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Abstract

When transport experiments are done on quantum dots in LAO/STO interfaces, electron pairing
is found to occur. This thesis investigates the effect that intraband and interband electron-phonon
coupling can have on electron pairing in a quantum dot in an LAO/STO interface. Initially the
orbital structure of the energy levels in the quantum dot are examined and orbital mixing is found
in the quantum dot. This is done using a particle in a box model and the band structure of the
LAO/STO interface. The effects of intraband, interband and spin-orbit orbit coupling are studied
using a two level Anderson-Holstein model of a quantum dot. With intraband coupling, a Lang-
Firsov transformation is used and the local electron-electron potential U becomes negative for strong
coupling. With interband coupling, the approach of [13] is followed and a modified Lang-Firsov
transformation is used. A positive contribution to the U is found. When averaging out the phonons,
degenerate polaron states with lowered energies are found. The effects of spin-orbit coupling is not
found to affect pairing, but spin-orbit coupling giving rise to interband coupling will give a positive
contribution to the U. Finally a generalized Lang-Firsov transformation applied to a quantum dot
with N levels is studied, finding and a general negative contribution to the U from intraband coupling,
and a postive contribution to the U from interband coupling.



1 Introduction

SrTiO3 (Strontium Titanate, STO) and LaAlO; (Lathanum Aluminate, LAO) by themselves are two
non-magnetic insulators, but when sandwiched together they form an interface that shows interesting
properties. STO when doped with high electron densities becomes superconducting at 0.35K and
was the first insulator and oxide discovered to become superconducting. [9] The LAO/STO interface
shows properties like superconductivity, ferromagnetism, strong atomic spin-orbit coupling and more.
In 2004, it was shown that metallic conduction occurs at the LAO/STO interface. Then in 2007 su-
perconductivity was reported in the 2D electron gas (2DEG) forming in the interface with a transition
temperature of ~ 200mK [11] In 2012 an experimental study on the interface between LAO/STO [§]
found that a Lifshitz transition between d-orbitals of different symmetries lies at the core of the su-
perconductivity, ferromagnetism and magnetotransport phenomena occuring in the interface. They
found that the maximum superconducting critical temperature occurs at the Liftshitz transition. The
behavior observed follows from only a small number of bands, coming from the zy/zz/yz d-orbitals,
but a simple relation between the specific energy bands and transport phenomena is still missing.
It was then shown experimentally from transport measurements that electron-pairing was occurring
in an electrostatically gated quantum dot on a nano-wire in the LAO/STO interace, without su-
perconductivity, having a higher critical magnetic field and temperature than the superconducting
electron pairs [3]. The conductance peaks in the transport measurements would split into two peaks
at high enough magnetic fields, suggesting paired electrons. The phenomena can be described with a
negative U Anderson-Holstein model with a local attractive potential between electrons on the same
site but no explanation for the negative U center is found from the experiment. The experiment is
performed again with a different quantum dot [10] where the same tunneling effects are observed and
compared with a negative-U Anderson model.

Cheng et al [4] observed in 2016 that at lower chemical potential the electron—electron interaction is
attractive and the pairing local. As the chemical potential is raised by increasing the gate-voltage,
the interaction becomes repulsive and non-local. Cheng et al proposed that the interaction changes
sign when the xz/yz bands become populated, which is at the Lifshitz-point. In [2] it was found that
the charge carriers in the 2DEG, forming in the STO close to the interface, were polarons, electrons
coupled to the lattice vibrations in the STO.

Polaronic effects in which electrons couple to phonons could be a reason for the negative U-center
creating locally paired electrons [1]. With the population of the xz/yz bands at the Lifshitz transition,
interband electron-phonon coupling could play a role in explaining the local electron pairing in the
quantum dots in LAO/STO.

The aim of this thesis is to study the polaronic effects on electron pairing in a quantum dot in
LAO/STO, by using a one-site Anderson-Holstein model with two energy levels and with electron-
phonon coupling terms added to the Hamiltonian. First a model will be examined where the electrons
in each level couple to a phonon. Later interband electron-phonon coupling will be studied where
electrons scatter between levels due to a phonon. Second, the effects of atomic spin-orbit coupling
on the local interaction potential will be examined too. Before going to the polaronic effects we will
examine the orbital structure of the energy levels in a quantum dot made in the LAO/STO 2DEG.

2 Quantum dot in LAO/STO

In a quantum dot electrons are confined with zero degrees of freedom as they are enclosed in all
directions. This can be thought of as a particle in a box and we will therefore use the solutions to the
simple particle in a box problem and compare them to the band structure of the LAO/STO 2DEG,



from which the electrons come from. By doing this we will be able to examine the orbital structure
of the energy levels in a quantum dot defined in an LAO/STO interface.

We model our quantum dot in the 2DEG as an infinite potential well lying in the z y-plane with sides
of length L, and L,. Due to the quantum confinement the electron wave vector k, will be quantized
in the z and y- dlrectlon in levels of 7+ with n; € Nand ¢ = z,y. The energy is proportional to k? and
therefore the lowest energy-level that will be filled first will be from an electron with n, = n, = 1.
The next energy level then depends on the symmetry of the quantum dot. For a symmetric dot with
L, = L, = L it would be degenerate with either n, =1 and n, = 2 or n, = 2 and n, = 1. With an
asymmetric dot, like a dot defined on a nano-wire as in [3], we will expect one dimension to be more
confined such that the first energy levels would be e.g. n, = 1 and then n, increasing if L, < L,
due to the quantum confinement. With the gate voltage controlling the electro-chemical level in the
quantum dot, an electron will be added to the quantum dot when the electro-chemical level is lowered
by the addition energy, which is the general energy required to go from N to N — 1 electrons. In
the constant interaction model, which is derived in appendix D, the addition energy required to add
another electron to the quantum dot is the sum of the charging energy coming from the capacitance
and the ”orbital energy” coming from the quantization of the energy levels in the quantum dot.

We will work with the band structure of the LAO/STO interface found in [8]. The numerical values
and form are found in appendix E. The conduction band is made up of electrons in the t5, band
containing the xy, xz and yz orbitals, and the band structure is therefore written in the basis of these
orbitals. The energy of the xy orbital that lie in the x y-plane is lower than the other two orbitals
that lie out of the z y-plane. The Hamiltonian for the band structure in the LAO/STO interface is:

R2k2 | WPk
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Hy= | AdhPkok, S5 4 00 0 |22 . (2.1)
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When adding spin-orbit coupling we get the full Hamiltonian, H:
3
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The addition of spin-orbit coupling to the Hamiltonian is worked out in appendix F. We want to
find solutions to the Hamiltonian for the allowed values of k in the infinite 2D quantum well, and we
use the solution to the single particle Schrodinger equation for an electron in the 2D quantum well
to find the allowed k [6]. As the k’s are quantized in levels of Ak; = 7., we know which electronic
states, from each band in the LAO/STO interface, that can occupy the quantum dot. First we can
figure out how many states will be available in the quantum dot from each band. As the electrons in
the LAO/STO interface have wave vectors in the first Brillouin zone with k; between —m/a to 7/a,

we get that the number of available states in 2D is N = (QLZ)(%), and is thus proportional to the

size of the quantum dot. For a 10nm by 10nm dot we have N = 410822 ~ 2630, with 3.9A being the
lattice constant of STO, and for a constant n, we will then have ~ 51 levels in k,. Thus by solving
the Hamiltonian for Ak, n, for each of the 51 electrons with &, = 0 in LAO/STO we get a plot of
the energy levels shown in figure 1:
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Figure 2: Contour plots of bands in LAO/STO in the k, k,-plane

As electrons from the LAO/STO 2DEG fill the quantum dot with quantized momenta, we see that
at low energies only electrons from the zy-orbitals are available due to their lowered energies, but
at higher energies also zz/yz-orbitals can fill the dot. In figure 2, contour plots of the energy bands
in the LAO/STO 2DEG show that only one band is populated at low energies. By looking at the
eigenstates from the numerical solutions to the Hamiltonian for each allowed k, we can examine
which orbitals make up the electronic states in the quantum dot.



For each allowed k, we find the eigenstates of the Hamiltonian in (2.2), and from that we know
the orbital contribution to each quantum dot level, as the eigenstate will be a linear combination
of the zy, vz and yz-orbitals. By restricting ourselves to a constant n, we can calculate the orbital
probabilities at each allowed k,, which is for n, up to ~ 51 in a 10nm by 10nm quantum well. From
normalizing the eigenvectors and then calculating the contribution from each orbital we see in figure
3 that the highest lying band is mostly made up of xz-states, whereas the electrons in the lowest
band is mostly made up of xy-states until the Lifshitz point, around n, = 13 for a quantum dot of
this size, where the band shifts to being mostly made up of yz-states. We see that the quantum dot
states are mixed the most around the Lifshitz point where different types of orbitals will make up
the quantum dot state, depending on the direction of k. The Lifshitz point is where a transition of
the symmetry of the bands happen.
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Figure 3: Orbital probabilities along k, for the n,’th level

Figure 4 shows the same plot but with constant n,, where it is shifted such that at the Lifshitz point
the bands are made up of xz and zy states instead of yz and zy. As the quantum dot levels with
lower energy are from states with low n, and n,, and since we see the same pattern for a constant n,
we expect in general to not see much mixing of the d-orbitals in the quantum dot states before we
get to the Lifshitz point. Due to the band structure in figure 1 and the orbital probabilities of the
bands in figures 3 and 4, we see that the density of states of the zz/yz is going to be higher than the
density of states of the xy electrons above the Lifshitz point, and we therefore expect a high density
of mixed xz/yz states past the Lifshitz point.
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Figure 4: Orbital probabilities along k, for the n,’th level

We note that changing the size of the quantum dot, by changing the side lengths L;, should only
result in a change of Ak;, changing the number of electrons in the quantum dot and their energy
level spacing. The quantum dots used in the experiments discussed in the introduction have larger
dimensions and are also not symmetric, but the same mixing of orbitals should still occur. The
mixing of orbitals in the quantum dot could change the types of electron-phonon couplings present,
possibly creating or destroying the electron pairs seen in an LAO/STO quantum dot.

3 Intraband electron-phonon coupling

Considering that the charge carriers in the LAO/STO interface are polarons, electrons coupling to
the lattice vibrations in the solid, we are motivated to work with a Hamiltonian that incorporates
electron-phonon coupling. As stated in the first aim of this thesis, we want to study the effect of
electron-phonon interaction with multiple bands available, and we will do that by using a one-site
two level Anderson-Holstein model to describe a quantum dot with electrons localized on the same
site and with an energy difference between the two levels due to the addition energy in the quantum
dot. When we have two electrons on the same site we will have a repulsive potential and we want to
study the effect that electron-phonon coupling will have on that interaction. In this section, we will
examine the effect of intraband electron-phonon coupling where electrons in the two energy levels
couple to the same phonon but no scattering between levels occur. We work with the following
Hamiltonian

H = ecle+ (e + A)d'd + Ungn, + wob'd + M(d'd + acte) (b +b), (3.1)



where ¢ and d' are the creation operators for the electrons in the ¢ and d quantum dot energy
level. b is a phonon creation operator. U > 0 is the repulsive electrostatic potential between the
two electrons on the same site. wy is the phonon frequency and A is the electron-phonon coupling
constant with the dimension of energy. The energy of the d-level electron is shifted by A due to
the energy cost of adding an electron to the quantum dot. « is a dimensionless constant creating
a difference in the coupling strength for the d and c-level electrons. Especially for higher energy
levels in the quantum dot with mixed orbitals, we could imagine that the electrons in different levels
couple differently to the phonon. The second quantization electron operators in the two levels follow
standard anti-commutation, whereas the phonon operators follow bosonic commutation relations.
This model is a modified Anderson-Holstein model with only one site ¢, being the quantum dot. We
work with two levels representing two different energy levels in the quantum dot coming from the
energy spectrum discussed in section 2.

The Hamiltonian then consists of a part diagonal in the space of zero, one or two electrons and n
phonons, Hy = H, + Hpp:

Hy = ec’e+ (e + A)d'd + Ungne + wob'd. (3.2)

H, describes the energies of creating the electrons in the ¢ and d-levels, the phonons and the energy,
U, of the two electrons repelling each other, when both electrons are located on the quantum dot.
Then we have

H, pp = Md'd + acle)(bT +b), (3.3)

which is the coupling between the phonons and electrons in both levels. Both energy levels in the
quantum dot couple to the same phonon. We thus have the total system H = H, + Hp, + Ho_p,. We
want to see how the electron-phonon interaction term affects the energy levels of the system, and if
it will result in a negative effective interaction potential, U < 0, giving attractive electron-electron
interaction.

The electronic part, H. has eigenstates in the 4-dimensional Hilbertspace consisting of either no
electrons (vacuum state), an electron in the c-level, an electron in the d-level and electrons in both
levels. The states will be represented in same order as

0y, ey =c"0), [d)=d"|0), led)=d'c"|0). (3.4)

In this basis H, is diagonal and will have energies 0, €, e+ A and 2e4+A+U. The phonon Hamiltonian
with eigenstates |n) and energies nwy is infinitely dimensional. We can now have electrons in either
or both levels and phonons which gives us the Hilbert space spanned by |i) ® |n) with i € {0, ¢, d, cd}
and n € N, with kets |¢,n). Only with the addition of H._,, do we end up with H not diagonal in
the |7, n) basis.

3.1 Perturbation theory

To extract information about the electrons in the system with electron-phonon coupling, we look
towards perturbation theory where we will stay in the basis of uncoupled electrons and phonons. Hy
has non-degenerate eigenstates so we will use non-degenerate perturbation theory up to second order
in A\ and we will treat H._,;, as the perturbation. We already know the solutions to the unperturbed
Hamiltonian and their energies. Up to second order we have
Hefph 2
E,~ E)+H5P" + ) % (3.5)

m#n "



As the perturbation has a bosonic creation and annihilation operator, the first order correction will
be zero.

We will use a notation where a state in the Hilbert space is |cdn) = |¢) ® |d) ® |n), with ¢ and d being
0 or 1, as they are fermions and n € N representing the phonons. This will give us a second order
correction. We are only interested in the terms where the phonon numbers differ by one as all other
terms will be zero. This will then give an energy correction to the states only one or two electrons.
We will begin by calculating the second order correction. First we will do it for the state [10n):

@ | (m/n’o’| HE=Ph |mno) |2
ElOn - Z EO . EO/ . )

m/n’o' £#mno mno

(3.6)

but knowing that the perturbation, H¢ P", contains electronic number operators and bosonic anni-
hilation and creation operators, we have that n = n/, m = m’ and o/ = 0 = 1. Also we will use that
b'n) = vn+1|n+1) and b|n) = \/n|n —1). From this we can find the energy correction to the
state [10n):

| (10(n + 1)| H' |10n) |? | (10(n — 1)| H'|10n) |?
(e4+won) — (e+wo(n+1)) (64 wen) — e+ wo(n —1)]
_ | (10(n + 1)] (Aav/n + 1) [10(n + 1)) |2 N | (10(n — 1)] (Aay/n) |10(n — 1)) |? (3.7)

—Wo Wo

2
E£O)n -

We get that the correction lowers the energy of the state. It is also easy to see now that for the state
. . . . 2

|00n) we will get no correction, for the state |01n) we will get the correction E((]?L = _2_0 and lastly

for the |11n) we get:

(110 + ] Qw1+ )t 1) 2| (1= )] L+ L) P X s
o 0 P 6y

We see that the energy correction to the state with both levels occupied is lowered more than the
states with only one level occupied. From the perturbation theory, we have that for strong enough
coupling, A, the energy of having two electrons will become lower than having one electron in the
quantum dot resulting in electron pairs.

2
Efl?m =

3.2 Lang-Firsov method

Now we will attempt at solving the Hamiltonian exactly by doing a unitary Lang-Firsov transfor-
mation to get rid of the coupling term, in the hopes that we can exactly solve the transformed
Hamiltonian. This will give us new eigenstates U [¢), not necessarily pure electronic states, but we
can still analyze the energy levels. We do a unitary transformation of the Hamiltonian using the
unitary operator U = €' with
A
iS, = — (bl —b)(ng + an,), (3.9)
Wo
where n. = cfc and ng = d'd. To ease notation we will use n;(a) = nq + an,, with n;(a = 0) being
the total number of electrons. We will need the factor wio in ¢S, for the coupling term to cancel out in



the transformed Hamiltonian. We do the transformation H' = UHU which means the eigenstates to
the transformed Hamiltonian are [¢0) = U |1)), with |[¢) the original eigenstates. We only transform
the annihilation operators since (A’)T = (UAUT)T = UATUT = (A")". Also we will transform each
operator independently, as it is possible to insert the identity UUT between operators. We will make
use of the Baker-Campbell-Hausdorff formula:

1 1
Ap,—A _ - _ Sl
e"Be™" = B+ [A Bl + S[A[A Bl + ... = ; —[A, By, (3.10)
and to that we will use that [cA, B], = ¢"[A, B],. First we will transform ¢ and from that d will
follow: "
o 20 -b)]
d=UcUt = nzzo ! L—O(zﬂ — b)nt(a),cL = nzzo " n(a), . (3.11)
We need to calculate the commutation between n;(a) and ¢, and we get
[ni(a), ] = [ng + ane, d = alc'e, ] = a(c’ec — ec’e) = —a(l — cle)e (3.12)

= —ac,

by using that ¢ = (c')? = 0, and that [n4, ] = 0. This gives us that

2 (pt = p) (= " R
Sy Bx m)( N rew, o1

n=0

20-1)

When letting o« = 1 we get that d’ = e=o d. We then see that

.|.
n/C = (CTC>, ey (CT), C/ = (60‘%0(1171)1—)6) ea%(bibf)c = CTeiawAO(bibT)eawAO(bibT)C = nC7 (314)

and likewise n), = ng. The transformation of b follows:

b= Z[M’HT [(bT = b),b] . (3.15)

n=0
where we have that [(bT — b),b] = [bf, ] = —1, giving
such that according to equation 3.10:

A
bV =b— —na). (3.17)
Wo

From equation (3.14) we see that H, does not change during the Lang-Firsov transformation as n..
and ny do not change so we only have to work out the transformation of Hy, + H._pp:

A A A
H), + H,_ = Ana+ane) |b7+b— 2—nt(0z)} + wo [bT — —nt(a)} [b — —nt(a)}

Wo Wo Wo
i A () 4w i A ()
= An(a) (b' +b) — 2w_nt<a) + wob'b — Ang(a) (b" 4 b) + w—nt(a) (3.18)
0 0
2
= wob'b — — (o?ne + ng + 2an.ng) .
0



Putting the transformed terms back in the full Hamiltonian and collecting terms we end up with the
total Hamiltonian:
H' = e.cle+ (eq+ A)d'd + Ungng + wob'b, (3.19)

where the energies are now shifted to

)\2 )\2 )\2
€, =€—a’—, €qg=€— —, U=U-2a—. (3.20)
Wo Wo Wo

We can then easily find the eigenstates after the transformation. The transformed Hamiltonian is
diagonal in the basis {|00n) , |10n),|01n),|11n)} with the eigenenergies:

2

E|00”> =Nwo E|10n) = €— OfQ_ + nuwy,
\2 R (3.21)
E|o1n):e+A—w—+nwo : Ellln):2€+A+U—w—(1+a)2+nw0,
0 0

corresponding to zero particles, one particle in the c-level, one particle in the d-level and two particles
in the system, along with n phonons. To get the eigenstates of the untransformed Hamiltonian, we
know that the solutions to the transformed Hamiltonian are U |i), with |i) being the eigenstates to
the untransformed Hamiltonian, so we just apply U to the new eigenstates to retrieve the old ones.

We then see that |i) = U'|cdn) = ¢~ ¢ (nartane) |cdn), and in the electron and phonon basis the
state will be electrons coupled with phonons, which we see when Taylor expanding the exponential
function. This new polaronic eigenstate will have a lowered energy compared to the electron energies
in the uncoupled system. We also see that the energy of the state with two polarons is lowered faster
as a function of A than the energy to the states with only one polaron, similar to the result found from
perturbation theory. We note that at strong enough coupling and o < 1 the energy of the polaron in
the d-level will become lower than the energy of an electron in the c-level. We can also conclude that
the energy gap between the levels does not give rise to any resonant effects so the coupling will only
result in electron-pairing if we have a large enough A or the phonon mode becomes soft and wy — 0.

4 Interband electron-phonon coupling

Following the results of section 2, and the change in orbital population of the quantum dot energy
levels at the Lifshitz transition discussed in the introduction, we imagine different types of polaronic
effects could be in play at different points in the energy spectrum of the quantum dot. One such
polaronic effect could be the intraband electron-phonon coupling discussed in section 3, another
effect could be interband electron-phonon coupling. This leads us to studying a Hamiltonian which
allows electrons to scatter between levels due to interband electron-phonon interaction and we want
to examine the contribution to the U that this type of coupling can give. We could imagine that
around the Lifshitz point, where the bands with xz/yz orbitals starts to be populated, some coupling
between orbitals could occur where an electron could be scattered from a level comprised mostly of
one type of orbital to a level comprised of another type of orbital. If the scattering occurs between
orbitals we could imagine that this type of coupling only could be possible around and after the
Lifshitz point. We could also have made the other guess, that interband transition is only allowed
until the Lifshitz point, where scattering between levels would not be possible anymore due to the
levels having different orbital symmetries. If the interband coupling turns out to create a repulsive
potential, and interband coupling occur after the Lifshitz point, it could be interesting due to [4]



where local electron pairing occured only up until the Lifshitz point when the xz/yz-orbitals become
populated. This brings us to the following model:

H = ec’e+ (e + A)d'd + Uneng + wb'd + (b1 + b)(d'c + cld), (4.1)

where we divide it into H = H.+ Hp, +H._.+ H._p;,. The electron-phonon interaction is understood
as an electron in the initial c-level being scattered into the d-level by either absorbtion or emission
of a phonon or similarly from d-level to c-level. We have also again used that the %hw from the
zero-point mode of the phonon will only add a constant to the total energy so we have ignored it.
Again by treating the electron-phonon term as a perturbation, we can easily find the unperturbed
energy levels from having an electron in either level, both levels filled or no electrons denoted as
ledn) = |c) @ |d) ® |n) with the first being the c-level, then d-level and lastly the phonon number.
This gives us the energies 0,¢,¢ + A, 2¢ + A + U, plus the phonon energy, for the system without
electron-phonon coupling, same as in the intraband model.

4.1 Perturbation theory

We again start by using perturbation theory where we work with the electron-phonon coupling as
perturbation to the Hamiltonian Hy = H. + H,, + H._.. With this model we can then apply
perturbation theory to find corrections to the energy levels due to the interband electron-phonon
interaction. We quickly see that the first order corrections are going to be zero due to H._,, either
raising or lowering the phonon level, so we go to second order. At second order we note that the
corrections to the highest and lowest energy level will be zero, as both levels are either empty or full
such that a phonon can’t scatter an electron between levels. We then have for the |10n) state which
is the state with an electron in the c-level and the phonon mode exited to the n’th level:

m f TC CJr n 2
S Lml A0+ b+ ) o) P )

ot 10m) €+ nw — E,g?)

We see that the m-state can only be either |01(n 4 1)) or [01(n — 1)) for the correction to be non-zero

so we get:
) o f n+1 n o[ n+1 n
E =A =—-A 4.
[10m) (—A—w+—A+w) <A+w+A—w ’ (4:3)

with the right most term coming from absorbing a phonon, and we see that there is no correction
from absorbing a phonon if there are no phonons in the system, since n = 0. We also get from the
other intial state the same correction but with a sign difference on the A:

(2) 9 n—+1 n
B2 =)\ : 4.4
01m) (—A+w+—A—w> (44)

We see that we get divergences around the point where the energy gag) between the quantum dot
levels is equal to the phonon energy. At this point we have that E|(100n> = |([§)1)(n_1)>, and we get
degeneracies in the system resulting in the perturbation theory breaking down. It could look as if
resonant coupling might be possible around the point where the energy gap and the phonon energy is
close to the same energy. This resonant energy would then depend on the addition energy, A, in the
quantum dot which depends on the charging energy that we assume is constant and the difference
in orbital energies which depends on the size. In [3] it was found experimentally for their quantum

dot that the addition energy varied, but was at energies in the orders of 100ueV whereas the phonon
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energies in LAO/STO are in the order 10meV [2]. With w > A we have from equations (4.4) and
(4.3) that

2 2
2 A n+1 n A

2 2
2 A n+1 n A

which are the energy corrections we expect for the states with one electron, with phonon energies in
the range of 10meV. Since we saw from perturbation theory that the |11n) is unchanged we would

expect that U — U + 2’\;2 to second order such that E|(101)n> = FE.+ E;+ U doesn’t change.

4.2 Transformation of the interband Hamiltonian

We will now use a unitary transformation on the Hamiltonian to solve for the states and energies of
the full system without the use of perturbation theory. From the perturbation theory we expect to
find a positive contirbution to the U from the interband electron-phonon coupling. Again, we will
use a Lang-Firsov type transformation. If we use the same unitary operator U = e (OT=b)(netna) ¢
transform the system so that H' = UHUT, it will give the same transformed operators as earlier where
the operators n., ng , c'd and d'c don’t change under transformation. This transformation will help
cancel out intraband coupling but not interband coupling. Since we only have an interband coupling
now we will instead make use of a modified Lang-Firsov transformation. To get a Hamiltonian
without an interband electron-phonon coupling term we will use a transformation with U, = e°2
where

sgzgwﬁ—m@W+d%y (4.7)

We then work out the transformation H = U, HU], following the approach of [13]. We will start by
transforming the operators in the new Hamiltonian. When doing this we keep the Baker-Campbell-
Hausdorff formula used earlier in mind. Beginning with the phonon creation and annihilation oper-
ators we get:

b= es0f=b)(ctdrdle)y ,—30f-b)(cfd+dlc)
(4.8)

b+2wd+$mm—am+m=b—£@W+ﬁ@,

similar to how we did when dealing with intraband coupling. Now to the electron creation and
annihilation operators:

¢ = e
At tg o gt L AT S S S (4.9)
:c+;(b —b)[cd+dc,c]+§m(b —b)*[c'd+d'c[c'd+d'¢c,c]] + ...

We start by calculating the commutators. To do this we use that the electrons in the ¢ and d-levels are
fermions so that their operators obey the normal anticommutation relations, {cl, cl} = {c,, ¢} =0
and {ca,cZ} = Oab:
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[c'd +dic,c] = [c'd, c] + [d'¢, ] = c'dec — cc'd + dice — cd'e

4.10
= —d{c,c'} = —d. (4.10)
Now we can calculate the third term in the Bakers-Hausdorff-Campbell formula:
[ctd + die, [cfd + die, c]] = [cld + d'c, —d] = —[d e, d]
= —d'cd +dd'c = d'dec + dd'c (4.11)
= {d",d}c =c.

From this we know that the uneven terms give —d and the even terms give c¢. This gives us the
transformation of ¢ as:

- Ret-p)” (20 =)
P P S P R

n=0 (4.12)
Ay , Ay
= cosh | —(b" — b)| ¢ —sinh | —(b" — b)| d,
w w
where we used that sinh(z) =) % and cosh(z) =" é:;!. Then we also know that:
A A
¢ = cosh {——(b* — b)] ¢’ — sinh {——(b* — b)} d'
w w
(4.13)

= cosh [i(zﬂ — b)] ¢’ 4 sinh P(b* — b)] dr.
w w
Similarly for d we use the same procedure and find that [cfd + dfc, d] = —c giving us that B
[c'd + dic, [ctd + dTe, d]] = ['d+ dc, —d] = ¢, so we find that we just exchange the ¢ and d to get d.
We now have the transformed operators as:

b=10b— A (c'd+d'c) , b =0 — A (c'd+d'c), (4.14)
w w
_ A R _ A A
¢ = cosh [—(bT — b)} ¢ — sinh [—(bT — b)] d , ¢ =cosh [—(bT — b)] c' + sinh [—(bT — b)] d',
w w w w
7 A T : A T 7t A T il ; A T T
d=cosh |[—(b' —=b)| d—sinh |[—(b"—=b)| ¢ , d"=cosh|—(b"—b)|d +sinh |—(b' —b)| .
w w w w

We can now work on transforming the Hamiltonian. The transformation of the Hamiltonian requires
a bit more work in the interband case, since the number operators after this transformation contain
multiple terms so the calculation have been moved to Appendix A. To transform the Hamiltonian
we transform it one term at a time and introduce the notation:

Ay = cosh? [3(& — b)} , Ay = sinh® [3@* — b)] ,  As = cosh [A(bT — b)} sinh P(b* — b)] :

w w w w
(4.15)
From this we get that Ay = A%, A5 = A3, Ag = A3, A7 = Aj A3 and Ag = A3A;. We then end up
with a transformed Hamiltonian on the form:
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H = E.n, + Egng+ Uneng + Vidie + Vaeld + wb'b, (4.16)

with the transformed energies:

_ A2 A2 _ A2
E.=e—AAy— >, Ey=e+AA — 2, U=U+2>,

w w W
Vi = —AA; — 2U Aq, Vo = AAy — 2U As. (4.17)

This gives us a Hamiltonian without the coupling term, but we have instead ended up with the
exponential factors containing the phonon creation/annihilation operators, and therefore the result
from the unitary transformation is not as clear cut as it was with the Lang-Firsov transformation in
section 3. We do already see that the U — U + 2’\—2 which works to create a repulsive potential. We
also get similarly to the Lang- Flrsov result that the energies for a single particle on the quantum dot,
E. and E, are again lowered by 2=, These two results are the same as we got from perturbation theory
to second order in A for w > A We also get two new terms from the transformation, the V; and 1,
that give an on-site hybridization that mixes the orbitals. The transformation has thus gotten rid of
the electron-phonon coupling term but by expanding out the A’s we get infinitely many terms with
both electron and phonon operators. We have achieved the goal of removing the electron-phonon
coupling term but that didn’t diagonalize the Hamiltonian. To study this new Hamiltonian further
we will try averaging over the phonons.

4.2.1 Averaging over the phonons

We will trace out the exponential function with the bosonic operators. We do this by assuming that
we are in a thermal equilibrium at a low temperature, and then trace over the unperturbed phonon

. . -8
states with the density operator p = Te[_—ff};’;h], and H,, = wb'b. We use the result, (ex(®'-0)) —

g~ 3a’coth( 5 ) from appendix D, and for low temperatures where lim,_,, coth(z) = lim,_, EEZ—E =1,
we have that. )
ETr [p eio‘(btb)} = ema0teoth() o om30° (4.18)

We can now easily calculate the reduced Hamiltonian by using that the trace is a linear mapping.

As an example:
4 . 2 )\ T . 2 )\ T
psinh —b)| p =Tr < psinh” | —(b" — b)| sinh® | —(b" — b)
w w

—3(b*—b>> (eguﬁ—b) _ e—j,(b*—b))}

L/ et
_4
( i6 6+ et (1-0) _ 420 (b1=b) 4 o—5(b1-b) _ 46—23(”*—1’))

—g2 *2
~ 2 3—4e 22 ).
8( + e )

Having averaged the Hamiltonian over the phonons, we now have have a completely fermionic Hamil-
tonian. We can then examine the eigenstates of the Hamiltonian in the limit of weak and strong
coupling.

1
ETr (pAs) =

(4.19)

NIH NIH Nl*‘
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4.2.2 Strong coupling regime

In the strong-coupling regime % > 1, we see that Tr(p As) =~ %. We calculate the rest of the averages
over the A’s in the same way as in (4.19) and get the same result as in [13]. In the strong coupling
regime, where the exponential functions go to zero, we get:

1
Tr(pA;) =~ -, Tr(pAs) ~ —5

N —

3 1
Tr(pAs) = Tr(pA7) = Tr(pAs) = 0, Tr(pAy) = Tr(pAs) ~ 3 Tr(pAg) ~ -5 (4.20)

At last we have the term w(b'b) = w% = wnp(w). These are boson operators and it will give
us the Bose-function that goes to zero for T going to zero with a constant phonon energy. So we
can safely neglect the phonon energy for low enough temperature. For 7" = 1K and hw &~ 20meV,
an LAO/STO phonon energy from a phonon possibly involved in the electron pairing [2], we get

Bhw > 200. This limit then gives the totally fermionic reduced Hamiltonian, Hp:

Hp = En, + Eng + Uneng, (4.21)
with the transformed energies
_ A\ _ A2
F=e+———, U=U+2—. (4.22)
2 w w

We thus have two degenerate states, as the states with one particle in the ¢ or d-level now have the
same energy. With our new U > 0, the energies of the system are:

EOO = 07
AN

FEiy=Fkpn=€¢+ - ——, (4.23)
2 w

E11:2€+A+U.

We see that the energy of having a particle pair does not change, just like the model predicts, as
it doesn’t allow jumping between levels with both levels already occupied, but it still allows for
polaron modes with lowered energy, favoring single particle states over particle pairs. We note the
main result of this calculation, that the interband electron-phonon coupling results in a positive
addition to the electron-electron potential U, and thus works against electron-pairing as the energy
of single particle states was lowered compared to the two-particle state. We now understand that
in a system with both intraband and interband coupling mechanisms, we would have a competition
between pairing up electrons and breaking up those pairs. Since we have not studied the actual form
of electron-phonon coupling in LAO/STO, but only worked with made up toy-models for intraband
and interband electron-phonon coupling in an Anderson-Holstein model we can not know if this exact
pairing mechanism is present in the interface. We do know however that there are polarons and if
these types of couplings exist, then an intraband coupling between the xy-orbital energy levels below
the Lifshitz point and an interband coupling between the mixed levels above the Lifshitz point, could
encourage electron-electron paring below the Lifshitz point, and discourage the pairing above it, and
thus be in line with the experimental findings in [4]. We also note that this coupling requires the
electrons to coupling to the same phonon.
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4.2.3 Weak coupling regime

In the weak coupling regime with % — 0 we expect to recover the non-perturbed eigenenergies

in the low-temperature regime with (n) = 0. For weak coupling we can expand the exponential

functions, that we get after averaging the A’s, to second order in A and we get that Tr[p A;] =~ 1— i‘—i,

Tr[p As] = _2_2’ while Tr[pAs] = Tr[pA7] = Tr[pAs] — 0 this will gives us

2 2 2
EC—>6+)\—(é—1) , Ed—>e+A—>\—(é+1) , U—>U+2>\—, (4.24)
w w w

w w

where we see that we recover the perturbation result from equation (4.5) and (4.6) in the limit of
w > A.
5 Spin-Orbit coupling

We now introduce spin and spin-orbit coupling to the system. This expands the Hilbert space to 16
dimensions. We now have the Hamiltonian:

H=H.+Hpy+Hso+ Hee + He_pp. (5.1)

The angular momentum matrices in the {yz, zz, xy} basis are:

0 4 0 0 0 0 00 —i lyz)
L.=|—i 00|, Ly={0 0 i|, L,=[00 0]. {]|zz2) (5.2)
0 00 0 —i 0 i 0 0 |zy)

They are worked out in appendix F. The terms H, + Hgo in the Hamiltonian with spin is then:

10
H:Ho®(0 1)+A502La®aa, o=,z (5.3)

which in the basis of {yz 1,yz |, 2z 1,2z |, zy 1,2y |} turns out to be

0 10,  —i0y
H= H() + ASO —iO'Z 0 7:0'1« . (54)
10y —i0y, 0

We see that Hgo is zero on the diagonal and the second quantization Hamiltonian will then have
terms like C;Dzrcwzy So with 4,j € {yz T,yz |, 2z T,zz |, zy T,zy |} , we have:

Hso =Y ch il Hsoli) ¢, (5.5)
(]

0 0 ¢« 0 0 =1\ (|yz,1

0O 0 0 — 1 0 lyz, 1)

B - 0 0 0 0 4 |xz, 1)
Hso=8sol o i o o i o0 |z, 1) (56)

01 0 — 0 O lzy, 1)

-10 —i 0 0 0/ oy, )

The goal is now to examine the effect of spin-orbit coupling in the two-level one-site Anderson-
Holstein model. We will work the special case were df |0) = |yz, o) and ¢! |0) = |2y, o). We imagine
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that this could be for a quantum dot where L, < L, such that the orbital contributions to the
quantum dot states resemble those in figure 4, combined with being around the Lifshitz point to
allow for energy levels containing different orbitals. We work out Hgo in the basis {|yz, o), |zy, o)},
and the only non-zero elements in our second quantization Hamiltonian, Hgp, are

(yz | Hsolzy 1) = Aso & (yz 1| Hso vy 1) = —Aso, (5.7)

and their complex conjugates. We now have in second quantization that:

Hgp = A50(0$d¢ — CidT — chi + dICT)‘ (58)

In more compact notation we get for the 5, band the entire spin-orbit coupling Hamiltonian in second
quantization as:

Hgo = iASOCLz,a(T;/Bszﬁ + H.c
+ Z'Agoclzaagﬁcxyﬁ + H.c (59)

+ Z'Agocly@agﬁcyzﬁ + H.c.
With O'éﬁ being the matrix element between spin o and [ for the i-th pauli matrix. We get this from
equation (5.3) by multiplying the matrix element in orbital space first and leaving the spin space

matrix element. This notation gives (5.8) and is general for the spin-orbit coupling of 5 ,-electrons.
We know that the Lang-Firsov transform will not affect this Hamiltonian as ¢, and d, acquire the

same factor e*(*' ) o that &rd, = cld,. We instead transform it with the transformation used for
the interband electron-phonon coupling. This gives:

cld, = {fcosh (X8 — b)] -+ djsinh [\(4 — )] } {dycosh [A(B — b)] — e,simh [ABT = 5)] }. (5.10)
We multiply this out and rewrite it in terms of the matrices A;. By permuting ¢ and d and taking

the conjugate transpose (or permuting spins) we find all the transformed terms:

E;Cii = C$d¢A1 + (qui - C$C¢)A3 — d$C¢A2 s d?q/ = d;CiAl + (C$C\L - d,JFd\L)A:g - C$d¢A2,
Ede = CIdTAl + (dIdT - CIC¢)A3 — dICTAQ s dIET = dICTAl + (CICT — dIdT)Ag — C:II-’dTAQ, (511)

which gives the full Hgo and we get:
Hso = Aso(cid, —die, —cldy + d )
SO SO\ Gy 144 ) )

= Aso(cld Ay + dld As — cleyAs — dle Ay — dle Ay — cley Ay + dld As + cldy A, (5.12)
— CIdTAl — dIdTA?) —f- CICTA;; + diCTAQ —f- diCTAl —f- CICTA;), — dIdTAg — CIdTAQ).

We are now left with:
HSO = ASO{(Al + A2)<C$d¢ — d¥c¢ — CIdT + diCT) + 2A3(CICT + didi — dIdT — C$C‘L)} (513)

From earlier we know that in the strong coupling limit, (A;) = —(A,) = 5 and that (As) = 0 which
will give that (Hgp) = 0 for " — 0.
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If we instead chose that df represents the zz, o state, we arrive at:

Hgé,xy — Z‘ASO(CﬂC‘L -+ diC¢ — C$d¢ — Cidzﬂ, (514)
which under the unitary transformed used earlier transforms like:

Hgg"™ = Hgg™ (A1 + Ag), (5.15)
which when averaged over the phonons is zero, at 7 — 0 and goes back to Hgj™ at T — oco. We
see from this result that when working with interband and intraband electron-phonon coupling the
spin-orbit coupling of the electrons will not affect the U in the Anderson-Holstein model and change
the result from sections 3 and 4.

5.1 Spin-orbit effects on electron-phonon coupling

We could imagine that the spin-orbit coupling could affect the electron-phonon coupling term in the
Hamiltonian and only allow certain interband scattering terms depending in the symmetry of the
phonon. Here we work with an electron-phonon coupling term only allowing scattering between levels
with different spins:

He_pp = A0+ b)(dxq + dIcT + C$d¢ - cIdT). (5.16)

This leads us to use a non-spin conserving unitary transformation, U = €** with the anti-hermitian
operator .S:
A

'S:—b*—b(d* df fd Td). 5.17
7 w( ) TCJ'+ iCT+CT ¢+C¢¢ ( )

For ease of notation in this section we’ll use S = % (bJr — b) E, with the electronic part E = d%ci +

dIcT + cld L+ CIdT' Then we can find the transformed operators in the same was as we have done
before, only now with spins:

UbU" = e5be™ = b + iE[(bT —b),b]+..=b— iE, (5.18)
w w
and for the fermionic operators with spin:
- A " E, ¢
Uc,U' = €e5c,e™ = ("' —b  7n 5.19
W= et = 3 20 ) (519

To evaluate this we use that

[AB,C] = ABC — CAB = ABC + ACB — ACB — CAB

5.20
= A{B,C} —{A,C}B. ( )
We then have )

[E,c,| = [d$c¢ + dlcT + Cidi + cIdT, Co) = —dy, (5.21)
where we used that [dlc,,c,n] = 0, and that [cld_,,c] = —{c!,co}d_y = 0,0d_,. Then we
evaluate the next term in the sum

B, cols = 6, —d_,] = —[dley + dler, d_o] = —(—c,). (5.22)
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We can now evaluate the entire transformed operator, as all even terms of the commutator evaluates
to ¢, and the uneven terms to —d_,:

A bT—b 2n A bT—b 2n+1
R LS T ) U B

= c,cosh P (of — b)] — d_,sinh [3 (b — b)] :

w w
From this we have all the transformed operators and it is then only a matter of transforming the
Hamiltonian following the same approach as used before. We get that:
di Gy = di o Ay + (¢! o — dLd_o)Ag — ¢ d_gi Ay, (5.24)

and with this we have that UEU' = E. We can now transform the electron-phonon coupling term
and the phonon term in the Hamiltonian:

2
Heopr =\ [(bT +b) — 224 E=\(0"+b)E - 2%1@2, (5.25)

~ FD TR
Hyp = wb'b— X (b +b) £+ —E, (5.26)
w

giving us that the coupling term cancels out again. To understand the effect of the contribution

—’%E2 we look at the term E? which will give some terms proportional to n¢ and n?, some terms
c,d

proportional to nin® _ and then some orbital mixing terms:
E? = d$c¢dicT + dicickh + dkicich + dIchici + dIcTC%Q + qudIdT
+cldydley + cldydler + cldycldy + cjdrdle) + cfdrdl ey + cldycld)

= Z n) —2 Z nint  + 2d1d$cTc¢ + 2cIc$de¢ +2 Z crdle ,d_g,
Y 4 o

(5.27)

with ~ representing the quantum dot levels ¢ and d. We see that the term contributing to the on-site
potential proportional to n¢n?  is negative and will give then a positive contribution to the interaction
term from the transformation of the phonon and electron-phonon term in the Hamiltonian, and we
see that this potential electron-phonon coupling will also contribute towards a repulsive potential
just like we had it for the interband case. An electron-phonon term like this could work to break up
local pairs. With the spin-orbit coupling allowing interband electron-phonon interaction terms, only
when a mixing of orbtitals is available, it would then only contribute to breaking up electron pairs
around and above the Lifshitz point.

6 Generalization of electron-phonon couplings to N quan-
tum dot levels

With these previous sections in mind we have an understanding of the contribution that electron-

phonon coupling can give to the potential between two electrons on the same site in a two-level
Anderson-Holstein model. Now we can briefly discuss the more general effect of electron-phonon
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coupling for an N-level quantum dot with interband and intraband electron-phonon coupling. We
use a general electronic contribution :

E = ZO&Z‘]‘CIC]‘, (6].)
ij

with an electron phonon coupling on the form
Hepp=X(0'+0) E, (6.2)

so that we can use a unitary transformation on the form e**, with iS = % (bT — b) E, as we see from

the Baker-Hausdorf-Campell formula (3.10) that E will transform to itself, while bt + b transforms
to bl +b — 2£E. We will then always end up with H,j, + H._,, transforming to wb'd — ’\UQEQ. We
then examine the effect of the E2 on the U in the Anderson-Holstein model and we have:

E? = Zaijozkchcchcl. (6.3)
ijkl

Terms with ¢ = 7 = k = [ will contribute to lowering the energy of the polaron on the quantum dot.
Terms with ¢ = j and k£ = [ but 7 # k, which corresponds to intraband coupling, will recover the
result from section 3, where U;; — U;; — 2%2%@-0%. We also get two interband terms with ¢ = [ and
j = k but i # 7 which will give contributions like oz,-jajicj-cjc;ci = ajjon; (1 —nj) which will give
that U;; — Us; + Q’L—Qmjaﬁ, which recovers the result of section 4 and section 5 which works against
local electron pairing. If we could have an interband type electron phonon coupling where the sign
of ay; is opposite of the sign of «;; it would result in a negative contribution of U, but we do not
know if a phonon that couples to the electrons in LAO/STO like that exists.

7 Conclusion and discussion

The effects of electron-phonon coupling on the electron pairing in a quantum dot in LAO/STO has
been investigated. First we used the band structure of the LAO/STO interface to examine the orbital
structure of the energy levels in the quantum dot, and orbital mixing was found to occur after the
Lifshitz transition. The effects of electron phonon coupling were studied using a two level Anderson-
Holstein model of a quantum dot, and both interband and intraband electron-phonon coupling was
examined. In the intraband case a unitary Lang-Firsov transformation was used, and it was found
that the eigenstates are polaronic states with a lowered energy. It is also found that the local pairing
potential U becomes negative for strong electron-coupling strength giving rise to local electron pairing.
In the interband case the approach of [13] was followed. A new unitary transformation was used, and
it was found that the interband electron phonon coupling resulted in a postive addition to the U in
the Anderson-Holstein model. After averaging over the phonons in the system, degenerate polaron
states were found with lowered energies. A two-electron state was not affected by the interband
electron-phonon coupling. In the end, a possible electron-phonon pairing coming from spin-orbit
coupling was examined and had the same result as the interband electron-phonon coupling.

For the results in this thesis to align with the experimental results from [4], we could expect that
if polaronic effects are the explanation for local electron pairing in an LAO/STO quantum dot,
then the energy levels below the Lifshitz point would have dominant intraband electron-phonon
coupling. Thus, resulting in electron pairs, whereas above the Lifshitz point interband coupling
would be dominant. This could be due to the spin-orbit coupling affecting the electron-phonon
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coupling term. To further examine if intra and interband coupling is the reason for electron pairing
an investigation of the possibility of interband coupling would be needed. Then also the strength
of the possible intraband and interband coupling below and above the Lifshitz point would have to
be found. Studying the electron-phonon coupling between xz/yz states could be interesting due to
their mixing and high density of states above the Lifshitz point. The possibility of electron-phonon
coupling affected by spin-orbit coupling in LAO/STO could be studied, as phonons with different
symmetries might interact differently with electrons in different orbitals, that also have different
symmetries. The effect of the electron phonon couplings on a physical observable would be a way
to extract quantitative results and it would avoid possible problems of changing the basis since the
expectation value is independent on the basis.
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A Unitary transformation of the interband Hamiltonian

To transform the Hamiltonian the number operators are no longer the same as with the Lang-Firsov,
so lets start by transforming the Hamiltonian one term at a time:
H=cile+ (e+ A)d'd+ Uc'ed'd + wb'd + (b + b)(d'c + &'d). (A1)

Starting with the number operators:

¢'é = (cosh P(bf — b)] ¢’ + sinh P(b* — b)] d")(cosh [5(1)* — b)] ¢ — sinh P(b* - b)} d)

= cosh [w(bT b)] h Ld(zﬁ b)] + hL(bT b)} h[w(bT b)] (df ZdA)Q)

Likewise we get:

d'd = cosh? P(bT - b)] ng — sinh? [3(1)* - b)} n. + cosh [g(zﬂ — b)] sinh B(bT - b)] (c'd —d'c).

w w

(A.3)
Now on to the electrostatic interaction term with Un.n,. Here we use that nc(ch + dTC) = cfd as
nec = cfec = 0 and also ng(c'd + dic) = d'e. Also we use that

(d'c — c'd)(c'd — d'c) = d'dec + dd'c'e
=d'd(1—c'c)+ (1 — d'd)c!
=N, + Ng — 2nN4g

(ne —ng)?.
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neg=cedd
2 | A 2 | A
= ¢ cosh a(b —b)| n. — sinh® | —(b" — b) | ng + cosh
w

X {cosh2 B(bT — b)] [g(bT — b)] n. + cosh {

ng — sinh?
A A

= {cosh4 [—(bT — b)] + sinh? [—(bT — b)] } NeNg
w w

Al - b)] sinh” {A

w w

A
w
A

w

(b — b)} sinh [g(zﬂ — b)] (d'c — ch)}
|

(bF — b)] sinh lA

w

(bf — b)] (c'd — d'c)

— cosh? [ (bf — b)} [ne 4+ na — (d'e — ctd)(c'd — d'c)]

— cosh?® [g(zﬁ — b)] sinh B(bT — b)] [ne(c'd — d'c) + (d'c — c'd)ng]
— cosh B(bT — b)] sinh® B(bT — b)] [na(ctd — d'c) + (d'e — cld)n,]

_ (cosh4 B(bT — b)} + sinh? B(bT — b)D neNg

A A
— cosh? [—(bT — b)] sinh? [—(bT — b)] (Ne +ng — Ne — Ng + 2nenyg)
w

w

— cosh?® [3(1)* — b)] sinh F(zﬂ — b)] (c'd + ¢'d) — cosh [3(19* — b)] sinh® [3(1)* — b)] (die+d'c)
w w w w
— {cosh4 [5(& — b)] + sinh* [3@* — b)] — 2cosh® [3@* — b)} sinh? [3(19* — b)} } NeNg
w w w w
— 2cosh® P(b* — b)} sinh P(b* — b)] c'd — 2cosh? P(b* — b)} sinh? P(b* — b)} dc.
w w w w
(A.4)
We have for the bosonic operators that:
- A A
b'b = {b* — Z(cld + ch)} [b — Z(cld + ch)}
w w
A DY
=b'b+ [— (c'd + dfc)] — 20" +b)(cfd +de) (A.5)
w w

2
:b*b+A

E( A (b' + ) (ch + ch) )

Ne + ng — 2neng) — —
w

Now we find:

éd= (cosh [)\ (bf — b)} ¢’ + sinh [

W

A

W

A

W

(bf — b)} d — sinh [2(5* — b)] c)

A A

W w

(bf — b)] d")(cosh {
A

= cosh? {;(m — b)} ctd — sinh? [g(bf — b)] d'c — cosh { (bf — b)} sinh [ (b — b)} (e — ng),

(A.6)
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d'c= (cosh [g(zﬂ - b)] d" + sinh F (b — b)} c')(cosh [g(b* - b)] ¢ — sinh B(bT - b)] d)

W

= cosh? [g(zﬁ — b)] d'c — sinh? [g(zﬁ — b)] c'd + cosh [g(zﬁ — b)] sinh B(bT = b)} (ne — ng),
(A7)
which gives us:
c'd+d'e = {cosh2 [g(bf - b)} — sinh B(bT — b)} } (c'd+d'c). (A.8)

Now we have with (c'd + dfc)? = n. + ng — 2n.ng, that:

(b +b)(c'd+d'e) = {bT +b— 22(ch +d'c) {cosh2 [g(zﬁ — b)] — sinh? B(bT — b)} } (c'd + ch)}

= |+ di0) = 22 e na = 2| feost? [ 207 - )] —sinn | 20 - 0]}

A
= (' +b) (c'd + dic) — 2;(nC +ng — 2neng).

(A.9)
This gives us that the coupling term in the Hamiltonian cancels out:
L I _ 22
wb'b + A(b' +b)(d'e+c'd) = wb'b + ~—(n. + ng — 2nng) — Ab' +b)(c'd + d'c)
w
)\2
+ A0+ b)(c'd + dic) — 2= (ne + ng — 2neng) (A.10)
w

2
= wb'b — = (ne + ng — 2neny).
w

We have now removed the coupling term in the Hamiltonian. We simplify notation and use:

A, = cosh? ib*—b . Ay = sinh? 5b*—b . As = cosh AbT—b sinh ib*—b .
20 -] 20 -] 201 s | 207 - )

w w ; w
(A.11)
Then it follows that A4 = A%, A5 = A%, A@ = Ag, A7 = A1A3 and Ag = A3A2. This giVGS that:

H=ce[An,— Asng + As(d'c — ch)] + (e + A) [Aing — Asn, — As(d'c — ch)}
)\2
+U [(A4 + As — 24¢) neng — 2Actd — 2AngC] + wb'b — = (ne 4+ ng — 2n.ng)
w
2 A2 A.12
= (E(Al — Ag) — AAQ — ;) Ne + (G(Al — Ag) -+ AAl — ;) Nq ( )

2

A
+ <U(A1 — Ay + 2—) neng — (AAz + 22U Ag)d ¢ + (AA3 — 2U A7)cd + wb'h.
w
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Then using that Ay + A5 — 24 = (A1 — Ay)?, and that A; — Ay, = 1, we arrive at:

H = E.n.+ Eqng + Uneng + Vid'c 4+ Vac'd + wb'b, (A.13)
with the transformed energies:
E.=e¢—AAy — X
Ei=e+AA -~
U=U+2%
Vi=—-AA3 —2U Ag
Vo = AA; — 2U A;.

B Evaluating <eio‘<btb>>

In this appendix we will show that
(oY) _ o~hoten(%), (B.1)

:I:a(bT—b)] .

This is done by working out the trace Tr [pe We will be using boson annihilation and

creation operators b|n) = \/n|n — 1) and bf |n) = v/n+ 1|n + 1) with [b,b7] = 1. First, we use the
Baker-Hausdorf-Campbell formula where eXe¥ = e¢#, with

Z= X4 [V X] o5 XX Y] - S XY] (B.2)

As the boson annihilation and creation operators commute to a constant we have that:

6abfefabef%a2 — ea(bT—b)' (BB)

We now calculate:

(n] (") n) = 75" (] ' e~ |n)

o0

_6‘522”:(( )) Vivn—1...y/n—(m+1)vn...\/n—m +1)(n—mn—m').

(B.4)

The square roots come from applying the annihilation and creation operators to the bra and ket. We

will use that (n — m|n —m') = 0y, and that Vnyn—1...y/n— (m+1 \/— giving:

n!

(n| e (b= =2 Z m' = (B.5)

= (:L), we arrive at:

(n] (") ) _e“zi: :ﬂ () (B.6)

Upon using that

m'(n m)!
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We then have that

d2 2 d n—1 n—2
" (m<n) n _
=—a" = -1 - 1 = m! n—m
e nn—1)...(n—(m+1)) m (m>m
n dm
= n_ < = n
(m)x m! dz™ (z")

Now using p,n = 6_5”@_%), we get with B.6 and B.7 that

o0

T [ o0 — % e Z 2 ;"”( )

_L
2

(@),

' d:vm

n,m
o _Bw
62622
m
n,m

(B.7)

where we defined z = e#“. In the second line the sum is only for m < n because of the derivation

of B.7, but since dd —

use that 0 < z < 1 so that we can perform the sum over n, > 2" = ﬁ, and we get:
_ o? Bw (—062>m ™ dm
Tr[ eo(t! lﬂ =e ze 2 "
Prh zm: (mh2  dam ;

_a? _pux— (—aB) ™ d™ 1
—e e Z (m!)?2  dam (1—1:)'

dgm—1 dgm—F

=m!(l—x) ™,

dem \1—=x

and using this we get that:
a2 w —a? mo.m
Tr [pph ea(bT_b)} S Z wm!(l — ),

We then use that:

e 2
1—e P
Bw
e 2
1—2a’
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m 1 m—1 m—2 m—k
d ( ):d 1(1—x)_2:dd 1-20—2)73 3 d k(1 =)tk

(™) = 0 for m > n anyways we can sum over m going to infinity. We will now

(B.10)

(B.11)

(B.12)



so that we get:

=Ze Te T (B.13)

We now have that:

<€a(bT—b)> _ o~ Seoth(52) (B.14)

C Anderson-Holstein model

P. W. Anderson proposed a model for amorphous diamagnetic semi-conductors, preferring paired
electrons. Anderson assumed a potential between a pair of localized electrons of opposite spin on a
covalent bond. The potential, V| included the electrons interacting with lattice vibrations in addition
to the repulsive Coulomb potential, U, between the electrons:

1
V= Z {5051022 — Az (nig + nzi)} , (C.1)

where x; is the vibrating bond length between a pair of atoms with a covalent bond. ¢ is a bond force
constant and A\ an electron-phonon coupling constant. The electron number operator is n;, = clTch
for spin ¢ at bond site . The Hamiltonian considered by Anderson is then:

1
H =N " Eniy + Uy nan, T.icl cin “Mi2+V, C.2
Z +§iju+;nﬂ+§i:2 s (C2)
where F; is the energy of an electron localized at site ¢, U the repulsive electrostatic potential of
two electrons localized at the same site and T;; the electron hopping energy from site 7 to site 7. M
being the mas of the vibrating pair of atoms on the covalent bond and #; being the linear velocity
of vibrating atoms. This is simply the kinetic energy of the vibrating atoms on the bond. Then

by minimizing the potential energy of the bond: % = 0 we can eliminate x; and get a minimum

potential energy, with our new equilibrium zy = %(m + n;) which upon substitution back into V'
gives:

Now substituting V™" into the Hamiltonian we get:
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min A 1 o
H™" = Z (EZ - ) Nig + (U — —) Znnnu + Z ij wcja + Z §Mxi + V. (C.4)

o ijo -
Since we have used the minimized potential, which corresponds to a static case with zy we ignore the

kinetic term. This is valid for very low frequencies with w < wy with wy = \/T occurring at very
low temperatures. We now see that we have the effective potential

U= -2, (C5)
which for strong enough coupling constants or weak bond force constant can become negative, referred
to as Anderson’s negative-U which tells us that a pair of like charges can be localized on the same
bond. This should also tell us that all covalent bonded materials with two electrons on the same
bond must have a strong electron-phonon coupling strength.

We also have that the energy of an electron localized on site i is lowered. The hopping integral T}; is
also lowered by a lot giving strongly localized states. If we then neglect the weak hopping term we

are left with, for very low frequencies:

HeF = ZEeffnw Uefonzan, (C.6)

0

where E = F - % This gives us the energy spectrum:

ni=1: E = Et (C.7)
n;=2: E =2ET 1 Uye/t,

We see that the system will always prefer either zero or two electron states. For 2E; < —Uet!f we
have that the state with n; = 2 will have negative energy and will be preferred while for 2E7 s
—U¢T the states with n; = 1 and n; = 2 will have E > 0 and thus the state with zero electrons is
preferred, given here that we are a temperature of kpT < U®/ such that around Ef LN %U ff the
energy gap up to the state of n; = 1 is very large. This now gives us that the Fermi level ex = 0 as

the state with n; = 2 is only occupied if £ < 0. [12] [1]

D Constant interaction model

The constant of proportionality between the charge and potential difference is called the capacitance
and is defined as C' = % As we have that W = Q[V(b) — V(a)] is the work required to bring a
charge from a to b in a potential independent of path, then we will have that bringing another charge
from the the negative conductor to the positive is dW = V,_,,dQ" = < 5dQ" = W = —2 which gives
the work required to bring ) charge onto a capacitor. The constant mteractlon model builds upon
two assumptions

1. The coulomb interaction between electrons in the dot and between electrons in the dot and
outside is described by a constant capacitance parameter, C, which is the sum of capacitances
between the dot and source, gate and drain and other sources of capacitance: C' = Cs+Cg+Cp.
This means that we assume that the capacitance of the quantum dot doesn’t depend on the
number of electrons, bias or gate voltages or anything but is constant. We have a Thomas-Fermi
wavevector of ky ~ 0.25nm !
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2. The single particle energy spectrum is independent of the couloumb interactions from the
voltage sources around the quantum dot

We will use that for N electrons Q = —|e|[N = CV and U = %, with U being the electrostatic energy
required to add @ electrons to the capacitor, then the electrostatic energy of a quantum dot with

capacitance C' with N electrons, with voltages Vs, Vp and Vi is given by:

(—’€|(N — N()) + 05VS + CDVD + CGvg)Q

2C ’
where —|e] is the electron charge, the term Nyle| is the charge in the quantum dot compensating for
a positive background. Nyle| is then the number of electrons on the dot with all voltages zero. The
total energy of the quantum dot with N electrons is then given by the electrostatic energy plus the
sum the NV single particle energies:

U(N) = (D.1)

E(N) =

—_ — 2 >
(=Jel(N = No) + CsVs + CpVi + CaVa)® | S B, (D.2)
n=1

2C

The last term is a sum of the occupied energy levels that depend on the confinement potential. The
electrochemical potential is defined as the energy required to add the N’th electron to the system,
and is then:

uw(N)=E(N)— E(N —1). (D.3)

We will then work out E(N —1) as follows, where we will shorthand CsVs+CpVp+CeVe = Qs.pa:

_ _ - 2 N-1
E(N o 1) _ ( |6|(N 1 NO) + CSQS,D,G) + Z En
n=1

2°C
_ —leP(N = No)* = 2[e|(N = No)Qs,p.c — 2Qs,pclel = 2[el*(N — No) + Q% p ¢ + lef”
N 20
N
+> E.—E,
n=1
N
(—le[(N = No) + Q)? 2lel*(N — No) — le|* — 2[e|Qs,p.¢
= ETL — L A E
°C +; 50 N
1
= E(N) - Ec (N ~No-5 - Qﬁ”(’“) — Ex,
(&

(D.4)
where we introduced the constant energy Feo = % We can now easily find the energy required to
add the N’th electron to the system:

1 CsVs+CpVp+ CeV,
W(N) = Eg [N = Ny— = — sVs +CpVp + CagVg
2 le]
We can finally find the addition energy which is the general energy required to go from N to N + 1
electrons on the quantum dot:

) + Ey. (D.5)

Eaaa = (N +1) — p(N) = Ec + Ena. (D.6)
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We now have that the energy from adding one more electron only depends on the constant term
energy term F¢ and the energy difference between the N'th and (/N 4 1)’th energy level in the dot as
AFE = FEny — En. AFE between two levels can be zero in a system with degeneracies due to spin or
symmetries. In a quantum dot modeled as a particle in a 2D box we will necessarily have degenerate
energy levels as we can rotate the momentum vector 7 and have the same energy. [7] [5]

E LAO/STO Band structure

In STO the electrons are confined to the d-orbitals d,,, d,, and d,. [8]. The 2DEG is located on the
STO side of the LAO/STO interface [2]. The band structure is described by the Hamiltonian:

ﬁ2 k_g h2 k2

2mp, + Zm? Adﬁ?kxky 0
_ 2 H2Kk2 | h2k2
Hy= | Ayh kg, ST + Wz 0 (E.1)
[l
O 0 Zml + 2ml B AE

It is easy to see that along I'X(k, = 0) and I'Y (k, = 0) the Hamiltonian is diagonalized with the
eigenvalues along the diagonal. We first make the Hamiltonian dimensionless by factoring out the
dimension of energy azhfn (6.24E18%) in eV. We get that a;ﬁ} = 0.4997eV. Then for every k, that
we choose, we solve the Hamiltonian. We use some dimensionless values for all the values in the
Hamiltonian, we use:

m; = 0.7
my, = 15
Ap =50
Ay =0.28

kesky € {3, %
Giving us the band structure without any spin-orbit coupling as:

Energy bands for d-electrons in STO
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Figure 5: Bands along the [1,0, 0] direction (k, = 0)
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Energy bands for d-electrons in STO
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Figure 6: Bands along the [1,1, 0] direction (k, = k)

F Spin-orbit coupling for d-orbitals and angular momentum
basis change

To add atomic spin orbit coupling to the electrons in the bands we want to add the spin orbit term
AgoL - S. First we put spin on the original Hamiltonian written in the basis of the d-orbitals, by
taking the tensor product with the 2 by 2 identity matrix so that H = Hy ® 0¢ which takes us to
the 6-dimensional space spanned by {|d,.) ® |1),|dy.) @ |}),|ds:) @ [1),...}. To add the spin-orbit
term to the Hamiltonian we must change the basis of the angular momentum matrix to the basis
of Hy. The Hamiltonian H, is written in the basis of the real d-orbitals that are superpositions of
eigenstates to the angular momentum operator:

ay) = 5 (e = =2) = 1 = 2)
1
e = 75 m = =1 = by = 1),
dy2) = == (Jmy = 1) + [ = =1)).. (F.1)

&

The electrons are in states that are solutions to angular momentum operators. As we know from
quantum mechanics that the Hydrogen atom commutes with the total angular momentum operator
and the angular momentum operator, [H, L?] = [H, L.] = 0, we choose eigenstates that are eigenstates
to all the operators with different eigenvalues, n,l and m;. The eigenfunctions to the square of the
orbital angular momentum operator L = # x P are the spherical harmonics Y™ (r). We can choose
them to also be eigenfunctions to the orbital angular momentum operator L, but then not to L, L,
as they do not commute, and as is standard they are chosen to be eigenfunctions to just L,. The
tog orbitals, d,.,d,. and d,,, are by convention written as real orbitals so that they have direction
and are easily plottable. They are thus written as linear combinations of the complex Y, and Y,
spherical harmonics.

Y, = q:\/;:ieiwsin(@)CoS(@) = ﬂF\/;iiSin(@)COs(@) [cos() = isin(g)] , (F.2)
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and with x = rsin(f)cos(¢), y = rsin(f)sin(¢) and z = r cos(#) we get that:

15 2 .
Vi = e iy) (F.3)

! ! _1—§%—Lr my = m; = — =A(r
+ (G = 2 = Gl = 1) = ) = 1) (P
S o (YY) =2 (= 1)+ = —1) = (ld) . ()

V2

For the last one we have:

Vi = 4/ :;—ireﬂwsinQ(ﬁ) = Fy/ % [cos(26) + isin(2¢)] sin(0) (F.6)

1 _ l 15 . .
(12 = ¥7) = o sin(0)(~2isin(20). (.7
but sin(2zx) = em_szm = (em”e_mégeix_e_m) = 2cos(z)sin(z) we get that:
1 15 . : 15 zy ]
w550’ () [4sin(p)cos(9)] = \/ —— = —= (x| (|-2) — [2)) = (r|ds,) . (F.8)

- V2V 32 dr r2 2

By writing our orbitals as real orbitals they are no longer eigenstates to L, angular momentum
operator and thus don’t have a momentum around the chosen z-axis.

We can now change the basis of the orbital angular momentum operators from {|m; = a)} with
a = —2,-1,0,1,2 to the basis of {dy.,d,.,d.,} by calculating the matrix elements (i| L; |k) with
i,k =dy;,dyy,dyy and j = x,y, z. This is straight forward matrix multiplication when we have the
matrices L,, L, and L, in the L, basis, so that:

200 0 0 0 2 0 0 0 Im; = 2)

010 0 0 2) 0 V6 0 0 Im; = 1)
L,={000 0 Of,Ly(L)=]0 (V6 0 6 0|, |m=0) (F.9)

000 —10 0 0 (V6 0 2 jmy = —1)

000 0 2 0 0 0 (2) 0 imy = —2)

The last vector in brackets indicates the basis. We also have that L, = L+2L‘ and L, = % In the
L, basis we then have that:

0 0 -1
1 -1 0
=0l de=-2|0 | d=-"21]0 (F.10)
yz \/§ . y Uz \/§ | y Uy \/§ 0 . .
0 0 1

0 i 0 0 0 0 00 —i Id,.)
L.=|—i 0 0|, L,={0 0 i|L,=0 0 0 Id,.) (F.11)
0 00 0 —i 0 i 00 |dy)
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From this we can now nummerically compute the eigenvalues of the Hamiltonian

10
H:H0®(O 1)—|—ASOZLQ®UQ, Q=12 (F.12)

which gives us plots on the form:
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Figure 7: Bands along the [1,0, 0] direction (k, = 0), Az, = 10meV
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Figure 8: Real d-orbitals with ligands. From chem.libretexts.org
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