damping. Second, Inverse
Spin Hall Effect (ISHE) that converts the spin current into a lateral electric voltage in NM region

in the presence of strong spin-orbit interactions.

When the dynamical spin injection in FM/Gr was reported for the first time [14], it was not clear
what is the origin of an extra damping in FMR experiments. The damping could be because of
the enhancement of spin relaxation at the FM surface in the proximity of graphene layer, or spin
currents were actually pumped into the graphene and responsible for an extra damping. In an
upgraded version of measurements [17], different samples were prepared to identify the source
of damping. When a layer of copper was placed on FM, no enhancement were detected as it
was expected due to the small spin relaxation of Cu. However, when a buffer layer of Cu was
sandwiched between Py and graphene the enhancement was significant. In this measurement, the
area of graphene covered just the Py interface which eliminates any possibility of the spin current
pumping. In the last setup, the graphene was protruded out of the FM interface. The extra damping

compared to the previous experiments confirmed the spin current pumping in graphene.

The theory of dynamical spin injection is an extension of the adiabatic pumping of charge in
mesoscopic systems [43]. Since the precession of magnetization is very slow compared to the

other electronic dynamics of the system, the adiabatic approximation was applied to the problem
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from the beginning. In this theory the amount of pumped spin current is expressed in term of a

parameter called mixing conductance g™ and it is defined

9" =" (Gwan = ThinThn) 4.1)

m,n

where 7, 1s the spin-s reflection amplitude between m and n conducting channels at the inter-
face. This theory has been successful to quantify the dynamical spin injection in bulk FM/NM
systems. However, when we applied the formalism to the FM/Gr measurements, the value of mix-
ing conductance g™ = 6.68 x 10'® m~2 was comparable to those found in Py/Pt or Py/Pd samples.
From the definition, one expects that the mixing conductance to be proportional to the number of
conducting channels at the interface. In a one dimensional interface between graphene underneath
and the extended part, the mixing conductance is expected to be orders of magnitude smaller. The
second difficulty that we encountered is to explain a large backflow of spin current that is expected
in a system with a long spin relaxation length, see Fig. 4.2. When the spin current injection is faster
than the spin relaxation rate in the NM, a spin-dependent chemical potential builds up in NM and

diffuses back a spin backflow current into the FM that decrease the effective mixing conductance

1 1
gox 9"
The value of 5 ~ 4 x 1072 m? that was calculated for the graphene sample is orders of magnitude

larger than the measured mixing conductance. That leads to a negative value for the effective

mixing conductance.

These two problems motivated us to look for an atomistic model of dynamical spin injection prob-
lem to quantify the amount of spin current and expected enhancement of damping in such systems.
In the next section, we introduce our model and proceed to derive an expression for spin currents

in such systems.
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Figure 4.2: An schematic presentation of the theory of dynamical spin injection into NM. In this
theory the FM region is act as an dynamical scatterer between two metallic reservoirs. If the spin
relaxation rate is smaller than the spin injection rate in NM, a backflow spin current decrease the
damping of magnetization precession.

One-Dimensional Model

Here, we address the problem of spin pumping in low-dimensional materials in contact with a
FM where a precessing magnetization is induced. In such systems, itinerant electrons travel from
the NM portion into the FM with a random spin orientation and back. The magnetization of FM
changes the orientation of the spin of the returning electrons, and angular momentum leaks out of
the FM and into the NM region as a spin current. To model such hybrid FM/NM system, the FM

region can be viewed as a time-dependent boundary condition to the NM region.

We begin by considering the idealized situation of a one-dimensional system, see Fig. 4.3. We
adopt the transport formulation developed by Dhar and Shastry [44] as the starting point and extend
it to include spin-dependent and time-dependent boundary conditions in the special case of a single

reservoir attached to the nonmagnetic metal region.

Consider a one-dimensional chain where the site at j = 1 is connected to a magnetic site at 7 = 0
as shown in Fig. 4.3. At the magnetic site, itinerant electrons interact with the time-dependent

magnetization of the FM,

M(t) = Mz + M, (XcosQt — ysinQt) . 4.3)
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Figure 4.3: Scheme of the one-dimensional model of spin pumping from a magnetic site repre-
senting a ferromagnet (FM) to a nommagnetic (NM) chain connected to a reservoir.

The dynamics of the magnetization is determined by the Landau-Lifshitz-Gilbert equation, where a
damping term is introduced phenomenologically to account for magnetization loses.[45] Here, we
assume that Eq. (4.3) describes the stationary state of the magnetization and includes any damping.
The opposite end of the chain, at the site j = NV, is connected to a reservoir via a site a. A hopping
term describes the itinerant electronic motion along the chain, where no spin-orbit mechanism is

present at this point. The Hamiltonian of each segment reads

J
Hunns =~ M(£) D alow av, (44)
N-1 N

Hoaain = = 3 D (chirs Tow G+ b Thos v ) + 20D Vi elyinr  @45)

j=1 s,¢ j=1 s

and
Hies = — Y Y _ Tyl (dy., (4.6)
An s

where s, s" =1, |. The fermionic operators a,, ¢; s, and d) , act on the magnetic, chain, and reser-

voir sites, respectively and obey the standard anticommutation relations. o = (0%, 0¥, 0%) are
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. . _ ES
Pauli matrices. The parameters 7,5 = 7/ ¢

describe the hopping amplitude between neigh-
boring sites j and j + 1 in the chain and could be spin dependent; in the absence of spin-orbit
coupling, 7,5+ = 05 7;. The on-site potential V; ; is included to account for inhomogeneities in
the chain. Finally, the matrix elements T),, describe the site connectivity in the reservoir, which

can be complex.

The coupling between the magnetic site and the chain and between the chain and the reservoir are

assumed spin independent and are given by the Hamiltonians

Hmagfchain =% <CL}; Ci,s + C-{,s as) (47)

and

Hchain—res = —Ya (C;rv7s da,s + dLg CN,S) 5 (48)
respectively.
Equations of Motion

Equations of motion for the fermionic particle operators are obtained using the standard Heisenberg

equation of motion, e.g., ¢; s = i[H, ¢; 5|, where
H = 7—lmag + Hchain + Hres + Hmagfchain + Hchainfres (49)

(we assume i = 1). To simplify the notation, the time-dependent and time-independent amplitudes

in Eq. (4.4) resulting after the insertion of Eq. (4.3) can be cast as frequency parameters ) =
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—%MH and 0, = —JM . We then obtain
a(t) = —iQo.a(t) —iQy (o™ + o e ) a(t) + iy ci(t) (4.10)

for the magnetic site and

Cl(t) = —ZV1 C1 (t) + Z’)/O a(t) + iTl Co (t), (411)
Cj(t) = —ZV] C; (t) + iTj_l Cj_l(t) + iTj Cj+1(t), (412)

with1 < 57 < N, and
CN(t) = —ZVN CN(t) + iTN_l CN_1(t) + i’}/a da(t) (413)

for the chain sites. In the expressions above, we introduced the spinor particle operators a =

a C; d
' ,Cj = g ,and d, = “"| and the matrices
ay Cj,l o)
T T
= [T (4.14)
T T
and
Vv 0
v,=| " . (4.15)
0 Vi

For the equations of motion of the reservoir operators, we get homogeneous equations for the bulk
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and an equation containing an inhomogeneous term due to the coupling to the chain,

d,(t) =i _ T,d(t), n#a, (4.16)

and

da(t) = iva en(t) +1 ) Ty du(1). (4.17)

Combining Egs. (4.16) and (4.17), we can express the general solution for the operator of the site

« with spin state s in the integral form

dos(t) = ZZ Jouy(t = to) dy s(to) — fya/ Gra(t =1t ens(t) dt, (4.18)
n

to

where the homogeneous part of the solution,

ho(t) =Y ghy(t —to) dys(to), (4.19)
n

plays the role of a noise-like term and the inhomogeneous part in Eq. (4.18) is dissipative in
nature.[44] In Egs. (4.18) and (4.19), ggn denotes the retarded Green’s function of the decoupled

reservoir and reads
Gt — 1) = =i0(t =) Y 67 (N) duln) e #n=1), (4.20)

where {¢, } are the single-particle eigenfunctions of the reservoir with eigenenergy {E,} (see

Appendix A).

In the following, we assume that at a time ¢ = ¢ the reservoir is in thermal equilibrium, such that

<dIL,s(t0> dn’,S’ (t0>> = 5n,n’ 53,3’ f(En)7 (421)
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where d,, 5(t) = Y, ds0n(N), f(€) = 1/[e®©#/T + 1] is the Fermi-Dirac distribution, and T and

1 and the reservoir’s temperature and chemical potential, respectively (we assume kg = 1).

Fourier Transform of the Equations of Motion

It is useful to express the equations of motion in frequency domain. For that purpose, let us use the

following convention for the Fourier transform of the particle operators and other time-dependent

terms:
d .
as(t) = / %as(w) et (4.22)
dw .
ciult) = [ Get) e @23)
dw .
dxs(t) = / Edm(w) e Wt (4.24)
d .
hy(t) = / %hs(w) et (4.25)
and
dw —iw
9o (t) = / 59w e ‘. (4.26)

Inserting these definitions into Egs. (4.10) to (4.19), we obtain

(- Qo) alw) - / d Hy (w, ') a(e') = — 70 1 (w), .27)

wey(w) = Vic(w) —yalw) — 7 ca(w), (4.28)
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wej(w) =V, cj(w) —Tjm1¢j-1(w) — Tj i1 (w), (4.29)

withl < j < N,

wen(w) =Vyen(w) — Ty_1eny_1(w) — Yo da(w), (4.30)

and

do(w) = h(w) =7 goa(w) en(w), (4.31)

where the Fourier transform of time-dependent part of the Hamiltonian is given by the expression

Hi(w,w)=Q 070w —w+Q)+0 0w —w—9Q), (4.32)
with 0% = (6% +i0¥)/2,and h = 1. Notice that H; is a 2 x 2 matrix in spin space.
hy

Charge and Spin Currents

The expression for the charge current follows from the continuity equation in a discrete one-

dimensional lattice,
Op;

o Ura = 1) =0 .33

.I.

where p; = c;c; is the charge density operator at the site j (both the electron charge and the lattice

constant are assumed to be unity). Using the equation of motion for c;, the particle current operator
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between sites 7 — 1 and j can be cast as

JE(t) =i |ch(t) T e (t) — el (8) Tim1 ()] - (4.34)

J J

One advantage of dynamical spin injection compared to other technique is that the net charge

current is zero, see Fig. 4.4.

Figure 4.4: Two electrons with opposite spin states travel in opposite direction. The net charge
current is zero, but two units of angular momentum are transferred to the right.

The zero charge current in this technique lift the large impedance between FM and NM and makes

this technique very efficient for the spin current generation.

To define the spin current, we start first with the case when no spin-orbit coupling is present in
the chain, namely, when 7 is diagonal. Equation (4.34) gives us the total charge current as a sum
of spin up and down currents at the site j. However, to obtain the local spin current we need to
keep in mind that when an electron with spin up is moving to left, it produces an effect equivalent
to an electron with spin down moving to the right as far as the transfer of angular momentum
is concerned. In both cases, up spin angular momentum is transferred to the right. A general

expression for spin continuity can be introduced by using the rate of change of magnetization and
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the conservation of angular momentum,[45]

08 (3 —3,) =0, (4.35)

where the spin density at the site j is defined as s; = %cj o c;(t) and J; is the spin current operator

between sites 7 — 1 and 7,
3,0 = 2 [ or et — el (i) o), (4.36)

which is Hermitian: [J,(t)]" = J;(¢).

Now let us consider the case when there is spin-orbit coupling in the chain. In general, an external
torque acting on the spin density at each site has to be included. The source torque can be due to
on-site spin scattering process or to spin-orbit terms that cannot be reduced to the divergence of a
current. Equation (4.36) still holds for a system with spin-orbit interactions, but an extra source
torque term due to on-site spin scattering processes is needed in the continuity equation (4.35),
which must be replaced by

0s;

5 (Jjp1 —J5) =Ty, (4.37)

where the torque at site j is defined as
T, = -c! [0, V}] c;. (4.38)

In Ref. [46] it was pointed out that the proper definition of spin current at the macroscopic level
requires adding a contribution from the local external torque, such that Eq. (4.35) is restored.
In other words, the external torque must be absorbed into the current expression. However, the
microscopic nature of our model enables us to distinguish between the transfer of angular mo-

mentum either as spin currents or as a conversion to the other degrees of freedom. Therefore, we
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will adopt Eq. (4.36) even when spin-orbit coupling is present. In fact, the proper definition of
the spin current in the presence of spin-dependent processes has been a source of debate in the
literature [47, 48, 49, 50]. One aspect that makes the definition nontrivial is the existence of in-
trinsic nondissipative background currents. In such systems, even without any dynamical source
of current or spin chemical potential difference, a spin current can flow. As Sonin [49, 50] pointed
out, regardless of the definition of the spin current, a source torque term is needed to compensate
for the tranfer of spin angular to orbital angular momentum. In this paper we adopt Eq. (4.36) as
the spin current expression. We return to discuss this definition in Sec. 4 when we deriving an

expression for the current in presence of spin-orbit interaction.

The Fourier transform of the spin current between sites j — 1 and j of the chain takes the form
i dw’ T / t / /
Ji(w) = 5| o [cj(w JoTiacia(w +w)— ¢ (W —w)Tj10oc(w)|. (4.39)

Notice that, in Fourier space, the current is no longer Hermitian; instead, it satisfies [J;(w)]" =

Jj(—w). In particular, the z components of the current can be written as

Ji (W) = Jir(w) — Jj (W), (4.40)
where
Bue) = 5 e [ G2 [ el )
— NNy 03[71,5(0‘/ — W) ¢y (w')} , 4.41)
and 7y | = *1.

Because of the harmonic nature of the precessing magnetization at the j = 0 site, the expecta-
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tion value of the Fourier transform of the spin current can be cast as a sum over multiples of the

oscillation frequency (2, namely,
(Jj(w)) =2m > Lj(wi) 6(w — wy), (4.42)
k

where wy, = k{2 and k is an integer. The stationary (dc) spin current can then be directly related to

the zeroth harmonic component,

1 t+T
T@) = Jumg [ ) (4.43)
o0 t
. ef'iwk(tJrT/Z) sin (#)
— ;Ij(wk) Jim. ST (4.44)
= 1,(0). (4.45)

Spin Pumping in the Absence of a Chain

For the sake of simplicity, we first evaluate the spin current for the case N = 0, when the reservoir
is directly connected to the magnetic site. The study of the zero-length chain gives us some insight
into the behavior of spin pumping currents and serves to guide us in derivations involving finite-
length chains. Following Eq. (4.41), the spin-s component of current in Fourier space reads (the

site index can be dropped)

™

Js(w) = il/dw' [dl, (W) as(w' +w) — al (W — w) das ()], (4.46)
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where v = 7y = 7,. The equations of motion for the chainless case can be obtained from Eqgs.

(4.27) and (4.31),
(- Qo) a(w) - / 4 My (w, ') a(w) = — 7y du(w), 4.47)
and

do(w) = h(w) —7gaalw)alw). (4.48)

We can use Eq. (4.48) to eliminate d,, s from the expression of the spin-s component of the current,

Js(w) = Jjs(w), by replacing ¢; 11 ; with d,, s and ¢; s with a, in Eq. (4.41),

Tu(w) = g / 4’ W) as(e + w) — al(' — w) hy(w)]

17 [ el @) a4 0) X {gal@) ~ gl H @), (449)

recalling that [g,q (w)]* = g2, (w). We can also substitute Eq. (4.48) into the the right-hand side of

Eq. (4.47) to get
/du/ {wod(w—w') = [Ho+H1+ X (w,0)} alw) = —yh(w), (4.50)
where the static and the dynamic parts of Hamiltonian are
Ho(w,w') = Qo* d(w — W) 4.51)

and

Hi(w,w)=Q 0" d(w—w —Q)+0 d(w—uw'+Q), (4.52)
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respectively. The self energy due to the reservoir is given by
Y (w,w) = gL, (W) o® d(w — W) (4.53)

and o denotes the identity operator in spin space. Further simplification is possible by treating the
right-hand side of Eq. (4.50) as a nonhomogeneous term and by writing the magnetic-site particle

operator in terms of the fully-dressed Green’s function of that site,
= —’YZ / dw' G (w,w') by (W), (4.54)
where
/dw” {wo 6w —w") = [Ho+ Hi 4+ X (w, ")} G" (W ) =0 6(w—w').  (455)

Thus, we can express the magnetic-site operator ¢y  entirely in terms of the noise-like operator h.
In the limit of ty — —o0, it is possible to show that the correlation function for h4(w) is diagonal

in spin and frequency (see Appendix A),
(Rl (W) hy (W) = 049 (W — W) o (W), (4.56)
where I, (w) = po(w) f(w) and p,(w) is the reservoir’s density of states at the site «,

palt) =~ S[ghu(w) 4.57)

= lebn 8w = En). (4.58)

Using Eqgs. (4.56) and (4.54), one arrives at the following expression for the expectation value of
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the spin-s component of the current:

(W) = Z’; Ao’ {Folw, ') + Lu(w, o) [gha(w' +w) — 2o (@)}, (4.59)

where F and Z are functions of the magnetic-site Green’s functions G™*, with G* = (GT)T,
Fs(w,w') =[G4 (W, W' —w) = GLy(w' 4+ w,w)] L (W) (4.60)
and

Ty (w, /dw”ZG W WG (W w, W) (W), 4.61)

As we argue in Sec. 4, from the perturbative expansion of the Green’s function in powers €2, we
know that even terms are diagonal in both spin and frequency, while odd terms are only nonzero

when they involve opposite spin indices. Therefore, in general, one can write
Gys(w,w') = d(w — w') Dg(w), (4.62)

leading to

Fs(w,w') = 0(w) S [DL(w")] In(w). (4.63)

It is then useful to rewrite Z; in terms of same-spin-state and opposite-spin-state Green’s functions,

namely,

Ty(w,w') = vg/dw” (G2 (W, W) Gl (W + w,w")

+ G5 (W W) Gl + w, )] Lo (W) (4.64)
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Using the Green’s function relation
G'—-G*=G" [¥ - ¥ G, (4.65)

it is possible to show that the first term in the integrand on the right-hand side of Eq. (4.64) cancels

F exactly, leading to

(J(w)) = ——/dw /dw”G“ W, W) Glg(wW + w,w")
X Lo (@) [g5a (@) = goa(w' +w)], (4.66)

which is the central result of this Section.

Following similar steps, one can derive expressions for the other spin components of the current.

The results can be combined into a single expression that generalizes Eq. (4.59), namely,

dw’

(Jw) = 7 o F@,0) +1(w,0) [gra(@ +w) —goa@)}, @467)
where
Fw,o) = Y 0uw[G,W,w —w) = Gh(w +w )] l(w) (4.68)
and
(o) =" [ o 2 Gl )G + ) ), (4.69)
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Perturbative Expansion in ()|

In most situations of experimental relevance,[51, 52] the transverse amplitude of time-dependent
field driving the magnetization precession in the FM is much smaller than the longitudinal static
component, resulting in €2, < €2 We consider this regime and expand the magnetic-site Green’s

function in powers of {2, , namely, in powers of the time-dependent Hamiltonian term 7 :

G=G9 +GOH, GY + GOH, GOH, GO 1 . (4.70)

The zeroth-order (static) magnetic-site Green’s function G©) is obtained by solving Eq. (4.55)

when 7, is absent, yielding
GO (w,w") = by 6(w — ') G(w), 4.71)

where
1

W= 79 = 72gaa(W)

Go(w) 4.72)

and 7y, = 1. Thus, the zeroth-order Green’s function is diagonal in spin space.

The first-order Green’s function has only off-diagonal spin terms,

GHw,w) = 0, (4.73)
G (w,w) = QW —w-0) GV (W) G (w+Q), (4.74)
Gww) = Q60 —w+2) G0 6w - ), (4.75)
G w,w) = 0, (4.76)

while the second-order Green’s function recovers the spin-diagonal structure of the zeroth-order
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case,

G (w,w) = Q6w —w) G (W) GO (W) G (w+Q), (4.77)
CH(w,w) = 0, (4.78)
CP(w,w) = 0, (4.79)
CPww) = B —w) G (w) G (W) GV (w - Q). (4.80)

The spin dependence of higher order contributions to the Green’s function repeats this pattern:
diagonal for even orders and off-diagonal for odd orders. In addition, even orders are also diagonal

in the frequency variables.

Spin Current Components

From the final expression for the spin-s state component of the current, Eq. (4.66), and the expan-
sion of the Green’s function up to second order in €2, one finds the following expression for the

z-component of the spin current:

() = 8) 77 2 [ dufpu(w)
< |61 |61 + O Lalw +9) = |G1@)] |67 = O Lale’ - Q)

+ o). 4.81)
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Since only the zero-frequency component is nonzero, upon returning to the time representation and

utilizing Eq. (4.45), this relation yields a nonzero dc current, namely,

g il

(J2(1)) =

X |67 (w = /2)[" |6} (w+ Q/2)]" [f (w+2/2) = | (w = ©/2)]

/dw P (w0 — 22) pa (0 +Q/2)

+ oY), (4.82)

where we have symmetrized the frequency integrand for convenience.

We notice that inverting the static magnetic field and the direction of precession (e.g., {2 — —€) and
Q) — —Q) flips the spin of the zeroth-order Green’s function Gy(w) — G (w). As a result, the
spin current reverses its direction. This is expect on the basis of time-reversal symmetry. Moreover,

at zero precession or zero transverse magnetic field, the spin current vanishes.

Considering now the  component of the integral F' in Eq. (4.68), we obtain

F* = —y [GH (W W —w) — Gl (W +w,w) + Gf (W, W —w) — G} (W + w,w)] To(w).

(4.83)

Notice that all terms contain opposite-spin-state Green’s functions, thus vanish in even powers in
), but are {2-dependent in odd powers of {2,. As a result, in the time domain, F'* oscillates and,
upon averaging over one precession period, it vanishes. A similar argument can be used to show
that /” vanishes as well. Therefore, all transverse components of the spin current vanish when

averaged over time.
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Interface Parameters

The dynamics of the FM magnetization in the adiabatic approximation is governed by the Landau-

Lifshitz-Gilbert (LLG) equation,

d d
d—r?zvaHcg+amxd—r;l, (4.84)

where m is the magnetization unit vector, - is the gyromagnetic ratio, H.g is the effective magnetic
field (including the external magnetic field and the local demagnetization field), and « is the Gilbert
damping parameter. In the absence of any contact between the FM and a NM, the relaxation of the
magnetization ocurrs entirely through processes internal to the FM, which are phenomenologically
acounted for by the parameter . When a NM is brought in contact with the FM, the magnetization
relaxation can also happen through angular momemtum leaking into the NM as a spin current. To
account for this contribution, consider that the effective magnetic field applied to the FM to be of
the form

Heg = h,(t) x + hy(t) y + Hz, (4.85)

where H is the static component of the field while /., and h, are the time-dependent components.

Following the scattering theory of spin pumping,[8] the spin current can be expressed as

1 dm
Ispin = E ngL m X E, (486)

where the mixing conductance g, is defined in terms of reflection matrices as

g =" O = i) - (4.87)

m,n
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with the sum taken over transverse conducting channels. Notice the similarity of the right-hand
side of Eq. (4.86) with the The Gilbert damping term in Eq. (4.84). One can absorb the an-
gular momentum leakage contribution on the magnetization relaxation due to the spin current by

substituting o with o’ in Eq. (4.84), where

(4.88)

Here, g;, is the Landé factor, M is the total (bulk) magnetization of the FM, and A, = Rg™ (in

most practical situations, the imaginary component of the mixing conductance can be neglected).

, one can solve the LLG

In the small precessing field approximation, h, = /hZ +h2 < |H|

equation for the stationary solution of the dynamics of magnetization to get

my (t) = |my|e ") (4.89)
where
my| = My (4.90)
V@NQP + (1, + QP
and
o' M)
tand = ——. (4.91)
’yH” +Q

After substituting m  (¢) in Eq. (4.86), we arrive at

1
| G——

spin A

Q|m gy (4.92)

We can combine this expression with that obtained in Sec. 4 for the spin current in terms of the

system’s Green’s function, Eq. (4.82) to obtain an expression for the mixing conductance in terms
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of Green’s functions,

(4.93)

In experiments, there are two standard approaches to quantify the spin pummping current and
both are indirect. The first and most common consists of measuring the broadening of the FMR
spectrum and utilizing Eqgs. (4.88) and (4.92).[53, 52, 54] The second is to infer the current magni-
tude through the observation of the inverse spin Hall effect (ISHE) in the NM when a sufficiently
strong spin-orbit coupling is present.[55, 56, 57] Although, the latter seems more direct, the rela-
tion between the measured ISHE voltage and the actual spin current depends on various materials
parameters which are often not accurately known.[58] Equation (4.93) provides a useful relation
between the physical properties of medium where the spin current is generated propagates to the

enhanced broadening of FMR due to the angular momentum leakage.

Spin Pumping with a Finite Chain

The formulation developed for the NV = 0 chain in Sec. 4 can be extended to a finite-length chain.
The equivalent to the equation of motion (4.50) for the particle operators in the chain can be written

as

ZZ/dw Z7 oW, ) cjr (W) = =70 05 nhs(w), (4.94)

3'=0 s’

where 0 < 7 < N and we introduced ¢ ; = a,. The matrix Z" can be split into two contributions,

A L (4.95)
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where

[Zg]j,s;j’,s’ ((U, (U/) = 55,5’ 5((,(} — w/) {6]7]/ 5]'70 [(w — QH) 557T + (w + Q”) 557$j|
+ (W = Vis) 8550 — 0150 08 Y G (@) }
+ 5(w - w') (53‘7]‘/_,_1 Tj—1;s,s' + 5]'7]'/_1 Tj;s,s’) . (496)
and
(2150 (w,0") = 80050 (00w —w—Q)+ 070w —w+Q)]. (4.97)

Let us define the retarded Green’s function of the finite chain as G" = (Z’")_l. We can then solve

Eq. (4.94) for the particle operator and write

Crs(w) = =70 Y / do! Gy (w0, ) B (), (4.98)

where 0 < j < N. The Green’s function can be expanded in powers of {2, similarly to Eq. (4.70).

Since Z(©) is diagonal in frequency, one can write the zeroth order term as

G(O)

geilgl
1,830758

(w,w') =0(w—w')Gj s (W) (4.99)
Using this expression, the first-order contribution is found to be

e

ol ol
1,8:3"58

(w,w") = Q1[G s01(w) Gopsjr.sr (W + Q) (' —w — Q)

+ Gjs0.4(W) Gopjr s (W — Q) 6(w' —w + Q)] (4.100)
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Similarly, for the second-order contribution we have

Gy o(w,o) = Q13w = w—29) Gu01(w) Goo1 (@ + Q) Go gz (&)
+0(w —w+29) G0, (W) Gospo(w — Q) Goigrs ()
+ 0(w = w) Gjs01(w) Gogs04 (W + Q) Goyjrsr (W)

+0(w' = w) G50, (W) Goo(w — Q) Go s (W] (4.101)

Notice that in the absence of spin-orbit coupling in the chain, Go .+ 0 = Go 1.0 = 0 and the inelastic

(off diagonal in frequency) contribution to the second-order Green’s function vanishes.

Current in the Presence of Spin-Orbit Coupling

If electrons experience no spin scattering in the chain, the spin s-state current flows homogeneously
from the magnetic site, along the chain, and into the reservoir without spin-orbit coupling. Thus,

It can be shown that the spin current will remain the same as Eq. (4.82).

When spin-orbit is present, the spin current will vary along the chain. In this case, one is required
to use Eq. (4.39) to compute the three components of the spin current at a given site j. Let us
focus on the z component. Substituting Eq. (4.98) and its Hermitian conjugate into Eq. (4.39), we

obtain

nyoc/dw /dwﬁ/dwﬂl

% hT(w”) [ ?\/;j(w”vw/) O'ZTj—l G§_1;N(W/ + w,w///)

a

N;j_l(w”7w/ _ (,U) Tj—l O'Z G;;N(wla w///)} h((ﬂ///)’ (4102)
where 0 < 57 < N and G ) denotes the 2 x 2 retarded (advanced) Green’s function connecting
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sites 7 and j'. Using the correlation function introduced in Eq. (4.56), we can take the expectation

value of Eq. (4.102) to obtain

JZ _ ZWCQM d / d //I /i
< j (W)> = I w W' I, (wW")
X tr [G, (W', W) 071 Gy (W' + w, W)

?\/;j—l(w”v W —w)Tjq0° G;;N(W/, W”)} : (4.103)

where the trace is over spin variables. Equation (4.103) is one of the main results of this paper.
It provides a framework for computing the z component of the spin current at any site within the
chain that connects the magnetic site and the reservoir. Unfortunately, any further simplification
of this expression is daunting. Similarly to the case where the reservoir is connected directly to the
magnetic site, Sec. 4, we can use the perturbative expansion of the Green’s function in powers of
2, . The result is still rather involved if the spin-dependent hopping amplitude 7 is kept general

and is not presented here.

A more compact expression can be obtained for the spin current between the last site of the chain
and the reservoir, even in the presence of a general spin-orbit hopping amplitude. For that purpose,
we take a step back, set j = « in Eq. (4.39), and consider the 2 component of the spin current

operator,

i) = 22 [ Son [l ewolo! + ) o (of ) )]

Using Eqgs. (4.31) and (4.98), taking the expectation value, and using Eq. (4.56), we can rewrite
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Eq. (4.104) as

The absence of a spin-dependent hopping amplitude in Eq. (4.104) makes it more amenable to an
analytical treatment. Focusing on the dc component of the spin current, as shown in Eqgs. (4.42)

and (4.45), we expand the Green’s function harmonics of the precessing frequency (2, namely,

G(w,w) = d(w — w) Do(w) + > _ 8(w' — w — k) Dy(w). (4.105)
k£0

Inserting this expansion into Eq. (4.104) and keeping only the terms corresponding to the dc limit,

we obtain

z Z/Ya a
<Jo¢(w>>dc = 5 /dw Zns Oz ON,s;N7s<w/> - DO;N,s;N,s(wl)]
_72[9:1&( )_gaa ZDONSNS DgNs’Ns( /)

- ,-yi [ggca( gaa Z[ w' +kQ ZDstNs Dik;N,s’;N,s(w/_‘_kQ)}'
k#0

(4.106)

‘We can now use the relations

G -G =2 -2 =G (20— Z") G, (4.107)
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where
(2 = 27 o o (0, 0) = =92 81,5 65,3 s 0(w — &) 950 (W) — G ()], (4.108)

to find

DS;N,S;N,S(W> - DS;N,S;NS( ) - ’yoz [gaa gaa Z DONSNS DSNS’ Ns(w)

+ 92 [ghalw + kQ) — ghy(w + kQ)]
k=0

X ZDstNs, D%} v ns (W + EQ). (4.109)

Combing Egs. (4.106) and (4.109), recalling that g/, (w)— g%, = —27ip,(w) and using Eq. (4.57),

we arrive at
Vi == 200) [ 3 pole) pale + 4 L) = 1o/ + K
k40
X > 1y Dy oo (@) D% gy o o (00 + EQ). (4.110)

s,s’

Symmetrizing the frequency integration, we finally obtain the following expression for the dc spin

current at the interface with the reservoir:

) = e /dw S palw + £9/2) palw — K/2) [Flw + kQ/2) — flw— kQ/2)]

k>0

x tr{o* [D.y.y(w — kQ/2) D vy (w + k€Q/2)

— D7 pnon (w4 kQ/2) Doy (w — kQ/2)] } (4.111)

where the trace is over spin indices. Notice that in the limit of zero pumping frequency (€2 — 0),

the spin current goes to zero.
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At this point, we can go back to the perturbative expansion of the Green’s functions in powers of

2, and notice the following:

D_1jsjrsw) = Q1Gjso,(w)Gorys(w—Q)+ OK3), (4.112)

and

Dyjsjrs (W) = Q1 Gjs04(w) Go i (w+ Q)+ O(Q1). (4.113)

Since Dy, ~ O(Q%), by keeping only the leading term in powers of 2, we obtain

va

) = 2=

% 31 100w = 2 G5 v 0+ /2

/ 00 pal + 9/2) palw — /2) [f(w + 9/2) — f(w — Q/2)

— |GN 01w+ Q/2)|2 |Go v (W — 9/2)‘2] + 0(Q1). (4.114)

It is straightforward to verify that setting N = 0 in Eq. (4.114) leads to Eq. (4.82). Notice that for

Q) <« T, u, the current is proportional to €2,

T~ 20 [ o e [4)]

Z Ts [‘Q;V,S;O,T(w) ’2 |g70"7¢;N,s’ (Cd) |2 - ‘g}ﬂ\f,s;(),l,(w) ‘2 |g67T;N,S’ (Cd) |2:| : (4115)

To illustrate the results obtained so far, we performed numerical calculations of the chain Green’s
function for chains of various lengths in the presence and absence of spin-dependent on-site po-

tentials.
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Figure 4.5: (upper panel) Spin-diagonal components of the Green’s function across the chain,
G N 50,5, 10 @ clean (translation invariant) chain in the absence of spin-orbit coupling as a function
of energy. (lower pannel) The dependence of the z-component of the spin current on the reservoir’s

Fermi energy. Both plots were obtained using parameters value such that 72Q% Q) = 2.

In Fig. 4.5, the spin-diagonal components of the Green’s function across the chain, G£35;078(E )s
and the total spin pumping current, (JZ(FE)), are plotted as functions of energy. A constant spin
current over energy confirms that, in the absence of spin-scattering centers, the chain is a spin-
degenerate ballistic propagating channel so long as the energy £ is within the energy band. In this

case, the spin current is independent of the length of the chain.
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Figure 4.6: (left)Diagonal spin component of the Green’s function across the chain, G'x 1.0+, as a
function of energy, in the presence of a random spin-dependent site potential. The chain lenght is
300 sites and the Green’s function is averaged over 10 and 50 realizations of the random potential.
(right) The off-diagonal spin component of the Green’s function, G y 1.0 | .

Figures 4.6 show the energy dependence of the spin components of the chain’s average Green’s
function when spin-polarized impurities are introduced but no spin-dependent hopping is present.
In these simulation, N' = 200 and V; = ajo* +aj0* , where the amplitudes o] and a} are randomly
and uniformly chosen in the intervals [0,0.01¢] and [0, 0.05¢], respectively. Here ¢ denotes the

hopping amplitude in the lattice.

The dependence of the average dc spin pumping current on the length of the chain is shown in Fig.
4.7 for the same random spin-dependent potential. Even after averaging over 300 samples, oscil-
lations over the length due to interference remains. However, a clear exponential decay emerges,
with a decay length of 4.5, 2.7, and 2.4 lattice units for the three increasing disorder ranges of a,

shown in the plot.
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Figure 4.7: Average dc spin current current injected into the reservoir as a function of chain length
in the presence of spin-dependent, random on-site potential. The data points are obtained after
averaging over 300 samples to minimize quantum interference fluctuations. The solid lines are
fittings to the data. The field a, varied within the range [0, 0.1¢] while the a, field range changed
for each data set, as indicated in the legend. The simulations are performed at £ = 0 (middle of
the band).

Extension to Two-Dimensional Systems

The spin pumping formulation developed in Secs. 4, 4, and 4 can be extended to 2D systems.
To do so, we imagine the magnetic region as a column of magnetic sites whose magnetizations
precess in synchronized way, corresponding to a single magnetic domain. The two-dimensional
nonmagnetic region is sliced into N columns and connected to a reservoir, see Fig. 4.8. We keep
the same notation used for the one-dimensional finite-chain case and write the Hamiltonians of the
different regions as

J
Hinag = =5 M(t)a' (e ®1Iy)a (4.116)

73



for the magnetic region,

N-1
Hsheet = — Z <C§+1 T;icj+ c} 7’} cj+1>

j=1

N
+ > Ve (4.117)

=1

for the nonmagnetic region, and
M =— > _ Y Taydl  dys (4.118)
An s

for the reservoir. The Hamiltonians describing the coupling between magnetic and nonmagnetic

regions (hereafter referred as sheet), and between the nonmagnetic region and the reservoir are

given by
Hmag—sheet = - (aT Yo €1+ C]; ’75 a) 4.119)
and
Hsheet—res = - <C§\7 Ya da + dL 'YL CN) , (4120)
respectively, where a' = <a1 as ... a M) is the particle operator at the column containing the

magnetic region (j = 0), v, 1s a 2L x 2L matrix that describes the coupling between the magnetic
region and the sheet, c} = <cj,1 Cia ... Cj dj) is the particle operator at the jth sheet slice,
which is connected to the neighboring j + 1-th slice by the matrix 7;, d; is the number of sites
in jth slice, and =, is coupling matrix between the Nth sheet slice and the reservoir. Finally, the

particle operator acting on the sites in reservoir that are connected directly to the sheet is given by

dL = <da,1 da,2 s da,da)'
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Figure 4.8: The two-dimensional FM/NM/reservoir system. The magnetic region comprises a
column of sites whose magnetizations are synchronized. The nonmagnetic sheet is decomposed in

N slices.

The equations of motion read

a(t) =iQ(o. ® In) a(t) + i [(07 @ L) € + (0~ @ Inr) e "] a(t) + iy, er(t)d.121)

éi(t) = —iVi+ivha+iret), (4.122)
¢(t) = —iV;+iTi_ i +iTicial(t), (4.123)
en(t) = —iVy +ith en_1(t) +iv, da(t), (4.124)
and
(4.125)

do(t) = ivg en(t) +i Y Tond,(t).

The Fourier transforms of the equations of motion result in expressions similar those obtained in
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Sec. 4, namely,

[(woo — Qo.) ® In] a(w) — /'Hl(u},w') a(w) = -1y c(w),

wey(w) = Vl—’)’ga—ﬁ ca(w),
wej(w) = V- T;_l Cj—1 — T;jCjt,
wey(w) = Vy —7‘},_1 CN_1 — Y4 Aa,

and

do(w) = h(w) = goaVh(w) en(w),

(4.126)

(4.127)

(4.128)

(4.129)

(4.130)

where h is a vector with dimension of the surface sites « in the reservoir and the Green’s function

of the decoupled reservoir for slice o reads

Ghlo (= #) = =i6(t =¥) Y 61(00) dnlay) e F0).

In order to expand the Green’s function in powers of 2, , we notice that, in spin space,

, 0 (W —w—19Q)
Hj,j' - 5j,j’ (Sj’() QJ_ ,
d(w —w+Q) 0

which leads us to analogous relations to those derived in Sec. 4 for the finite chain.

(4.131)

(4.132)

In order to calculate the spin current along the sheet, we can use an expression identical to that
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introduced in Sec. 4, namely,

. i [ dw' ;
Tjw) = 5/ oo W) (07 @ L) Ty e +w)

—e (W —w) T (@) e (w')] . (4.133)

The only difference between this relation and Eq. (4.39) is that here there is an implicit sum over
transverse sites. Using the orthogonality relation of h(w) one can derive an expression for the

expectation value of the total spin current between the (j — 1)th and jth slices as

(Ji(w)) = 4L / dw’ / dw"” Tr (Mg (w,w’,w")] (4.134)
™
where the trace is over spin and transvese site variables,

M (0,6, ") = Y, Gy (0", 0)(0% @ Tg))T] 1 Gy (w0 + o, )y, I ()
- ’YL (]l\f;j—l(w”7w)7-j—1(o-z ® ]dj)Gg—l;N(w + Wlawﬂ)')’aI(W”ﬂ (4.135)
and G;fj‘f) denotes the 2d; x 2d; retarded (advanced) Green’s function connecting the j and ;'

slices. A detailed derivation of Eq. (4.134) is provided in Appendix A. Equations (4.134) and

(4.135) are also main results of this paper.

Similar to the 1D chain, we can go further to calculate the current at the chain-reservoir interface

and expand the Green’s function harmonics of the precessing frequency (2,

G(w,w') = §(w —w) Do(w) + Z §(w —w — kQ) Dy(w), (4.136)
k£0
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to derive

0] =5 [ do 3 11w+ k) - )

k#0
x Tr [poz(w + kQ)’yaDZ;N;N<w/>’7L<O-Z ® IL) pa(w) ’YozD(ik;N;N(w/ + kQ)'YL} (4137)

The formalism developed in this section has several advantages over the scattering formulation:
(1) The detailed geometry of the FM/NM systems and physical properties of the NM can be taken
into account by computing the appropriate Green’s function. (ii) Since the final expression for the
spin current is written in terms of the surface Green’s functions, the recursive Green’s function
technique [27] can be utilized for an efficient computational approach to the problem. (iii) Further-
more, since a spatial representation of the system is used in this formalism, systems with higher

dimension and arbitrary geometry can be readily simulated.

Summary and Discussion

In this Chapter we developed an atomistic model of spin pumping in hybrid ferromagnetic het-
erostructures. The spin current expression is given in terms of the Green’s function of the nonmag-
netic portion. Motivated by the fact that, in experimental settings, the time-dependent component
of the driving magnetic field is small and slow, we use a pertubative expansion to obtain a relation
between the mixing conductance and the physical properties of spin-carrying medium. Among the
advantages of this formalism are: (i) it provides a framework for including the atomic structure and
geometry of the heterostructure, as well as local disorder and spin-orbit coupling mechanism; (ii)
it yields an expression for the spin current in terms of Green’s function, which can be computed
using efficient recursive computational methods; (ii1) it allows to model spin relaxation and the

ferromagnet-nonmagnetic metal interface; and (iv) when applied to graphene, it is not limited to
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high doping.

In a future work we plan to apply this new computational tool to study dynamical spin injec-
tion in realistic ferromagnet-graphene heterostructures, and to extend the calculations to include
a determination of the spin-Hall voltage across the graphene channel when spin-orbit coupling is

included.
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APPENDIX A: SUPPLEMENTARY MATERIALS

80



Reservoir Green’s Function

The retarded Green’s function of the decoupled reservoir is defined as

Gyt 1) = —i0(t — ') ({d}(2), dy (t)}). (A.D)

Expanding the field operators in terms of single-particle energy eigenfunctions

d(t) = Z Pn(A) dn(t) = Z Pn(N) e Pt dn(0), (A.2)

the retarded Green’s function of reservoir can be written as

G (t,) = =it =) > 7, (A) () €01, (A3)

Noise-Like Correlator

We can rewrite the correlation function of the noise-like term in frequency space in terms of the

fermionic operators in time using Eq (4.19),

(hl(w) hy(w')) = / dt / dt' e @ (B (1) R (1)) (A4)
=y / dt / dt’ e "W gr (E—to)] " gl (t — to)
77777/ —0oQ —0oQ

x {d (to) dy o (t0)) - (A.5)
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After substituting the expansion of decoupled reservoir’s Green’s function in term of the reservoir’s

eigenfunction, Eq. (4.20), we get

(hi(@) b (W)) =D > dul@) 6 (0) &) b () {d} ,(to) diy (o))

A n,m
></ dte_i(”_E")t/ dt’ e7 i Em=)t’, (A.6)
to to

Using the reservoir’s eigenfunction basis,

77 s tO Z ¢n n s tO (A7)

and the orthogonality of the reservoir’s eigenfunctions, we obtain
(@) ho (@) =Y dal@) 9, () {d], s(t0) dms (t0))

X / dt e~ H@=En)t / dt’ e~ {Em=t" (A.8)
to to

Using Eq. (4.21) and taking the limit £, — —oo we arrive at Eq. (4.56).

For 2D systems, the correlation function (h! (w1) hy,(w2)) can be obtained in the same way:

(Rl 5 (1) By iy (w2)) = / dtl/ dty e 2R (B (1) B, i, (2)) (A.9)
= Z/ dtl/ dt e —i(w1t1 —wat2) [ga”m( 0)] ggtizﬁ2(t2_t0)
1,12
X (df s (o) dny s, (t0)) (A.10)
= > ulai,) &, (m) 64, (aiy) &5, (m2) (dl, , (to) disa (o))
71,M2 N1,Nn2
x/ dty et E"I)I/ dty e " Eny—w2)tz (A.11)
to to
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Using the orthonormal set of eigenfunctions of the reservoir,

nstO Zgbn ns tO

we can write

<hil 21( 52 ia WQ Z gbm O‘n n2 a12)<dn1 sl(tO) dny s (t0)>

ni,ne

X / dty e 1 E"l)l/ dty e~ {(Eny=w2)ta
to to

= 6(&)1 - WQ) 551,32 Z qu (ah) ¢;k11 (aiz) 5((4}1 - Enl)

when we set t, — oo. We finally arrive at

(Bl (W1)hsy(w2)) = 65,55 6(w1 — wn) To(wr),

where I,(w) = p,(w)f(w) and p,(w) is the density of states matrix at the « slice,

pa i1,i2 Z Z ¢n1 all n1 aw) (5(&)1 - Em)'

ny ni
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(A.13)

(A.14)

(A.15)
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s-Component of the Spin Current

Substituting Eq. (4.48) into Eq. (4.46), we obtain

() = 2 [ G () = 7 5 )] !+ )

— ai(w’) [hs(w' 4+ w) — Ygha (W + w)as (W' + w)])

dw’

= 5 | 5= ([(l@)ay(e +w)) = (al(@)hy(w +w))]

?
= y(al(@)as(w +w)) {[gaa(@)]" = goale +w)}) .

Employing Eq. (4.54), we can derive the following relations:

(hL(w) as(w)) = =7 GLy(w,w') La(w'),

and

<CLT( as _ ,}/2 Z/dw” Gr H)]*Ggs/ (w’w//) [a(w//).

Putting these relations together with Eq. (A.17) one arrives at Eq. (4.59).
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Spin Current for 2D Systems

The fermionic particle operator in terms of the system Green’s function reads

Z dw’ hnS W1) Ym

smn

X |:GN,m,s’;j,1,s (wh (,U) GN,m,s’;j,2,s(W17 W) ce GN,m,s’;j,dj,s(wlu W)7:| (Azl)

where d; is the number of sites in the slice j. After substituting it into the current expression

d
JiH(w) = 3 / 2: [c;( N (o* @ Iy) 7! Ti 1 ¢a(W +w)— c}_l(w') Tio1 (07 @ 1y,) ¢j (W —|—w)] :
(A.22)

the expectation value of the first term in Eq. (A.22) becomes

1 [ dw
2/2 Z Z /dwlvmm[GNmsljl(wh ) G(JIV,m,sl;j,Q(whw) G(Jl\/msl,jdj(whw)]

$1,52 n,n/;m,m’

Gl 1 1N nysy (@ + W, w2)

G s (6 +2)
X [( ®Id /dOJQ LN, ’2. 'Vn,n/<hin/,sl (wl)hn/,SQ(w2)>~ (A.23)

_G;j—l,dj;N,n,sz (W' +w, wQ)_
By applying the h,, s(w) correlator we find

) = 5 [ [T G on, )07 © T 7]\ G e+ )7 (o)

i [ dw " . ,
- 2/%/dw1TT ['7LGN;]‘—1(W17W)T]'—1(O' ®Idj)Gj—1;N(w+w/’w1)’7a1(wl)}'

(A.24)
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We can follow the same approach to calculate the current at the chain-reservoir interface:

Z/dw {dT(w/)(U’Z@IL)’YQCN(w/‘FW)_C}LV(OJ’)"/(TI(OZ®IL)dS(w/+w) ) (A25)

Jalw) =3 | o

The current expression can be written as

Ti) = 3 [ S {[M6) - ehhgtae)] (@ Toraen(s! +o)
— cly(@)7h(0: © 1) [A(W +w) = gho (' +wvaen(w+w)] . (A26)

which can be simplified to

Jale) = % / ‘é(’;/ [hT(w/)(UZ @ IL)vaen (@ +w) = el (W)vh(o. @ T )h(wW + w)]
Z /CS/:TCJIIV(W/)'VL [gia(w') —gho (W + w)] (0. ® Iy en(w+w').

S (A.27)

2
After substituting the fermionic operator in terms of the system’s Green’s function, the expectation value of

the spin current becomes

) = 5 [ 3 {1 [1u + ) val0: © TGt o+l
= T [Ta (@)l @ 1) G (& +w,0')7h ] }
b [ (a7 G 1L [l +) — ()]
g (A28)

x (02 ® IL)YaGin (W +w,0") 7yl
Similar to the 1D case, we expand the Green’s function in terms of the frequency difference,

G(w,w') = 6(w' — w) Do(w) + > §(w' — w — k) Dy(w), (A.29)

k40
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and following the same approach used in the 1D case, we get

) = 336 [ {Fae!) valon © 1) (Do) — D] 7L}

i duw’ a , a
+50) [ ST { () a Dl @7 [95(e) - g8al)]
(02 ® 1) 7o Dy ()7} }

| L
+506) [ 5o S T {Falw — ) 7Dy’ ~ B, [gh0() — ()]
(A.30)

which leads to

Wa) = _%5(“]) / (3 Tr{ o) Yo Dy (@) [ha (6 + F) — o (o + )

X (0 @ 1) 7o D% oy (& + k)7 |

,L' dw, ‘s T a
+50) [ 5o 3T {Falw! + 49) 1o D (7 [07a() ~ ()]
k0
X (02 © 1) VoD% i (& + )7h }
(A31)

leading to

TE0 = 5 [ o3+ k) - o)
k40

XTr | po(w + KQ)Yo Dy ()74 (0% @ 1) po ()

Yo D% v (W + EQ)L | - (A32)
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