Conductance Simulations of Transport
through a Quantum Dot in the Presence of a
Sharp Drop in the Hybridization Function

Marc Ritter

Bachelor Thesis
Department of Physics, LMU Miinchen

supervised by
Andreas Weichselbaum, PD Dr.

Munich, 2017






Simulation der Leitfahigkeit durch einen

Quantenpunkt in der Gegenwart einen
scharfen Abfalls in der
Hybridisierungsfunktion

Marc Ritter

Bachelorarbeit
Fakultéat fiir Physik, LMU Miinchen

betreut von
Andreas Weichselbaum, PD Dr.

Miinchen, 2017






Abstract

A single-impurity Anderson model is used as a minimal model for a Quantum
Point Contact (QPC), which is then solved with the Numerical Renormalization
Group (NRG) method. As the coupling between the QPC and the surrounding
conduction electron bath is strongly energy-dependent, sharp features occur in
the hybridization function. Since we are interested in the regime at the band edge,
where the hybridization is suppressed to zero, this necessitates the application of
the recently developed Open Wilson Chain approach to the NRG. Overall this
results in a minimal model that can be efficiently simulated at any temperature
using NRG. The qualitative correspondence to experimental results is discussed
for a range of possible parameter choices. The model reproduces the quantised
step in conductance as a function of QPC gate voltage. At zero temperature, a
sub-structure very similar to the 0.7 anomaly in transport through a QPC is
found. At this stage, some qualitative differences to experimental observations
occur at finite temperatures.
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Chapter 1

Introduction and Motivation

A Quantum Point Contact (QPC) is a very narrow constriction through which
electrons move between two otherwise disconnected areas of an electron gas in
effectively one-dimensional fashion. For instance, this constriction can be formed
between two areas of a two-dimensional electron gas (2DEG) by two gates which
generate an electric potential (see figure . In this setup, the width of the
constriction can be modified by changing the gate voltage [2, 12, 18] |19].

Such a device has been realised in several experiments, where the conductance g
through a QPC as a function of gate voltage was found to be quantised in steps of
go = % [19]. Thomas et al. [18] unexpectedly discovered an additional structure at
g =~ 0.7 go, which has become known as the 0.7 anomaly [2]. Said structure forms
a shoulder or a smaller step, the shape of which depends on a number of external
parameters. In particular, dependence on temperature 7" and external magnetic field
B have been extensively studied |1, 2} |18].

While a number of theoretical explanations have been proposed, the origin of the
effect is still debated |1} |2, 12, |16]. Some explanations focus on observed similarities
between the 0.7 anomaly and the Kondo effect, where the local moment of impurity
states scatters conduction electrons at high temperatures while being screened at
low temperatures leading to anomalous behaviour of the resistivity of certain dilute
alloys [2, |11]. This motivated explanations on the basis of a quasi-localized state
with local moment, for example by Meir et al. |16].

Assuming the existence of a quasi-localized state, a single-impurity Anderson
model (SIAM) can be used as a minimal model for a QPC coupled to a 2DEG.
This model is a considerable simplification, as the entire structure of the potential

2DEG 2DEG

D

Figure 1.1: Schematic of a quantum point contact. Two gates (white) generate an
electric potential (light grey) which forms a constriction to the movement of electrons
in a lead connecting two areas of a 2-dimensional electron gas (dark grey).




landscape which forms the QPC is only represented by a single level with local on-site
interaction and energy-dependent coupling strengths.

Solving the SIAM at low temperatures is non-trivial, as perturbation theory is
not applicable in the low-temperature regime. This can be accomplished numerically
using the Numerical Renormalization Group (NRG) method originally developed by
Wilson [23] for the Kondo model [5} |14} |21]. However, the aforementioned model for
the QPC is problematic for the standard approach: If the coupling between impurity
level and bath modes contains weak contributions at finite energies, as is the case
in the QPC model, certain significant contributions are neglected. Therefore, the
recently developed Open Wilson Chain approach by Bruognolo et al. [3] will be
employed.

The single-impurity Anderson model will be introduced in chapter [2], followed
by an explanation of how the STAM can be used as a minimal model for a QPC
and the relations which will be used to calculate the conductance and occupation
number. Chapter [3| contains a brief presentation of the Numerical Renormalization
Group method and the Open Wilson Chain approach. Before these numerical
methods are utilized, some analytical properties of the model are demonstrated in
chapter [} Numeric results calculated using NRG including qualitative comparisons
to experimental results are shown in chapter 5| The final chapter [6] summarizes the
results and mentions some starting points for future work.




Chapter 2

The Physical Model

2.1 Single-Impurity Anderson Model (SIAM)

The single-impurity Anderson model describes an impurity level coupled to a continu-
ous non-interacting bath of states. Annihilation and creation operators of impurity
states will be denoted d, and d:f, respectively; annihilation and creation operators
of bath states k will be denoted ¢, and c}rC »- As these operators describe spin-‘-
fermions, o only takes values 1,]. These operators obey fermionic anticommutation
relations, namely

{dj,, da,} = por {C};U, Ck’a’} = oo O/ (2.1)

The Hamiltonian, when expressed in terms of these operators, takes the form [5] 11,
21]

H =Y e dbd, + Udld djd, + > (Vigdhcy, + Visel,ds )+ eho chotyy (2:2)
o ko ko

EI{imp EI_Ihyb EI_Ibath

H consists of 3 parts: Hiyp describes the energy eg, of the impurity state and
the coulomb repulsion U of the two fermions in the double-occupation case, Hyyt,
describes the coupling V; . of the impurity to bath states, and Hy,n accounts for
the energy €, of bath states. Typically, the energies and couplings are taken to be
spin-independent.

The Hamiltonian can also be expressed in the energy representation as [5| |14]

+1 +1
H = Himp + Z /dw \/ Fgrw) (dIera + cjwdg) + Z /dw wel oo (2.3)
7 4 74

where

D(w) =73 |Vil?0(w — ex) (2.4)
k

is called the hybridization function. It describes the hybridization of the impurity
state with bath states at level w. Remarkably, it is the only information concerning
the bath which is necessary to solve the single-impurity Anderson model. Using
Kramers-Kronig relations (see appendix, the full (complex) hybridization function
A(w) can be defined such that I'(w) = —Im A(w): |11]

Alw)=>" V" (2.5)

+
W €L




2.2 Resonant Level Model

The resonant level model (also known as non-interacting Anderson model) is a
simplification to the SIAM, where the spin-up and spin-down impurity states are
assumed to be non-interacting, i.e. U = 0. Thus, the spin-up and spin-down parts of
the Hamiltonian decouple. Dropping the spin indices for simplicity, the Hamiltonian
becomes [11]

H=egdld+ > (Vk die, + Vk*ch) +> e chk, (2.6)
k k

Since the Hamiltonian is now quadratic, the choice of U = 0 considerably simplifies
the problem. In contrast to the full STAM, analytic solutions based on the solution
of the 1-particle problem can be derived in the non-interacting case, which can then
be compared to the solutions obtained by numerical methods. The impurity spectral
function A(w), which gives the local density of states [11], can be determined by
calculating the retarded Green’s function G%, (w) (see appendix . The starting

ddt
point is the equation of motion[] (B.4)

1

—_—
wh Gl = ({4, dT}) + Gy =1+ eaGly + ; viGE (2.7)
Now, the Green’s functions Gi g can be calculated the same way:
wt GZCN = ¢ Gfde + Vi GR. (2.8)
= G () = wt —¢qg —1Zk ink_‘; T oWt edl_ Aw) (2:9)

The last term in the denominator of this expression is the full hybridization function

& wt — €L
Equation (B.5|) can be used to obtain the spectral function

Alw) = _% i Gy () = (w—eq— RZ(AW()@/);TV + (M)’ (2.10)

For a constant hybridization I'(w) = T'p, Re A(w) vanishes and A(w) becomes a
Lorentz peak centered on €4 of width I'g.
Lo/m
A = 2.11
) (w—eq)?+T§ (2.11)
The spectral function is normalized to unity by construction, even for non-constant
hybridization functions [6].

!The notation w* is a shorthand for w + in, where > 0. It is used to obtain the Cauchy

principal value by taking the limit 7 — 0 at the end of the calculation. Further details can be found
in appendix E}
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Figure 2.1: Approximation of a QPC w/D

with a single-impurity Anderson model.

Even for a smooth potential, quasi- Figure 2.2: Hybridization functions for
localised states exist. Thus, the QPC  the QPC model from equations
may be modelled as an impurity if a suit- and using § = 0.1 for both func-
able hybridization function is used. tions.

2.3 Modelling a Quantum Point Contact Using a STAM

A minimal model for a quantum point contact may consist of the single level in a
single-impurity Anderson model if the gate voltage introduces a potential barrier of
similar magnitude to the Fermi energy ex. The band is then bent upwards as shown
in figure [2.1] As Meir, Hirose and Wingreen showed using spin-density functional
theory [16], even a smooth potential barrier at the location of the QPC leads to a
quasi-localised state, which will be considered the impurity state €4 of a SIAM. The
coupling to band states corresponds to the hybridization in the SIAM. To model
different gate voltages, the parameter wy is used, which describes the band shift in
respect to a symmetric configuration where the band edges are at ep +£ D, with D
being one-half of the bandwidth. The impurity level is then offset in parallel to the
band edges, i.e. €g = €40 + wo.

As pointed out in section the hybridisation function I' is the only information
about bath states which is necessary to solve the STAM. There are several reasonable
possibilities of choosing I' which will be investigated in this thesis.

2.3.1 Double-sided Fermi Function

To model the conduction band, a double-sided Fermi function can be used. It is of
the form

Premi(w) = Do (f3(w = D) = fo(w = Dy));  Di=wo+ D (2.12)

where fs(w) =1/ (1 +exp(%)) is the Fermi function with sharpness d, D is one-half
of the bandwidth (such that for an unshifted band, the band edges are at £D) and
T'p is the parameter controlling the overall coupling strength. More precisely, it is
the value of I'peyi(w = 0) for an unshifted band wy = 0E|

2This is not exactly true, as the Fermi function f(w) only approaches 0 and 1 asymptotically
as w — +o0o and —oo respectively. However, for § < D, the exponential decay is sufficiently
fast such that the difference between I'g and I'(0) is far below numerical accuracy. For example,
ITo —I'(0)] = 107*3 T for §/D = 1072




2.3.2 Semicircle

In the region close to the QPC, transversal movement of the electrons is constrained
to a very narrow channel, which can be reasonably approximated as a one-dimensional
structure. The density of states of the first site of a semi-infinite tight-binding chain
with equal couplings ¢ and site energies € can be derived starting with its Green’s
function [11]
1 1
G(w) = - T G@) (2.13)

+2

wt —e—

wt—e—
LL)+—€—

Multiplication with the denominator gives a quadratic equation for G(w):

1
<w+— e) Gw)—t?G*w)—1=0 = Gw) = ¥ (w' +Vw? — 4t2> (2.14)
——
UJ/
The spectral function A(w) is obtained by taking the imaginary part of the negative
square root (since A(w) > 0):

UJ/
sl =1

(2.15)

A(w):—%ImG(w)ocIm (;;)2—1: 01_(0212)

otherwise

Clearly, A(w) describes a semicircle. However, in the vicinity of the QPC, the electric
potential shifts the site energies upwards and e differs between sites. In that case,
the density of states will be shifted upwards as well, while its shape remains largely
the same. Below the lower band edge, however, the density of states is not perfectly
zero due to contributions from lattice sites further away.

This behaviour was modelled using a shifted semicircle which is then broadened
throughout with a Lorentzian to smoothen the band edge. Band shift is again
controlled by the parameter wg, I'g controls the overall hybridization strength and D
is the bandwidth. With these parameters,

T [ ., ' —wo\? 5
1—\semicircle(w) - WO / dw \/1 - (W DWO) <(w _w{;; +52) (216)

where A is a normalization constant to allow I'y to be defined as I'(wyp).

2.3.3 Van Hove Ridges

As the QPC is coupled to quasi-one-dimensional leads on both sides, another rea-
sonable hypothesis concerning the shape of the hybridisation function would be a
proportionality to the density of states of an infinite (rather than a semi-infinite)
chain. Its density of states can most easily be derived by observing that an infinite
chain is a single site coupled to two identical semi-infinite chains with Green’s
functions G; = G,.. Therefore, the Green’s function is

1 1

:W+_6_t2Gl(W)_t2Gr(w) wt—e— (w*—e—\/w’2—4t2)

_ ! (2.17)

G(w)

10



from which the spectral function can be obtained by

2t/7r w,
1 -2 ; 2| =
Aw) = ——ImG(w) = T 1-(%)° (2.18)
™ N 2 .
(%) —1 0 otherwise

This is the well-known density of states of a infinite tight-binding chain, where van
Hove singularities proportional to 1/v/1 — w? occur at the band edges. As in the
case of a semi-infinite chain, adjusting the gate voltage simply offsets the spectral
function by some wy. Due to the varied potential landscape of the bath levels around
the impurity, the system is not perfectly translationally invariant in 1D. This will
smoothen singularities such that instead of divergences, smooth peaks (van Hove
ridges) occur at the band edges. This reasoning is in part inspired by the local
density of states in a QPC described by Bauer et al. [1].

In this thesis, the van Hove ridges were modelled by convolution of the van Hove
singularities with a Lorentzian.

§/m
I‘vanHove /dw . w wo < w w +52> (2'19)

The meaning of D1 and I'y remains the same as above. J is again the parameter
controlling sharpness, as it is the width of the Lorentz peak used to smoothen the
van-Hove singularities, and N is a normalization constant dependent on D and ¢ to
make sure I'(wp) = T.

A plot of the hybridization functions is shown in figure

2.4 Meir-Wingreen Formula

For small voltages, where linear response theory is applicable, the conductance
through a QPC can be obtained from the spectral function using the Meir-Wingreen
formula for symmetric coupling: [17]

9 _ /dwﬂf(w)A(w) (_8@8})) (2.20)

9o

where gg = 2% is the conductance quantum of a spinful system and f is the Fermi

function. This formula is very useful for NRG calculations, since the spectral function
can be readily obtained using NRG. The derivative of the Fermi function is
of B/2

T ow 1+ cosh(fw) (221)

where 8 = 1/T. As the derivative of the Fermi function is 0 everywhere except
around w = 0, the conductance is only dependent on the values of the spectral
function and hybridization at small energies, which can be calculated very accurately
using NRG. Furthermore, in contrast to the Kubo formula for linear conductance
which is based on current operators, the Meir-Wingreen formula does not require
any numerical derivatives that would introduce a major source of numerical errors.

11



2.5 Friedel Sum Rule

The Friedel sum rule is the explicit formulation of the intuitive observation that the
change in electron density must be consistent with the number of electrons introduced
by the impurity. The number of states introduced by the impurity which lie below
the Fermi level e = 0 must therefore be equal to the average occupation of the
impurity level (ng) [6} |11].

0 0
(na) z_/ Alw)dw = —% Im_/ e _dA“’(w) ) (2.22)

where the proper self-energy ¥ (w) accounts for the interaction U [9, [11].
The integral can be rewritten using

: g
o In (w —eq— Aw) — EW)) T o—eg— A(w) — X(w)
_ (1 B % _ gi) G(w) (2.23)

The term %G(w) vanishes upon integration [11, [15]. The two remaining terms can
be identified as the displaced charge of the bath in the presence of the impurity

B OA /0w
one = / wt —eg — A(w) — E(w)

—00

dw (2.24)

and the scattering phase shiftE] n up to a factor of m: [11]

n=—Imln (w — €1 — Aw) — E(w)) ]0 = —tan"! (Z) (2.25)

—00

where, for convenience, a and b have been defined as the real and imaginary part of
the argument to the logarithm, evaluated at 0:

a:=—€5— ReA(0) — Re X(0) (2.26)
b:=—ImA(0) — Im 3(0) = T'(0) (2.27)

The last equality holds because Im ¥(0) = 0. [11, 15] As a first preliminary result,

1 b
(ng) + dne = T — 2 tan™? (> (2.28)
T T a
The Green’s function at w = 0, expressed in terms of a and b, is

1 _a—1ib
(—eq — Re A(0) = Re X(0)) — i (Im A(0) + Im 2(0)) a2 + b2

G(0) = (2.29)

Therefore, the spectral function at w = 0 is

br 11 1,
©) a?+b2  7wb 1+cot?n oo (2.30)

3This derivation shows that for a wide band, 7 (n4) = n, the phase shift of a scattered particle
at w = 0. This is true because Gyo,40(w) is proportional to T', where T is the transmission matrix.
As these relations are irrelevant for this thesis, they will not be discussed. For more details, see the
derivation by Langreth [15] or pages 113-115 in the book by Hewson [L1].

12



The value of the spectral function at w = 0 and the occupation number are thus
connected by [11]
(7T A),__, = sin®n ~ sin? (7 (ng)) (2.31)

for a wide, flat band ( %—ﬁ ~ 0). This relation only holds approximately if the Fermi

energy is near band edges, since there the displaced charge dn. becomes significant.

In the limit 7" — 0, the left side of is equal to the conductance 9/q, since
the derivative of the Fermi function in the Meir-Wingreen formula becomes a
very sharp peak centered on the Fermi energy er = 0 and thus [7]

g% _ / dew 7T (w) A(w) <_af;fj’)> _ (xTA),_, ~ sin® (7 (ng)) (2.32)

This relation will be used as a consistency check for the numeric method.

2.6 Kondo Temperature

In the particle-hole-symmetric case of ¢, = —U/2 and U,I' — oo with U/I" 2 10
roughly constant, the STAM transitions into a Kondo model for magnetic impu-
rities [11]. In this context, the Kondo temperature is of interest, as it gives the
order of magnitude of the dynamically generated lowest energy scale in the system.
Consequently, it is the approximate temperature where significant deviations from
the strongly-correlated and pertubatively not accesible zero-temperature regime arise.
The Kondo temperature is intrinsically related to the spin dynamics since charge
fluctuations are frozen out at much higher energy scales. Therefore, the Kondo
temperature can be related to the inverse of the static spin susceptibility xo by

1

Tk = —
4x0

(2.33)

The static spin susceptibility is straightforwardly accessible within NRG. Further
details (which are not important for the following) can be found in [5].

13



Chapter 3

Numerical Renormalization
Group Method

3.1 General Method

The Numerical Renormalization Group (NRG) method is a numeric method for
solving impurity problems at arbitrary temperature, in particular also below the
Kondo temperature Tk where perturbation theory fails. This method uses a coarse-
grained approximation to the continuous Hamiltonian where the Hamiltonian is
discretized in a logarithmic scheme. The discrete Hamiltonian is then transformed to
a semi-infinite chain. Because of the initially chosen logarithmic discretization, the
energy scales of different chain sites are separated and the chain Hamiltonian can be
solved iteratively using Wilson’s method. The procedure will be briefly described,
summarising the essential points of the work of Krishna-Murthy et al. [14] and the
review by Bulla et al. [5]. As an example, the application of the NRG method on a
SIAM will be presented.

3.1.1 Discretization

The Hamiltonian can be written in energy representation as

+1 +1
H = Hip,p, + Z /de“ Ff:) (dj,cw + clodo) + Z /deecigcw (3.1)
7 4 74

where T'(¢) = mp V2 and having chosen D := 1 as the unit of energy. Now, the
bath will be divided into several discretization intervals. To obtain energy scale
separation, which becomes important in later steps, the discretization points must
be chosen logarithmically as x, = A™" with dimensionless discretization parameter
A > 1 (typically A = 2). For each interval, a complete set of orthonormal states
can be constructed by Fourier expansion. The discrete approximation is then
obtained by neglecting all but one state in each interva][] and choosing appropriate
coupling strengths. The discretization scheme is depicted in figure (A). The
bath Hamiltonian can be expressed in terms of the fundamental frequency state
annihilation / creation operators a,, / al  for positive and b,, / bl for negative
frequency, where positive (negative) energies correspond to particles above (within)
the Fermi sea, respectively.

Hyatn = % (1+a71) SoA (af oo = blobus) (3.2)
n=0

LOnly the state related to the fundamental Fourier frequency w,, in each interval is kept.

14
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Figure 3.1: Mapping of the Hamiltonian from the energy representation to a Wilson
chain. (A) Transition from the continuous to discretized bath. (B) Wilson chain of
length N with site energies ¢; and couplings t;.

To reduce artefacts which occur due to the specific position of the discretization
points, a method proposed by Oliveira et al. |10} [24] will be used. Instead of choosing
xn, = A7", the discretization scheme is modified such that z,—0 = 1; x,>1 = A_("+Z),
introducing a parameter 0 < z < 1. Then, after calculating quantities for different
values of z, the uniform average of these results over z € [0, 1[ mitigates discretization
artefacts to a large extent. This method is also known as “z-averaging”.

3.1.2 Mapping to Wilson Chain

By introducing a new local operator

+1
1 1+A 1T E
o= ~ = dk o= B e— A_n/z no bno’ .
fo ﬁ/ by =\ =g A (0 ) (33)

the hybridization part of the Hamiltonian can be expressed in a simple form:

Hygp, = ﬁ (df for + £,ds) (3.4)

where the prefactor of v/2 comes from the integrated hybridization function for
a box distribution of width 2D = 2. As a,, and b,, are not orthogonal to fy.,
the Hamiltonian needs to be expressed in a new orthonormal basis containing fo.
A suitable transformation can be found by using the Lanczos algorithm, which
is a standard algorithm that takes a hermitian matrix and constructs a unitary
transformation to a basis in which the input matrix is tridiagonal [8, 11]. This
algorithm is initialized with an arbitrary start vector which will become the first
vector in the basis set. Thus, by choosing fo, as the start vector, the algorithm
can be used to construct a basis {fn,} which contains fo, and in which Hypayy is
tridiagonal:

H = Hiny, + ﬁ (05 for + Fiod) +

+ Z (en fr]:,afno + tn fq"ta—f(n_l'_l)o' + tn f(—i.n_‘,_l)a'fna') (35)
n=0

15



If a logarithmic discretization scheme has been chosen, the couplings ¢,, fall of
exponentially (proportional to A~"72), leading to energy scale separation of different
contributions to the Hamiltonian. This allows the chain Hamiltonian to be iteratively
solved using Wilson’s NRG method [5].

3.1.3 Iterative Diagonalization

The tridiagonal Hamiltonian (3.5 can be expressed as the limit

H= lim A2V (3.6)

N—oo

of a series of Hamiltonians
1n_ 2r
Hy = AN | i+ = (o, + fl,d) +

N N-1
+ Z Enf:w—fng— + Z tn (f;iof(n—l-l)cr + f(-rn-i-l)ofno) (37)
n=0 n=0

where the factors ATz(V=1 cancel the N -dependence of ty_1 such that the lowest
energy contribution is always of order 1. The relation between two successive
Hamiltonians is given by

Hyy1 = VAHy + A" (G(N—i-l)f(TNJrl)af(NJrl)aJr
+ thJTVof(N—‘rl)cr + th(TN—O—l)ofNa) (3.8)

where

1 (2T
HO =A /2 Himp + 6Of(J)ro'fOO' + ? (djff(]a + f(J)rado') (39>

Now, the actual computation will be performed iteratively. Provided the Hamilto-
nian Hy has already been diagonalized, the step Hy — Hy41 corresponds to adding
a new site to the chain. The eigenbasis of Hxyy1 can be constructed from the known
eigenstates of Hy and basis states of the new site N + 1 [5].

This iterative method leads to an exponentially growing number of states. Keeping
all states in memory and performing numerical diagonalization of exponentially
growing matrices is computationally too expensive. However, since NRG calculations
are mainly concerned with low-energy properties of the system, states that do not
contribute to low-energy behaviour can simply be discarded. It is at this point where
energy scale separation becomes important: As the contribution of the Nth site falls
off exponentially with N, one can in practice assume that high-energy states have
exponentially negligible contribution to low-energy states of future iterations. Thus,
at every iteration step, states with energies greater than a fixed energyﬂ FEirunc are
discarded [5} |14, 21, [22].

The convergence of NRG is exponential in the number of kept states for given A.
In practice, convergence has to be checked. More detailed discussions of the truncation
scheme, which shall not be presented here, can be found in the review by Bulla et
al. [5], and a method for a quantitative estimation of the inaccuracy due to the
discarded states is presented by Weichselbaum in [20].

2Alternatively, only a fixed number Ngiates Of states with the lowest energies are kept and all
states with higher energies are discarded.

16



3.2 Open Wilson Chains

The model for a QPC described in section [2:3]is problematic for the standard NRG
method due to the shape of the hybridization functions I'(w), which contain very
weakly coupled levels at finite energies. This results in non-monotonous behaviour
of the couplings between sites in the Wilson chain. At some late iteration, a strong
coupling t,, will occur, violating energy scale separation. This problem can be solved
using the Open Wilson Chain approach by calculating the energies €, and couplings ¢,
on the level of Green’s functions [3].

Postulating that the bath correlator GP*" = G can be expressed as the coupling
to a single site which is in turn coupled to a new bath, the bath correlator can be
expressed in the same form as the resonant level Green’s function:

1
wt — ¢y — Lo(w)

Go(w) = (3.10)
where ¢ is the level energy and Yy the hybridisation energy. Now, the level energy
€o is equal to the expectation value of w:

€0 = /dwon(w) -

A derivation of this fact and further details can be found in [3]. The hybridisation
energy can then be obtained by inverting equation : Yo(w) =w — €y — 1/Go(w)
Yo can be subdivided into two parts, the coupling to the slow (low-energy) and
fast (high-energy) bath. Quantities related to the slow and fast baths will be referred
to with an index S or F', respectively. This subdivision is performed by weight
functions w®(w) and w'(w) on the imaginary part of the hybridization [3]. Here,
Heaviside # functions were usedhs weight functions w*¥ (w) = 0(&(w — Wirune)):

™

—1/dwwImG0(w) (3.11)

Im Zg’F(w) = 0(£(w — Wirune)) Im X (w); Yo(w) = EOF(oJ) + Eg(w) (3.12)

The full hybridisation energies can then be obtained using the well-known Kramers-
Kronig relations (see appendix [A)).

As it was previously postulated that Eg represents the full (i.e. complex) hybrid-
ization function of a new bath Sy, the above procedure can be iteratively applied
to the slow hybridization functions Zf using ' = G,41. Thus, an exact continued
fraction expansion of GP*! can be obtained [3].

1
Ghath — (3.13)

F |15]”
w—€y— L5 — ik
1
2
[

F S
w—eN—ZN—EN

w—q—Ef—

The remaining hybridisation energies ¥ ; and E% are then absorbed into the
level energies € by

€ — € +ReXF(0) (i # N); en — ex + Re XK (0) + Re 23(0) (3.14)

as this is equivalent to an approximation using second order pertubation theory:
Im Xf (w) I (w)
ReXF(0 / dw / dw (3.15)

3Instead of using Heaviside # functions to truncate, weight functions w*¥ (w) (e.g. logistic
functions) can be chosen such that w®(w) + w’ (w) =1 to truncate more smoothly. For the model
considered in this thesis, Heaviside 6 functions will suffice.
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In addition, this approximation reproduces Re £*"(0) correctly. For a symmetric
hybridisation I'(w), Re ¥ vanishes. Corrections to € are therefore only relevant for
asymmetric hybridisation functions, as is the case in this thesis [3].

The corrected site energies and couplings can then be used in an NRG run akin
to the standard NRG method by constructing what Bruognolo et al. |3] refer to as
a renormalized Wilson chain. Since corrections to the site energies caused by fast
baths are now included in the Hamiltonian, an NRG run using a renormalized Wilson
chain remains accurate even for very asymmetric hybridization functions.
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Chapter 4

Analytic properties of the
Non-Interacting SIAM

4.1 Fixed Impurity Level Position

As a first step, the non-interacting (U = 0) single-impurity Anderson model (resonant
level model) will be considered. Because it can be solved analytically, some properties
of the full STAM can be understood more easily in this simplified version. It is also
useful as a consistency check for the numeric method.

To understand the behaviour of the non-interacting SIAM in the case of asym-
metric hybridization, particularly near band edges, only the band will be shifted in
this first section. The impurity level stays at ¢; = 0 = er and, since some features of
the resonant level model are more easily understood in this regime, a small overall
hybridization of I'g = 0.01 was chosen.

4.1.1 Spectral Function

In section the spectral function for the resonant level model was derived. It is
given by equation ([2.10))

N D)/
A = e T ReAW) + TW)?

where I'(w) = —Im A(w) is the hybridisation function, and Re A(w) can be obtained
from I'(w) using Kramers-Kronig relations (see appendix [A]). Figure contains
plots of spectral functions for different values of wy.

In the symmetric case wg = 0, ReA(w) is small for w ~ 0 (see figure [4.2).
For small w, the spectral function is therefore very similar to a Lorentz peak with
width I', which is the spectral function in the case of constant I'(w) = I'. Because

the Meir-Wingreen formula (2.20))

/dWﬂ'F )< 8‘(];50)>

only samples the spectral function in the vicinity of the Fermi energy er = 0, the
conductance for a symmetric double-sided Fermi function with sufficient bandwidth
is very close to 9/g0 = 1.

For values wg # 0, Re A(w) is shifted the same way as I'(w). In the non-symmetric
case, Re A(0) # 0: the peak of the spectral function is displaced with respect to € by
Re A(0). Thus, the maximum of the spectral function is shifted away from the Fermi
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Figure 4.1: Spectral functions A(w) in
I' = Dsemicircle; I'o = 0.01, 6 = 0.01 . . .
the non-interacting case U = 0 for dif-
1.2 —a-wo = 0.00 ferent hybridization functions shifted by
] L jzgi?:gg wp. As the band edge D_ = wy — D
[ wo = 1.04 crosses the impurity level energy ¢4, the
% peak of the spectral function is shifted
23 to lower energies and becomes sharper,
T until it eventually collapses to a Dirac-
0 distribution, here represented by very
narrow peaks of still finite width for
wo = 1.00,1.04. Near the band edges,

-0 =005 0 0.05 0.1 dependence of the spectral function on
the shape of the hybridization function
is clearly visible.

energy and the conductance drops significantly already for |wg| < D. Figure
shows the behaviour of the conductance 9/g, as a function of wy.

For large values of |wy| > D, the hybridisation is very weak and the system
resembles an uncoupled single level. Therefore, the spectral function approaches a
Dirac-d distribution, the peak of which is displaced with respect to €¢; by Re A(w).

4.1.2 Occupation Number

To verify the Friedel sum rule , the average occupation number (ng) has been
calculated for T' = 0 by integrating the spectral function over energies below the
Fermi edge (see figure . As expected, the relation 9/g, = sin? (7 (ng)) from
equation holds everywhere except near the band edges.

In the symmetric case wg = 0, the spectral function is symmetric as well; therefore,
(ng) is exactly %. In the case of a double-sided Fermi hybridization function, the
impurity level is progressively shifted to lower energies as the band is shifted upwards.
Thus, occupation number grows smoothly. At the band edge, a sudden (but smooth)
transition occurs, where the spectral function becomes sharper and approaches the §
distribution. Only a very small portion of its weight remains at energies within the
band. Shifting the band even further results in very weak hybridisation. While the
value of Re A(0) shrinks as wq grows further, this small shift is sufficient to place the
entire weight of the peak in the spectral function below the Fermi edge, as it now
resembles a § distribution. Consequently, having €; = 0, the impurity level is nearly
always occupied ({(ng) ~ 1) for wy > D.
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Figure 4.2: Conductance through the QPC as a function of band shift wy (left column)
and real and imaginary part of the spectral function (right column). Additionally,
sin?(7 (nq)) has been overlaid to verify the Friedel sum rule (2.31)). The dependence
of g/go on the real part of the spectral function is clearly visible. The difference
between the conductance values and sin?(7 (ng)) near band edges is due to the
neglected displacement of bath charges. The same parameters as in figure [£.1] were

used.
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Figure 4.3: Expectation value of the impurity occupation number as a function of
band shift wy. The same parameters as in figure were used.

For negative values of wg, the behaviour of the spectral function is simply mirrored
at the Fermi edge. Therefore, the conductance 9/4, is the same for +wpy and the
occupation number is mirrored such that (ng) (—wo) =12 — (ng) (+wo).

4.2 Shifted Impurity Level Position

This section will discuss the behaviour of the non-interacting SIAM at similar
parameters to those that will be used to model the QPC. In the model, the impurity
level is shifted together with the hybridization function: e; = wp — U/2. Since a
quantum point contact is intrinsically open to the bath, large values of the overall
hybridization I'g = 0.5 are assumed.

In the non-interacting case, the behaviour is quite simple, since the impurity
level is shifted together with wg. Therefore, the spectral function is shifted the
same way as the rest of the system while its shape remains unchanged, as shown in
figure This implies that the conductance curves for different values of wy (see
figure are a mirrored image of the spectral function multiplied with I'(w). In
the case of I'vanHove, the peaks of A and I'yanHove combine to form a single peak in
the conductance.

Ig=056=0.1T=10"8

9/90

=== Trermi

[vanHove

0.2

Csemicircle AN

0 ‘ ‘ ‘ ‘ —_— ‘
0 02 04 06 08 1 12 14
wo/D

Figure 4.4: Conductances for different hybridization functions in the non-interacting
case obtained using analytic methods.
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Figure 4.5: Spectral functions A(w) for
different band shifts wg, where the im-
purity level is shifted together with
the bath. The spectral function is
simply shifted while its shape remains
unchanged.
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Chapter 5

Results

5.1 Parameter Choice

Results for U > 0 were obtained using Open Wilson Chain approach to the NRG. In
the first part of this chapter, calculations were performed for a very low temperature
of T = 107%. Since this value is below all energy scales in this problem including
the Kondo temperature Tk, this choice corresponds to the zero-temperature case.
Finite-temperature results are given in the last section of this chapter.

As already mentioned, a quantum point contact is intrinsically open towards
the baths and cannot be described as an isolated quantum dot. Therefore, a value
of I'p = 0.5 has been chosen to reflect the expectation of a total coupling strength
on the order of bandwidth D = 1. To get a general idea of the behaviour of the
conductance for different hybridization functions, a somewhat larger value § = 0.1
was chosen, given that one would expect smooth transitions also in the experiment.
Besides, this also avoids any problems with numerical inaccuracy by initially using
very smooth hybridization functions. However, some features are only visible for
small values of § that will be explored after finding parameter ranges for which the
overall behaviour of the conductance is consistent with the experimentally observed
step from g = 0 to g = go.

5.2 Cross-check between Analytic and NRG Results

As a cross-check, analytic and numeric results for U = 0 using the same parameters
have been compared. The conductance for different hybridization functions is shown
in figures and where the on-site interaction strength was varied from
no interaction (U = 0) to interaction strengths on the order of the hybridization
(U = 0.5). Analytic results for the non-interacting case are shown as well. The
analytic and NRG results match closely, confirming the previous assertion that the
NRG method together with the Meir-Wingreen formula is able to obtain conductances
with high accuracy.

5.3 Double-sided Fermi Function

In the case of I' = I'peymi, the spectral function for low interaction strengths is similar
to a Lorentz peak with suppressed tails. Since the hybridization is on the same
order of magnitude as the bandwidth, the spectral function is as wide as the entire
band. The conductance for wg > D, i.e. a band which has been shifted above the
Fermi edge in its entirety, is suppressed by vanishing I'(w). This effect accounts for
the shoulder visible in figure [5.1] It occurs most prominently in the non-interacting
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Figure 5.1: Conductance through the QPC and average occupation assuming a
hybridization function shaped like a double-sided Fermi function for different values
of the on-site interaction strength U. For high U = 0.5, the initial step in the
conductance observed in experiments is reproduced very well. The shoulder apparent
in this picture must not be confused with the 0.7-anomaly.

case, which has therefore no relation to the 0.7 anomaly. This explanation can be
verified by scaling all parameters except the bandwidth by 2, which corresponds to
doubling the bandwidthﬂ This results in later onset of the cut-off, which confirms
its dependence on the location of the band edge (see figure [5.2]).

With increasing interaction strength, the conductance is enhanced. This can be
explained by the observation that the spectral functions change their shape as the
system is shifted. The peak of the spectral function becomes asymmetric for shifts
wp > 0 such that a greater portion of their weight is placed near the Fermi energy
compared to the non-interacting case and the value of A(0) changes more slowly.
This effect grows stronger as U is increased. Since a Fermi-shaped hybridization
function is nearly constant within the band, the conductance stays near gg until the
band edge is reached. Thus, for U = 0.5, the first quantised step in the conductance
from g = 0 to g = go observed in experiments |1} 2| 18| |19] is reproduced. However,
the 0.7 anomaly is not yet visible.

In the Kondo model, full conductance summed over spin gives the conductance
go = % Going to 2¢gg requires an additional transverse channel, which is beyond the
current model. Therefore, instead of further increasing to g = 2g¢ the conductance

'The former is accomplished more easily, as changing the value of D requires adjustment of
NRG parameters.
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Figure 5.2: Scaling all parameters ex-
cept the bandwidth D using a factor of
Y% leads to later onset of the cutoff com-
pared to the unscaled case in figure [5.1]
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Figure 5.4: The strength of the sub-
structure is directly related to the width
of the spectral function, which is in turn
controlled by hybridization strength.
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Figure 5.3: An impurity level close to the
band edge makes sub-structures in the
conductance curve appear. Their origin
is the pinning of the spectral function to
the Fermi edge.
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in this model drops for wy < 0 due to the upper band edge.

The occupation number, also shown in figure [5.1] decreases almost linearly until
the band edge is reached. Since the width of the spectral functions is similar to the
bandwidth, the remaining weight below the Fermi energy is quickly lost at that point
and the average occupation drops to zero.

When the impurity level is taken closer to the lower band edge, a peak appears
beyond the band edge (see figure . The reason for this behaviour is again the
change in shape of the spectral function, where always more weight is placed near the
Fermi edge. This leads to an enhanced conductance in the range wg =~ 1.1. Further
decrease of the distance between impurity level and lower band edge distorts the
conductance step.

Additional evidence that this feature is caused by the band edge is the strong effect
of variations in the hybridization strength I'y on the shape of the additional peak as
shown in figure Since the hybridization strength is roughly proportional to the
width of the spectral function, a decrease in 'y decreases the weight of the spectral
function near the band edge. Furthermore, smoother band edges (increased §) directly
lead to a smoothed structure, until it becomes invisible for large § (see figure .

While this feature initially seems similar to the 0.7 anomaly, results for a wide
range of parameter sets exhibit qualitative differences to experimental observations.
The data obtained from the STAM using I'perm;i shows a shoulder at high conductance
values of 9/go 2 0.9 or a smaller peak with a significant drop in conductance between
said peak and the plateau at g = go. In contrast, experimental data [1, 2, |12} 18]
shows a sub-structure in the range of 9/go = 0.4 to 0.9 in the shape of a shoulder or
small step as opposed to a distinct peak.

5.4 Van Hove Ridges

For a hybridization function containing van Hove ridges, the resulting behaviour of
the conductance for varied gate voltage does not match the experimentally observed
behaviour very well (see ﬁgure. While an initial step from g = 0 to g = gq is visible
for certain interaction strengths, the conductance drops again for further decrease
of wp and never forms the flat plateau near gg which is observed in experiments (see |1,
2, 118,/19]). For interaction strengths U = 0.2, the initial peak even exceeds go. This
unphysical data occurs due to sensitivity of the conductance formula to inaccuracy
in sampling the steep slope in the hybridization function near the band edges.

Further increase in U to = 0.5 causes the peaks in hybridization strength and
spectral function to cross ep at distinct wg, which is visible in the conductance as a
split peak near the band edge. Thus, even though the decrease in conductance for
shifts wg = 0.7 shrinks for stronger on-site interactions, the peaks in the hybridization
function and spectral function prevent a flat plateau. As an example, U = 0.8 is
shown in figure [5.6

The simulated behaviour never resembles the experimental observations. For
these reasons, the analysis of van Hove ridges in the hybridization function was not
further pursued.
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Figure 5.6: Conductance through the QPC and average occupation assuming a
hybridization function with two peaks (van Hove ridges) at the band edges for
different values of the on-site interaction strength U. Clearly, this hybridization
function does not reproduce experimental results. The peaks where g exceeds gy,
which is unphysical behaviour, are due to inaccuracy in sampling near the van Hove
singularities.
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5.5 Semicircle

Increasing on-site interaction strength in the case of a semi-circular hybridization
function cause a smooth transition to a broadened step function. This can be ex-
plained by the observation that for U > 0, the spectral functions become asymmetric
in a similar way as in the case of a Fermi-shaped hybridization function. The result-
ing spectral functions (see figure are now remarkably similar to the van Hove
ridges proposed in the paper by Bauer et al. [1]. As has been pointed out in the
derivation of the density of states of an infinite chain in section this chain can
be equivalently expressed as a single site coupled on two sites to a semi-infinite chain,
which is a system with semi-circular spectral functions. This corresponds exactly to
the situation in the QPC model and thus, the resemblance of the impurity spectral
function to a van Hove singularity is to be expected.

The average occupation of the impurity state is very quickly cut off at the band
edge after almost linear behaviour already familiar from the double-sided Fermi
hybridization function. The sharper cut-off can be explained by the similarly sharper
cut-off in the hybridization function as compared to the Fermi function.

Tsemicircle using Tp = 0.5, 6 = 0.1 at T = 10~8%;
€g=wy—U

1 Tevsagessgszssss —U = 0.0 (analytic)
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Figure 5.7: Conductance through the QPC and average occupation assuming a
hybridization function of semi-circular shape for different values of the on-site
interaction strength U. For a range of U, the initial step in the conductance
observed in experiments is reproduced, similar to [5.1}
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5.6 Anomaly in the Conductance Step

This section explores a sub-structures which can be found in the step structure of the
conductance curve using the semi-circular hybridization function. Upon decreasing d,
the band edge becomes sharper and some previously invisible features appear for
large values of U 2 T'y. For certain parameters, this feature develops a remarkable
similarity to the 0.7 anomaly. Similar to the experimentally observed shape of the
anomaly, a shoulder at a conductance g < go develops (see figure .

This feature shows several characteristic features of a Kondo-like effect, most
notably a sharp peak in the spectral function at the Fermi energy (see figure .
For small band shifts wg, this peak is broadened by the hybridization I'(w); only at
the band edge, where I'(w) drops to very low values, a very sharp peak centred on
er develops, leading to high conductance in spite of low I'(0). As a consequence, the
shape of this feature is very sensitive to small variations in 9.

In contrast, further increase in on-site interaction energy U barely influences the
behaviour. The reason for this is likely the fixed distance of €; to the lower band
edge, whereas only the upper level position €5 + U moves to even higher energies.

As discussed in section the Kondo temperature indicates the order of mag-
nitude of the dynamically generated lowest energy scale. The data shown in figure
[5.8] shows that the location of the anomaly corresponds to a minimum in Tk, where
a drop by one order of magnitude with respect to the value at the plateau occurs.
This signifies enhanced spin susceptibility.

Tsemicirele using T'p = 0.35 at 7' = 1078,
U=08,e4=wy—08=D_+0.2
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Figure 5.8: A structure which is very similar to the 0.7 anomaly. The Kondo
temperature shows a minimum at the location of the anomaly, which corresponds to
a maximum in spin susceptibility.
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Figure 5.9: Spectral functions Ag(w) from which the conductances for § = 0.02 in
figure were obtained. In the region of the 0.7 anomaly between wy = 1 (lime) and
wo ~ 1.05 (orange), a very sharp Kondo peak occurs. The spectral functions Ag(w)
were offset vertically by a constant s times k to create a pseudo-3d effect, such that
wp increases monotonically from bottom to top.
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5.7 Finite Temperature

Results for finite temperature are shown in figure [5.10] As the minimal Kondo tem-
perature is Tk ~ 1072, the shape of the anomaly remains the same for 7 < 1074, At
higher temperatures comparable to the Kondo temperature, the peak in the spectral
function is broadened by temperature and the lowest energy scale is determined
by T

At this point, the shoulder develops into a small peak. In the zero-temperature
case, the superposition of the overall step structure and the small peak forms the
anomaly. However, for higher temperatures, the peak structure unexpectedly turns
out to be remarkably stable compared to the overall step structure including the
plateau at g = g, which starts to decay at temperatures 7' > 1072 ~ 0.1 Tk. As a
result, a peak separated from the plateau by a drop in conductance becomes visible.

In experiments, the falloff between plateau and 0.7 anomaly becomes broader
with temperature as well [1, 2, |12} [18]. However, the conductance should eventually
reach gp at all temperatures, which is not reproduced by this model. The peak in
conductance for high temperatures is not observed in experiments.

However, as previously mentioned, the behaviour of the system at wy =~ D shows
high sensitivity to changes in §, which controls the weight of the hybridization
function placed below the lower band edge. In this thesis, the weak hybridization to
states below the band edge was modelled by convolution with a Lorentz peak. Since
very little can be inferred about hybridization from experimental data, this choice is
rather arbitrary. It is quite possible that a different choice may eventually result in
better correspondence to experimentally observed behaviour for finite 7'

DPsemicircle using I'g = 0.35, § = 0.02
U=08,¢g=wy—08=D_+0.2
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Figure 5.10: Behaviour of the anomaly for finite temperature. The smallest energy
scale is never below max(7T,Tk). There are some qualitative differences in the
conductance compared to experimental results.
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Chapter 6

Conclusion and Outlook

It has been shown that a single-impurity Anderson model can be solved accurately
using the Open Wilson Chain approach to the NRG, even in the presence of a very
structured hybridization function. The single-impurity Anderson model was used
as a minimal model for a quantum point contact. Different hybridization functions
were considered, and the behaviour of the model conductance at varied gate voltage
compared to experimental observations. The quantised behaviour of conductance
through a QPC is reproduced in the case of a hybridization function in the shape of a
double-sided Fermi function or a semicircle, while a hybridization function with van
Hove ridges leads to a number of deviations from experimentally observed behaviour.
The latter was therefore not investigated further.

For the hybridization functions shaped like a double-sided Fermi function as well
as the semi-circular hybridization function, a sub-structure in the conductance step
is found. In the case of a semicircle, the sub-structure exhibits a shoulder with a
shape similar to the experimentally observed 0.7 anomaly. Both the shape of the
spectral function as well as the drop in Kondo temperature, which corresponds to
enhanced spin susceptibility, indicate a Kondo-like effect. In the zero-temperature
case, this model describes the anomaly quite well, while differences occur at finite
temperature.

It is possible that these deviations from experimentally observed behaviour are
caused by the particular shape of the hybridization function at the band edges. As
the hybridization itself is not accessible in experiments, this choice is rather arbitrary.
In this thesis, broadening was performed by convolution with a Lorentz peak. Choice
of a different mollifier, for example one with exponential falloff, should have a strong
effect on the shape of the anomaly and might result in behaviour which is closer to
experimental observations.

Meanwhile, some open questions about the qualitative behaviour of the model
remain. In particular, the dependence of the 0.7 anomaly on an external magnetic
field B has been studied extensively |1} 2, |12} [18]. Calculations at finite B are possible
within the NRG method as well. This would be the most obvious next step, which has
not been performed in this work due to limitations in time. Furthermore, for finite-B
data to be sensible, it would be preferable to first achieve a better correspondence of
the finite-temperature data to experimental observations.
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Appendix

A Kramers-Kronig Relations

The Kramers-Kronig relations are relations between the real and imaginary part of a
complex function which is analytic in the upper half-plane.

Let f : C — C be analytic in the upper half-plane {z|Imz > 0}. Then the
following relations hold:

Re f(z) = 71T73/dw Iif(w) (A1)

(A.2)

where P denotes the Cauchy principal value [13]. In this thesis, the principal value
was obtained using

77/ —Rehm dwy ——— = /dw (A.3)
n—0 w+in — z wt — 2z

where the last expression is merely a convenient shorthand.

B Retarded Green’s Functions

The retarded Green’s function for two fermionic operators A, B is defined as [4]

iGHp(t.t) =0t —t) ({A®), B(t)}) (B.1)

where the expectation value (-) is to be taken in respect to a thermal density matrix p.
If the Hamiltonian is not time-dependent, the Green’s function will only depend on
t —t'. In this case, the Green’s function becomes

iGE p(t) = 0(t) ({A(t), B(0)}) (B.2)

Taking the time derivative and using the Heisenberg equation of motion yields the
equation of motion for the Green’s function:

g %fo,B( t) = 6(t) ({A(0), B(0)}) —6(t) ({[A, H](?), B(0)})

= 3(6) ({A©), BO)) + GF ) 5(0) (.3)

This equation can be Fourier-transformed to its frequency-space version:

T GE pw) = ({A0), BO)}) + Gl iy 5(w) (B4)




APPENDIX

This equation is particularly useful for many calculations.
Retarded Green’s functions can be used to calculate different quantities, most
notably the spectral function. The spectral function of a state cf is given by [6, |11]

A(w) = _% Im G, () (B.5)

c,ct
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